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Preface

The made by the arm of man production of cooling and heating is amongst the
energy processes of vital importance today in all domains of human activity, technol-
ogy, food, health, social, research, etc. Also, the global population increase, the lim-
ited energy resources, and the accelerated global warming process, has forced people
involved in the energy industry to find rapid solutions, much more effective in cool-
ing and heating. Bearing these in mind, a recent research activity of the author of this
book has brought to light new solutions, enjoying a high potential in primary energy
saving, which can be applied immediately, without long-term research.

After an introductory part, providing the reader with the selected topic on ther-
modynamics, this book presents briefly the most relevant theoretical aspects of
this research. Reference is first made to the coabsorbent technology. Although
the coabsorbent technology bases on the classic absorption technology, it is more
general. The coabsorbent technology can find effective solutions, practically for
all kinds of heat pumping (cooling and/or heating) applications, met in industry,
agriculture, district, household, etc., provided that two supplying sources with
temperatures outdistanced by minimum (12-15) °C are available. It is mostly
indicated that the coabsorbent technology be utilized in applications that recover
free low-grade heat sources, coming of naturally, or from the industry technologi-
cal processes. The book describes, in this respect, the new coabsorbent cycles, of
nontruncated, truncated, hybrid truncated and multi-effect type, with applications
in cooling (industrial, medium, and air conditioning) and heating (domestic warm
water, house heating, and industrial). The operation in cogeneration of cooling
and heating and in trigeneration of mechanical work, cooling and heating work-
ing modes of some coabsorbent cycles with special design is also presented. The
first principle recommendation of improving cycle COP through internal sensible
and latent heat recovery has been constantly taken into consideration in the cycle
design. A new, important, and very useful tool of investigation for the absorption
processes heat exchange, the divided device method, is introduced. This method
has been applied extensively to absorption processes suffering latent—sensible
or latent—latent heat transfer processes. In this respect, with its help, a thorough
study of the generation—absorption (gax) recovery taking place at large intervals
with temperature overlapping, and the results thereof, are given for the cooling and
heating truncated cycles operating with ammonia—water and water—lithium bromide
working combinations.
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viii Preface

The theoretical presentation is completed by chapters giving the thermodynamical
ideal limits of the cooling and heating coabsorbent cycles and showing the way the
exergy efficiency of these cycles should be computed when the exergy balance is
extended on boundaries comprising not only the processes at hand, but their differ-
ent supplying sources of energy as well. Particular attention has also been paid to
emphasize the second principle recommendations of improving the COP.

The second technology refers to cooling and/or heating production using the
mechanical vapor compression. This technology is the most widespread in the
world today, occupying the first place in what concerns the number of applications
and the cooling and heating capacity. As compared to the classic cycles, this tech-
nology proposes as novelty, the recovery of the discharge gas superheating, with
positive energy consequences. The discharge gas superheat recovery is converted
into useful issues with the help of two methods. According to the first, the heat is
converted into work which diminishes the compressor work input, and is termed
thermal-to-work recovery compression (TWRC). According to the second, the heat
is converted into useful cooling and/or heating effect, added to the cycle output
effect via the coabsorbent technology, and is termed thermal-to-thermal recovery
compression (TTRC). Other important aspects concerning the TWRC and TTRC
methods, including the theoretical and ideal COP calculation, the choice of the
recovery compression cycles, cycles structure solutions, the coabsorbent technol-
ogy use in TTRC application, and the computation of the optimum intermediary
pressures of multi-stage compression, are given as well. The methods are analyzed
for single-, two-, and three-stage compression cooling and heating cycles, and the
model effectiveness results are given.

Next, the book includes the author’s own researches concerning fundamental
aspects of the absorption processes, in completion of the coabsorbent technology.
First, reference is made to a non-equilibrium phenomenological theory of mass
and heat transfer in physical and chemical interactions. This theory postulates the
existence of the natural forces governing the physical and chemical interactions
and brings to light the ideal point approaching effect suffered by a natural force in
the proximity of an ideal point (the denomination of the classic equilibrium point
in the phenomenological approach). With the help of this new effect it was pos-
sible to explain phenomena which otherwise were difficult to be explained by the
classic theory of mass and heat transfer (e.g. the problem of the ammonia bubble
absorption, why an absorption process is a mass phenomenon and not a surface
one, or the heat pipe high heat transfer properties). Based on the non-equilibrium
phenomenological approach, a two-point theory (TPT) of mass and heat trans-
fer is proposed, where the equilibrium point and the ideal point play an impor-
tant role in the non-coupled and the coupled mass and heat transfer, respectively.
Further on, a new wording of the Laplace equation, more general than the already
known wording, and the variational numerical and analytical approach of the lig-
uid capillary rise effect are presented. In the last part of the book, the Marangoni
convection basic mechanism explanation is given. The Marangoni convection
stimulation is a means of increasing the mass and heat transfer, generally, and par-
ticularly in the absorption interactions. Its true explanation is a consequence of the



Preface ix

le Chatelier principle respect and is done with the help of the new Laplace equa-
tion and the TPT. In order to increase the mass and heat transfer of the pseudo-
Marangoni cells, a Marangoni—Gravity Forces Dimensionless Criterion, created
with the help of TPT, is applied and effective absorption—desorption mass and heat
exchangers with horizontal free surfaces are proposed.

Mihail-Dan Staicovici
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A(y)
[A]
[A]
AR
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a, a
a,b,c,d
acr

ap, ..., a4
B(y)
b=L«R™'
by, ..., b;

C

C
cop

CMg/mg

Caloric equivalent of mechanical work, kcal kgfm*‘,

anergy, kJ, absorber;

Species of reactant, reduced excess heat, chemical affinity,
kJ kg ™', area, m*;

Integration constant in Eq. (1.257);

Coefficients in Eq. (9.69);

Molar concentration of species A, of reactant, kmol kmol ';
Molar concentration of species A; of reactant, kmol kmol ';
Aspect ratio, mm ™ ';

Absorption recovery cycle;

Integration constant in Eq. (1.251); symbol in Eq. (2.8);
Specific inlet and outlet absorber mass flow factors, kg kg ™;
Factors intervening in Eqgs. (A9.1-A9.4);

Adjacent concentration removal;

Empiric coefficients of liquid volume, v', Eq. (1.285);
Integration constant in Eq. (1.257), K"

Constant in Eq. (1.251); symbol in Eq. (2.9), bubble lifetime;
Empiric coefficients of liquid specific heat at constant
pressure;

Heat capacity, kJ kg ', local thermal capability, kJ kmol ",
velocity of sound, m s

Absorption heat, kJ kg ';

Coefficient of performance;

Marangoni—agravity forces dimensionless criterion;
Liquid phase mass fraction, kg kg ™;

Specific heat at constant pressure, kJ kg™ 'K ';
Liquid specific heat at constant volume, kJ kg™' K™';
Empiric coefficients of gas volume v¢, Eq. (1.287);
Desorber;

Mass diffusivity coefficient, m*s™';
Heat diffusivity coefficient, m*s™';

Inlet specific desorber mass flow factor, injection nozzle
diameter, m, surfactant droplet half length, m;
Reversibility flaw, Eq. (9.183), kI kg ' K™';
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fmixed

fu

fl(’T3 p)a cees f}(T3 P)
G, Gy

GHE

gax
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gii

H

h=H*G™'

hr
h,
I
I

LKL

i

ip.a.
iy(r)

J

Iy, Je, Ir

Nomenclature

Specific inlet and outlet desorber mass flow factors, kg kg™';
Empiric coefficients of gas specific heat at constant
pressure, c;, Eq. (1.228);

Temperature pinch, °C;

Exergy, availability, kJ;

Thermodynamic function, Eq. (9.123), kJ kg ' K™';
Interface specific free energy, J m ;

Coefficients of excess functions f,(T, p), ..., f3(T, p),

Egs. (1.282-1.284);

Heating temperature effectiveness;

Free energy of Helmbholtz, kJ;

Force, N;

External force, N;

Specific free energy of Helmholtz, kJ kg™, fresh air fraction;
Figure of merit showing the increase of a phenomenological
function approaching an ideal state, as compared to its far
equilibrium states;

Free energy potential, kJ kg ™';

Ratio of coupled and noncoupled natural forces of a mixed
transfer, Eq. (9.131);

Mean yy, concentration cumulated absorbent flow, kg kg™';
Functions of excess enthalpy, ¢x(T, p), kJ kg*';

Mass, kg, generator, molar mass, kg kmol ™"

Generator excess heat;

Generator—absorber heat exchange;

Specific inlet and outlet generator mass flow factors, kg kg™';
The i-th generator absorbent mass outlet flow, i = 1, ..., n;
Enthalpy, kJ; gas phase enthalpy, kJ kg™, discharge gas
enthalpy, kJkg™";

Specific enthalpy, kJ kg™" ; liquid phase enthalpy, kJ kg,
Marangoni cell height, m;

Radiation heat exchange coefficient with the sky, Wm K
Height of a truncation column, kg kg™ K™';

A function definition interval;

Cooling or heating effectiveness of subcycles connected in
a cascade; L-known effectiveness of the (i+1)-th subcycle
added to an i-th cascade in order to construct the (i+1)-th
cascade;

Specific mass current in the liquid, mol s'm
Ideal point approaching effect;

Relative desorption interval function, Eq. (3.101);
Mechanical equivalent of heat, kecal™ kgfm;

Velocity, mass, and heat fluxes, N m >, kg m>s™' and
kg Km s, respectively;
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iy
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Kg’ Kl
k

kCOP

M(p,., x)
m
m
max(a, b)
min(a, b)

I
ngi=1,..,n

P

Pe

Pr

p

Piows P1
Pn

Interaction mass, heat and work currents, mol s/, kg s, kW,
Reduced interface mass current;

Interface mass current, mol s ';

Cumulated absorbed (interface) mass current, mol;
Specific j';,, or average absorption indicator, mol s~ ';
j'iea coupled heat current, J;

Specific j7,;.. W;

1

Functions of the global resistance to mass transfer, kg m >s™';

Adiabatic (isentropic) exponent, proportionality constant,
global mass transfer coefficient, kg m2s

Constant in Eq. (3.100);

Stage i reduced heat source input;

ARC;; reduced heat source input;

Constant in Eq. (3.113);

Marangoni cell characteristic length, m;

Phenomenological coefficient associated with coupled
currents i and j, mol’ KJ's™', kg Ksm ™%

Mechanical work, kJ;

Accounts for phase changing and mixing heats, kJ kg™ ";
Specific mechanical work, kJ kg™', liquid—liquid mixing
heat, kI kg™ ';

Marangoni cell half length, m;

Number of mol, kmol, mixing point, molar mass, kg kmol ™,
Marangoni number;

Match function in Eq. (9.34), given by Eq. (9.69), kg kmol ';
Mass, kg, specific mass flow rate, kg kg ' s™', Chap. 8;
Bubble feeding mass flow rate, kg s

Maximum value amongst a and b;

Minimum value amongst a and b;

Molecular mass, kg;

Mechanical vapor compression;

Molar fraction, kmol kmol ', mass flux, kg m s ';
Nusselt number;

Avogadro’s number of molecules per kmol;
Number of components, cycles, tabulation intervals, number
of species or moles of a specie involved in a chemical
reaction, number of bubbles;

Initial number of moles of the reactants;

Control volume center;

Peclet number;

Prandt]l number;

Pressure, partial pressure, kPa, bar, ata;

Low pressure, bar;

High pressure, bar;
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XX
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RII

RRC

T, Ra Rl’ RZ
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Iy

Ty, T, T

Sc
Sh

s=S*G'

ss(T5)
T,

Tw
TAO7 TDO

TGO, TRO
TRf,O

TTRC
TWRC

Nomenclature

Heat, kJ;

Intensive heat, kJ kg’1 heat, kJ, heat flux, kJ m™>%;
Specific heat current in the liquid, coupled with i, W m2
Tube feeding mass flow rate, kg s

Heat flux, Wm 2K ";

Gas constant, kJ kg~ K™', universal gas constant, kJ kmol '
K™, Egs. (1.260) and (1.261);

Resorber, bubble radius, m;

Gas constant, kJ kg ' K™';

Reynolds number;

Relative humidity, %;

Resorber heat excess;

Incomplete preheated absorbent;

Universal gas constant, kJ kmol ' K™';

Rankine recovery cycle;

Radius, main surface radii, m;

Volumetric fraction, m’ m >, liquid—gas phase change heat,
kJ kg”, radial coordinate, m;

Specific inlet and outlet resorber mass flow factors, kg kg™
The i-th resorber absorbent mass outlet flow,i =1, ..., n;
Stage i reduced compression work input;

Ratios in Eqs. (9.139) (9.143) (9.144);

Entropy, kJ K™', coabsorbent cooling and heating cycle
symmetry factor;

Specific heat exchange area, m* kg™, bubble area, m’;
Schmidt number;

Sherwood number;

Entropy source, W K™';

Specific entropy, kJ kg™' K™, half-distance of infinite
capillary walls, m;

Symmetry factor of the coabsorbent j-th stage, j=1, ..., n,
either in cooling, Eq. (4.15), or in heating, Eq. (4.38);
Supplying source of temperature T;;

Temperature, K, °C;

Temperature of infinite reservoir, K;

Temperature, K, °C, time, s;

yum Mean concentration absorbent temperature, K, °C;
Mixing temperatures of nontruncated cooling coabsorbent
cycle, K, °C;

Mixing temperatures of nontruncated heating coabsorbent
cycle, K, °C;

Resorber outlet temperature of the usefully heated fluid, °C;
Thermal-to-thermal recovery compression;
Work-to-thermal recovery compression;
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Nomenclature

U
u=U*G"!

=<
<
g

R
<
*
“

<

=
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Yao> Yoo

Ycos Yro

Yao

Yro

XXi

Internal energy, kJ;

Specific internal energy, kJ kg™, liquid velocity along x
coordinate, m s~ ";

Volume, m’, molar volume, m®> kmol "

Desorbed or generated vapor mass flow, kg;

i-th generator generated vapor, i = 1, ..., n, kg kg*';
Temporal derivative of the total volume, m’s "
Bubble, tube volume, m®:

Liquid velocity along y coordinate, ms™';
Liquid velocity, m s™;

Specific volume, m® kg™ ';

Content of moisture, kg moisture/kg dry air, mechanical
work, kJ;

Temporal derivatives of specific mechanical work and
mechanical work, kW kg™, kW;

Turbine mechanical work output, kW;

Pump mechanical work input, kW;

Generalized thermodynamic natural force, kJ kmol ' K™';
Thermal capability, kJ;

Thermal capability, kJ K™';

Thermal capability mean integral value, kJ kg™' K™

Liquid phase mass or molar concentration, kg kg~', mol
mol ', variable in Eq. (A1.1);

Specific absorbent mass flow factor of rectification column
inlet, kg kg™ ";

Real variable, m;

Coordinate along Marangoni cell length, m;

Liquid phase molar fraction in equilibrium with gas phase
molar fraction y, respectively, mol mol™";

Gas phase mass fraction, kg kg™";

Liquid or gas phase mass or molar fraction, kg kg™,

mol mol™";

Gas phase molar fraction and that in equilibrium with liquid
phase molar fraction x, respectively, mol mol™";

Coordinate along Marangoni cell high, m;

Interface real function of x, m;

Mixing concentrations of nontruncated cooling coabsorbent
cycle, kg kg™

Mixing concentrations of nontruncated heating coabsorbent
cycle, kg kg™

Threshold concentration of nontruncated heating coabsorbent
cycle, kg kg™

Threshold concentration of nontruncated cooling coabsorbent
cycle, kg kg™
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XXii Nomenclature

Ym Nontruncated cycle mean concentration, kg kg™';
Y Coabsorbent mixer concentration of j-th stage;
z Tubes number, coordinate in the natural force definition

domain, space coordinate, m;

Greek Letters
P Density, kg m™;
o Volume thermal isobar expansion coefficient, °C™', heat exchange

coefficient, W m 2 K/, angle between two directions of a plane
hosting Marangoni convection, rad;

n Coefficient;

Nwork Work efficiency;

NEe Exergy efficiency;

e Emittance, relative to Carnot efficiency, finite value;

& Compressor constructive characteristic;

o Stefan—Boltzmann constant, Wm 'K ™*;

Bvork Exergetical temperature factor or the heat-to-work Carnot efficiency
factor;

g &el Variable value for which a function takes the mean value within 7;

(o)) Free enthalpy of Gibbs, kJ;

¢ =®G™" Specific free enthalpy, kJ kg™ ';

5 Specific excess enthalpy, kJ kg™ ';

A, Variable increment, finite difference;

> ATy, Temperature increase of heated fluid in resorber;

n Chemical potential, kJ kg’l, dynamic viscosity, N s m 2

A Degree of chemical reaction progress, kmol kmol ™ '; kg kg™', thermal
conduction, Wm ™' K™";

A Mass transfer driving force, according to classical interpretation,
variation, duration;

v;-, v, Stoichiometric coefficients of reactants, i = 1, ..., n, and produces of
reaction,i=1,...,n, respectively, kmol, kg;

o Superficial tension, N m~', surface energy, J m 2

o Second order viscous tensor, N m2;

T Bubble lifetime, s, shear stress tensor, N m 2

v Cinematic viscosity, m*s™;

B Thermal expansion coefficient, K™

I, ', 'y Proportionality function in Eq. (11.15), Ns/m>, kg/ms and kg/ms,
respectively;

I Viscous tensor, N m™ %

y Mass expansion coefficient;

y Liquid weight, N m*;

0 Liquid/solid contact angle, deg.;
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XXiii

©,, e, o7 Searched functions along direction x: velocity, m s, mass fraction,

kg kg™, and temperature, K;

e Absorption efficiency;

Subscripts

A Thermodynamic state, absorber;

AC Absorber—condenser;

AD Absorber—desorber;

Al AO Absorber inlet and outlet;

ARC Absorption recovery cycle;

a Absorption, adiabatic, cumulated;

abs Absorption;

atm Atmospheric;

aux Auxiliary;

B Thermodynamic state;

b Normal boiling point;

boiler SRC steam generator;

C Thermodynamic state, condenser, condensation, Carnot;

Carnot Carnot cycle;

Cpl Compressor suction (inlet);

CpO Compressor discharge (outlet);

c Cooling, number of components, compression, critical, classic,
kinetic;

cbs Coabsorbent;

cc Cooling cycle;

cd Condensing;

cf Cooling fractal;

ch Heating cycle, chemical;

cg, cogen Cogeneration;

compr Compression;

cond Condensation;

cp Complete preheating;

cpl Coupled

cs Complete subcooling;

Cy, C Two different components;

D Thermodynamic state, desorber;

Db Desorber brine;

DI, DO Desorber inlet, outlet;

DIl Incomplete subcooled;

d Direct, depleted;

di) Differential heat for m,;, = const.;

dh Double heating;

dilat Dilation;



XX1V Nomenclature

dphlgm Dephlegmation;

E Exergy, evaporator;

e Excess, external, electrical, equilibrium, specific surface energy
when [o] =J *m ™%

e, W,s,n East, west, south, north;

ef Effective;

ep Equilibrium point;

ex Exergy;

f Number of phases, fresh air fraction, fluid, interface specific force
when [o] = N * m™;

G Constant mass, generator;

GI, GO Generator inlet, outlet;

GE Generator—evaporator;

GR Generator-resorber;

GRZ Gax recovery zone;

g Generator, gas, gaseous phase, gravity;

gax Generator—absorber heat exchange;

gen Generator, generation, electrical generator;

H,O Water;

h Heating, heat source, enthalpy;

hf Heating fractal;

hef Hybrid cooling fractal;

hhf Hybrid heating fractal;

hp Heat pump;

hs Heat source;

1 Inlet;

I Cascade of I and J subcycles;

i Current index, current number of components, initial, isentropic,
indoor, isothermal, mass, indirect;

i Before interaction;

ii After interaction;

ics Incomplete subcooled;

id Ideal;

int Intermediary;

irrev Irreversible;

is Isentropic;

icp Incomplete preheating;

ip Ideal point;

isothermal  Isothermal;

i, k Indices referring to each compression stage number;

i,j, k Variable indices;

j Index referring to each ARC of a stage;

1 Liquid, liquid phase;

Ig Logarithmic;



Nomenclature

It

M

m

mix
mech
min, max
mvc

m;, m,
NH;

n

nt

(0]

OTO

)

p

pd

ph, phenom
P1> P2

q
R

Rf

Rf, O
RI, RO
ROf
RII

retf, rectif
rec

rel

rev

S, s
SRC, src
S

SC

sd

sh

sink

syst

SS

st

tcf

XXV

Long term;

Molar, mol, kmol, mixer, internal sink;
Molecule, mean, monothermal, mixing, melting;
Mixture;

Mechanical;

Minimum, maximum;

Mechanical vapor compression;

Constant mass of solute or solvate;

Ammonia;

i and j indices maximum value, current time iteration;
Nontruncated;

Outlet;

Operation temperature overlapping;

Outdoor;

Constant pressure, pump, polytropic, pure, potential;
Preheating deficit;

Phenomenological;

Two different phases;

Heat;

Resorber;

Resorber fluid;

Resorber heated fluid outlet temperature;
Resorber inlet, outlet;

Resorber cooling fluid outlet;

Incomplete preheated absorbent prior to enter the resorber;
Reverse, number of independent chemical reactions, resorber,
recovery, reduced, reversible;

Rectification;

Received, recovered;

Released, relative to;

Reversible;

Constant entropy;

Steam Rankine cycle;

Source, sink source, isentropic, specific;

Heat exchanger;

Subcooling deficiency;

Superheating;

Sink source;

System;

Sink source;

Short term;

Constant temperature;

Tube;

Truncated cooling fractal;



XXVi Nomenclature

thermal Heat;

thf Truncated heating fractal;

trgn, trg Trigeneration;

turbine Steam turbine

U Constant internal energy;

u Useful, unit;

A\ Constant volume;

v Vapor, vaporization, constant volume, number of independent

variables (see rule of phases);

vt Vapor tubes;

vol Volumetric;

WB Wet bulb;

w Mechanical work, pump work;

w Wall, warm, power;

w+q Cumulated work and heat;

X1y Amount X calculated for amount Y = const.;

0 Reference state at 0 °C, or at ambient temperature, or initial,
capillary head;

01 Bare internal;

1,2 Two different thermodynamic states, mixture species;

12 Value over an integration interval 1-2;

1-2 Refering to the resorption process plotted in Fig. 4.5;

4-3 Refering to the generation process plotted in Fig. 4.5;

I First principle;

I Second principle;

o Surface;

P Potential

g Gravity

Superscripts

C,c Complementary;

e Excess;
1 Liquid;
m Main;
g Gas;

!

Currents getting in, gas phase;

" Currents getting out.
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Chapter 1
Introduction

This book is presenting in its first part two important heat pumping technologies
(production of cooling and heating), introduced by the author lately. These are the
coabsorbent technology (Chaps. 2—7) and the mechanical vapor compression refrig-
eration and heating COP increase, using the discharge gas superheat (Chap. 8).
In the next chapters, the book is including author’s own researches concerning a
non-equilibrium phenomenological two-point theory of mass and heat transfer in
physical and chemical interactions (Chap. 9), a new wording of the Laplace equa-
tion and the variational numerical and analytical approach of the liquid capillary
rise effect (Chap. 10). In the book last part, Marangoni convection basic mecha-
nism explanation, pseudo-Marangoni cells model and the absorption—desorption
mass and heat exchangers model application are presented (Chap. 11). In this first
introductory chapter, selected topic of thermodynamics is attached, in order to
complete the subjects elaborated and facilitate the book reading.

1.1 First and Second Principles of Thermodynamics

First, a few introductory definitions are given. The univocally determination of a
substance state is done with the help of the state parameters. A substance properties
are intensive and extensive. The intensive properties are not depending on the quan-
tity of substance of a system (e.g. temperature, pressure). The properties depending
on the substance quantity are extensive properties (e.g. volume) and are noted by
capitals. The specific extensive properties, i.e. those referred to the unit of a sub-
stance quantity, are intensive properties (e.g. specific volume, specific heat). The
intensive properties describing the state of a substance (thermodynamic system)
are named state thermodynamic parameters. The most used state parameters are the
absolute pressure, p, the absolute temperature, 7, and the specific volume v = %,
or the density, p = g = % Except the absolute temperature, the rest of intensive
parameters are noted by small letters. When an external action is absent, the state

M.-D. Staicovici, Coabsorbent and Thermal Recovery Compression Heat Pumping 1
Technologies, Heat and Mass Transfer, DOI: 10.1007/978-3-642-54684-6_1,
© Springer-Verlag Berlin Heidelberg 2014
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of a substance is completely determined if two independent state parameters were
known, i.e. p = p(T, v), v =v(p, T) and T = T(p, v). Each of these functions can
be written in an implicit form as state equations, E(p, v, T) = 0. The relationship
between the state parameters is graphically shown by state diagrams, which usually
have the coordinates p—v, p—T, or v—T.

A thermodynamic system gathers material objects which are interacting both
one another and with the ambient (sources). Modifying one of the state parameters
within a domain of values will change the system state, which suffers a transforma-
tion. The equilibrium transformations cover successively and continuously states of
equilibrium, characterized by the fact that all system parts have the same tempera-
ture and the same pressure. On the contrary, a system suffering a nonequilibrium
transformation covers in its constitutive parts states which are not in equilibrium,
characterized by different values of temperature, pressure, density, concentration,
etc. All real transformations are more or less nonequilibrium transformations, the
smaller the unfolding speed of the transformation, the closer the system to the equi-
librium state. Except Chaps. 9 and 11, the close-to-equilibrium (quasistatic) trans-
formations are considered in all book chapters. A state diagram cannot plot but only
quasistatic transformations. Depending on the state parameter kept constant during
its transformation, or on the process feature, a thermodynamic system can be of iso-
thermal (dT = 0), isobar (dp = 0), isocor (dv = 0), isolated (dG = 0, dg = 0 and
dl = 0), adiabatic (dG = 0, dqg = 0 and dl = 0), closed (dG = 0, dg = 0 and dl = 0),
open (dG = 0, dg = 0 and dI = 0), or global (dG = 0, dg = 0 and dl = 0, including
also its sources which the system is connected to) type. The systems presented in
this book are mostly of closed and global type. These have one or more component
sub-systems of the types mentioned above. According to the thermodynamics con-
vention, heats inputs/outputs and work outputs/inputs are considered positive/neg-
ative quantities. A stationary system is characterized by the time independence of
its intensive parameters, while its extensive parameters are constant during a trans-
formation. On the contrary, a non-stationary system is characterized by the time
dependence of both intensive and extensive parameters during a transformation.

1.1.1 Ideal (Perfect) Gas Laws

The gases having pressures close to the ambient pressure, obey the following laws:
e R. Boyle (1662) and E. Mariotte (1676) law. During an isothermal transformation
dT = 0):
pV = const. (1.1)
In Eq. (1.1), p and V hold for the gas pressure and volume, respectively.

e G. Gay-Lussac (1802) law. During an isobar transformation (dp = 0):

V=Vl +ar (1.2)
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In Eq. (1.2), Vj, and V hold for the gas volume at temperatures 0 and 7 °C, respectively,
and « is the volume thermal isobar expansion coefficient, « = const. = 1/273.15 =
0.003661 °C~! valid for all gases. A temperature value, T, can be defined by:

1
T=—+41=27315+1, °C (1.3)
o

belonging to the Kelvin temperature scale. Equation (1.3) shows the relationship
between Celsius, [f] = °C, and Kelvin, [7] = K, temperature scales, which have
the origins 0 and —273.15 °C, respectively. Writing Eq. (1.2) for two temperatures
t1 and t, the G. Gay-Lussac law results in:

Vs _ T,

V=T const. (1.4)

e Charles law. During an isocore transformation (dv = 0):

p=po(l +ar) (1.5)
and
P2 I
— = — = const. 1.6
1 T (1.6)

e Avogadro (1811) law. Equal volumes of different ideal gases having the same
temperature and the same pressure contain the same number of molecules,
Np,. A mol/kmol is defined as the substance amount Gy, expressed in g/Kg,
numerically equal with its molecular mass m,,, [Gy] = g mol~!/Kg kmol~!
(e.g. Gyn,0 = 17.03 Kg kmol ™!, Gy nm, = 18.02 Kg kmol~!). According to
Avogadro law, one kmol of every ideal gas contains the same number of mole-
cules, Na = 6.022045 x 102° kmol~!, determined experimentally and named the
Avogadro-Loschmidt number. The gas mass G is proportional to N,, and with the
mass of a molecule, m,,,, G = N,, X m,,. From here, it results that the ratio of two
different masses of gas, G| and G, contained by two equal volumes of gas and
found to the same pressure and same temperature, equals the ratio of theirs molar
masses, G1/Ga = my, 1/my2 = Gar,1/Gar2. Reciprocally, if the ratio of two differ-
ent masses of gas, G and G», having the same pressure and same temperature,
equaled the ratio of theirs molar masses, then the masses of gas have the same
volume, Gyv = const. This statement can be proven in case of a kmol of ideal gas
found in normal physical conditions (p = 1 atm = 760 mm Hg = 101.325 kPa
and t = 0 °C). Indeed, using the Clapeyron equation (see Eqs. (1.8) and (1.9)) for
every gas, it results Gyv = 22.4 m> kmol ™!,

e Dalton law. The total pressure p,,;; of a mixture of i ideal gases, equals the sum
of the partial pressures p;, i = 1, ..., n, of the component gases:

n
Pmix = Y _pi (1.7)
i=1
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If a gas component had the temperature and pressure equal to those of the mixture,
T; = Tpix and p; = puix, respectively, then its volume is the partial volume V; of

the i gas component, i = 1, ..., n. Defining r; as the volumetric fraction of the i-th
component, i =1, ..., n, by:
v (1.8)
ri = .
Vmix

it is easy to show with the help of the Boyle-Mariotte law that Viuix = > 1 Vi

and i, r; = L. Further on, considering a mixture of M; numbers of moles of i

different gases, i = 1, ..., n, then the i-th component volumetric fraction is:
. Vi Vi MGyyvi  M;
1 — - - - - 1
V . n n n
Vi Y MiGyvi Yo M; (1.9)
i=1 i=1 i=1

or, expressed in words, the volumetric fraction of a mixture component
equals its molar fraction, Eq. (1.14) (in Eq. (1.9) the result obtained previously
Gpvi=const.,i =1, ..., n, was used).

1.1.2 Ideal Gas State Equation

Applying the Boyle-Mariotte and Gay-Lussac transformations successively, the
ideal (perfect) gas equation of state, or the Clapeyron equation, is obtained:

pV = GRT (1.10)

In Eq. (1.10), R, [R] = J Kg~! K~!, is the gas constant, characteristic for each
gas and G is the gas mass, [G] = Kg. In order to express the Clapeyron equa-
tion in molar units we remark that the gas mass is equal to G = M x Gy, where
M and Gy, are the number of kmol contained by the gas volume V and the gas
molar mass, [Gy] = Kg kmol™!, respectively. Further on, forming the product
Gy X R it results in the universal gas constant, valid for all gases, Gyy X R = Ry,
Ry = 8314.41 J kmol~! K~!, while dividing V = M Gyv by M results in the
molar volume Vi, Viyy = VIM = Gy, [Vl = m?3 kmol ™!, so Eq. (1.10) becomes:

oV = RuT (1.11)

1.1.3 Mixtures

A pure substance has all molecules of the same kind. In a mixture of pure sub-
stances these become components. The composition of a mixture is expressed usu-
ally by the mass or molar fractions of the components.
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1.1.3.1 Mass Fraction

n
G
S G; (1.12)
and

> a=1 (1.13)
i=1

In Eq. (1.12), G; and ¢; are the mass and mass fraction of the i-th component,
respectively and n is the mixture components number. For binary mixtures, n = 2,
the mass fractions are ¢y and c; = 1 — ¢y, Eq. (1.13).

1.1.3.2 Molar Fraction

S M; (1.14)

and
S Ni=1 (1.15)
i=1

In Eq. (1.14), M; and N; are the number of moles and molar fraction of the i-th

component, respectively. Similarly, the molar fractions of binary mixtures are Nj
and N> =1 — Ny, Eq. (1.15).

1.1.4 Specific Heat

e Real specific heat. It is defined as the derivative of the temperature dependent heat
accumulated by a body during its heating, ¢(¢), with respect to the temperature ¢
variable:

c(t) = % (1.16)

where from:

4]

q1-2 :/C(l)dl (1.17)

n
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e Mean specific heat. It is calculated by the mean integral of ¢(7) function on the
tr — tp interval:

15}

t)dt
_ zlfc( ) (1.18)

Cm =

nh—n

The specific heat can be expressed with respect to a mass of 1 kg, a mass of a
mole (kmol), a volume of 1 m?, etc. The mass and molar specific heat are used
in this book.

e Specific heat dependence on the system transformation during heating process.
The specific heat, similar to heat, is not a function of state, it depends on the
transformation the system covers. There are practically two main system trans-
formations during the heating process, isobar (dp = 0), and isocor (dv = 0), for
which the specific heat is expressed:

_ (4a®
cp—< i ),, (1.19)

and

_ (%a®
cv—( ” )v (1.20)

respectively. In this book, the isobar specific heat, Eq. (1.19), is used mainly.

1.1.5 First Principle of Thermodynamics
(Robert Mayer 1842)

1.1.5.1 Heat-Mechanical Work Quantitative Equivalence

The heat (S. Carnot, work published later, in 1878) and the mechanical work are
two different forms of energy transmission. The heat is transferred through direct
contact between different bodies (conduction, convection) and transport of radia-
tion energy. The mechanical work transfers energy differently, implying necessar-
ily a volume variation of the body. According to Joule experiences (1847—-1850),
it has been demonstrated that heat, Q, and mechanical work, L, are two equivalent
forms of energy from the quantitative point of view. The proportionality coefficient
is A = 0.00234228 kcal/kgf m, the calorific equivalent of mechanical work:

0=AL (1.21)
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The reverse of A is J = 426.935 kgf m/kcal, the mechanical equivalent of heat, which
has been calculated first by Mayer in 1842, with the help of Egs. (1.10) and (1.45):

J=- 1.22

a (1.22)
The coefficients A and J have been used in the past as long as the heat and work
were measured in different units. Today, when the use of the S.I. system of units
is compulsory, the coefficients A and J are omitted because heat and work are
expressed in the same units of energy (J or kJ).

1.1.5.2 Equation of the First Principle of Thermodynamics

The heat-work quantitative equivalence was a valuable lesson for the mankind. It
has been extended to other forms of energy, i.e. energy is not lost or created, but
only transformed from a form of energy into another (e.g. potential gravitational,
electrical, magnetic, nuclear, chemical) in a physical or chemical process, becom-
ing the universal law of energy conservation and transformation, or the first prin-
ciple of thermodynamics. The first principle resulted from experience. Its general
equation, written in its differential form, is given by:

dQ = dU +dL (1.23)

For a constant mass of substance equal to unit and detailing dL, Eq. (1.23)
becomes:

dq = du + pdv + dI* (1.24)

Equation (1.24) shows that the elementary heat dqg transferred to a body is trans-
formed in order to increase its internal energy with the elementary amount du, in
order to produce the elementary work of dilation pdv (due to the elementary vol-
ume increase dv) and for producing other forms of work (or suffering other forms
of external work acting upon it, e.g. surface tension forces, see Chap. 10), except
that of dilation dI". In Eq. (1.24), pdv and dI" depend on transformation, so dq
depends as well on the particular transformation. The internal energy is an exten-
sive state function, U = uG. The function u = %, [u] = kJ Kg_l, is the specific
internal energy. Its increase du during a heating process results from an energy
transfer which is the only independent of the particular covering way (transfor-
mation) in Eq. (1.24), i.e. it depends solely on the initial and final transformation
states. Expressing this mathematically, if the curvilinear integral of the integrand
du depends solely on the initial and final integration limits then the integrand is
an exact total differential, while pdv and dl” are not, that is, integrating Eq. (1.24),
it results:

V2

q1—2 = (u2 —up) + /pdv + 1, (1.25)

Vi
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It is a common practice to express the internal energy as a function of the specific
volume and temperature, u = u(v, T). Differentiating u = u(v, T), one obtains:

ou ou
du = (8T) daT + <8v> dv (1.26)

Consider Eq. (1.24) for isocor transformations, dv = 0, and for dl* = 0, where-
from it results:

(dq), = du (1.27)
We remember Eq. (1.20), hence with Eq. (1.26) the specific heat of an isocor
transformation is:
du
o =|—=
v or ), (1.28)
so, Eq. (1.26) becomes:
d
du = c,dT + (”) dv (1.29)
aw /)

For ideal gases, according to the Joule law:

ou
(81})7 =0 (1.30)

(and further (g%) = 0 as well) therefore Eq. (1.29) rewrites as:
T
du = ¢, dT (1.31)

that is the internal energy of an ideal gas depends only on temperature. The gases
which cannot be considered ideal depend also on volume, because (3 ) # 0. For
these and for a certain body, the 1st principle Eq. (1.24), considered for dl* =0,
rewrites with Eq. (1.29), as:

0
dqg = ¢, dT + [<3:> +p}dv (1.32)

Generally, for a function of state, like the internal energy, it is important to know
its absolute value in certain applications (e.g. in the chemical reactions assessment,
or principally, in the phenomenologic approach of mass and heat transfer, analyzed
in Chaps. 9 and 11). For the rest, in the book next heat pumping thermodynamic
applications it is not needed to know the absolute value of a function of state, but
its variation which occurs during the different thermodynamic transformations. In
this case, the origin of reference of the state function can be chosen arbitrarily.
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1.1.5.3 Enthalpy

In our further applications, the (quasi)-isobar transformations are very often met.
In this case, another thermodynamic function, the enthalpy (Kamerlingh-Onnes
1909), is of much more help than the internal energy, because it simplifies the
computation. The total enthalpy, noted here by H = hG as an extensive parameter,
equals the sum of the internal energy and of the product of pressure and volume:

H=U+pV (1.33)

Similarly to internal energy, the enthalpy is obviously a function of state. The
function & = %, [h] = kJ Kg~!, is the specific enthalpy, equal from Eq. (1.33) to:

h=u+pv (1.34)

The molar enthalpy can be derived from hy; = %, [hy] = kJ kmol ™!, where M is
the mols number of the system. Further, it is convenient to express the enthalpy as
a function of pressure and temperature state parameters, i = h(p, T). Its exact total
differential as state function writes:

ah ah
dh=(=—)ar+ (=) 4
<3T>p + <3P>T p (1.35)

The first principle Eq. (1.24), combined with Eq. (1.33) and written for dI* = 0,
has for a constant mass of substance equal to unit the differential form:

dg = dh — vdp (1.36)
Considering an isobar transformation, dp = 0, in Eq. (1.36), it results:
(dq), = dh (1.37)
Combining Egs. (1.37) and (1.19), the specific heat of an isobar transformation
writes:
oh
==
P ot ), (1.38)

Introducing Eq. (1.38) in Eq. (1.35), the total differential of the enthalpy is:

oh
dh = cpdT + <> dp (1.39)
)y

The Joule law applied to enthalpy, shows that in case of a perfect gas this time the
enthalpy doesn’t depend on pressure [see Eq. (1.30)]:

oh
_— = O
(317)7 (140)



10 1 Introduction

Introducing Eq. (1.40) in Eq. (1.39), it results that for a perfect gas:
dh = c,dT (1.41)
and because additionally we have (%) = (), it is concluded that for a perfect gas,

similar to internal energy, the enthalpy depends solely on temperature. The gases

which cannot be considered ideal depend also on pressure, because (%) #0
T

For these and for a certain body, the 1st principle Eq. (1.36), rewrites with Eq. (1.39), as:

oh
dq = cpdT + [(8) — v} dp (1.42)
P/ T

The functions u, i and ¢, are caloric properties, while p, v and T are thermal prop-
erties of a substance. Moreover, bearing in mind the definition of the equation of
state, equations of type (1.31), (1.32), (1.41) and (1.42), which link thermal prop-
erties with caloric properties, are named caloric equations of state.

Let us consider the differential of Eq. (1.34) and divide it by dT in order to
form the following equation with substantial derivatives:

dh d d
o (pv)

T = ar T (1.43)
From the Clapeyron equation:
pv =RT (1.44)
it results that:
d(pv)
=R 1.45
T (1.45)
Taking into account Eq. (1.45), and remarking that Eqgs. (1.31) and (1.41) can be
rewritten as:
du
cy=|—
v ot ), (1.46)
and
oh
cp=|—
14 oT ), (1.47)

respectively, we pass from the substantial to partial derivatives in Eq. (1.43) and
obtain:

Cp —Cy = R (1.48)
Equation (1.48) is named the formula of Mayer.
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Fig. 1.1 The plot of a certain pA
thermodynamic cycle in the T1
B
p-V diagram W\
[
=
Vv

1.1.5.4 Cycles. First Principle Application

In this book we shall analyze mainly systems having closed transformations, that
is a cyclic thermodynamic evolution. These lay down the basis of the majority
of heat pumping applications. Although the application of the 1st principle has
important consequences, which are general, here these will be emphasized with
respect to our particular topic. Let us consider the schematic of a certain cycle,
plotted in the p—V diagram, Fig. 1.1. As mentioned in Sect. 1.2.2, the dilation
mechanical work /1_» and therefore the heat ¢;_» producing it, are not functions
of state, but functions of transformations (covering ways) 1-A-2 or 1-B-2, etc.,
Fig. 1.1, that is:

%dl = fpdv = /pdv - /pdv # 0, therefore (/1—2) 140 # (l1—2)15, (1.49)

1A2 1B2

and

%dq = / dg — /dq # 0, therefore (q1-2)140 # (q1-2)150  (1.50)
1A2 182

respectively. On the other side, the internal energy and enthalpy are functions of
state. Considering just the total enthalpy, H = Gh, it can be written:

]{dH = j{d(Gh) = /d(Gh) - /d(Gh) =0, (1.51)

1A2 1B2
therefore
(Hy — Hy)pp = (Hy — Hy)1pp = Hy — H| (1.52)

From the Ist principle, of energy conservation and transformation, a second
important law can be derived, that of the mass conservation. The law applies to all
thermodynamic systems, but here it will be derived for the cyclic transformations.
For the type of applications we are considering in this book, the quantum effects,
which lead to the transformation of mass in energy in certain circumstances
(e.g. atomic and sub-atomic interactions), are completely negligible here, there-
fore are excluded from consideration. This means that the functions G and s are
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independent one another and performing the differential, the integrand becomes
d(Gh) = Gdh + hdG and Eq. (1.51) rewrites:

]{d(Gh) = ?{Gdh +%th =0 (1.53)

The two curvilinear integrals in the right member of Eq. (1.53) are Stieltjes inte-
grals (Nicolescu 1977-1980) and using a mean integral formula, Eq. (1.51)
becomes:

facn =6 fan+ ) a6 =0 (1.54)

In Eq. (1.54) G"(¢) and h"(c) are mean values of functions G and /4 on the consid-
ered intervals of definition and

% dh =0 (1.55)
because £ is a state function, wherefrom, Eq. (1.54) becomes:
7{ dG =0 (1.56)

Equation (1.56) proves that after one cycle the mass of the system regained its
initial value, therefore the mass has been conserved in the cyclic transformation.
Considering now a mixture of components having each the mass fraction ¢; given
by Eq. (1.12) and repeating Eqs. (1.53)—(1.56) for G; = ¢;G, it results:

?{dGizj{d(ciG)zo, i=1,2,...,n (1.57)

which means that in a cyclic transformation, the mass of a species is conserved as well.

The application of the 1st principle consists in making up energy, mass or spe-
cies mass balances of systems and components at hand. A balance is achieved con-
sidering that the absolute value of inputs and outputs of energy, mass or species
mass are equal. This practical and precious tool for solving the design problems in
various energy fields, was used in this book as well.

1.1.6 Second Principle of Thermodynamics
(Sadi Carnot 1824)

According to the general belief, 1st principle goal of each heat pumping appli-
cation is to maximize the effectiveness from a quantitative point of view, that is
to obtain the highest useful effect with the smallest primary energy consump-
tion, especially when the input energy in not free. However, applying solely the
Ist principle recommendations will not conduct to this goal fulfilling. In order
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to fulfil it, Chap. 7 shows that it is necessary and enough to satisfy the qualitative
recommendations of the 2nd principle as well. The 2nd principle is presented
shortly in this section.

1.1.6.1 Reversible and Irreversible Transformations. Heat and Sink
Sources. Thermal Efficiency and Effectiveness. Wordings
of the Second Principle of Thermodynamics

Let us consider a system suffering a direct transformation. During this transforma-
tion, the system receives heat Q from a heat source and delivers the work L to the
ambient. Let us consider as well the system reverse transformation, brought very
near to the direct transformation. It is possible to establish an imaginary biuni-
voque correspondence, “in mirror”, between the points of the two transformations.
The pairs of points formed in such a way have the state parameters which differ
one another by a small infinite, i.e. (p, v, T, x) and (p + ép, v + év, T + 8T, x + 6x),
enabling the reverse transformation to pass through the same states of the direct
transformation, but in reverse direction. This means that the system will receive
from ambient the work (—L) and will deliver to a sink source the heat (—Q). In
this way, after the system should cover the direct and the reverse transformations,
it wouldn’t exchange any energy (heat and work) with the ambient and heat source.
In this case, the direct transformation is called a reversible transformation. An
additional basic requirement for a direct transformation be reversible is that dur-
ing the heat exchange the difference dT between source and working fluid tempera-
ture covering the transformations be infinite small, 7, = T,y + dT. The need for
such requirement is simple to explain, dT could be a finite temperature difference,
the higher the better, during the direct transformation, only, e.g. dT" = (3-5) °C,
because heat Q passes naturally from the higher temperature source to the lower
temperature working fluid. On the contrary, during the reverse transformation the
heat (—Q) cannot pass naturally from the lower temperature working fluid to the
higher temperature source, only if d7 had been infinite small, to the limit, zero.
Suppose the system at hand is a single transformation one, and the transformation
is reversible. Then, the system is in equilibrium with the single source it is sup-
plied with and it doesn’t exchange mass and energy with the ambient, therefore,
according to the definition, it is an isolated system. A first conclusion regarding the
work availability can be formed, according to the 1st principle of thermodynamics.
Indeed, the work can be produced by a single transformation system only until the
transformation becomes reversible, that is it reaches equilibrium. Further, a ques-
tion is raised, what is happening with respect to the cyclic work production if a
system had more reversible transformations. When the working fluid is obliged to
perform a cyclic evolution and a non-zero useful effect is desired, then the cycle
must be connected to at least two sources (springs), heat and sink, with a tem-
perature gap between them, in order to remove from and bring back to the initial
state the reversible transformations, on at least two different ways, respectively.
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The combination between this “macroscale irreversibility” and the “microscale”
reversible transformations leads in case of the cyclic evolution to continuous
work production (and anticipating, to continuous heating and cooling production
as well) which reaches the thermodynamic perfection. All aspects concerning the
cycle possible transformations and ideal efficiency and effectiveness are the con-
cern of the 2nd principle of thermodynamics. Continuing, an irreversible trans-
formation is, on the contrary, that direct transformation which reverse of cannot
reproduce in reverse direction the direct transformation, as described above, there-
fore the system is in nonequilibrium (see Chaps. 9 and 11). From experience, the
irreversibility means efficiency loss. The main cause of external irreversibility of
a system transformation is in practice the finite temperature difference between
source and the working fluid, which cannot enable the reverse transformation to
take place as described to the beginning of this section. However, our finite time
life obliges us to design machines with finite time and finite surface heat exchange
therefore with finite time and acceptable cost of the useful effect yield. Actually,
it is therefore necessary to admit a temperature pinch in heat exchange between
source and cycle working fluid, that is a compromise between task cost and effi-
ciency (effectiveness). The remarks made here lead to the so called “source-task
match” rule of thomb, which a designer must apply when choosing the best cycle
for the available supplying sources and a given task. The best source-task match
is achieved when the source and the working fluid have close values of theirs heat
capacity (equal to the product of heat exchanging fluid mass flow rate and its spe-
cific heat). In Chap. 8 an example thereof is shown. Such favorable conditions are
met for example to the sensible-sensible and latent-latent type heat exchange. In
case of the coabsorbent technology, there are four absorption processes of latent
type heat exchange, generation, absorption, resorption and desorption, operating
normally with gliding temperature, and two heat-sink supplying sources, character-
ized more often than not by sensible type heat exchange. In this case, the sources
and the tasks have not the best match, and the cycle efficiency is not favored. It is
possible to compensate partially this drawback, practicing an internal heat recov-
ery, of sensible—sensible and latent-latent (gax) type, according to the 1st princi-
ple recommendations. Besides this, a second partial compensation consists in using
free low grade heat sources practically for all heat pumping applications. Beside
the external irreversibility, the internal irreversibility is another source of loosing
effectiveness. Indeed, taking into account the experience, all real systems have
natural spontaneous internal transformations, which are irreversible, e.g. heat trans-
fer from a warmer body to a colder body, work losses transformed through fric-
tion in heat, electrical conduction, gas adiabatical (polytropical) compression, gas
diffusion, expansion, or lamination, mixing processes. Moreover, when a cyclic
evolution is performed by several irreversible transformations, the effect of irre-
versibility cumulates. In this case, the higher the irreversibility of transformations,
the poorer the efficiency (effectiveness) of work (heating and cooling) production.
A cycle (process, transformation) perfection degree can be evaluated using again
the 2nd principle of thermodynamics, through its tool named availability, or exergy
(see Chap. 7). Concluding, the reversible transformation, although ideal, represents
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Fig. 1.2 The plot of direct (a) and reverse (b) thermodynamic cycles in the p—V diagram

a fundamental notion of thermodynamics. At the same time, it is a very useful tool
in solving real systems problems, first because in certain circumstances these can
approach real systems and second, a reversible transformation can be the compari-
son term for the degree of irreversibility.

Let us consider the schematic of two certain cycles covered clockwise and
counter-clockwise, plotted in the p—V diagram, Fig. 1.2a, b, respectively. As moti-
vated priorly, the cycles need to be connected to external sink/heat sources. For a
better understanding of the cycle-source heat exchange, in many cases, not all, the
sources can be considered external infinite reservoirs of heat, which temperatures
of are not changing during the cycles operation. The cycle of Fig. 1.2a receives
heat Q; from an external (high temperature) heat source and rejects heat O to an
external (low temperature) sink source. In Fig. 1.2b, the cycle heat Q; is delivered
to the heat source, while Q» is extracted from the sink source. Besides heat, both
cycles involve a dilation and compression (pumping) work exchange with the
ambient, as well. Let us calculate the mechanical work of dilation and of compres-
sion (the computation is valid for both cycles, Fig. 1.2a, b):

Va
L2 dilar = / pdv (1.58)
Vi
and
Va
L2 compr = — / pdv (1.59)
Vi

respectively. The integration is done along the transformations of dilation and of
compression 1-A-2 and 2-B-1, respectively. The work is proportional to the area
subtended by a curve, in the p—V diagram, therefore the relative above/below curves
represent from this point of view higher/lower work, comparatively. In case of
the cycle plotted in Fig. 1.2a, the dilation curve is above the compression curve,
therefore L12 gitar > L12,compr- This means that Leyere = Li2 gitar — L12,compr > 0 and
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therefore the cycle is a direct thermal motor cycle, which receives heat and delivers
external useful work (e.g. the Rankine cycle). On the contrary, in case of the cycle
plotted in Fig. 1.2b, the dilation curve is below the compression curve, therefore
L2 dilar < L12,compr- This means that Leycie = L2 gitar — L12,compr < 0 and therefore
the cycle is a reverse thermal cycle, typical for cooling (refrigeration)/heat pump
cycles, which extracts / delivers heat from/to a sink/heat source, on the account of
a work input (e.g. mechanical vapor compression cooling/heating cycles). The 1st
principle Eq. (1.23) is integrated along the closed contour 1-A-2-B-1, Fig. 1.2a.
The curvilinear integral of internal energy, as function of state, vanishes, and obtain:

fdQ=7de (1.60)

Qcycle =01—O = Lcycle >0 (1.61)

wherefrom:

In case of the direct cycle, the work production from heat is the only useful effect.
From Eq. (1.61) it results that Q1 > >, and further, % < 1. Taking advantage of
this result, with the help of Eq. (1.61), the direct thermal (motor) cycle efficiency
is calculated by:
L —

cycle _ 01 O —1— % <1 (1.62)

Q1 01 01

In case of the reverse cycle, Fig. 1.2b, Eq. (1.60) holds true as well, but Eq. (1.61)
writes this time:

Nwork =

Qcycle =0 —-01=- cycle < 0 (1.63)

In case of the reverse cycle, two useful effects could be considered separately, or
simultaneously, of cooling and of heating, respectively. From Eq. (1.63), it results
again that Q1 > O, and further % > 1. With this result, the cooling and heating
effects effectivenesses are given by:

-1
COP, & & (lQll — 1) > 1 (1.64)

< ’Lcycle| B 01l — O - 0>
and »
cop, - 0 _ o _ <1_Q2>
|Lcycle‘ 01l — O 1011
10))
=1+ —""—=14COP, > 1 .
01— 02 g (1.63)

respectively. If both cooling and heating effects are simultaneously useful, i.e. a
cogeneration takes place, the effectiveness results in:

011+ 0> _ Q1|+
|Lcycle} 1011 — 02

COP.), = = COP. + COP;, > 1 (1.66)
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The thermal performances of the direct and reverse cycles are less and higher than
unit, which reason for they have been named efficiency and effectiveness (or “coeffi-
cient of performance” (COP)), respectively, in order to differentiate them one another.
As it could be remarked, the 1st principle of thermodynamics emphasizes the
quantitative rules governing the energy transformations and shows how to estab-
lish an energy balance of a transformation. At the same time, it is not providing
any indication about the possibility of a certain transformation to take place or not,
or about the direction of a transformation unfolding. The second principle of ther-
modynamics completes the first principle, establishing qualitative rules for these
transformations unfolding and indicates which transformations are actually possi-
ble. Similar to the 1st principle, the 2nd principle is formulated as well according
to the experience. The most general wording is the following: any actual spontane-
ous transformation is an irreversible transformation. All other 2nd principle word-
ings are particular cases of this general wording. In 1850, R. Clausius formulated
the 2nd principle as: it is impossible to pass heat from a colder body to a warmer
body, without consuming mechanical work. Also, in 1851, W. Thomson expressed
the 2nd principle as: in the nature, it is impossible to consume cyclically heat
and produce mechanical work with a machine connected to a single source. As a
corollary of the thermal processes, it results that using cycles the heat cannot be
transformed entirely in work [see Eq. (1.62)] or equivalent forms (electrical work,
magnetic forces work etc.), a certain amount of it must be rejected to a sink source.
Similarly, the work or its equivalent forms cannot be transformed entirely in heat.

1.1.6.2 The Carnot Cycle

The cycle was named Carnot after its inventor, the French engineer Sadi Carnot who
elaborated it 1824. It lays down the basis of the thermal motors theory and is of
great importance in thermodynamics. Next, the cycle will be analyzed using inten-
sive properties. The direct Carnot cycle is plotted in the p—V diagram in Fig. 1.3.
Suppose the Carnot cycle is operated by an ideal gas. It consists of two isothermal
transformations, A-B, with T} = const., and C-D, with T» = const., and two adiaba-
tic transformations, B—C and D-A, respectively. During the A—B and C-D isother-
mal transformations, the cycle receives heat g1, supplied by a heat source of constant
temperature T}, = const., and rejects heat ¢ to a sink source of constant temperature
T = const., respectively. Suppose, first the cycle operates in a reversible way, that is:

T = const. = Ty, (1.67)
and
T, = const. = Ty (1.68)
The efficiency of the Carnot cycle is calculated by (see Eq. (1.62)):
q1 — |q2|
Nwork,rev. = —— (1.69)

q1
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Fig. 1.3 The plot of the
direct Carnot cycle in the p—V
diagram

Va Vp VB V¢ V

The heats g; and ¢ can be found applying Eq. (1.32) in case of an isothermal
transformation, d7" = 0, and of an ideal gas operation, resulting in:

dg = pdv (1.70)

The pressure in Eq. (1.70) is expressed from the Clapeyron equation (1.10), for
G=1,as:

_ R 1.71
p=- (1.71)
wherefrom, Eq. (1.70) becomes:
dv
dg = RT7 (1.72)

Integrating Eq. (1.72) between v4 and vp on one side, and between vc and vp, on
the other side, the heats ¢; and ¢ result:

VB
=RT{In—=
q1 thn " (1.73)
and
VD
—|g2| = RT, In =
73] 20n (1.74)

respectively. In Eqs. (1.73) and (1.74), vg > v4 and vp < v¢, hence g1 > 0 and
g2 < 0, respectively. Next, an adiabatic transformation will be characterized in case
of an ideal gas operation. For dg = 0, Eq. (1.32) becomes:

cydT = —pdv (1.75)

Dividing it by Clapeyron equation of state (1.10), where G = 1 is considered, it
results:

=—— (1.76)
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In Eq. (1.76), the ratio % is expressed with the help of Mayer formula (1.48),

cy 1

where k = Z—‘V’ Introducing Eq. (1.77) in Eq. (1.76), the latter results in:
daT dv
— =—(k—-1)— (1.78)
T 1%

Integrating Eq. (1.78) between states B and C, on one side, and between states D
and A, on the other side, it is obtained:

k—1
Tc VB
— = — 1.79
Tp (Vc> (179

and

k—1
Ta VD
— == 1.80
Tp (VA > (180

Remarking that T4 = Tp = Ty and T¢ = Tp = T», from Egs. (1.79) and (1.80) it
results that:

vc VD

v = a (1.81)

Introducing Egs. (1.73) and (1.74) in Eq. (1.69) and taking into account Eq. (1.81),

the direct reversible Carnot cycle efficiency results:

Ty — T,
T,

Nwork,rev. = (1.82)
The function nyork rev = f(T1, T2) of Eq. (1.82) was found by W. Thomson. The
reversible direct Carnot cycle has the highest efficiency out of all reversible
direct cycles. This means that beside reversibility, a cycle configuration matters
as well. In Chap. 8, an example of two reversible direct cycles is given, which
have different efficiencies because they have different configurations, Rankine
and Trilateral Flash. If the direct Carnot cycle were not reversible, that is finite
temperature differences A7) > 0 existed between working fluid and sources
temperatures, i.e.:

T =Ty,— ATy (1.83)
and

I =Ts+ AT, (1.84)
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Fig. 1.4 A cycle with some ]
configuration represented as da1,i-1 4a g ieq
a sum of reversible Carnot 33 b}

cycles pa

dg1,1

then, replacing in Eq. (1.82) temperatures 77 and 7, with the values given by
Eqgs. (1.83) and (1.84), respectively, it would results that the direct irreversible
Carnot cycle efficiency:

Tn — T, — (AT, + AT»)
T, — AT

is smaller than the efficiency of the reversible Carnot cycle, given by Eq. (1.82).

All cycles can be reversible, not only the Carnot cycle, provided that theirs heat
input and output processes be isothermal transformations. A cycle with some con-
figuration can be “reversible-ized”, representing it as a sum of i elementary reversible
Carnot cycles, infinitesimally outdistanced one another, i = 1, ..., n, n — 00, as shown
in Fig. 1.4. The reception and rejection of elementary heats, dg;; > 0 and dg»; < 0,
are considered isothermal processes, which take place to constant temperatures 77 ; and
T, respectively, i = 1, ..., n, while the work inputs and outputs cancel each other,
except in adiabatic transformations of the first and last cycles, i = 1 and i = n.

< Nwork,rev. (1.85)

Nwork,irrev. =

1.1.6.3 Clausius Integral. Entropy. Entropy Variation of Irreversible
Transformations. General Equation of Thermodynamics

From Eqgs. (1.73), (1.74) and (1.81) it results for a reversible Carnot cycle [see also
Egs. (1.67) and (1.68)]:

q1 g2l

£ _ "l _p

T T> (1.86)

The ratios % or % are named after Lorenz, reduced heats. A similar equation can be

written for each elementary Carnot cycle belonging to the cycle with some configura-
tion, represented in Fig. 1.4. Totalizing these equations member by member, it results:

n
dq;  |dgail
i _0
> ( . T ) (1.87)

i=1
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If in Eq. (1.87) n — oo, the sum becomes a curvilinear integral with closed
contour, and passing to extensive properties it is obtained:

do
7{7 =0 (1.88)

The integral in Eq. (1.88) is the Clausius integral. It equals zero for all reversible
cycles. The integrand is noted by:

_ 40
T

The left member of Eq. (1.89) is the total (exact) differential of a new function
of state, S, s = %, the entropy, introduced by Clausius. Although the entropy was
defined and is used in conjuncture to the reversible cycles, it can be a very use-
ful thermodynamic function in the irreversible processes analysis, as well (see
Chap. 9). Being a function of state, the entropy variation depends solely on the
initial and final states of a transformation. If the system covered completely a
reversible Carnot cycle, or other similar cycles with some configuration, then
the entropy variation must equal zero. This result is not surprising, if we bore
in mind that all functions of state have this property (see the internal energy and
enthalpy). Indeed, integrating Eq. (1.89) and taking into account Eq. (1.86), it
results that:

ds (1.89)

91 g2l ¢ g2l
ASrev.:i_i_i_ =

— 0
LT T T (1.90)

However, what is different from the behavior of other functions of state and very
important, is that in case of the irreversible Carnot cycle or other similar cycles
with some configuration, the closed contour curvilinear integral of entropy, that
is the Clausius integral, is negative this time, as it is shown next. Indeed, let us
consider an irreversible Carnot cycle, including the sources as well. Than, in Egs.
(1.73) and (1.74) the temperatures 7'y and T are being replaced by 77 and 7>,
given by Eqgs. (1.83) and (1.84), respectively. Hence, Eqgs. (1.73) and (1.74) can be
rewritten as:

q1 VB
_ N _pmE
T, — AT, _ (1.91)
and
lg2| VD
Ts + AT, ! vc (1.92)

respectively. Further, using infinite series expansions in order to approximate the
temperature factors of heats, Egs. (1.91) and (1.92) can be expressed as:

AT
S (R T e T (1.93)
T, — AT T Ty, VA Ty


http://dx.doi.org/10.1007/978-3-642-54684-6_9

22 1 Introduction

Fig. 1.5 TIrreversible cycle
with some configuration

and
AT
B 7 B 1 Y S I -1 (1.94)
Ty + AT, Ty T Ve T
respectively. Adding member by member ineqns. (1.93) and (1.94), it is obtained:
vB VD q1 g2l
O0=R|In— +In— — — = AS;
(n s + In VC) > T, T, irev. (1.95)
or,
a1 gl
ASjrey, = Th - T, <0 (1.96)

Referring to the cycle of Fig. 1.4 again, which operates irreversibly and totalizing
in Eq. (1.87) entropy differential forms based on Eq. (1.96), the Clausius integral
for irreversible processes is obtained, which is negative, as mentioned:

f%Q <0 (1.97)

Let us consider now an irreversible cycle with some configuration, Fig. 1.5, con-
sisting of two transformations, a first irreversible, 1-A-2 and a second revers-
ible, 2-B—1, respectively. We apply the Clausius integral for irreversible cycles,
Eq. (1.97), to this cycle, and obtain:

do do
/ - 1 / - <0 (1.98)
1-A-2 2—B—1

In in eqn. (1.98), we take into account that the integrand of integral performed
along the reversible way 2—B—1 is a total differential. This will lead to:

1

ag  [dO _
/ T /7 =51—-5 (1.99)

2—-B—-1 2

wherefrom, in eqn. (1.98) becomes:

dQ
$2—51> T (1.100)
1-A-2
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Further on, considering the differential form of in eqn. (1.100), the important
result is obtained:

do
> &2
T

ds (1.101)
valid for all irreversible transformations of some system. Ones of the most impor-
tant systems in thermodynamics are the isolated systems, because such systems
can be met in practice very often, if it were considered together with theirs supply-
ing sources. If a system were isolated (dQyys,. = 0), and it performed an irrevers-
ible transformation, then, from in eqn. (1.101) it results

ds >0 (1.102)

In eqn. (1.102) shows that the entropy of an isolated system increases when cov-
ering an irreversible transformation. Equations (1.101) and (1.102) can be written
with two signs, equal and inequal, in order to be valid for both reversible and irre-
versible system transformations, respectively:

dQ
s > — .
S > T (1.103)
and
s >0 (1.104)

respectively. In eqn. (1.103) is the analytical expression of the second principle of
thermodynamics (Kirilin et al. 1985). It can be written also as:

1dS > dQ (1.105)

In in eqn. (1.105), the heat differential can be expressed from the first principle of
thermodynamics, given by Eq. (1.23), wherefrom the general equation of thermo-
dynamics results:

1dS > dU +dL (1.106)
or detailing the work differential:
TdS > dU + pdV + dL* (1.107)

For a constant mass of substance equal to unit and making dL* = 0, Eq. (1.107)
becomes:

Tds > du + pdv (1.108)

Alternatively, the heat differential in ineqn. (1.105) can be expressed using enthalpy
[see Eq. (1.36)], wherefrom, in eqn. (1.108) becomes:

Tds > dh — vdp (1.109)
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1.2 Exergy and Anergy. Heat Exergy. Exergy of Closed
Systems. Exergy of Open Systems. Relationship
Between Exergy Dissipation and Entropy Creation.
Non-equilibrium Linear Phenomenological Connection
Between Generalized Forces and Currents

The exergy method is an analysis tool of thermal processes, based on the first
and second principles of thermodynamics. It enables to drow up correctly bal-
ances and to ascertain losses and efficiencies of the thermal processes. In this
book, it will be applied to Chaps. 7 and 9. The exergy is found in some books
also under the name of availability. The maximum useful mechanical work
which can be produced by a system found in a certain state, during a trans-
formation, until the system reaches the equilibrium with an ambient reservoir,
characterized by the temperature and pressure 7 and pg, respectively, is called
exergy, or availability. A system reaching the equilibrium with an ambient
reservoir becomes “relaxed” with respect to it. The availability calculus lays
down the basis of the exergy method. For this reason, in this section the exergy
concept and computation are introduced. First, the heat exergy calculus is
given, which is of great help to exergy method application in case of the coab-
sorbent heat pumping cycles we are dealing with in this book (see Chap. 7).
Second, the exergy of the closed and open systems is analyzed and further the
connection between exergy dissipation and entropy creation is emphasized.
The entropy creation or entropy source is further used to describe with non-
equilibrium thermodynamics tools the irreversible phenomena which take
place in binary two-phase non-ideal mixtures, met in the absorption technol-
ogy, and to create a phenomenological (two-point) theory of mass and heat
transfer, presented to Chap. 9.

A certain amount of Energy (e.g. heat) consists in two parts, Energy = Exergy +
Anergy = const. In this expression, the Exergy is the energy part (e.g. electrical and
mechanical) which ideally could be transformed in any energy form, and the Anergy
is the energy part, which cannot be transformed further in any other energy form
(e.g. ambient energy). From exergetical point of view, the first principle of thermo-
dynamics could be formulated as: the sum of exergy and anergy of a system is con-
stant (Popa and Vintila 1977).

1.2.1 Heat Exergy

The source of heat exergy is a reversible cyclic thermal motor, Fig. 1.6.
The motor is supplied with heat Q> from a heat source of temperature T,
Ty < T < T, is producing the work Ly, equal to the exergy E1 of the heat Q15,
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Fig. 1.6 Schematic of heat

exergy calculation (Popa and Heat

Vintila 1977) SonIet
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and is rejecting an amount of heat Qp, equal to the anergy A, of the heat Qj»,
to the sink source of temperature 7y < 77. The ensemble consisting of the heat
source, motor and sink source, is an isolated adiabatical system, for which the
entropy variation is null:

ASp + ASmotor + ASo =0 (1.110)
The heat yielded by the heat source:

2

On = —/TdS (1.111)

1

is received by the motor working fluid, which produces the mechanical work:

Leyete = E12 = Q12 — Qo = Q12 — Ap2 (1.112)
The entropy variation of the heat source is obtained from Eq. (1.111):
2 40
ASp=— | =
h / T (1.113)
1
while that of the sink source is given by:
|Qol A
ASy = 1l _ A (1.114)
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The entropy variation of the motor is null, AS,,,r = 0, because its working fluid
has a cyclical evolution in the machine. Equations (1.113) and (1.114) are intro-
duced in Eq. (1.110), wherefrom the heat anergy becomes:

Ap = To/ dTQ (1.115)

1
The heat exergy results with the help of Eqs. (1.115) and (1.112) as follows:

2
d
E12=Q12—TO/TQ (1.116)

1

2
/(1 - >dQ (1.117)
1

(Popa and Vintila 1977). Equation (1.117) shows that the heat exergy depends only
on the heat and sink sources temperatures, through the function:
Ty

Oy (TO,T)—I—T (1.118)

or

which is the exergetical temperature factor or the heat-to-work Carnot efficiency
factor (see Chap. 7). Equation (1.117) is integrable Stieltjes. Performing the
integral (1.117), it results:

Ep = <1 - )(E)/dQ (1 - )(E)Qu =001  (1.119)

The mean value of factor g(g) = (1 — %) (&), § € (T, T2), in Eq. (1.119), equals
the mean Riemann integral value of function 6,,(Ty, T), Eq. (1.118), on the interval
T € [Ty, T>], given by:

2
0(&) ! / LA P L D
= = — n—
T, — T T T»—-Ty T (1.120)
1

The use of Eq. (1.120) in Eq. (1.119) results in the following expression for the
heat exergy:

Epn=(1 L 1),
0= o7 g Qo (1.121)
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Fig. 1.7 Schematic of
the monothermal system
producing maximum work
(Chartier et al. 1975) Th
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Besides Eq. (1.120), found here for 6(§), at the end of this chapter it is shown
that 6(§) has an equivalent and simpler mathematical expression, calculated
with the help the arithmetical mean of the heat source temperatures 77 and 7>
(see Appendix 1):

ot By To
0(§) = Lo < —@ (1.122)

Introducing it in Eq. (1.119), the heat exergy results to be expressed in a second
equivalent way:

Ty
Ep = (1 - M) 012 (1.123)

1.2.2 Exergy of Closed Systems

The maximum useful work which could be extracted from closed systems having
an isothermal and isocore reversible transformation, on one side, or an isothermal
and isobar reversible transformation, on the other side, is found calculating the
functions of free energy of Helmholz, F = U — TS, or of free enthalpy of Gibbs,
@ = H — T8, respectively (see next section, Kirilin et al. 1985). When we deal
with systems suffering some reversible transformations, the function of exergy
is helpful. This is derived next, first for systems which are connected to a single
source, called monothermal systems. Such a closed reversible monothermal ensem-
ble, depicted in Fig. 1.7, is capable to produce maximum useful work. It consists
of a top monothermal system, of a bottom sink source reservoir and of a Carnot
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reversible direct cycle, inserted between the top and the bottom sub-ensemblies.
The monothermal system produces the work dLj. The Carnot cycle produces the
work dL,, and exchanges in a reversible way the heats dQ;, at Tj, with the mono-
thermal system and dQq at Ty with the sink source reservoir at (7o, po), Tp > To
(direct Carnot cycle), respectively. We apply the st principle to the monothermal
system, Eq. (1.24), and using extensive parameters, it is obtained:

dQpn = dUy + podVy, + dLy, (1.124)

In Eq. (1.124) dQp, < 0 and dL; > 0. Also, dUj;, < 0 and podVy > 0 are the dif-
ferentials of the monothermal system internal energy and of the work performed
by the system against the ambient pressure forces, respectively. Alternatively, in
Eq. (1.124), if the case, instead of the internal energy, Uy, corresponding to the
monothermal system at rest, the system total energy could be used, which means
the exergy coming of the system internal energy + other forms of energy which
the system is possibly acted with (e.g. kinetic, potential, electrical, surface tension,
chemical), and calculated with respect to the sink source reservoir at 0 K. Further,
the Ist principle is utilized too for making up the energy balance of the direct
Carnot cycle, obtaining (see Eq. (1.61) as well):

dQp +dQo = dLy, (1.125)

In Eq. (1.125), dQj, > 0 this time, while dQg < 0 and dL,, > 0. We add member by
member the two Egs. (1.124) and (1.125), resulting in:

dLymax = dLy + dL, = —dUj, + dQoy — podVy (1.126)
The entropy balance of the reversible Carnot cycle is written, Eq. (1.86):
dQn  dQo
., To (1.127)
In Eq. (1.127) dT—Qh” = dSj, therefore the heat delivered to the sink source results:
dQo = TodS}, (1.128)

wherefrom, introducing it in Eq. (1.126), the differential of the maximum useful
work is expressed by:

dLymax = —dUp + TodSy — podVy = —d(Up — ToSp +poVy) = —dE  (1.129)
In Eq. (1.129) we noted:
E(Un, S, Vi) = Up — ToSh + poVp + Const. (1.130)

The maximum work of the system covering a reversible transformation between
two states 1 and 2 is found integrating Eq. (1.130):

2
Lu,max=—/dE=E1 - E (1.131)
1
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The Const. in Eq. (1.130) is determined relaxing the monothermal system with
respect to the sink source reservoir, when E(Uy, Sy, Vi) = E(Up, So, Vo) = 0.
Considering this boundary condition, the Const. results:

Const. = —E(Uo, So, Vo) (1.132)
and Eq. (1.130), written without the index “h”, becomes:
EU,S,V) = (U — Up) — To(S — So) + po(V — Vo) (1.133)

The function E, [E] = [kJ], of Eq. (1.133), is the exergy (availability) of the mono-
thermal system (Chartier et al. 1975; Kirilin et al. 1985). Equation (1.131) shows
that E is a function of state, therefore dE is a total differential, so L, max does not
depend on the integration way, for a chosen reservoir. The exergy, Eq. (1.133),
holds true for the assessment of maximum useful work of non-isobar and non-iso-
thermal transformations, either physical or chemical, therefore the function E is
more general than the functions F = U — TS and @ = H — TS, but the value of E
depends on the chosen reservoir.

The entropy and exergy are conserved in reversible transformations, only. In the
irreversible transformations, dS > 0 holds true (see ineqn. (1.102)), and Eq. (1.129)
becomes —dE > dL; max, OF

JoE
—dE = dLu,IIlaX — Edl = _(dE)irrev (1.134)

where —(dE)j ey 1s the exergy dissipation (Chartier et al. 1975). In the next section
it will be shown that in irreversible transformations the exergy dissipation is con-
nected with the entropy creation. This coupling is emphasized in the next section,
in conjuncture with the exergy calculation of stationary open systems.

1.2.3 Exergy of Open Systems. Relationship Between
Exergy Dissipation and Entropy Creation

Let us consider the open system depicted in Fig. 1.8. The exergy calculation is con-
fined to stationary open systems. All currents are noted by the same symbol j, but are
indexed differently, with i, g and /, for mass, heat and work, respectively. The cur-
rents which get in and out of the system, are marked as prime () and secondary (7/),
respectively. The currents which get in and out of the system, are considered positive
and negative, respectively, either are of mass or of heat, but are considered negative
and positive, respectively, if they were of work. In this way, the heat and work cur-
rents directions respect the thermodynamics convention of sign, mentioned in intro-
duction, Sect. 1.1. In physical interactions, the nature of a current is not changing
during the transformation, that is ji = —j7 (e.g. the water in a water heater). In a
chemical interaction, in most cases the nature of a reactant is different from that of
all other reactants and of produces of reaction, that is ji # ji, i,j = 1,....n,i =
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c

Fig. 1.8 Schematic of a thermodynamic open system (Chartier et al. 1975)

and j/ #j/ i,j=1,. , 1= jand ji # j’. The temperatures of the mass and
heat currents getting in and out from the system are T’ and T”, respectively, while
that of the sink source reservoir is Ty.

1.2.3.1 Energy Balance

The 1st principle is applied to the schematic of Fig. 1.8. The energy balance
requires that the algebraic sum of energy, included by the input and output currents,
annulates. The energy of a mass current j; equals its (total) internal energy, jiuj,
plus the energy gained when is being introduced in the system by an ideal pump,
p'jivi. It results that the energy of the j; mass current equals its enthalpy, that is:

j{(ug—i—p’v;) =jih, i=1,...,n, (1.135)
A similar result is obtained for the output mass currents, that is theirs energy is
i h!,i=1, ..., n. The energy balance can be written now, as:

Z}'h’—l— Z];/h//_‘_ Z]q+ qu —jl = (1.136)

Equation (1.136), derived from the application of the Ist principle, is very useful
in the analysis of the open stationary systems met in energetics.

1.2.3.2 Exergy Computation
Unlike energy, in exergy computation the inlet currents exergy equals that of the out-

let currents if the transformations were reversible, only. When the transformations are
irreversible, there will be exergy differences between system inlet and outlet, for both
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mass and heat currents, but not for the work. The differences come of the entropy
term 7S in Eq. (1.133), which is not conserved but in reversible transformations,
only. Dimensionally, the mass current exergy is specific energy, [kJ kg~ !(kmol~1)],
multiplied by the dimension of a mass current, [kg(kmol) s~!]. It results that the
dimension of a mass current exergy is [kJ s~!] = [kW]. The heat and work currents
exergy has the same dimension. Bearing in mind Eq. (1.134), the expression <7 AE has
as well the dimension of power, [££] = [kJ s~!] = [kW]and is related 1ntr1n51cally
to the exergy dissipation in irreversible transformations, therefore, the function:

_ <AE> , (1.137)
At irrev

called exergy dissipation speed, is the function we are looking for in order to calculate
the inlet-outlet exergy differences per second of our open stationary irreversible system.
The exergy dissipation speed will be computed accounting for the cumulated exergy
dissipation of the three mass, heat and work currents, given next.

Exergy Dissipation Speed of Mass Currents

The way the exergy j}si of the i-th mass current is calculated is similar to that used
for energy currents. Indeed, to the exergy of mass at rest, Eq. (1.133), it is added
the work (p’ — po)vg of an ideal pump producing the current, which afterwards
could be recovered by an ideal turbine. The exergy brought to system by the jé':i
current is therefore (see Eq. (1.133)):

/

Ji, = Ji[ (i = uig) + po(vi = vig) = To(s; — sip) + (P — po)vi] (1.138)

In Eq. (1.138) the terms can be conveniently grouped in order to emphasize the
enthalpy, according to Eq. (1.135), resulting:

J, = Ji [ = Tos;) — (hiy — Tosip)] (1.139)

An expression similar to Eq. (1.139) can be obtained for the exergy jgi removed
from the system. The total exergy of the mass currents brought into and removed
from the system results by totalizing the currents j and jg.:

Enass =Y _ji(h; — Tos)+ > _ji (b} = Tos}) > 0 (1.140)
Exergy Dissipation Speed of Heat Currents

The exergy dissipation speed of the heat currents is calculated using Eq. (1.123)
and considering 7] = T, = T'and T} = T}/ = T". It is obtained:

_quzj‘;(l >+Z ”( —T//) (1.141)
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Work Produced Current as Exergy Current
The work is pure exergy, therefore:

E =—j] (1.142)

1.2.3.3 Total Exergy Dissipation Speed. Relationship Between Exergy
Dissipation and Entropy Creation. Exergy Efficiency

The system total inlet-outlet difference per second of exergy is found totalizing
the contributions of the mass, heat and work currents, expressed by Egs. (1.140)—
(1.142), respectively:

—E=Y"ji(W = Tos))+>_Ji (] — Tos}) +qu<1—*>+2”( _ ) i
(1.143)

Equation (1.143) can be rearranged as:
~b (i Sithi X+ iy i)
j/ j//
— Ty l(ZJ,Sl DY CIEDSEEDY Tq/,] (1.144)

The first bracket in the right member of Eq. (1.144) is null, according to the Ist
principle balance, Eq. (1.136), therefore:

- _—To(zjs’JrZ/’ ”) — (Z]T",JrZJT‘{,) (1.145)

Noting by § = (KLS) the creation of entropy per second of the open system
irrev
(known also as entropy source) and by f = (%) the dissipation (destruction)
irrev

(4
of entropy per second of the system, from Eq. (1.145) it is obtained (Chartier et al.
1975; Kirilin et al. 1985):

—E = Ty (Smass + Sheat) = TOStotal >0 (1.146)

where:

TOSmass =-To (Z] i + Z]// N) (1147)

and

. j/ j//
ToSheat = —To (Z ?q, + Z Tq,,> (1.148)
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Equation (1.146) shows the connection existing between the creation of entropy
($ > 0) and exergy dissipation (destruction) (£ < 0) in an open stationary system.
In the literature it is known as the Gouy-Stodola equation, after the French physicist
M. Gouy, who proposed it in 1889 (see also the theorem of Maxwell-Gouy, Chartier et
al. 1975) and the Slovakian engineer A. Stodola, who used it first in order to solve some
technical problems (Kirilin et al. 1985). Equation (1.146) has large applications in ana-
lyzing the efficiency of the thermal installations. In this book in will be used in Chap. 9.
The exergy efficiency is defined as (Bosnjakovic 1965):

Retrievable_exergy
<

NE = 1 (1.149)

Input_exergy
The more a transformation takes place in the vicinity of reversibility, the more
ng approaches unit. Matching the sources with the tasks are the 2nd principle
recommendation and goal for increasing ng. Regarding this goal from the exergy
destruction point of view, it means that the sources and the tasks should be chosen
in such a way that theirs exergy should be as close as possible. When this is actu-
ally possible, primary energy and investment costs can be saved.

1.2.4 Non-equilibrium Linear Phenomenological Connection
Between Generalized Forces and Currents

From the last section it resulted that exergy and entropy are not conserved but in
the reversible transformations, only. The rest of actual transformations (processes)
are more or less far from equilibrium. The distance to equilibrium is expressed
qualitatively by Eq. (1.146). Quantitatively, it is calculated by the product of the
current which is carrying the exergy and entropy and of an associated generalized
force, governing the irreversible transformation, expressed by:

X, = & = —E—k. (1.150)
The generalized force X; and the current (flux) j; are mutually united. The definition
given here is valid for one-dimensional irreversible transfer phenomena. However,
in practice, it is possible that, on one side, the transfer takes place owing to the
simultaneous influence of different natural forces, or, on the other side, the sys-
tem is hosting not only one, but more irreversible transformations. The experience
shows that in this case a certain flux ji is related not only to its force X which this is
mutually united with, but is related with all the other forces participating to the total
entropy increase of the system, as well. It is said that the simultaneous irreversible
processes are coupled. Suppose i, i = 1, ..., n, simultaneous irreversible processes
are coupled, taking into account Eq. (1.150) the entropy source is written as:

n
§$= jiXi>0 (1.151)
i=1
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According to the non-equilibrium linear phenomenological theory (Chartier et al.
1975), a current j; of a one-dimensional irreversible transfer phenomenon is mutu-
ally united with its force X; and with a phenomenological coefficient of propor-
tionality Ly, in such a way that:

Jk = L Xk (1.152)

The phenomenological coefficient Ly is supposed to be independent of the force
Xik. The experience shows that when i, i = 1, ..., n, simultaneous irreversible pro-
cesses are coupled, the flux ji, k € [1, ..., n], is influenced not only by the force X}
which it is mutually united with, but by the other non-mutually united forces X;,
X; = X and fluxes, as well, which the flux j; coexists with. Mathematically, this
influence is expressed by:

n
jkzz:Lk,-X,-,k:l,...,n (1.153)
i=1
Introducing Eq. (1.153) in Eq. (1.151), the entropy source results as a positively
defined function with respect to forces X;, i =1, ..., n:
n n
SZZZLikXiXk >0 (1.154)
i=1 k=1

The goal of the non-equilibrium linear phenomenological theory is to determine
the currents jx, k = 1, ..., n, of a system hosting simultaneous irreversible coupled
processes. The forces Xj are known from the physics laws, but the phenomenologi-
cal coefficients are more difficult to be found, needing semi-empirical methods for
their approach. There are three laws the phenomenological coefficients must respect
and which are of help in verifying the correctness of the values obtained: (a) L;; > 0;
(b) \/LiiLjj > |LU‘ (Van Rysselberghe 1963); (¢) L;j = Lj (reciprocity law of
Onsager 1931), i, j = 1, ..., n. The non-equilibrium linear phenomenological theory
has been employed as computation tool in many physical phenomena, for which the
restriction to linear form is satisfactory, e.g. mass transfer in ionized membranes,
independent and coupled chemical reactions, gas interdiffusion in porous media,
osmose and reverse osmose, electrokinetical phenomena, thermomechanical effect,
thermoelectrical effects (Peltier, Seebeck, Thomson) (Chartier et al. 1975).

1.3 Equilibrium of Thermodynamic Systems
and Phase Transformations

A homogeneous system is the system which chemical composition and physical
properties of are the same in all directions, or are varying continuously from a
system point to another (e.g. drink water, which is a mixture of water and dis-
solved mineral salts, or an air column). A heterogeneous system is composed by
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two or more homogeneous domains, named phases. The phases are separated one
another by interfaces, where the chemical composition and/or physical properties
are changing in jumps (e.g. water and ice, ammonia—water liquid and vapor mix-
tures). A homogeneous system and each phase of a heterogeneous system can be
composed by one or more pure substances, named also components. A homogene-
ous system or a phase of a heterogeneous system containing more pure substances
is named solution or mixture. All pure substances and all solutions can have three
physical states: gaseous, liquid and solid.

1.3.1 Thermodynamic Stability and Equilibrium

A working fluid ensures the thermodynamic stability of a system or transformation
if it fulfilled unconditionally and simultaneously the thermal and the mechanical
stability conditions:

dq(t)
¢y = <_dt )v>0 (1.155)
and
ap
<5>T <0 (1.156)

respectively. The two conditions can be explained applying the Le Chatelier-Braun
equilibrium shift principle: if a system were removed from the equilibrium state, the
corresponding parameters are changing in order to bring the system back to equilib-
rium. This principle will be used in the book Chap. 11 to explain the Marangoni effect.

A relaxed system with respect to the external conditions (sources) is in equi-
librium state and keeps it as long as external conditions remain the same. Suppose
the external conditions changed for a while and then came back as at the begin-
ning. In this case, the equilibrium may follow the external conditions variation and
come back to the initial state, or, on the contrary, it can suffer a perpetual change,
passing into a state different from the initial one. The systems proving the first
or the latter behavior are called to have stable or unstable equilibrium states,
respectively. A third category of equilibria are mentioned in the literature as being
metastable, occupying a position situated between the two mentioned above. The
systems we are dealing with in this book are supposed to have stable equilibrium
states, therefore respect the conditions expressed by Eqgs. (1.155) and (1.156).

The interactions type of a source-system (conjugation conditions) determine
precisely a system reaction and implicitely its equilibrium state. The 2nd principle
will be used next to establish qualitative rules for a system possible transformations
unfolding, leading to different equilibrium states when different source-system
conjugation conditions are imposed.
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Indeed, in Sect. 1.1.6.3. we have seen that for the isolation conjugation condi-
tions, U = const. and V = const., a system reaches equilibrium when its entropy
das > d7U + £dV becomes maximum:

S = Smax; dS =0; d*S <0 (1.157)

In this case, the entropy S = S(U, V) is an equilibrium criterion for the isolated
system. Other four most important conjugation conditions are given in the Ist col-
umn of Table 1.1. Each equilibrium state, 3rd column, is indicated this time by the
minimum value of other equilibrium criteria named characteristic functions, given
in the 2nd column: the internal energy U = U(S, V), enthalpy H(S, p), free energy
F(T, V) and the free enthalpy @(7, p). The knowledge of a characteristic func-
tion, expressed by its defining state parameters, enables one to calculate all other
thermodynamic functions. In the 4th column there are given just two of them for
each characteristic function. Also, by cross differentiation of the derived thermo-
dynamic state parameters, the Maxwell relationships (1.160), (1.163), (1.167) and
(1.171) result, 4th column (Kirilin et al. 1985). Although the entropy S is an equi-
librium criterion, similar to U, H, F and @, this state function is not a character-
istic function. However, similar to entropy, all characteristic functions mentioned
above are state functions as well, as being combinations of the state functions U,
H and S. The characteristic functions are called also thermodynamic potentials.
The “potential” term comes of mechanics, because at equilibrium the decrease of
the characteristic functions calculates in each conjunction conditions the maxi-
mum work the system could deliver (exergy). It is easy to verify for instance that
in case of an isothermal transformation at equilibrium the availability is given by
the free energy potential decrease dF = —pdV — dL" = —dL, where —dL holds
for the total work available (dilation work 4+ other work types except that of dila-
tion, see Egs. (1.23 and (1.24)), while in case of an isobar and isothermal transfor-
mation this is calculated by the free enthalpy potential decrease d® = —dL". The
term of “free energy” is also explained, next. The explanation holds true for the
“free enthalpy” as well. Indeed, let us consider an isocore and isothermal transfor-
mation. The work is produced in this case by the decrease of function F, only, and
arranging the free energy relationship as U = F + TS, Eq. (1.155), it results that
the “free” part of the internal energy, equal to F, can be converted in work, only,
the complementary part 7S is bounded energy, which cannot be transformed in
work. Otherwise expressed, the F part is the exergy, while the 7S part is the anergy
of a transformation at equilibrium (see Sect 1.2. introductory part).

Out of the thermodynamic potentials, the specific free enthalpy potential,
¢ = %, occupies an apart position. Indeed, a thermodynamic system analyzed
so far at equilibrium was considered to have a constant amount of substance, G.
However, in order to solve physical and chemical problems involving phase equi-
libria, it is useful to consider G as a third variable of the thermodynamic poten-
tials describing the equilibrium of given systems, i.e. U = U(S, V, G), H(S, p, G),
F(T, V.G) and &(T, p, G). Further, performing the potentials partial derivation
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with respect to G, with the help of the 1st and 2nd principles equations the remark-
able result holds true:

AU\ _ (9HN\ _(OF\ (3PN _
0G5y \3G)s, \oG)r, \oG);,~ ¢ 1172

The value of the specific free enthalpy potential at constant temperature and pres-
sure, ¢, enables to calculate for every system the variation of the characteristic
function in function of the system substance amount. For this reason the func-
tion ¢ was named chemical potential. The chemical potential plays a great role in
analyzing the phase changing processes with mass and heat transfer and particu-
larly in the chemical reactions. Bearing in mind that all absorption processes are
considered isobar processes, the chemical potential is much used to model phase
equilibria of the working fluids met in the coabsorbent technology. Such models,
of ammonia—water and water—lithiumbromide working combinations, have been
extensively used throughout the book in order to present results of the various ana-
lyzed coabsorbent heat pumping cycles.

Continuing the equilibrium criteria analysis, next the entropy S = S(U, V, G)
variation with respect to the substance amount G variation is emphasized in
case of an isolated system having the conjunction conditions already specified,
U = const. and V = const.. Although the entropy is neither a characteristic func-
tion, nor a thermodynamic potential, its partial derivative with respect to G is pro-
portional to the chemical potential ¢, by:

aS R
3G U,V_ T (1.173)

Equation (1.173) is derived in Appendix 1 and will be useful in sections to follow.

1.3.2 Equilibrium Conditions of a Homogeneous Isolated
System. TPT Equilibrium Point and Static Equilibrium

As already mentioned, out of all thermodynamic systems having various con-
jugation conditions, the highest interest is presenting the isolated system, sche-
matically shown in Fig. 1.9. Its equilibrium conditions are studied considering
that it is divided in two homogeneous parts, 1 and 2, each of them including
the substance amounts G; and G», respectively. The system entropy has addi-
tive properties, hence Syy5; = S1 + S2. We bear in mind that the system entropy
annulates at equilibrium, as being the isolated system criterion of equilibrium,
that is:

dSsyse = d(S1 + 8$2) = dS; +dS, = 0. (1.174)
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Fig. 1.9 Schematic of a
thermodynamic isolated
system

The entropy is function of each part internal energy and volume, S = S(U, V).
Differentiating it totally, results in:

ds = 05 du + 05 dav
=3y y v ), (1.175)

and remembering the 2nd principle equation at equilibrium:
TdS = dU + pdV (1.176)

Equation (1.175) becomes:

ds = ~qu + Lav 1.177
=7 T (L.177)
The isolated system is characterized by Vi, = Vi + Vo = const. and
Usis = Uy + Up = const.. Differentiating these relations for G; = const.
and Go = const., it results dV; = —dV» and dU; = —dU,. Further, we write

Eq. (1.177) for each part of the system at hand and taking into account the last
expressions, we obtain:

1 Pi
dS| = —dU —dV
L= U+ dVy (1.178)

1 P2 1 P2
dS, = —dU, + =dVy, = ——dU; — =dVj, .
2 T 2+ T 2 T 1 T 1 (1.179)

respectively. Introducing Eqgs. (1.178) and (1.179), in Eq. (1.174), it results:

1 1 pP1 P2
— — — |dUj+ | = — = |dV| =
<T1 T2) 1 <T1 B 1 (1.180)

In Eq. (1.180) dU; and dV; are independent one another and different from zero,
therefore the expression (1.180) left member cannot be identically null but only if
the brackets were null, wherefrom it is obtained:

T\ =T (1.181)
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and

p1=p2 (1.182)

Equations (1.181) and (1.182) show that the temperature and pressure are the same
in a homogeneous thermodynamic isolated system at equilibrium.

In Sect. 9.5, a two-point theory (TPT) of mass and heat transfer is presented.
The theory gives more details concerning the source-cycle working fluid interaction.
It results, for instance, that a source-working fluid equilibrium cannot be reached
but only by spontaneous exchange of heat currents, not coupled with the mass cur-
rents. We speak in this case of a static equilibrium, which defines the existence of
the true equilibrium point of a cycle-source interaction. The equilibrium point is the
first type of points which the TPT is based on. It is possible to find the equilibrium
conditions of a cycle-source interaction type, using the isolated system of Fig. 1.9
and considering for example that its parts 1 and 2 are the system and the source at
hand, respectively. The thermodynamic approach covered above can be applied in
this new case as well and Eqgs. (1.181) and (1.182) are written this time:

Ty =Ty (1.183)

and
Ps = Pwf (1.184)

Equations (1.183) and (1.184) characterize an equilibrium point. These equations
show that the temperature and pressure of the system working fluid found in equi-
librium with a source are the same. According to TPT, a generalized force Xj and
the current (flux) jx, which this is mutually united with, Eq. (1.150), are defined
in an equilibrium point. Further comments about TPT point of view concerning
phase equilibria will be made in the next section.

1.3.3 Phase Equilibrium Conditions of Monocomponent
and Binary Systems. TPT Ideal Point and Dynamic
Equilibrium

Now, an isolated system with two phases is analyzed, in order to determine the
equilibrium conditions between these phases. Suppose first the thermodynamic sys-
tem consists in two homogeneous monocomponent subsystems 1 and 2, depicted in
Fig. 1.9. The method used in the preceding section is applied here as well, provided
that this time the system substance Gy is in the two phases in different quantities
and the phases exchange between them mass and heat currents. In order to be more
specific, suppose the subsystems 1 and 2 are water and its vapor, respectively. The
system is characterized by Vyys = const., Ggyg = const. and Uy;s; = const.. Hence it
can be written (indices 1 and 2 hold for the 1st and 2nd phases):

Vsyst =Vi+W (1.185)
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Gyt = G1 + G2 (1.186)
Usyst = U1 + Uz (1.187)
From Egs. (1.185)—(1.187) it results:
dVy = —dV; (1.188)
dG| = —dGy (1.189)
dUy = —dU, (1.190)

Also, similar to the precedent section, we have dSyy; = 0, and Sy = S1 + 52,
therefore:

dSsyst =dS;+dS =0 (1.191)

This time, the entropy of each subsystem is a function of the substance quantity G,
as well, not only of its internal energy and volume, S = S(U, V, G). Its total differ-
entiation is expressed by

as as 0S
as = — dU — dv — dG
(3U>V,G " <3V>U,G " (BG) Uy (1.192)

In Eq. (1.192), the partial derivatives have the following expressions [see Egs.
(1.175)—(1.177) and (1.173)]:

as 1
0 )y g =7 (1.193)
as B
W) e =T (1.194)
aS N
G )y =77 (1.195)

Equations (1.193)—(1.195) are introduced in Eq. (1.192). Further, writing Eq. (1.192)
for the two phases, theirs entropy results:

1 P1 @1
dS1 = —dU; + —dV| — —dG
1 T 1+ T 1 T 1 (1.196)

1 P2 %)
dSy = —dUp + —=dV, — —=dG
2 B 2+ T 2 T 2 (1.197)
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The entropy expressions given by Egs. (1.196) and (1.197) are introduced in
Egs. (1.191) and taking into account Eqgs. (1.188)—(1.190), it is obtained:

1 1 PL P2 ®1 (%)
— — — |dU — — = )dVi— | = —=1dG1 =0 1.1
<T1 T2> 1+ <T1 Tz) 1 <T1 T2> 1 (1.198)

The differentials dU1, dV and dGq of Eq. (1.198) are independent one another and
different from zero, therefore the expression (1.198) left member cannot be identi-
cally null but only if the brackets were null, wherefrom it is obtained:

=17 (1.199)
pPL=p2 (1.200)
Q1= @2 (1.201)

From Eqgs. (1.199)—(1.201) it can be remarked that when the isolated system
replaces its homogeneous two-part structure by one heterogeneous with two
monocomponent homogeneous phases, the equilibrium conditions (1.181) and
(1.182) are completed with the condition (1.201), requiring that phases chemical
potentials be the same at equilibrium.

The thermodynamical method used so far can be extended in order to deter-
mine the equilibrium conditions of binary or polycomponent and two (poly)-phase
working combinations, as well. In the coabsorbent technology, the working combi-
nations are especially binary (cl, ¢2) and two-phase (p1, p2), like ammonia—water,
water—lithiumbromide etc. It is not difficult to show that for such systems, the
equilibrium is determined by the following conditions:

Th=T, (1.202)
P1=p2 (1.203)
Pplcl = Pp2.cl (1.204)
Ppl,c2 = Pp2,c2 (1.205)

The first two equations are the same as to the precedent systems analyzed.
However, the last two equations, show that for equilibrium, a component chemical
potential is the same to each phase, and this is valid for every component.

Next, we shall continue our comments about TPT point of view, concerning
the equilibrium in isolated systems (see precedent section). Here, the classic and TPT
points of view are compared this time in conjuncture with the equilibrium condi-
tions of the two phase isolated systems. In this case, according to TPT, equations like
(1.201), referring to monocomponent systems, and like (1.204) and (1.205), regard-
ing the binary systems, hold true, as it express statistically an equal and mutual mass
and heat exchange between phases around an equilibrium state. However, concern-
ing conditions (1.199), (1.200), or (1.202) and (1.203), these define the well known
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equilibrium points of the equilibrium thermodynamics, but TPT point of view is
different. Indeed, according to TPT, a point defined by the conditions mentioned
above is named ideal point and is the second type of points which the (7PT) bases on.
A generalized force X} and the current (flux) j, which this is mutually united with,
Eq. (1.150), are not defined in an ideal point, because, ones this reached, a dynamic
equilibrium transfer of coupled mass and heat currents occurs between the two
phases. Therefore, the classic equilibrium point has in fact a statistical dimension, not
a punctual one, as it results from Eqgs. (1.199), (1.200), or (1.202) and (1.203), where-
from the TPT ideal point denomination comes of. Concluding, the same term of equi-
librium point used by equilibrium thermodynamics for describing both equilibrium
with a source and between two phases, is replaced in the TPT non-equilibrium ther-
modynamics by two separate terms, equilibrium and ideal point, respectively. Section
9.5 is justifying in detail why this replacement is more appropriate.

1.3.4 Phase Transformations. Gibbs Rule of Phases

The passing of a substance from a phase to another is called phase (state) transfor-
mation. Keeping the pressure constant and varying the temperature, a substance
can cover all phase transformations, solid, liquid and gas. Also, the change of pres-
sure alters the temperature of a phase transformation. The passing from a phase
to another is accompanied by heat absorption or heat rejection. This property lays
down the basis of heat and/or cooling production utilizing working fluids cover-
ing thermodynamic absorption and/or mechanical vapor compression cycles. The
values of the state parameters characterizing a certain phase transformation define
a point of phase transformation. It has been adopted the following classification of
the points of phase transformation: the point of “liquid—vapor” passing is called
point of boiling or point of condensation, the point of “solid-liquid” passing is
called point of melting or point of solidification, and the point of “solid—vapor”
passing is called point of sublimation or point of desublimation. The absorption
technology processes have in case of binary mixtures their own classification: the
point of “liquid—vapor” passing is called point of generation or desorption or point
of absorption or resorption, while the point of “liquid—vapor” passing in case of
the monocomponent working fluids is called point of evaporation.

The Gibbs rule of phases is important in the analysis of phase equilibria and
phase transformations. This rule establishes a relationship between the number
of intensive independent variables which determine the state of a thermodynamic
system in equilibrium (often these independent variables are named freedom
degrees of the system; also, a system is mono-, bi- or multi-variant if it had one,
two, or more independent variables), v, the number of phases, f, the number of
components of the system, ¢, and the number of independent chemical reactions, r.
The rule of phases is expressed at equilibrium by:

v=(c—nr+2-f (1.206)
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In the relationship (1.206), (¢ — r) holds for the number of independent compo-
nents when chemical reactions occur. Obviously, rel. (1.206) holds true in both
equilibrium and non-equilibrium thermodynamics. A system in a non-equilibrium
state has more independent variables than a system in equilibrium, comparatively
(see Chap. 9).

The coabsorbent technology operates usually with binary working fluid-
absorbent combinations (mixtures) (e.g. NH3—H>O, H,O-LiBr, NH3-NaSCN,
NH3-LiNOj3), without chemical reactions, therefore ¢ = 2 and r = 0. Also, in
this work, the two-phase (liquid + vapor) equilibria are considered exclusively,
therefore f = 2. Hence, from rel. (1.206) it results that the absorption processes
we shall meet in this book have two independent variables, v = 2 (the systems
are bivariant). This means that, out of a total of four possible state parameters
describing the equilibrium, p, v, T, x, or y, only two are independent, the rest
are functions of the independent variables. The absorption processes are con-
sidered quasi-isobar, more often than not, p = const., therefore one independ-
ent variable is a priori established. The second independent variable is usually
chosen the temperature, 7(K), or #(°C). It results that the rest of variables are
dependent of p and T (volume, concentration, enthalpy, entropy, etc.). In this
respect, the log (p) — 1/T charts are mostly used to plot absorption cycles (see
next section). In such a chart, the concentration x, Eq. (1.12), becomes a func-
tion of the pressure and temperature, x = x(p, 7). The log (p) — 1/T chart proves
to be very useful in the first phase of an absorption cycle design and outlook.
The American newer versions of this chart are more elaborated, enabling one
for example to do also the graphical thermal computation of a cycle. However,
starting from the remark that absorption processes are bivariant, Merkel and
Bosnjakovic have been chosen the enthalpy and the concentration as inde-
pendent variables and created the 4 — x chart. This chart considered the rest
of variables i.e. temperature, pressure, as dependent variables. This chart com-
pletes the log (p) — 1/T chart, enabling one to do the cycle graphical thermal
computation (see further in this section). Besides binary, the operation with ter-
nary (three-component) mixtures has been also proposed (e.g. NH3-H,O-LiBr
or CH3NH4—H;0-LiBr), ¢ = 3. From rel. (1.206) it results that such systems
are three-variant, v = 3. Also, monovariant systems are operating in the coab-
sorbent technology. These are met for instance in the air conditioning and
refrigeration applications, where practically monocomponent working fluids are
suffering two-phase condensation and evaporation processes. It is the case for
example of the working fluids coming of rectification processes (e.g. ammonia,
which enters the evaporator with a high concentration, of x > 0.998), or from
the last generation process of a truncated coabsorbent plant, or from the genera-
tion processes of non-volatile absorbent mixtures (e.g. NH3 and H,O coming of
NH3-NaSCN, NH3-LiNO3 and H,O-LiBr generation processes, respectively).
The monovariant systems are met obviously as well to the heat pumping cycles
operating with monocomponent working fluids (e.g. ammonia) and mechanical
vapor compression (see Chap. 8).
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1.3.5 Clapeyron-Clausius Equation

Let us consider two phases, 1 and 2, in equilibrium, Fig. 1.9. In this case,
Egs. (1.199)—(1.201) hold true, py = p2 = p, T1 = T, = T, and:
o1, T) = ¢2(p, 1), (1.207)

respectively. Equation (1.207) is differentiated, and with Egs. (1.199) and (1.200),
it is obtained:

d¢1 d¢1 d¢2 d¢2
— ) dp+|—)dT=|—| dp+ | — | AT
< p )T P <8T ) o )7 D oT ), (1.208)
Equation (1.208) partial derivatives are given by Egs. (1.160) and (1.161) of
Table 1.1, resulting:
vidp — s1dT = vodp — spdT (1.209)
Equation (1.209), arranged as Eq. (1.210) below, is known as the Clapeyron—
Clausius equation:
dp 2=
dr vy — V1
The important Eq. (1.210) establishes in the (p, T) diagram a relationship between the
p(T) derivative and the entropy and volume differences, corresponding to a certain

phase transformation. The monocomponent systems change the phase at constant pres-
sure and temperature. The 2nd principle, Eq. (1.109), writes in this case at equilibrium:

(1.210)

Tds = dh (1.211)
Integrating Eq. (1.211) between states 1 and 2, it results:
T(sy—s1)=hy— Iy (1.212)

The right member (hy — hy) of Eq. (1.212) represents the heat released or
absorbed by the system during the phase transformation. It is noted by r,
[r] = kJ kg~! for a mass equal to unit of substance changing the phase,

hy—h=r (1.213)
With this notation, Eq. (1.212) rewrites:

r

§2 — 81 = T (1.214)

Introducing Eq. (1.214) in Eq. (1.210), this becomes:
dp r
ar 7T(vz ) (1.215)

Equation (1.215) is further used to liquid—vapor phase transformations in the next
section.



46 1 Introduction

1.4 Absorption Heat Pumping Selected Topic

1.4.1 Absorption Cycle Introduction

As already shown, the reverse thermodynamic cycle of the p-V diagram,
Fig. 1.2 and Fig. 1.10, extracts the heat O, < 0 from a lower temperature, T,
sink source and “pumps” it to a higher temperature T, T) > T, heat source,
as heat Q; < 0, consuming the work Leyeie = Li12.gitlar — L12,compr < 0, in such a
way that |01l = |L¢ycrel + 1021 > 1051, The operation of transporting an amount
of heat from a lower temperature level to a higher temperature level is known
in thermodynamics as “heat pumping”, and refers to two useful effects obtained
simultaneously, a first of cooling the sink source and a second, of heating the
heat source [see also Eqgs. (1.64)—(1.66)]. If only the heating effect were had in
view, then, this operation is called “the sink heat (Q> < 0) upgrade”. It is very
important to point out that the role played by the work input is to enable the
energy be transported from the sink to the heat source. This kind of heating/
cooling is an issue from the 2nd principle (see Clausius formulation of the 2nd
principle, Sect. 1.1.6.1) and is more effective than the similar effects obtainable
as an issue from the 1st principle (see next in this section). However, as a gen-
eral remark, this kind of heat pumping task handles usually heats of low tem-
perature levels (e.g. —10 to +60 °C), while the source is work input, situated
on the highest level on a scale of energy quality. In this case, the source and the
task are mismatched, which is against the 2nd principle recommendations. In
order to increase the source-task match, it is possible to replace the high quality
(low entropy) work by other types of sources as energy input. One of the most
utilized types is the heat. The heat-driven technologies include solid absorption
(adsorption), ejector, magnetic cooling and the Stirling cycle, but absorption is
by far the most applied worldwide. The heat-driven absorption heat pumping
has a completely changed operation principle. Indeed, instead of the mechani-
cal vapor compression (mvc) cycle, Fig. 1.10, in this case the thermal compres-
sion cycle is utilized. In this case, the high pressure working fluid is obtained
by increasing the temperature of an absorbent (mixture) which contains the
absorbed working fluid, Fig. 1.11a, b. The source temperature and mixture pres-
sure and temperature are chosen in such a way that the working fluid released
(generation) through heat input, is correlated with the condenser temperature
and pressure (the same, principally, as that of the mvc cycle). After the working
fluid has performed the useful effect, the reverse process, of evaporated work-
ing fluid absorption and mixture initial parameters regeneration, takes place, in
order to prepare the cycle for a new run. The same principle of absorption ther-
mal compression can be utilized to produce either cooling or heating. Unlike the
mvc cycle, these cycles consume work only for mixture pumping from the cycle
low pressure side to its high pressure side. Another advantage of the absorption
cycle is that it is capable to recover the low grade heat sources, which result
from the industrial processes, for cooling and/or heat production. Nowadays,
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Fig. 1.10 Schematic of mechanical vapor compression cooling cycle

the absorption cycles extended theirs applications to the work production from
depleted sources, as well. Historically, the absorption cycles begun with inter-
mittent working (early of the 19th century, see also Ferdinand Carre plant) and it
carried on later with the continuous operation. The absorbent (mixture) in most
applications (high, industrial and domestic capacity) is liquid (e.g. NH3-H,O
and H,O-LiBr). For house applications (small capacity) the solid adsorbents
can be used as well. In this book, we are analyzing solely the coabsorbent heat
pumping cycles operated by NH3-H,O and H,O-LiBr working fluid-absorbent
working combinations (pairs).

Except the low temperature domain of cryogenics, with special applications
like gases separation processes, supraconductibility, etc., the most cooling appli-
cations are in the industrial (—70 to —35 °C), medium (—35 to —10 °C) and nor-
mal, domestic (—10 to +5 °C) range. Concerning the heating applications, the
domestic, social (50-60 °C) and district, industrial (60-95 °C) sectors are the most
important. Today, these cooling and heating needs are satisfied mostly by the mvc-
driven heat pumping technology, based mainly on ammonia as working fluid. It is
estimated that about (15-40) % out of the electrical energy produced worldwide is
consumed for cooling and heating production. The absorption challenges the mvc-
driven heat pumping technology in applications providing especially free heat
sources. The absorption machines used are mainly of NH3—H»O type for cooling
and heating and of H,O-LiBr type for air conditioning. Their main quality is first
the reliability.

An NH3-H,O absorption machine uses ammonia as refrigerant (working
fluid), while water is the absorbent. Although ammonia is toxic, its thermal and
transport properties prevail upon considering it as the best refrigerant. Because
water has its own vapor pressure, the generated vapor needs usually rectification,
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Fig. 1.11 Cooling (a) and heating (b) cycles, working with absorption thermal compression

which diminishes the coefficient of performance (COP). It can provide cooling
up to —75 °C (the freezing temperature of ammonia is —77.7 °C). Usually
it is supplied by steam (4-6 bar, 140-160 °C) in single-stage configuration
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(COP = ~0.25) or by waste heat (up to 100 °C) in two-stage configuration, for
medium and industrial cooling. It is produced and sold as well as gas-fired units
with air-cooling (COP = ~0.5 and capacity up to 90 kW).

The H,O-LiBr absorption machine works with water as refrigerant and lithium
bromide as absorbent. Because the refrigerant is water, all cooling applications
are above 0 °C. This working combination doesn’t need vapor rectification. For
this reason, the HoO-LiBr absorption machine is more effective, COP = 0.7-1.2,
in the single-stage and double effect configurations, respectively. This machine
is produced for large capacities (up to 427 kW) for water chilling (5-7 °C). The
heat sources powering such single-stage configuration air conditioning units are
mainly the waste heat (80-95 °C), or the solar recently, or the heat coming of gas
burning. For the double effect configuration, the steam, the gas-burning and the
concentrated solar are an usual supply.

1.4.2 Basic Absorption Cycles

The cycles depicted in Fig. 1.11a, b describe principally, the two main types
of heat pumping cycles met in absorption. These cycles are the simplest,
with three temperature levels shown in the abscissa. The cycle of Fig. 1.11a
has a single heat input, Qg, to the highest temperature level, T, rejects heat
twice, Oc + 04, to a middle level, Tyc, and extracts heat only once, Qf, to
the lowest level, T, Tg < Tac < Tg. The cycle is of cooling type (for example
Tg < 0 °C) and additionally, if Tyc were enough high (say Txc = (50-60) "C),
an useful heating effect could be obtained, as well. The cooling type cycle is
very familiar in the cooling applications performed with the help of absorp-
tion technology, because in most cases is feasible. In the literature, occa-
sionally, it is referred to also as “type I absorption heat pump”. The cycle of
Fig. 1.11b receives heat twice, Qg + QOg, to the middle level, Tgg, and rejects
heat twice, but at two different levels, Q¢ at T¢, and Qg at Tg, respectively,
Tc < Tge < Tg. This last cycle is of heating or heat transformer type. In the
literature it is referred to at times also as “type II absorption heat pump”.
The heating cycle having the configuration depicted in Fig. 1.11b, is less used
in the heating applications because it did not prove so far its feasibility in most
cases. However, great hopes are put into the coabsorbent version of this cycle,
i.e. the truncated heating cycle (see Sect. 4.1.2.)

1.4.3 Ideal Cycles

This section provides the necessary knowledge concerning the ideal limits of the heat
pumping cycles introduced so far. The cycles analyzed are plotted in the tempera-
ture-entropy, T—s, diagram, the most indicated in this case.
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Fig. 1.12 Reversible direct (a) and reverse (b) Carnot cycles

1.4.3.1 Effectiveness of Direct and Reverse Carnot Cycles

In Sect. 1.1.6.1, the direct and reverse cycles with some configuration have been
analyzed, Fig. 1.2. The upper (ideal) thermodynamic limits of these cycles are
given by the reversible direct and reverse Carnot cycles, plotted in 1.12a and b,
respectively.

Referring to the direct cycle, Fig. 1.12a, it is supplied with the heat
Qg > 0 delivered by a constant temperature 7 heat source, it rejects the
heat Q¢ < 0 to a constant temperature 7¢ sink source and produces the work
Leyele = Laitar — Leompr > 0. In a T—s diagram the area subtended by a curve
representing a reversible transformation is proportional to the amount of heat
exchanged by the system during this transformation with the sources, provided the
temperature origin be 0 K. In case of the direct cycle, the areas abdea and fcdef
are proportional to the cycle heat input Qg > 0 and output Q¢ < 0, respectively.
Bearing in mind the st principle energy balance, Eq. (1.61), it results that the area
abcfa is proportional to the cycle work output, Leyeie = Laitar — Leompr = Qc — Q
¢ > 0. The efficiency of the reversible direct Carnot cycle is obtained rewriting
Eq. (1.62) for reversible transformations (see Eq. (1.82) as well):

Leyele Q6 —1Qcl T —Tc
¢ 00¢] Tg

The reverse cycle, Fig. 1.12b, is supplied with the heat O > 0 delivered by a con-
stant temperature 7 sink source, it rejects the heat Q¢ < 0 to a constant tempera-
ture T¢ heat source and consumes the work |Leyerel = Laijiar — Leompr!s Leyele < 0.
Applying the same reasoning to the reverse cycle, it is found that the area abcfa
is proportional to the cycle work input, |Leyerel = Lajtar — |Leompr! = 1Qcl — 10l
Suppose a particular application needs that the temperatures 7¢ and T¢ be sepa-
rately or simultaneously lower than the lowest available sink source and higher
than the highest available heat source, respectively. In this case, regarding things

<1 (1.216)

Nwork =



1.4 Absorption Heat Pumping Selected Topic 51

from a source viewpoint, the supply with heat Qg > 0 at T and the rejection of
heat Q¢ < 0 at T, become cooling and heating processes, respectively. The COP’s
of the cooling and heating processes have been calculated by Egs. (1.64) and
(1.65). Writing them in conditions of reversibility, the COP’s of the reverse Carnot
cycle are obtained as:

T,
COPc—_2E Q% _ _Te (1.217)
|Lcycle| Ocl — Ok Tc —Tkg
and
T
COPyc = 1Qcl _  [Qcl _ c ! (1218)

|Lcycle| B |Qcl — Qk Tc—Tk ”

for cooling and for heating purposes, respectively. From the two equations above
the following result holds true: COP.c + 1 = COPy,c.

As mentioned earlier, the heating/cooling processes issuing from the 2nd prin-
ciple are more effective than the similar processes issuing from the 1st principle.
Here, it is easy to prove this assertion in case of the heating processes. Indeed,
suppose, according to the 1st principle, the ideal work-to-heat conversion effec-
tiveness equals unit (see Sect. 1.1.5.1) (actually, the effectiveness of this conver-
sion is well below unit). Let the work involved in conversion be |L¢ycl and the
heat produced 1Qcl;, wherefrom, the conversion effectiveness is:

mny = 126 (1219)
|Lcycle|
In our case, Eq. (1.218) writes:
1Ocln Tc
COPyc = = > 1 1.22
|Lcycle} Tc—Tg ( 0)

From the comparison of Egs. (1.219) and (1.220) it results clearly that for same
work use, |Leycl, the heating effect |Qcly, issued from the 2nd principle is
COPj,c > 1 times higher than the heating effect |Q(ly, issued from the 1st prin-
ciple, for the same working parameters. The explanation of this result is simple,
according to the method issued from the 2nd principle, the heat is transported from
the sink to the heat source, rather than produced (converted), like it is happening
with the heating issued from the 1st principle.

1.4.3.2 Effectiveness of Carnot Absorption Cooling Cycle
Combining the two direct and reverse Carnot cycles, Fig. 1.12a, b, the ideal cycle,

Fig. 1.13, of the absorption cooling cycle depicted in Fig. 1.11a is obtained. The
absorption cooling cycle of Fig. 1.11a becomes reversible, if its transformations,
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noted in Fig. 1.13 as vapor generation (ab), vapor condensation (cf) and (hg) and
evaporation (/i), had taken place on infinite small degasing intervals of temperature
and concentration and exchanged heat to constant temperatures T, T¢ and T, dif-
fering only by infinite small values from the heat, sink and sink heat sources tem-
peratures, respectively, which the cycle is connected to. In order to find the ideal
cooling COP, it is supposed that the work Lcyce, produced by the direct Carnot
cycle abcfa through heat input Qg at T and heat rejection Qc g at T¢, is utilized
by the reverse Carnot cycle hglih to extract heat Qf at Tg and reject heat Q¢ at
Tc. The cooling COP is calculated by the ratio of the useful heat Qf extracted
through the heat Q¢ input.

%
0¢]
The heating COP is given by the ratio of the useful heat Ocs + Qc, output
through heat Q¢ input.

COPecq = (1.221)

QOca +Qc,
COPycq = ~CLTXET (1.222)
Oc

The ideal cooling and heating COP’s of the absorption cooling cycle are obtained
using Eqgs. (1.217) and (1.218):
Tc—Tc Tk

COP.eca =
ce,C,a TG TC — TE

(1.223)

and

Tc —Tg Tc¢
Tc¢ Tc—Tg

COPca = (1.224)

respectively. From the two equations above the following result holds true:
COP.eca+1=COPsyca
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1.4.3.3 Effectiveness of Carnot Absorption Heating
(Heat Transformer) Cycle

Reverting the covering direction in the ideal cycle plotted in Fig. 1.13, it is
obtained the ideal cycle, Fig. 1.14, of the absorption heating (heat transformer)
cycle, depicted in Fig. 1.11b. The reversibility conditions described to the ideal
cooling cycle remain valid in case of the heating cycle as well. The COP of the
heating absorption cycle is defined by the ratio of the useful heat output Qg
through the heat input, Qg + Qg:

Or
Ofr + 0¢

Using Egs. (1.217) and (1.218), the ideal COP of the heating (heat transformer)
absorption cycle is given by:

COPycu = (1.225)

Teg —Tc Tr
Tge Tr—Tc

COPhca = (1.226)

1.4.4 Selected Topic of Solutions Thermodynamics

As already mentioned, the absorption cycles we are analyzing in this book oper-
ate with liquid binary working combinations (called also “mixtures” further on),
of working fluid (refrigerant)-absorbent type. The absorption systems at hand are
heterogeneous, with two homogeneous phases, vapor in equilibrium with its lig-
uid it comes of, respecting the phase equilibrium Egs. (1.202)—(1.205). The mix-
tures are characterized by a certain liquid and vapor mass, Eq. (1.12), or molar,
Eq. (1.14), fractions or concentrations, noted by y and Y for the refrigerant and
by (1 — y), (1 — Y) for the absorbent, respectively. The gas phase is considered
a mixture of ideal gases respecting Dalton law, Eq. (1.7), and which gas molar



54 1 Introduction

fractions of equal the volumetric fractions, Eq. (1.8). According to Gibbs rule
of phases, Eq. (1.206), the analyzed systems are bivariant. For other details, see
Sect. 1.3.4.

1.4.5 Condensation and Evaporation of Binary Mixtures

The absorption processes are essentially isobar and for this reason this type
of processes is analyzed mostly. The isobar condensation and evapora-
tion of binary (binary) mixtures are taking place with variable temperature.
Alternatively, at constant temperature these processes occur with variable pres-
sure. To detail the physical behavior asserted above, let us consider for example
the NH3-H,O working pair suffering an evaporation process at the atmospheric
pressure, pum, = 1.01325 bar. Out of the two components, ammonia is more vol-
atile because it has a lower normal boiling point, [Tb,NH3]p: 1bar = —33.4°C and
[TvaZO]p:lbar =100 °C. In a continuous evaporation process, the ammonia is
therefore the component which gets out with a higher rate from the mixture as
compared to water, approaching zero concentration in the liquid phase when the
temperature approaches the pure water component normal boiling temperature. The
process taking place with a temperature increase within an isobar degasing interval,
that is with [T(y1)], > [T(y2)]p, Wwhen y; < y», is called to unfold with gliding tem-
perature. The gliding temperature operation is typical for absorption processes and
particularly for the coabsorbent technology and will be much analyzed through-
out this book from the heat exchange (recovery) point of view. The unfolding of
evaporation-condensation processes is more suggestively presented in a 7—y dia-
gram, Fig. 1.15. In this figure it is considered an isocore, y; = const., and isobar,
P = Pamm = const., transformation, 1-2-3-4-5, characterized by the temperature
parameter increase, from 77 to 7s. The equilibrium state 1 is in the single-phase
subcooled liquid domain, with three independent parameters, 1(pam, T1, y1),
according to the rule of phases. Increasing the temperature up to 7%, the liquid
phase reaches the equilibrium state 2/, the system becomes bivariant, 2(pgm, 12),
and the evaporation (boiling) starts. The total of the evaporation points marking the
beginning of evaporation process is called evaporation or bubble curve, Fig. 1.15,
and has been found experimentally, covering the whole liquid phase concentration
range, y € [0, 1]. In this state 2/, the liquid phase is in equilibrium with the vapor
phase, marked in Fig. 1.15 by point 2v, of the highest concentration Yj, Y1 < yj.
The point 2v belongs to a second significant curve in the binary mixture thermo-
dynamics, marking the beginning of condensation or the end of evaporation, that
is the dew curve. This curve is determined experimentally, as well, simultane-
ously with the evaporation curve, from the vapor temperature and concentration
data. The domain comprised between the two curves is called evaporation lens.
The point 2/ is marking also the entering in the two-phase domain, which is called
also the domain with humid vapor. The evaporation curve has as extreme states,
those corresponding to the pure components, defined by y = 0 and y = 1, with
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T = [Tb,Hzo]p=1 b and T = [Tb,NH3]p=1 par Tespectively, Fig. 1.15. Increasing
further the temperature to 73, the system reaches state 3, consisting in a liquid
phase, marked by 3/ on the evaporation curve. The state 3/ is in equilibrium with
its vapor phase, marked by 3v on the condensation curve and situated on the same
isotherm 773. The system in state 3 is bivariant, 3(pgsm, 73). The position of the point
3 on the isotherm 3/ — 3v is determined next. Considering a unit mass of mixture
with state 3, consisting of m; kg of liquid phase and m, kg of vapor phase, the mass
and species balances can be written as follows:

m+m, =1 (1.227)
and
mpy; + myyy = yi (1.228)
respectively. Solving Eqs. (1.227) and (1.228) for m; and m,, it results:
m, = L Y3 (1.229)
Y3y — Y31
and
m = 2> (1.230)
Y3y — ¥3i

The position of point 3 on isotherm 3/ — 3v is determined by the ratio:

m y3y—y1 L

— = =7 1.231

my yr—yy V ( )
The increase of temperature up to 74, brings the system in state 4v, situated on
the condensation curve and in equilibrium with the liquid phase, marked by 4/
on the evaporation curve. The state 4v represents the end of the evaporation pro-
cess. The system in this state is still bivariant, 4(pgsm, T4). The last temperature
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Fig. 1.16 Schematic of evaporation lenses at different pressures (a). Azeotropic binary mixtures (b)

increase, up to 75, brings the system in equilibrium state 5, which belongs to the
single-phase superheated vapor domain and similarly to state 1, is three-variant,
5(Paim»> Ts, y1). Summarizing, in the domains situated inside and outside of the
evaporation lens, the binary mixture is bivariant and three-variant, respectively.
The temperature increase from 7, to T4, obliges the liquid and vapor phases of the
system to cover the portions found in mutual equilibrium, 2/-4/ of the evaporation
curve with concentrations yp; > y3; > ya;, and 2v—4v of the condensation curve with
concentrations Y2, > Y3, > Y4, = yyy, respectively.

The condensation process takes place by cooling the vapor, humid vapor
and liquid phases within the interval 75-77 and can be followed covering the
evaporation process in the reverse direction.

Repeating the experiences to higher pressures, it is found that the evaporation
lens becomes smaller, Fig. 1.16a. Indeed, it can be remarked that the higher the
pressure, pj < pa2 < p3, the smaller the temperature interval of the mixture vapori-
zation and condensation, AT| > AT, > AT;.

The diagram of Fig. 1.15 is typical for a binary working combination capable
to form stable mixtures to any concentration y and have uninterrupted evapora-
tion lenses comprising the whole concentration range, y € [0, 1]. This type of mix-
ture is called zeotropic. The mixture at hand, NH3-H,O, belongs to this category.
Besides the zeotropic, there are also other categories of mixtures, e.g. azeotropic,
or those presenting mixture fissure, etc. (Stamatescu 1972). Figure 1.16b, shows
in the 7—y diagram two plots of azeotropic binary mixtures where these behave in
point M like a monocomponent system which evaporation and condensation of are
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isobar and isotherm, therefore take place without a temperature glide (e.g. ethyl
spirits—chlorophorm, upper plot, and water—ethyl spirits or water—sulphuric acid,
bottom plot).

1.4.6 Dissolution (Mixing) Heat of Binary Mixtures

Unlike ideal solutions, during the real solutions mixing irreversible or quasi-
irreversible physical chemical processes are produced, accompanied by heat
exchange with the ambient and by other volume (density) and state parameters
changes. These phenomena are so much more important for the coabsorbent tech-
nology, where the mixing processes are used more than any other absorption plant
did it so far.

Suppose the two components of a real solution had the same temperature
prior mixing. After their dissolution it is found that their temperature is chang-
ing significantly more often than not. This change depends on the components
nature, their initial temperature and on the final concentration of the solution.
The gases which are not reacting chemically and have the same temperature
prior mixing, it keep it after mixing as well. The dissolution of gases in lig-
uid solutions are accompanied with small thermal adjacent phenomena, too. It
results that only the liquid-liquid mixing is accompanied by a significant tem-
perature change. It is possible that the mixture temperature increases, or on the
contrary, to decrease as compared to the initial temperature of the components.
In order to bring the mixture temperature to its initial value of the components, it
is therefore necessary to introduce or to extract heat from the system. This heat
is named total (integral) heat of dissolution (mixing). Bearing in mind that the
absorption processes are isobar, the dissolution heat is established by its dissolu-
tion enthalpy.

It is considered a mixture consisting of two components of quantities m; and
my, found to the same temperature 7 and having the specific enthalpies /; and 55,
Fig. 1.17. The enthalpy prior mixing is:

H; =mhy +mhy (1.232)
The enthalpy after mixing, found to the same temperature 7, is:
H=m +m)h (1.233)
It is noted:
AH =H — H; (1.234)

The dissolution can occur with heat rejection (exothermal dissolution), or with
heat absorption (endothermal dissolution). In case of the ammonia dissolution in
the ammonia—water mixtures, or of water dissolution in the water—lithium bromide
mixtures, the dissolution is exothermal, and a quantity of heat equal to Q,,;, must
be evacuated from the system, which according to the sign convention is negative.
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Fig. 1.17 Mixing heat
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On the contrary, in case of the endothermal dissolution it is needed to introduce in
the system the heat quantity Q,,y, which is positive. The energy balance, Fig. 1.17,
is written:

mihy + mahy + Qix = (my +mp)h (1.235)

Writing Eq. (1.235) for the ammonia—water mixtures, where m; is the solute quan-
tity (ammonia) and m; is the solvate quantity (water or ammonia—water mixtures),
and dividing it by m| + my, it results:

yimp + (L= y)ma + qmix = h (1.236)
where
_ Qmix
dmix = i+ mo (1.237)

Equation (1.236) is plotted in Fig. 1.18. The mixing heat of ammonia in water is
negative for any concentration y € (0, 1), Fig 1.19a. However, there are solutions
with both negative and positive mixing heat as well, as it is the case of that formed
by the dissolution of the ethylic alcohol in water, Fig. 1.19b.

Equation (1.236) is valid for all binary mixing processes, either the components
are both liquid prior to be mixed, or just one component is liquid, while the other is
a gas which is absorbed/desorbed in/from the first component. The two cases men-
tioned above are named shorter liquid-liquid and liquid—vapor, respectively. In both
cases, when Eq. (1.236) applies, it is considered that the mixing heat g,y is evacu-
ated or introduced in the system during components interaction, depending whether
this is exothermal, or endothermal, respectively. According to Lorenz (Niebergall
1959), gmix can be approximated by ¢,,;x = r + [, in case of the liquid—vapor inter-
actions, and by gix = [, in case of the liquid-liquid interactions. In these equations,
r holds for the liquid—gas phase change heat (see Eq. (1.213)) and [ is the liquid—
liquid mixing heat. Let us apply next the dissolution heat topic outlined so far to
a coabsorbent cycle. In a coabsorbent cycle both types of processes mentioned
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above are taking place simultaneously. Concerning the liquid—vapor interactions,
Eq. (1.236) applies as it is, because generation (desorption) processes have genera-
tion heat supply from the heat source, while absorption (resorption) processes evac-
uate heat by the sink source. However, in case of the second type of interactions,
the coabsorbent operation uses liquid—liquid mixing processes which take place in
special devices, called mixers, and where the mixing heat is no more evacuated or
supplied. The schematic of such a mixing process is depicted in Fig. 1.20.
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Fig. 1.20 Mixing process
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The liquid mixing components shown in Fig. 1.20 have the inlet parameters, mass,
temperature and specific enthalpy noted by (my, T1, hy) and (my, T», hy). The mixer
energy balance results in:

mihy + mahy = (my + m)hmixer (1.238)
Dividing Eq. (1.238) by m; 4 mo, it is obtained:

yihi + (1 = yD)h2 = hiixer (1.239)

The enthalpy Apiver in Eq. (1.239) includes this time the mixing heat as well,
which is as mentioned ¢,;y = [/ < r + [. The values of this heat are plotted in
Fig. 1.18 by the straight line connecting the enthalpies /1 and hy. Concerning the
Tixer temperature, in case of NH3—H»>O and H,O-LiBr working combinations this
is higher than the temperatures the components had prior mixing, Tyixr > 71 and
Tomixer > T>. This relative temperature increase is beneficial in a coabsorbent cycle
operation, as in fact is a preheating of the absorbent supplying the cycle generation
processes.

Introducing a very small quantity of solute in a very high quantity of solvate,
an elementary (differential) mixing heat is generated. Adding a very small mass
quantity to the total mass of components is practically considered a mixing pro-
cess unfolding with constant mass. Let us note the solute and solvate quantities by
dm; and my, respectively and the differential heat by g,4;. The differential heat g4
is in fact the dissolution heat partial derivative with respect to the first component
mass, when the second component mass is constant, that is:

_ [B(AH)}
qd1 = om |y (1.240)
In Eq. (1.240), AH = H — H,;, Eq. (1.234), or:
AH = (m1 + m2)qmix (1.241)

With Eq. (1.241), Eq. (1.240) becomes:

8 .
qd1 = gmix + (m1 + my) [ aqmlx] (1.242)
mi |,
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Applying the chain rule to the partial derivative of Eq. (1.242), it results:

0Gmix i 0Gmix 87)’
omy |y 0y L LOM1 )y (1.243)
The mass fraction y is expressed as y = ml’i‘mz and performing its derivative with
respect to my, it results:
i,
omy |, ©(my 4 m)? (1.244)

Introducing Eq. (1.244) in Eq. (1.243), it is obtained:

8 .
gd1 = qmix + (1 —y) [cgmx] (1.245)
Y

Similarly, adding the quantity dmy, it is obtained the differential heat gz;:

a .
qd2 = gmix + (m1 + my) [ aqmlx] (1.246)
m |,
or,
OGmix o —y)
a2 = ‘+(m1+m2)[ ] [ )

q mix a1 —y) " amy . (1.247)

Bearing in mind that y = ml’i‘mz, the last product of brackets in Eq. (1.247) equals:

I: G mix :| [8(1 _y):| i _y[aqmix] 1248

A= L dm2 |, 0y Im, (1.243)

and with the last result, Eq. (1.246) becomes:

oG mi
m”} (1.249)
my

qd2 = 4mix _y|: dy
The differential heats of mixing g41 and g4, given by Eqs. (1.245) and (1.249), can
be determined graphically, provided that the function g,,ix = gmix(7, y) be known,
as Fig. 1.21 shows. Further, the functions g4 and gz, given by Egs. (1.243) and
(1.246), are derived partially with respect to my for m| = const. and with respect to

azqmix

Bmy dmy = 0 and subtracting

my for my = const., respectively. Remarking that{ }
my,mz

[M} from[%} , the following result holds true:
m omy

amy m
{3%1] B [3%2} —0 1250,
dmy my omy m (.
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Equation (1.250) can be rewritten using the chain rule of derivation. Proceeding
similarly as in Egs. (1.243) and (1.248), it results:

] ] ] ] e o
0=y L 0ma L L0y Loy Lo ) (1.25)

and further:

8gd1 36]d2
(l—y){] +y[ =0 1.252
0y s 0y | (1.252)

Equations (1.245) and (1.249) of g41 and g4 are further partially derived with
respect to y for my = const. and with respect to (1 — y) for m; = const., respec-

tively. Taking into account that {% = 38; ?lm_ix ) = (), from the two
derivated equations it results: 7 dmymy YT Ly my
ad 9
{qdl ] + [%} =0 (1.253)
Wy |m, y Im,
and

ad d oG mi oG mi
[ Qd1:| _ |: qd2:| - |: ‘Imtx:| _ |: lex:| (1.254)
ay my 8_)7 mp ay mp ay my
Equations (1.252) and (1.253) are solved together for [%] and [%} ,
.. dy dy
obtaining: m m

3%]] {3%]
= =0 1.255
[8y - Wy lm, ( )
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wherefrom, introducing Eq. (1.255), in Eq. (1.254), the following result holds true:

|:aqmix:| _ l:BQmix:| 1256
0y | 0y | (1.256)

The introduction of Eq. (1.256) in Egs. (1.245) and (1.249) leads to the following
final relationship, written for isothermal and isobar conditions and at equilibrium:

Gmix = Yqa1 + (1 = y)qa2 (1.257)

1.4.7 Absorption Cycle Charts

In Sect. 1.3.4, two useful charts in the absorption cycle design and calculus, namely
log (p) — /T and enthalpy-concentration 41—y, have been introduced. Here, it will
be gone deeper in these charts elaboration and use.

1.4.7.1 log (p) — T Chart

The choice of pressure p and absolute temperature 7 as thermodynamic parameters
of an absorption chart is explained by the facility which this chart is used with in
absorption cycle plot. Indeed, in a log (p) — 1/T chart of a refrigerant-absorbent
working combination, a curve plotted for a constant concentration (isostere),
y = const., can be considered with enough accuracy a straight line. This property
is described schematically in Fig. 1.22 for an absorption cooling cycle, by the
empirical rule of Trouton (Ziegler 2005): “all vapor pressure lines are linear in the
Raoult’s plot (log (p) — 1/T), and converge for 1/T approaching zero”.

A thermodynamic confirmation of Trouton’s rule is commonly obtained inte-
grating the Clapeyron—Clausius equation (1.215) for the liquid—vapor phase trans-
formations taking place in refrigerant-absorbent working combinations use. In Eq.
(1.215), the liquid specific volume vy is 2-3 orders of magnitude smaller than the
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vapor specific volume, v» = v, v| << va = v, so it can be neglected comparatively
in calculus, v = 0. Further on, for pressures limited to values of tens of bars, the
vapor phase is satisfactorily considered ideal gas, so the Clapeyron equation (1.10)
can be applied, G = 1 kg:

pv =RT (1.258)

Taking into account the above remarks and notings and Eq. (1.258), after arranging
the terms Eq. (1.215) writes:

dp LdT
p  RT?
In Eq. (1.259), the pure component phase change heat r was replaced by the sum
r + [ = L, which is accounting for the phase change and mixing heats involved

simultaneously in the binary refrigerant-liquid physical interactions of the absorption
processes. Equation (1.259) is integrated obtaining:

(1.259)

1
Inp=a—b— .
np=a T (1.260)

In Eq. (1.260), a is an integration constant and b = %. Both @ and b constants
depend on the modeled particular working pair. Equation (1.260) shows that the
pressure curve of a working pair plotted in a chart of log (p) and —1/T coordinates
is linear (see Trouton’s rule). The constants a or/and b depend on the mixture con-
centration y parameter, which defines a family of curves in the chart at hand.

Ammonia—Water Working Pair

The first who applied Eq. (1.260) to the NH3—H>O working combination was
H. Mollier. He plotted the curves family within a limited domain, 0.12 <y < 0.5,
1 <p <10ataand —1/423.15 < —1/T < —1/293.15 K, and worked with the rela-
tionship (1.261), (Planck 1953):

1220 1

logp = 7.973 — —
o8P 0.00466 * y + 0.656 T

(1.261)

where [y] = %. Today, the limits of the y, p and T have been extended.

A typical log (p) — I/T chart of NH3-H5O is shown in Fig. 1.23. In order to facili-
tate its use the temperature in abscissa in currently expressed not in —1/7, with
[T-'1=K !, butint [1] =°C.

1.4.7.2 Diihring Chart

The behavior of certain working pairs can be described by a second empiri-
cal rule, commonly referred to in the absorption literature as the Diihring rule
(McNeely 1979; Ziegler 2005): “if the boiling (bubble) point temperature of a
solution is plotted against the boiling (dew) point temperature of its solvent at the
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Fig. 1.23 A typical NH3-HO log (p) — 1/T chart

same pressure (see Fig. 1.15), all the resulting isosteres are straight lines and con-
verge for T approaching zero”. There is no thermodynamic relation that specifies
the straight line, but if it is assumed, or if the data justifies the straight line from
the range of pressures observed, the Diihring equation can be derived from the
Clapeyron equation, as shown below (McNeely 1979). Indeed, Eq. (1.215) is writ-
ten for the solvent and solution phase change in the dew points and bubble points
temperatures, respectively, at any given concentration and pressure, as:

dpT (Vv —v
AT g = [“] (1.262)
dew
and
dpT (Vv —v
AT pubpie = l() (1.263)
r+1
bubble

respectively. Equations (1.262) and (1.263) are written for the same pres-
SUre, Pdew = Pbubbles therefore dpge, = dppuppie. Moreover, dTyew = dtge, and
dTpupble = dtpupple- Taking into account the last results and dividing Eqgs. (1.262)
and (1.263) term by term, the linear form of the isosteres allows one to write the
following result:

dtpupple _ [T(v' - V)]bubbler dew
dtgew [T(v" = )] o 7+ Dpubbre

= A(y) = const. (1.264)
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Fig. 1.24 H,O-LiBr chart in the log (p), — 1/T coordinates (Patek 2006)

The integration of Eq. (1.264) along a certain isostere (y = const.), leads to the
mathematical expression of the Diihring rule (McNeely 1979):

toubble = AV tdew + B(Y) (1.265)

In Eq. (1.265), A(y) and B(y) are constants for a given isostere and B(y) is an inte-
gration constant. The Diihring rule is graphically applied to an absorption cooling
cycle in Fig. 1.25. The vapor-liquid interaction of HoO-LiBr working pair obeys
besides the Trouton’s rule (see Fig. 1.24), the Diihring rule as well. The chart of
this working pair, plotted in the Tpyppie, Tyew coordinates, was constructed using the
equilibrium data calculated according to Patek and Klomfar (2006a) model. The
Diihring HoO-LiBr chart given in Fig. 1.26 has the largest use in the air condition-
ing applications. It is best known with two ordinates, showing besides Ty,,, the
log (p) coordinate, as well.

1.4.7.3 Enthalpy-Concentration Chart

Until recently, the graphical-analytical charts were the main tools used in the
absorption cooling and heating applications calculus. The enthalpy-concentration
h—y chart belongs to this category. However, the computer science and technology
progress, recorded lately, enabled the old charts be replaced by computer codes
and models, capable to simulate the working pairs physical and thermal data and
perform an absorption cycle calculus automatically. For this reason, in this book
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Fig. 1.25 Absorption cooling cycle plotted in the Tyey, Thupble coordinates (after Ziegler 2005),
showing the Diihring’s rule application (for G, C, A and E notations see Fig. 1.22)
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Fig. 1.26 H,O-LiBr chart in the T4, Tpuppie coordinates (McNeely 1979; Patek and Klomfar
20064, b)

the h—y chart is not used extensively, but only once, in Chap. 2, and not for quan-
titative computation purposes, but for qualitative assessments of the absorption
cycle design solely. Instead, the models of Ziegler and Trepp (1984) and Patek and
Klomfar (2006a, b) for the ammonia—water and water—lithium bromide, respec-
tively, have been used in order to calculate all cooling and heating cycles of this
book. Consequently, the A—y chart is presented next schematically, only, for the
ammonia—water combination. This chart was set up experimentally, by Merkel and
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Bosnjakovi¢ (Niebergall 1959). The diagram includes the following families of
curves, Fig. 1.27:

— Curves of constant enthalpy, 1, h = const., which are the horizontal straight
lines;

— Curves of constant concentration (isosters), 2, y = const., which are the vertical
straight lines;

— Liquid domain isothermals, 3, t; = const., for boiling temperatures between
—70 and 200 °C. The shape of these curves is typical for the ammonia—water
which desorption and absorption of are endothermal and exothermal processes,
respectively;

— Vapor domain isothermals, 4, t, = const.; these are straight lines within the
same boiling temperature limits, mentioned above; the mixture heat between
dry ammonia and water vapor is negligible, therefore their mixing proces is
practically ideal; the isotherms 4 are not shown in the diagram;
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— Liquid domain isobars, 5, p; = const. are represented within the pressure limits
of 0.002 and 2 MPa, which the cooling and heating absorption plants are work-
ing usually with; these lines represent the bubble point temperatures for each
isobar shown (see Fig. 1.15);

— Vapor domain isobars, 6, p, = const., represented within the same pressure lim-
its; the isobars 5 and 6 of an s—y diagram can be drawn with the help of a -y
diagram, Fig. 1.15, as shown in Radcenco et al. (1983);

— Auxiliary curves, 7, are drawn for each isobar and serve for determining the
vapor state in equilibrium with the respective liquid, in order to help represent-
ing the isothermals in the two-phase (wet vapor) domain;

— Curves of constant vapor concentration, 8, Y = const., are drawn in the liquid
domain and enable to find rapidly the vapor concentration in equilibrium with
the liquid of origin.

Some completing remarks follow in case of the ammonia—water: (a) the liquid
isothermal 3 is modifying to a very small extent with pressure variation, there-
fore practically a single isothermals net results for the diagram, whatever the
pressure is; (b) in superheated vapor domain, the specific heat depends on both
temperature and pressure, therefore each isobar normally generates an isother-
mal family of curves; this would complicate the diagram and for this reason the
superheated vapor lines have not been represented, as mentioned, but, if intended
to be done, they can be easily drawn, because are linear curves; (c) the diagram
origin was settled as follows: 4 = 0 for water (y = 0; + = 0 °C); in this case,
the pure liquid ammonia enthalpy is &7 = 349.5 kJ/kg at t = 0 °C. Concluding,
computationally speaking, the use of the h—y diagram in absorption technology
will decrease probably much in the future. However, the interest for this diagram
will be kept, because of the rich qualitative information this single chart gath-
ers and offers to people involved in absorption cycle study, research and design
(e.g. in graphical representation of cycle main devices processes, heats and vapor
rectification).

1.4.8 Working Fluid-Absorbent Mixtures Model

The chemical and physical interactions and the thermodynamical relationships
which govern them have been a permanent concern of physicists and chemists
since long time ago. A major development of the chemical thermodynamics dates
back in the 19th century, due to Gibbs (1876) and Helmholz (1902), for to men-
tion just ones of the most remarkable scientists involved in this domain. More
recent works of chemical thermodynamics and liquids mixtures have been elabo-
rated by Lewis and Randall (1961) and Rowlinson and Swinton (1982). Today,
the global warming and the limited availability of the fossil fuel and other pri-
mary energy sources force the mankind to find rapidly, more effective solutions
in clean energy production, generally, and in the cooling and heating production,
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particularly. New energy sources (e.g. renewables, low grade recovery) are put
to work, and many technologies, matching best with these sources, are investi-
gated and applied. To this extent, the absorption technology is credited with con-
siderable hope. Consequently, in the recent past years and today, we assist to an
increased experimental and thermodynamical modelling activity of the existing
and new absorption working pairs. Amongst the authors of models and the mod-
eled working pairs, the followings can be mentioned: Ziegler and Trepp (1984),
Bourseau and Bugarel (1986), Xu and Goswami (1997), Patek and Klomfar
(1995), for NH3-H;O, Infante Ferreira (1984), Bourseau and Bugarel (1986) for
NH3-NaSCN, Radermacher and Alefeld (1982), Balamuru et al. (2000) for ter-
nary NH3-H;O-salt, McNeely (1979), Patek and Klomfar (2006a) for LiBr-H;O,
Patek and Klomfar (2006a, b) for solid phase equilibrium of LiBr-H;O, and
LiCl-H,O, Patek and Klomfar (2007) for LiCl-H,O, Infante Ferreira (1984) for
NH3-LiNOs.

In this section, the computational model of the ammonia—water working
combination, due to Schultz (1971) and Ziegler and Trepp (1984), is analyzed.
We have chosen this working combination given its importance in refrigera-
tion and heat production. Also, the Schultz-Ziegler-Trepp (SZT) model was
selected because it is well known and representative for the way it combines
the experimental data and the thermodynamical relationships in order to cre-
ate an useful and satisfactory accurate tool of investigation of the NH3-H,O
applications.

1.4.8.1 Equation of State

Ziegler extended the Schultz model, limited to 25 bar, to a broader range,
230 K < T <500 K and 0.2 bar < p < 50 bar, in order to meet not only the refriger-
ation needs with this mixture, but those of heating as well. The NH3-H,O system
has two components, NH3 and H;O, therefore, at equilibrium, according to Gibbs
rule of phases, Sect. 1.3.4, is bivariant. Its equation of state bases on the specific
Gibbs free enthalpy assessment, ¢, ¢ = % [&(T, p) = H — TS, Table 1.1, Eq.
(1.159)], therefore the system independent state parameters are 7" and p. The spe-
cific Gibbs free enthalpy is at the same time the chemical potential of the system,
© = (%)TJ,, according to Eq. (1.163). Schultz considered two separate equations
for the liquid and the gaseous phases, linked by the conditions of phase equilib-
rium [see Egs. (1.202)—(1.205)]:

T =T8¢
(1.266)

p=pf

) _ 8
¥NH; = quHg, (1.267)
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These have the following form:
Liquid phase:

@' (T.p.y) = (1 = Yol o(T.p) + ok, (T.p) + RT[(1 —y)In (1 = y) + yIny] + ¢&(T.p.y)
(1.268)

Gas phase:
@*(T,p,Y) = (1 = V)i, o(T,p) + Yoy, (T,p) + RT[(1 = Y)In(1 - Y) + YInY] (1.269)

The Gibbs free enthalpy of a phase is the sum of the contributions of the components
free enthalpy, represented by the first two terms of each equation, the ideal mixing
enthalpy, given by the third term of each equation, and the excess enthalpy. The ideal
mixing enthalpy is bound, because is negative, that is it diminishes the free enthalpy of
the mixture, as compared to the sum of the free enthalpy of the separate components (see
Gibbs paradox, Murgulescu and Vilcu 1982). The gas phase is assumed to be an ideal
mixture of real components. Equations (1.268) and (1.269) characterize the free enthalpy
of a system in nonequilibrium. At equilibrium, these equations must be completed with
Eqgs. (1.266) and (1.267).

As stated in Sect. 1.3.1, the knowledge of a characteristic function, here @ and ¢,
enables to derive other thermodynamic functions, such as: Molar volume, Eq. (1.169):

vl(g) — a(pl(g) (Tsp’ )’)
ap - (1.270)
Molar entropy, Eq. (1.170):
J@ <3<ﬂl(g)(T,p,y)>
oT
Py (1.271)
Molar enthalpy:
5 (w’(g) (T.p.y) )
H© — _72 r J (1.272)
aT
Py
Chemical potential

A key of solving this problem is found for example in Sect. 1.4.6. Indeed, the dissolu-
tion heat of the binary mixture analyzed there, Eq. (1.234), is exchanged at constant
temperature and pressure, therefore is the Gibbs free enthalpy of our system at hand,
because only the free enthalpy can be exchanged. We consider first an exothermal vapor
absorption process in the NH3-H»O liquid mixture. In this case, the final result will be
to obtain the chemical potentials, (pll\u_h and <pll{20 of the liquid phase. Taking the above

remarks into account, from Eqgs. (1.234) and (1.241) we can write for the liquid phase:

AH = H — H; = (mNg; + mi,0)gmix = @ = (mnp; +mm0)9  (1.273)
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From Eq. (1.273) it results:
@ = dmix (1.274)

that is the liquid phase specific Gibbs free enthalpy equals the specific mixing
(dissolution) heat. Further on, according to our approach and bearing in mind
Egs. (1.172) and (1.274), the differential heat, given by Eq. (1.240), leads to the
liquid phase chemical potentials:

I(AH) } [ Y }
— =|— = ¢NH;(H,0
IMNH; (H,0) IMNH; (H,0) 2120

qd NH3(H,0) = [
My, 0(NH3)

My, 0(NH3)

(1.275)

Performing the differential calculus in Eq. (1.275), the final resulting Egs. (1.245)
and (1.249) will become our final issues for the liquid chemical potentials we are
looking for:

d¢!(T,p.y)
ok, = ¢ (T.p.y) + (1 =) la (1.276)
y
T.p.(1-y)
and
39! (T, p,y)
ot,0 = ¢ (T.p.y) —y [a (1.277)
y
T.p.(1-y)

In case of the gas phase chemical potentials, a desorption process is considered, which
generates vapor. Proceeding similarly as for the absorption process, the chemical
potentials of the gas phase, ¢y, and g , will result as well.

Equations (1.270)—(1.272) give the volume, entropy and enthalpy of the mix-
tures as explicit functions of temperature, pressure and composition. The phase
equilibrium is analyzed next.

Phase equilibrium data calculation
According to our approach, prior to calculate the phase equilibrium we need to
prove first the following (Staicovici 2013):

Lemma 1 In a physical binary bivariant (T, p) refrigerant-absorbent gas—liquid
system at equilibrium, the excess enthalpy equals the ideal mixing enthalpy.

Proof The equalities (1.267), characterizing the conditions of phase equilibrium,
can be written in an explicit form as (see Egs. (1.276) and (1.277) for liquid and
similar for gas phase):

3o (T, p,y)

o' (T,p.y) + (1 —y)[ 3
y

] T.p.(1-y)
0ps(T,p,y)

Tp(1-1) (1.278)
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and

3ol (T, p,y)
dy

0p3(T, p,y) ]
Y T.p,(1-Y)
(1.279)

respectively. Subtracting term by term the last two equations, the following result
holds true:

sol(T,p,y)—y[ =gog(T,p,y)—Y[

] T.p,(1=y)

[W(T,p,y)] _ [3<pg(T,p, ¥) (1250)
T.p,(1-y)

ay Y ] Tp(1—Y)

Further on Eq. (1.257) is written for the liquid and gas phases. With the help of
Egs. (1.274) and (1.275) this becomes:

¢! (T.p.y) = (1 =)oy, o(T.p) + Yoy, (T.p) (1.281)

and
Q3 (T.p.Y) = (1 = V)gf o(T.p) + Yoy, (T.p) (1.282)

respectively. Subtracting the last two equations term by term and taking into
account Eq. (1.267), it is obtained:

(T, V) = ¢! (T.py) = (Y =) o, (Top) = 60 (Top)|  (1283)

In Eq. (1.283), the last bracket of the right member can be calculated from Egs.
(1.276) and (1.277) and the left hand member can be expressed with the help of
Egs. (1.268) and (1.269). Further on, in the resulting Eq. (1.283), Egs. (1.267) and
(1.280) are taken into account, wherefrom, the Lemma 1 is proved:

(1=y)!-YyY

The Lemma 1 holds true also for systems having more than two components and
for a gas phase with non-ideal mixture. The phase equilibrium can be calculated
proceeding according to the next (Staicovici 2013):

Lemma 2 The phase equilibrium data (T, p, y, Y) of a physical binary bivari-

ant (T, p) refrigerant-absorbent gas-liquid system can be found solving a system
consisting of equation resulted from Lemma 1 and of this equation derivation with
respect to the refrigerant concentrations (y, Y) of each phase.
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Proof Equation (1.280) is applied to Egs. (1.268) and (1.269). Taking into account
Eq. (1.267), it results:

d dge(T, p,
RT—[(1=y)In(1—y)+ylny| + [M]
dy dy Tp,(1-y)
d
:RTE[(I —Y)In(1 —Y)+YInY] (1.285)
or
{agoE%T,p.m]
. Y ey _ Y (1.286)
1—y RT 1—-Y

Equations (1.285) and (1.286) are nothing else but Eq. (1.284) coming of the
Lemma 1, which have been derived with respect to refrigerant concentrations
(v, Y) of each phase. In this way, the first part of the Lemma 2 has been proved. In
order to prove the whole Lemma 2, Egs. (1.284)—(1.286) are rewritten in a form
which emphasizes a system of two equations with two unknowns (y, Y), provided
the independent state parameters (7, p) are known:

T’ 9
(1= =1 -y exp ("’E(RT””> (1.287)
and
yexp <R1T {WE(BTy,P,y)] . (1_y)>
Y(T,p,y) = = (1.288)

dE (T p,
(1—y)+yexp <R1T[ fPE%ypy)Lp(l_y)>

respectively. The system of Eqs. (1.287) and (1.288) is transcendental with respect
to (y, Y) and can be solved by the trial-and-error method (or using a simple iterative
method, Dodescu 1979), in such a way that for an initial guess value y Eq. (1.288)
gives an Y value which must be confirmed by Eq. (1.286) with a required accu-
racy. If this is not fulfilled, a new value for y is used and the process is continued
until the required accuracy in determining the Y value is reached. In this way the
second Lemma 2 part is proved and the whole Lemma 2 as well, q.e.d. We remem-
ber that the phase equilibrium points (7, p, y, Y) found with the help of system of
Egs. (1.287) and (1.288) are the ideal points of the physical binary bivariant (7, p)
refrigerant-absorbent gas-liquid system at hand, according to the TPT, Sect. 1.3.3.
The free excess enthalpy of the liquid phase, ¢r(T, p, y), is expressed by a relation
proposed by Redlich and Kister, and has the following form, (Ziegler and Trepp 1984):

0E(T.p,y) = y(1 = W|AT,p) + L (T.p) 2y — 1) +f(T,p)2y — D> + ... (1.289)

In Eq. (1.289), the progression is restricted to three terms. The functions fi, ..., f3,
are given by Ziegler and Trepp (1984):

fi(T,p)=e1 +ep+ (e3+ eap)T + esT~ ' + egT 2 (1.290)
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H(T.p) =e7+esp+ (eo+erop)T +enT ' +enT™2  (1.291)
H(T,p) =ei3 + ewp +e1sT™ !+ e16T72 (1.292)

In Egs. (1.290)—(1.292), ey, ..., e are coefficients given in Ziegler and Trepp
(1984). The system of Eqs. (1.287) and (1.288) is verified by the pure components
concentrations, (y = 0; Y = 0) and (y = 1; Y = 1), as well. And last, but not the
least, the Lemmas 1 and 2 can be used to find the bubble and the dew point curves
for an absorption/generation process, taking place with constant pressure p. Indeed,
let us consider the evaporation lens depicted in Fig. 1.15. The problem consists in
determining the values of the dew point parameters (74, ya;, Y4,) and of the bubble
point parameters (72, y2;, Y2y), in such a way that Y4, = yy;. In this case, in a first
step the pair of unknowns (7>, Y>,) is determined with Eqs. (1.287) and (1.288),
while (p, yy;) are known. In a second step, the pair of unknowns (74, y4;) are found,
while p and Y4, = yo; are known values. The problem has a unique solution.

1.4.8.2 Equation of State of Components

In this sectlon the free enthalpy of components for liquid and gas phases, (pNH ” <pHZO,
9"NH and (pH o Will be given, in order to calculate the phases free enthalpy, Egs.
(1. 268) and (l 269), and further to evaluate the mixture volume, entropy and enthalpy,
Egs. (1.270)—(1.272). The common way to proceed in an experimental computational
modelling, is to determine first, experimentally, caloric and thermal properties of
the mixture. In this respect, the caloric and thermal properties are selected in order
to allow experimental data acquisition with the required accuracy and be processa-
ble further with existing thermodynamics tools. The experimental data are then pro-
cessed with mathematical tools (e.g. selection, regression, inter- and/or extrapolation)
and the caloric and thermal properties are expressed analytically, as functions of state
parameters (here 7 and p). Finally, the analytical functions obtained are linked to the
task (e.g. here the analytical expression of phases free enthalpy) with the help of ther-
modynamics relationships. In our case, as thermal and caloric parameters the volume
and the specific heat at constant pressure, respectively, have been selected, for both
phases. The caloric equations of state are due to Funk (1948) and Mollier (1926):

Liquid phase:
(T,p) = a1+ axp + a3T + asT* (1.293)

Gas phase:

ch(T.po) = b1 + boT + b3T? (1.294)

RT (&) c3 C4p2
vg(T,p)=7+c1+F+ﬁ+ﬁ (1.295)
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80(T) = dy + doT + d5T? (1.296)

In Egs. (1.293)-(1.296), ay, ..., a4, by, ..., b3, c1, ..., c4 are coefficients which
have different values for each component (Ziegler and Trepp 1984). The dj, ..., d3
coefficients of regression are coming of values for the ideal gas specific heat
cg’O(T), published by Haar (1968) for ammonia and by Keenan et al. (1978) for
water. The lower subscript “0” indicates a reference state (79, po), characterized by
the same free enthalpy in both phases.

The liquid phase free enthalpy is calculated with Eqs. (1.293) and (1.294) by:

To T
o' (T.p) = <h’<To,po)+ / c,l,(T,po)dT) -7 / ds + / ds | (1297)
0 To

As already mentioned in Sect. 1.4.7.3, completing remark (a), the liquid isother-

mal of the mixture at hand is modifying to a very small extent with pressure vari-

ation, that is (%) =~ (). Bearing this in mind, and considering at the same time
T

Egs. (1.42) and (1.109), the last integral in Eq. (1.297) is written as:

T Tcl(Tp) P l(T )
» PO vi,p
/%Z/lﬁfﬂﬁ—/ T (1.298)

To To Po

Introducing Eq. (1.298) in Eq. (1.297), it results:

T
¢!(T,p) = W' (To,po) + / ¢l (T, po)dT — T5! (To, po)
Ty
T p
) (T, po)
—T/lﬁﬂﬂﬁ+/dmm@ (1.299)
To Po

Further on, with Egs. (1.293) and (1.294), the liquid phase free enthalpy,
Eq. (1.299), becomes:

by b3
¢'(T.p) =h'(To.po) = T5' (To.po) + ba(T = To) + = (17 = 13 ) + 2 (1° = 17

—Tkﬂn%+be—%%%zO’—%ﬂ

+ (a1 +a3T+a4T2)(p—p0) + %2(192 —p%) (1.300)
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Concerning the analytical expression of gas phase free enthalpy, the model must
take into account that in our case the specific heat depends on both temperature
and pressure in the subcooled domain (between 0 K and 7). A similar assertion
has been made in Sect. 1.4.7.3, completing remark (b), for the superheated vapor
domain. In the equilibrium domain (between T and T) the ideal gas specific heat
depends only on temperature, as Eq. (1.296) shows. It is, therefore, necessary to

find the function (%}?I’)) for the subcooled domain. From Eq. (1.109) it results:
T

<8h> :v+T<8S> (1.301)
op)r ap/)r
The use of Maxwell equation (1.171) in Eq. (1.301), yields:
orN _  _r(8v (1.302)
op /) ar/,

Derivating partially with respect to temperature in (1.302) and reverting to the old
notation, it results the function we look for:

dcp(T, A2v(T,
<Cl’( p)> _ —T(V ( m) (1.303)
ap T 0T? »
Integrating Eq. (1.303) with respect to pressure it is obtained:
Po 08(T. )
vV 7p
cy(T,po) — cy(T,p=0) = —T/ — | (1.304)
oT »
0

The second member of the left side of Eq. (1.304) is obviously zero, therefore Eq.
(1.304) becomes:

Po

92v&(T,
cy(T,po) = —T/ <VB(T2 p)) dp (1.305)
p
0

Derivating partially in Eq. (1.295) with respect to temperature and performing the
integral, it results:

3 11%12 5 ¢4

e
Cg(T,PO) = _(3 *4POF + 11 IZPOW + 31707,12) (1.306)

The free enthalpy of gas phase is given by:

To To

0 0
T T

8
T’
TP 4 18 (T po)

8.0 b
T
— T (To, po) + / SOTYT — T / @ Dr 1 / V(T p)dp

To To 0 (1.307)
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Introducing Eqgs. (1.295), (1.296) and (1.306) in Eq. (1.304), the analytical expression
of the gas phase free enthalpy results:

dp d3
¢F(T.p) =1 (To.po) = T5* (To.po) + i (T = To) + 5 (17 = 13 ) + 3 (1° = 13)

—T{dlln—i-dz(T To) + % (T2 Tg)] —i—RTlnp% +c1(p — po)

14 Po )4 Po T
+ 2 3—43+3p04> +C3<11—1211+11p012>
<T T T} T T T,

3
caf p T
— ——12 11 1.
+ 3 <T“ T T+ To ) (1.308)

The model analyzed above may be expressed in a dimensionless form, and in
molar units (Ziegler and Trepp 1984), as well. It has been used in the book in
order to calculate the coabsorbent heat pumping cycles run by ammonia—water.
The author extended this model in order to be used in the phenomenological the-
ory of mass and heat transfer (see Chap. 9).

Appendix 1

() InEq.(1.120),1n T2 is written as:

ln% In ti =f(x) (AL.1)
where
_hoh i), << 1 (A1.2)
L+T

The function f{x) of Eq. (A1.1), arranged in a different form:
S@)=In(+x)—In(l —x) (A1.3)
is derivated, in order to obtain:

1
1—x

b1
fx)= Tox + (Al1.4)

The ratios in Eq. (A1.4) are expressed using the infinite series of power:

1 el ;
o=l Z (—x) (A1.5)
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We introduce Eq. (Al.5) in Eq. (Al.4) and totalize. The same rank terms of
Eq. (Al.5) are vanishing through summation, except the first ones, hence Eq.
(A1.4) results as:

fl =2 (AL6)

Integrating Eq. (A1.6) between 77 and 73, the following result holds true (see
Eq. Al1.2):

1+
) =2x=1In—2 (A1.7)
1—x
Introducing Eqgs. (A1.7) and (A1.2) in Eq. (A1.1), it results:
T T,—-T
In—==2 Al.
T, T+ T (AL8)
and further, with it, Eq. (1.122) holds true:
Ty
0¢E)=1- THT, (A1.9)
2

(i) The 2nd principle equation is written with intensive parameters and at equilib-
rium, as follows:

Tds = du + pdv (A1.10)

In Eq. (A1.10) the specific entropy, internal energy and volume are writ-
ten in function of the extensive values as s = %, U= % and v = %, respectively.
Differentiating these expressions, it is obtained:

GdS — SdG
s = ————
G2
GdU — UdG
GdV — VdG
dv=—©5—
G2
Introducing Eq. (A1.11) in Eq. (A1.10), after arranging some terms, it results:
TGdS = GdU — (U — TS)dG + p(GdV — VdG) (A1.12)
In Eq. (A1.12):
U—-TS)=F=Gf (A1.13)

Introducing Eq. (A1.13) in Eq. (A1.12) and dividing the entire Eq. (A1.12) by G,
it is obtained:

14
TdS = dU — fdG + pdV ~ p~dG (Al.14)



80 1 Introduction

In Eq. (Al.14) we take into account that % = v. Further Eq. (A1.14) is partially
derivated with respect to G for U = const. and V = const., wherefrom the following
result holds true:

A8\ _ (U P
3G )y~ \9G ),y "36),, P (AL15)

In Eq. (A1.15) right side the members in the brackets are vanishing and bearing in
mind that f 4+ pv = ¢, the needed entropy partial derivative is obtained:

aS 7
(%>U,V =77 (A1.17)
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Chapter 2

Mass and Heat Exchange Analysis
of the Absorption Processes:

The Divided Device Method

2.1 Heat Exchange Analysis of Isobar Absorption Processes
with Gliding Temperature

The coabsorbent cycles, described in the next chapters, have typical absorption
technology processes, of desorption, generation, resorption and absorption.
Generally, they will be named absorption processes. These take place usually on
large temperature intervals, or simpler, operate with gliding temperatures. In this
paragraph we shall present a method to be used in the heat exchange analysis of an
absorption process with a source which this is thermally interacting with. Prior to
do it we shall consider a single process from the viewpoint of its constitution mass
and heat transfer. This aspect will be detailed in Chap. 9. At this moment we only
anticipate that a current of mass can couple with a heat current, in order to gener-
ate a coupled process of mass and heat transfer, with phase change. In this case,
the two currents are influencing reciprocally. On the contrary, in a noncoupled pro-
cess of mass and heat transfer, the two currents do not influence reciprocally and
the resulting process is not changing the phase and is characterized by a heat trans-
fer only. The absorption processes belong to the coupled transfer category, with a
complex heat exchange named next also “latent”, while the absorbent or source
fluid cooling/heating phenomena, taking place without phase change, belong to the
“sensible” heat exchange category.
There are three types of thermal interactions occuring in a coabsorbent cycle:

(a) latent-sensible, or coupled-noncoupled mass and heat transfer, like, for exam-
ple, that occuring between an NH3—H»O absorbent absorbing NH3 vapor and
the cooling water which takes over the heat released by the former fluid;

(b) latent-latent, or coupled-coupled mass and heat transfer, like, for example,
that occuring between an NH3 —H;O absorbent absorbing NH3 vapor and the
NH3-H,O absorbent generating NH3 vapor; in this particular case, the former
fluid releases heat which is taken over by the latter fluid in a recovering way,
in order to generate useful NH3 vapor within an overlapped temperature glide;

M.-D. Staicovici, Coabsorbent and Thermal Recovery Compression Heat Pumping 83
Technologies, Heat and Mass Transfer, DOI: 10.1007/978-3-642-54684-6_2,
© Springer-Verlag Berlin Heidelberg 2014
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(c) sensible-sensible, or noncoupled-noncoupled mass and heat transfer, like, for
example, that occuring in a low concentration NH3—H,O absorbent subcool-
ing process, when the fluid releases its sensible heat to a high concentration
NH3-H,O absorbent which receives this heat in a recovering preheating way,
but without changing its phase.

A spontaneous (natural) heat exchange is conditional upon the simultaneous fulfil-
ment of the followings events:

i. there is a thermal capacity match between the fluids exchanging heat, or, in
other words, the capacity of the former fluid to release (receive) heat equals that
of the latter fluid to receive (release) heat;

ii. the temperature of the fluid releasing heat is always higher than that of the fluid
receiving heat with a certain temperature pinch.

To monitor and design a heat exchange means to check the consistency of the
conditions (i) and (ii) fulfillment in each reasonable large interval of temperature
throughout the thermal process at hand. The most working combinations in the
absorption technology, not all, are binary (e.g. NH3—H,O, NH3—LiNOs3,
NH3—NaSCN, H,O—LiBr). A (c) heat transfer of subcooling-superheating type
occurs usually in non-equilibrium conditions, at constant pressure and concentra-
tion (p = const., y = const.), and the process suffers a temperature glide, only. In
this case, the check of the (i) and (ii) conditions fulfillment is simpler. An expe-
rienced designer doesn’t need even to perform this check, it calculates directly
the preheated absorbent outlet temperature based on the knowledge of the input
parameters of the subcooled and preheated absorbents. However, this is not the
case of the heat exchange of the (a) type and so much more of the (b) type, when
the systematic check of the (i) and (ii) conditions fulfillment is mandatory. In this
case, even in the simplest situation, of the isobar processes, the heat exchange
becomes complex. Indeed, this time the binary fluids are two-variant, so, if the
temperature changes, the concentration will change as well, y = [y(T)}p, in a
quantitatively way difficult to know a priori and the (i) and (ii) conditions can be
verified but only using a mathematical tool which uses the working combination
thermodynamic equilibrium data. At this point, from the considerations empha-
sized so far, it becomes clear that the heat exchange analysis must start with the
local (elementary) mass and heat transfer of an individual absorption process. In
Fig. 2.1a, b, the two main opposite absorption processes, of absorption (resorp-
tion) and of generation (desorption), are schematically represented, respectively.
Next, the word ‘absorbent’ is referring to a mixture of absorbent and refrigerant.
In Fig. 2.1a, a mass flow, m (kg mixture), of concentration y (kg refrigerant/kg
mixture) and enthalpy & (kJ/kg mixture), combines with an infinite small quantity
of vapor mixture dm of concentration Y and enthalpy H, in order to result in a
mixture (m, k) of higher concentration, y 4 dy. The process depicted in Fig. 2.1b
is the reverse of that shown in Fig. 2.1a. The mass and heat balances of both isobar
processes are written by Eqgs. (2.1) and (2.2), respectively:

ym(y) + Yowydm = (y + dy)m(y + dy) @2.1)
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Fig. 2.1 The two opposite isobar absorption (a) and generation (b) processes, schematically
representation serving to the local (elementary) mass and heat transfer analysis

m(y)h(y) + Hgydm = dg + m(y + dy)h(y + dy) (2.2)

In Eqgs. (2.1) and (2.2), the lowercase and uppercase letters hold for the liquid and
vapor phases, respectively, and m is the liquid phase mass flow rate. In order to
avoid confusion, g will be used throughout this chapter, instead of Q, although ¢
is an extensive property. Performing the calculation in Eq. (2.1) and neglecting the
second order terms, it results:

dm dy 53
m Yon) =y )
Proceeding similarly with Eq. (2.2), we obtain:
dm
dq = m| (Hep) —h())— — dh(y) 2.4)

Equation (2.4) can be rewritten as Eq. (2.5), taking into account Eq. (2.3) in its
expression:

H —h dh
dq=m{ o) —h(@) (y)]dy 2.5)

Yow) —y dy
Equation (2.5) can be put under a different form:

dq

{5L = [X»], (2.6)
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which emphasizes the isobar thermal capability function, expressed by:

Hewpy —h(y)  9h(y)
Yoy —y ay |,

X)), =m Q2.7)

The thermal capability, an extensive quantity (kJ), represents the heat exchanged
during an absorption process when the absorbent suffers an elementary varia-
tion of concentration at constant pressure. This is the differential form of the
known finite integral dissolution/boiling heat. The integral dissolution heat
can be positive or negative, depending on the working combination nature
(Niebergall 1959; Stamatescu 1972; Radcenco et al. 1983). According to the
thermodynamics rule of a heat sign, in case of the common working pairs (e.g.
NH3—H,0, NH3—LiNO3, NH3—NaSCN, H,O—LiBr), this is a negative quantity
for the absorption (resorption) processes, that is these processes are exothermal
(Fig. 2.1a), and is a positive quantity for the generation (desorption) processes,
that is these processes are endothermal (Fig. 2.1b). The thermal capability has the
same sign as that of the dissolution/boiling heat, but here we considered it a posi-
tive quantity, preferred in the practical calculus. The two terms of Eq. (2.7) bracket,
given by Egs. (2.8) and (2.9),

oh
tan (a) = [a;y)} (2.8)
p
and
_ |Hew) — h(y)
tan b= [ YGo) —y L 29)

can be derived graphically in an enthalpy-concentration diagram. These are shown
for the NH3—HO in Fig. 2.2 for a certain operating point characterized by the
state parameters y, Y, H, h. The simple approach presented helps finding at a
glance the most recommended operating region in the solubility field of a work-
ing combination for a particular application be more effective. For instance, if the
mass flow m were kept constant, a heat pump should increase the capability of its
resorber in order to increase its COP. This can happen for NH3—H>O and simi-
lar working combinations in its low concentration region, where in Eq. (2.8) the
derivative is negative and both terms in Eq. (2.7) bracket are positive. However,
because a generation process is the opposite of the resorption one, we expect to
have in this region a high generation capability, as well. This further recommends
to avoid generation processes be designed in a low concentration region of a work-
ing pair diagram. In the high concentration region, the liquid phase isobar has a
positive derivative. The second term of Eq. (2.7) is therefore negative, diminish-
ing the capability, which reason for this region is recommended for the generation
processes. Similarly, extending the generation notion to the desorption ones, we
expect that a high concentration region will enable to obtain lower temperatures
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(e.g. negative), but with a smaller capability. Additionally, bearing in mind that a
resorption process is the opposite of that of generation, we should not design a
resorption based useful heating processes in a high concentration region, because
here the capability and therefore the heated fluid temperature increase are reduced.

The above remarks entitle us to make a few useful higher order comments,
next. In practice, not all processes of a cycle can take place simultaneously in the
best region of a working pair, therefore a compromise should be made and priori-
ties should be established: (1) The main process (that we are looking for) should
be designed first in the most recommended region; (2) The rest of processes
should be placed in favored regions, as much as possible, having in view, however,
the second principle respect, of minimizing the exergy loss. To this extent, the
cogeneration, and so much more the trigeneration, if produced by processes oppo-
site to the main process, are increasing the exergy loss and therefore are diminish-
ing the effectiveness wich the main useful effect is produced with. This is valid
for all thermodynamic cycles (e.g. a Rankine power cycle working in cogeneration
of power and heat), and particularly for our coabsorbent cycles. As an example it
could be mentioned the nontruncated coabsorbent cooling cycle working in cogen-
eration of cooling and heating, analyzed in the next chapter. Indeed, if a cogen-
erated heating were performed besides cooling, the cycle exergy loss increases
through the useful heating output, and consequently, there will be a cooling effect
reduction, as results will show. However, the cycle effectiveness of a combined
energy production could be regarded from a different point of view, too. Indeed,
suppose the application (society) had a synchronized need of combined energy
production. In this case, the simultaneous production-consumption of two or more
different forms of energy produced by a single primary heat source means a higher
order application, characterized by a lower entropy value, defined as a measure
of an energetic system order degree. Consequently, a cycle operating in cogenera-
tion, or trigeneration, etc., and fulfiling the required level of output parameters,
becomes of course of higher effectiveness than a higher entropy single-effect
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cycle. This might be the case of some coabsorbent cycles, as it will be shown later
in this book.

An algorithm based on Eq. (2.7) has been introduced in a past work by the
author (Staicovici 1995). With it we evaluated a heat exchange of type (b) in the
ternary working combination medium (NH3—H;O—LiBr, Radermacher and
Alefeld 1982). However, this older method is less friendly in applications. For this
reason, in the next section a powerful, simple, practical and easy to use method is
given for the first time, perfectly integrated in a cycle thermodynamic computation
algorithm, in order to assess an isobar absorption heat exchange.

2.2 The Divided Device Method for Isobar Absorption
Processes Heat Exchange Assessment

The isobar thermal capability of Eq. (2.7) is a function of absorbent concentration,
usually considered in the dissolution heat aspects of an individual absorption pro-
cess. In a heat exchange analysis, however, it is more indicated to work with the
temperature as variable, for obvious reasons. The translation from concentration to
temperature results in:

ay(T
dq(T) = [X(y(T))]pdy(T) = {X@(T));(T)] dl = [X(D)],dT  (2.10)
p

wherefrom, the new thermal capability (kJ/K), as well an extensive quantity as it
depends on the involved mass, writes:

dq(T)
[BT , =[X(M)], (2.11)
The left member first order partial derivative of Eq. (2.11) can be approximated
by one of the finite difference formula, known from the numerical solving. Here it
can be used for instance the forward difference (Nicolescu 1977-1980; Bakhvalov
1977):

[Bq(T)] ~ [q(T + AT) — q(T — AT)
p

9T 2AT (2.12)

p

In Eq. (2.12), the heat ¢(7) is supposed to be a real, continuous function, defined
on real intervals of temperature, T € [TDI(GI)’ TDO(GO)} and T € [TRO(AO), Tri(AD ],
which the desorbtion (generation) and resorbtion (absorbtion) processes at
hand operate on, and AT is the temperature increment, chosen at convenience.
It is enough to find ¢(7) for the two opposite processes, desorbtion and resorb-
tion, schematically presented in Fig. 2.3a, b, respectively, in order to cover all
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Fig. 2.3 A desorption (a) and resorption (b) processes schematic, divided in two parts, serially
connected, serving for the divided device method presentation

absorption processes analysis. Each device housing an absorption process is
divided in two parts, serially connected and labeled with the superscripts “m” from
main and “c” from complementary, where the “Divided Device” (DD) method
name comes from (Staicovici 2011). We consider first Fig. 2.3a and write the mass
and heat balance for both parts. For the main part, D", this results in:

Mass balance:

Vhd"yh = VEYp + Vi (d" — 1)ypo (2.13)

wherefrom, the main desorber mass flow factor is expressed by:

4" = Yp _ng

2.14
Ypr = Ypo ( )
Heat balance:
qp = VpHp + Vp (d" — 1)hpo — Vpd"hp, (2.15)
wherefrom, the main desorber desorption heat is expressed by:
dp = Vi [(Hp = hipo) +d" (hipo — hy)] (2.16)
Similarly, for the complementary part, D¢, this results in:
Mass balance:
Yp — i
d°= ——29 2.17)

Ypr — Ypo
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Heat balance:
ap = Vp[(Hp — hjyo) +d° (hho — hiy)] (2.18)
The above equations have two unknowns, V}} and V§,. These can be found with the

help of the following equations:
Vapor mass balance on desorber and its constitutive parts:

Vi +V5=Vp (2.19)
Mass flow continuity between main and complementary parts:
VB (d" —1) = Vpd" (2.20)
State parameters continuity between main and complementary parts:

Tpo=Tp =T (2.21)

Pbo = Ppi1 = PD (2.22)

The heat ¢(7) is calculated in a point of temperature 7 always situated to the
boundary between the two m and ¢ parts of a device, as Eqgs. (2.21) and (2.31)
show. From Egs. (2.19) and (2.20), it results:

dc
and
ve _y 4" =1
b=V (2.24)

Equations (2.13)—(2.24) hold true for a generation device also, provided that the
index D be changed by G and the mass flow factor d be changed by g. We consider
now Fig. 2.3b. Proceeding similarly, the items given below hold true in case of a
resorption process. For the main part, R, we obtain:

Mass balance:

m
= YG—yRO

= 2.25
Yro — VRI (2:25)
Heat balance:
a8 = V& [(He — hro) + " (hgy — hko)] (2.26)
For the complementary part, R¢, it results:
Mass balance:
Y6 — g
rf= 1 (2.27)

L c
YRO — YRI
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Heat balance:
i = V& [(He — hizo) + 1 (higr — hizo) | (2.28)

The two unknowns, V& and Vg can be found with the help of the following
equations:

Vg +V5=Ve (2.29)
Va(rm+1) = vere (2.30)
Tro =T =T (2.31)
PRo = PRI = PR (2.32)

From Egs. (2.29) and (2.30), the complementary vapor results this time:

C

|/ — 233
G- Grc—l—rm—i—l (2.33)
and
r"m 41
V& =Vg——m——
6=Vor e (2.34)

Equations (2.25)—(2.34) hold true for an absorption device also, provided that the
index G and R be changed by D and A, respectively, and the mass flow factor r be
changed by a. The thermal capability of an absorption processes is found within
the limits of the DD method considering Eq. (2.12) for the appropriate heat g(7)
expressed by one of Egs. (2.15, 2.18, 2.26, 2.28), etc. in a consistent way for all
temperature 7" values which cover the entire process operation. Additionally, we
stress that it is not important which part of a device heat expression is used in
Eq. (2.12), the result is the same whether for instance we use the ¢f; or gpheat for
the desorber. This equal choice results from equaling Eq. (2.12) numerator of both
parts:

q'"(T + AT) — ¢"(T — AT) = ¢°(T — AT) — ¢°(T + AT), i=D,R,G,A
(2.35)

Rearranging the terms, it results the true result for all 7, if we beared in mind
equations of type (2.21) or (2.31):

g (T + AT) + g5 (T + AT) = q/"(T — AT) + qi (T — AT) = q; = const. (2.36)

Further on, the heat expression utilized in Eq. (2.12) was that corresponding to
the main part. The main part of a device was considered computationally that part
which allows the absorbent access into the device. Proceeding in this way it ena-
bles the thermodynamic state of absorbent going into device be taken into account,
which obviously is crucial for a correct absorbtion process heat exchange analysis.
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The method, completed by details of application, is covered once for the analysis
of the type (a) heat exchange, with a single absorption process, and twice in a cor-
related way for the type (b) heat exchange. The DD method analysis results will be
shown in the next chapters wherever it will be necessary.
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Chapter 3
Coabsorbent Cycles

3.1 Introduction

The coabsorbent cycles have been disclosed recently by their author in published
works on heat pumping and power applications (Staicovici 2006a, b, c, d, e,
2007a, b, c, d, e, f, g, h, 2008a, b, ¢, 2009, 2011; Staicovici and Staicovici
2013). In the following chapters, the theoretical research laying down the basis
of coabsorbent technology is presented, including the nontruncated and truncated
coabsorbent cycles, the theory of truncation, the cooling and heating fractals, the
truncation columns and column cycles, the coabsorbent cycles ideal COP estimate,
the new cycles with pressure and concentration stages and the multi-effect cycles
transposition into the coabsorbent technology.

3.2 Nontruncated Heating and Cooling Coabsorbent Cycles

So far, the absorbent administration of an absorption cycle, including two or more
subcycles (interconnected by mass and/or heat transfer), bases on a common,
known practice that, in short, could be expressed by “a separate absorbent flow
in each individual subcycle”. In a previous work (Staicovici 2006a), the author is
proposing a new type of absorption cycles, with a different absorbent administra-
tion and named “with co-absorbent”, or simpler, coabsorbent cycles. In this way,
using the coabsorbent cycles all the condensation and resorption cycle problems
(e.g. reduced solubility field, rectification need, absorbent migration, or cycle
complexity increase with COP improvement) could be avoided to a great extent.
The key of a coabsorbent cycle is the resorption one (Niebergall 1959). Some rel-
ative recent works concerning the resorption cycles have been accomplished for
cooling with the water/lithium bromide (Perez 1993), or for the evaluation of the
absorption and resorption heat pumps COP with the ammonia-water (Baehr 1981).
The coabsorbent cycle is built up by joining the resorption cycle subcycles (see
Figs. 3.1, 3.28) along a common isostere (y = yy = const.), so that the opposed

M.-D. Staicovici, Coabsorbent and Thermal Recovery Compression Heat Pumping 93
Technologies, Heat and Mass Transfer, DOI: 10.1007/978-3-642-54684-6_3,
© Springer-Verlag Berlin Heidelberg 2014
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Fig. 3.1 The resorption cooling cycle serving as a formal explanation of the nontruncated coab-
sorbent cooling cycle and coabsorbent technology genesis

pair isobar or non-isobar processes, of generation and resorption, and of absorp-
tion and desorption, are in mass (vapor) and heat exchange, and the subcycles sep-
arate absorbents have a common point “M”’ (mixing point), where they are mixing
up and cyclic generate the absorbent of mean concentration, yy. By joining in
accordance with the temperature decrease two cooling + heating type subcycles,
it is obtained a nontruncated cooling coabsorbent cycle, and by joining in accord-
ance with the temperature decrease two heating 4 cooling type subcycles, it is
obtained a nontruncated heating (heat transformer) coabsorbent cycle (Staicovici
2006a). The coabsorbent cycles are new, individual ones and generalize the ther-
modynamic absorption cycles. They benefit of a different flow and heat properties
as compared to the already known condensing cycles with separate absorbent flow,
which become a particular case of the coabsorbent cycle big comprehensive class.
First, we shall deal with the nontruncated cycles. Second, we shall introduce the
truncated coabsorbent cycles. Both have theoretical and practical importance.

3.2.1 Nontruncated Cooling Coabsorbent Cycle

3.2.1.1 Cycle General Presentation

The nontruncated coabsorbent cooling cycle formally comes of the resorption cool-
ing cycle, depicted in the Fig. 3.1. The left side subcycle starts to work on a broader
desorber-resorber concentration interval (see arrow) until its yppo = ygs isostere
overlaps the yspo = ygr isostere of the right side subcycle. Thus, the two subcy-
cles of resorption cycle will have a single internal isostere yg; = yGr = ym, resulted
through joining (mixing up) of absorbents coming of the desorber and the absorber
(mixing absorbents). The benefic consequences of this joining are the followings:

(a) The resorption process temperature prolongs until Tg; = Ty, so the nontrun-
cated coabsorbent cooling cycle is capable to cogenerate heat in certain cir-
cumstances, besides cooling;
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Fig. 3.2 The 3-temperature nontruncated cooling coabsorbent cycle
(b) The desorption process takes place on a broader temperature interval, conven-
iently chosen by a designer, as we shall see, increasing more often than not
the COP,;

(c) The known solution inventory problem, which the resorption cycle is con-
fronted with, is solved for good and all in a general and elegant way;

It is enabling the low pressure desorption and absorption processes to over-
lap theirs operation temperatures as a unique and very effective method to
increase the COP,;

(e) The two pumps of the resorption cycle are replaced by a single one.

(d)

The nontruncated coabsorbent cooling cycle is plotted in a log(p) — 1/T diagram
in Fig. 3.2. Its operation is given next (see arrows in Fig. 3.2). The absorption and
desorption on one side, and the generation and resorption on the other side, are
isobar and coupled processes. They take place on large concentration intervals
with gliding temperatures. The equilibrium evolution of the absorbents is repre-
sented by solid lines.

The generated and desorbed vapor are represented by dotted lines. The cool-
ing effect takes place in desorber, externally heated by the source which must be
cooled. Here, the low pressure (pap) absorbent covers a continuous desorption
process, characterized by different equilibrium temperatures and corresponding
concentrations, noted by pairs of state parameters (7, y), from the desorber inlet,
where (7, y) = (Tpy, ypi), till the desorber outlet, where (7, y) = (Tpo, ypo), With
Tpr < Tpo and yp; > ypo. The desorption interval (7, y) € [(Tpr, yp1), (Tpo, Ypo)]
can be chosen at convenience, depending on each particular application. The
desorbed vapor, noted by Vp, Yp, is absorbed in the coupled absorber, exter-
nally cooled by the cycle sink source. In absorber, the low pressure (pap) absor-
bent covers similarly a continuous absorption interval characterized by different
equilibrium temperatures and corresponding concentrations, from the absorber
inlet, where (T, y) = (Tayz, yap), till the absorber outlet, where (7, y) = (Ta0, Y40),



96 3 Coabsorbent Cycles

20 | SO | o

apryop| || @aLyAD aprypp | @anyap  aprypp ||| @ALyaD

(TDO, yDO) |(TAO, yAO) (TDO, yDO) (TAO, yAO)| (TDO, yDO)
(TM, yM) =(TM, yM) (TM, yM)
=(TAOQ, yAO)
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ture and concentration intervals: a nonoverlapping (7, y) interval; b single point (balance) over-
lapping (7, y) interval; ¢ overlapping (7, y) interval

with Tp; > Tao and ya; < yao. The absorption interval (7, y) € [(Tas, yar)
(Ta0, ya0)], is this time no more independent, the absorption outlet parameters
(T, y) = (Ta0, Ya0), depend on all cycle parameters and especially on those of
the desorption process. Further, the absorbents exiting the low pressure desorber
and absorber are being mixed up in the mixer, noted by M. The mixing process
is considered adiabatic and perfect. It can be performed naturally, for example
during the gravity falling of mixing absorbents, or using very low power consum-
ing mixing pumps. The resulting cumulated flow fjs leaves the mixer M with the
temperature and the one mean concentration (7, y) = (Ty, yp). The Ty is with a
good approximation the internal sink value corresponding to cycle external sink
source temperature, otherwise the precise internal sink value is T4o. However, the
pair (7, y) = (Ty, ym) has a larger meaning in the coabsorbent technology, that
of a design mark which remains unchanged during a coabsorbent cycle opera-
tion. Other cycle parameters can refer theirs value to this mark. To this extent, it
is meaningful to analyse the relative position of the Tpp and Tsp mixing tempera-
tures and ypo and ysp mixing concentrations on one side and of the one mixer
concentration yys and temperature 7j; on the other side, depicted in Fig. 3.3a—c.
Three relative positions are met, described shortly, next:

(@) Tpo < Ty < Tgo and ys0 < ym < ypo, When the sink source internal tem-
perature is higher than that of the cooled source, Fig. 3.3a. This is a normal
operation mode of the nontruncated cooling coabsorbent cycle. In this case, the
low pressure desorber and absorber have nonoverlapping in theirs operation
temperature ranges, that is [Tp;, Tpol N [Tar, Taol = P;

(b) yao = ym = ypo, when the sink source internal temperature equals that of the
cooled source, Fig. 3.3b. In this case, the desorber and absorber have a single
point (balance) overlapping in theirs operation temperature ranges, so [7py, Tpol
N [Tar Taol = Tpo = Tao = T

(©) Tpo > Ty > Tso and ya0 > ym > ypo, when the sink source internal temperature
is smaller than that of the cooled source, Fig. 3.3c. In this case, the cycle oper-
ation and COP, are favoured and the desorber and absorber have overlapping
over a finite interval of temperature, that is [Tpy;, Tpol N [Tar, Taol = [Tao, Tpol.
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Fig. 3.4 Nontruncated cooling coabsorbent cycle optimum internal heat recovery configuration

Continuing with the cycle operation, after being generated the cumulated flow fjs
is pumped and distributed in pre-established complementary quantities to the high
pressure (pgg) generator and resorber. The vapor generated in generator, exter-
nally heated by the cycle heat source, is resorbed in resorber. It is noted by Vg, Y
in Fig. 3.2. The resorber is cooled externally by a source which is heated in cer-
tain conditions, as a second cycle useful effect. Finally, the absorbents exiting the
resorber and generator with temperatures and concentrations (7, y) = (Tro, Yro)
and (7, y) = (Tgo, Yco), respectively, are expanded to the low pressure desorber
and absorber, in order to close the cycle.

An application with the cycle at hand should provide the following minimum
number of input data for a cooling cycle design (see Fig. 3.2):

(a) the resorber outlet temperature and concentration (Trp, Yro), depending on
the sink source temperature;

(b) the desorber inlet/outlet temperatures, Tpy/Tpo, depending on the lowest/highest
temperatures the useful cooling effect requires, or on the cooled source
required minimum/maximum temperatures;

(c) the generator outlet temperature, 7o, depending on that of the heat source.

Out of these four parameters it results the rest of the others parameters, pap, pGr,
Ty (= Tro), ym, and yGo.

Finally, the cycle internal heat management is considered. The internal heat
recovery offers in case of the nontruncated cooling coabsorbent cycle several solu-
tions. The optimum configuration ensuring one of the highest cycle cooling COP
is depicted in Fig. 3.4 (see the big arrow heat exchangers). According to it, the
absorbent performing resorption process is subcooled through desorbed vapor
superheating, prior to be absorbed in the absorber, as a first internal heat recov-
ery. This solution is already known and practiced in the condensing absorption
(Niebergall 1959). According to the second thermal recovery, solely the absor-
bent suffering the generation process is preheated prior to enter the generator. In
the diagram of Fig. 3.4, it is identified as the absorbent having the mass flow rate
equal to Vg and the concentration yy. This is done through the subcooling of the
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Table 3.1 The specific inlet and outlet absorber, generator, resorber and desorber mass flow
factors

Device Absorber Generator Resorber Desorber
Inlet 4= Y20 (31) g— Yodeo  (32) ,— Yoo (33) g— Yoo (34)
YAO —YAI YGI—YGo YRO —YRI YDI —YDO
Outlet ai=a+1 (3.5 g1=8—-1 (3.6) n=r+1 37 di=d-1 (3.8)
_ Yp—ya _ Yo —yar _ Yo —yr _ Yo —ypr
A0 — YAl Y61 — YGo  YRO —YRI Y1 — YDpO

absorbent having the mass flow rate equal to Vg1 and leaving the generator, till a
temperature close to the T); value, before to be expanded and to enter the absorber.

Next, we consider the following specific inlet and outlet mass flow factors (kg
absorbent/kg refrigerant) for absorber, generator, resorber, and desorber. They are
given in Table 3.1. These factors will be obtained writing the mass balances of each
cycle device, shown to Sect. 3.2.1.2. In these equations, the mean generator vapor
concentration appears. It is a cycle important parameter. Its value is conditioning
a full coabsorbent operation mode of a cooling cycle. The mean generator vapor
concentration value must be higher than a certain minimum value, named here
the (vapor) threshold concentration. A cooling cycle has the ygp value as thresh-
old concentration. This means that for the resorber inlet mass flow rate r be a real,
positively defined quantity, » > 0, the generator vapor which is being resorbed by
resorber must have a mean concentration higher than the threshold value, that is
Y > yro, in order that the resorber be capable to reach its ygp designed outlet con-
centration [see Eq. (3.3)]. A similar situation is met to a resorption cycle. Having
problems with the threshold concentration means that this condition can’t be ful-
filled. Sometimes, when a nontruncated cooling coabsorbent cycle is confronted
with a threshold concentration problem, a small rectification of the generated vapor
can be practised in order to eliminate it. This, however, is not recommended, but
only in special cases, when the use of a nontruncated cooling coabsorbent cycle
matches best to a particular application (e.g. when there is a need of a desorber
temperature glide). The cycle main features are expressed by the equations given
in Table 3.2. The devices partial mass balance result in Egs. (3.9) and (3.10),
where Vgp is the ratio of the vapor generated by generator, Vg, through that of
the desorber, Vp (chosen at random, Vp = 1, here), Eq. (3.11). From the division
term by term of Egs. (3.9) and (3.10), we obtain the typical nontruncated cool-
ing coabsorbent cycle equation, Eq. (3.12). This shows the relation between the
cycle unknown (a and d) and known (g1 and r1) specific flow factors and the con-
centrations yYro, Yo and yy. Also, it defines the cycle S symmetry factor [see the
last ratio in Eq. (3.12)]. This factor reveals how much the flow factors and the spe-
cific heat of each adjacent opposite processes (generation/resorption and absorp-
tion/desorption) are different each other. The close to unit S values indicate a cycle
design good symmetry with respect to the yys isostere and relative small differences
between flows and specific heats, and are preferred in operation, while those far from
unit indicate the contrary. The cycle simple mass balance results also in Eq. (3.13),
wherefrom, with Eq. (3.12), we obtain the Eqgs. (3.14) and (3.15). The cycle a and
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d flow factors depend on the desorber and absorber end mixing concentrations,
ypo and y4p, respectively. They can be determined from Eqgs. (3.1), (3.4), (3.9) and
(3.10), resulting in Eqgs. (3.16) and (3.17), respectively. The computation is direct,
if Yp = 1 (the non-volatile absorbent case), or an iterative one, if Yp < 1 (the vola-
tile absorbent case). Equation (3.18) is giving the mixer mass balance of refrigerant
species. In applications, ypo is considered an independent (known) mixing concen-
tration, yys is known as well, and y40 is a dependent (resulting) mixing concentra-
tion. Its value can be calculated with the help of Eq. (3.18), resulting in Eq. (3.19).
Once ypo and y40 are known, the d and a flow factors can be computed and this is
of help in the coabsorbent cooling cycle model, as it will result later. Alternatively,
it is possible to follow an iterative computation process, choosing a value for the
Vep vapor and calculating the ypo and y4o concentrations so that they have desired
values usually in the range of yys < ypo < ypr, and yy > yao > yar, respectively.
Bearing this in mind, in this case the desorber and absorber processes end tem-
peratures are smaller than the mixer temperature, Tpo < T, and higher than that,
Tao = Ty, respectively. As it was already written, this situation would characterize
a normal cycle operation, Fig. 3.3a.

However, if this were not true, that is accidentally or systematically we have
Tpo = Ty and Txo < Ty, respectively, when the sources favour the cycle COP
increase, then the desorber outlet concentration ypo decreases below the mixing
point concentration, yy; > ypo, and the absorber outlet concentration y4o exceeds
it, vy < yao, Fig. 3.3c, but in all cases equations (3.16) and (3.17) verify uncon-
ditionally the mass balance on the mixer M, given by Eq. (3.18) for a species. In
other words, the mixing concentration yys is achievable with mixing absorbents
having alternatively the end concentration below and above the yys value around
the balance point, which is characterizing the cycle operation with the des-
orber and absorber end concentrations equal to that of the mean concentration,
Ypo = Yao = Ym, Fig. 3.3b. The balance point corresponds to the Vp ratio equal
to unit in case of the pure refrigerant, only, that is Yp = 1 (see Fig. 3.16 heat cycle
case study). In Fig. 3.5 we present the results of an ammonia/water first case study
(Staicovici 2006a). This shows the cycle features described so far. Here we consid-
ered the resorber and generator outlet concentrations as yro = 0.9 and ygo = 0.37,
respectively and the mean concentration of yy; = 0.55. The mean generator vapor
concentration is Y5 = 0.974 and that of the desorber was variable, Yp = 0.982—1.0.
The pressure and temperature data in the cycle main points are: pgg = 11 bar,
PAD = 5 bar, TGO =90 OC, TG[ = TRI =55 OC, TRO = TM =30 OC, TDI =17 OC,
Ta; = 60 °C. The concentration threshold condition is fulfilled because Yg > yro.
Applying Egs. (3.2) and (3.3), the generator and resorber inlet flow factors resulted
in g = 3.356 and r = 0.2114. The outlet generator and resorber flow factors resulted
applying Egs. (3.6) and (3.7), respectively, as g; = 2.356 and r| = 1.2114. The bal-
ance point ypo = yao = ym = 0.55 is reached when the vapor ratio is Vgp = 1.06,
different from unit, because Yp < 1. The mixer mean concentration can be
achieved with the absorbent flows a; of concentrations yso < yy = 0.55 and tem-
peratures Tyo > Ty = 30 °C, mixed up with the absorbents d; of concentrations
ypo > yu = 0.55 and temperatures Tpo < Ty = 30 °C, if the cycle worked in the
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Fig. 3.5 Flow analysis case study of a nontruncated cooling coabsorbent cycle

right side of the balance point, where Vgp > 1.06 and a normal cycle operation is
met. Alternatively, the mixer mean concentration can be achieved with the absorbent
flows a; of concentrations ysp > yy = 0.55 and temperatures T4o < Ty = 30 °C,
mixed up with the absorbents d; of concentrations ypo < yyr = 0.55 and tempera-
tures Tpo > Ty = 30 °C, if the cycle worked in the left side of the balance point,
where Vgp < 1.06 and sources temperatures favour the cycle COP increase.
The absorbent exits the desorber and absorber with temperatures varying within
Tpo = (63-16) °C and Typ = (28.5-32.5) °C, respectively, when the vapor ratio
Vgp covers the abscissa in Fig. 3.5. From the graph we can also remark that a high
variation of the ypo value is bringing about only a small variation of the y4o value.
The first Eq. (3.19) is showing this behavior directly. As prior mentioned, the balance
point left side is a higher cooling COP region as compared to the right one. Indeed,
here the cycle works on the broader desorption and absorption temperature intervals,
with comparatively higher and lower mean values, respectively. This, according to
the Lorentz ideal absorption cooling COP (Niebergall 1959), is favouring the effi-
ciency increase. Figure 3.5 plots as well the desorber and absorber flow factors for
this case study. They have a linear behaviour with the vapor ratio variation.

3.2.1.2 Cycle Model

The nontruncated cooling coabsorbent cycle was modeled considering the internal
heat recovery configuration given in Fig. 3.4. The model is simple, stationary. It
includes first Egs. (3.1)—(3.20) of Tables 3.1 and 3.2, selectively. To these equations
it is added a new set of Eqs. (3.31)—(3.42), Tables 3.3 and 3.4, resulting from the
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refrigerant mass balance and heat balance written for absorber, generator, resorber
and desorber and schematically presented in Figs. 3.6, 3.7, 3.8 and 3.9. Next we
give also the calculus of other necessary functions, which complete the model.

Mixer heat balance:

The enthalpy of absorbent resulting from the adiabatic and perfect mixing process
is calculated from the mixer heat balance:

Vpdihpo + Vpaihao = Vp(di + ay)hy (3.43)
resulting in,

_dihpo +aihao

hy = (3.44)
M di +a

Solution to solution recovery heat exchange:

The absorbent supplying the generator is preheated in a recovering way in the heat
exchanger 9 of Fig. 3.4. This is done by subcooling the absorbent exiting the gen-
erator, prior to be expanded and to enter the absorber. Its enthalpy can be calcu-
lated from the heat balance to this heat exchanger:

Vegi(hgo — har) = Veg(hgr — hy) (3.45)

In Eq. (3.45), the state function ha; = hai(pg, Tpr + 6T), where 8T is a necessary heat
exchange positive temperature pinch. The searched function results from Eq. (3.45) as:

g1
her = hy + g(hco — har) (3.46)

The heat exchange is controlled by the mean logarithmic temperature difference
value, calculated by Popa and Vintila (1977):

(Teo — Tgr) — 8T
ATlg,m = ] Teo—Tar (3.47)
n =T

In Eq. (3.47), Ty is the effective temperature of the absorbent entering the genera-
tor and having the Ay enthalpy, given by Eq. (3.46).

Gas to solution recovery heat exchange:

The absorbent leaving the resorber is subcooled in a recovering way prior to
be expanded and to supply the desorber. This is done in the heat exchanger 8,
Fig. 3.4, by superheating the desorbed vapor prior to be absorbed in the absorber.
Its enthalpy can be calculated from the heat balance of this heat exchanger:

Vgri(hro — hpr) = Vo (Hp(pp, Tro — 8T) — Hp(pp, Tom))  (3.48)

In Eq. (3.48), the vapor is superheated from a non-equilibrium state characterized
by the parameters (pp, Tpm, Yp) till a non-equilibrium state, with state parameters
(pp, Tro — 6T, Yp), where Tp,, is the initial mean vapor temperature and 67 is
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again a necessary heat exchange positive temperature pinch. The searched function
results from Eq. (3.48) as:

V,
hor = hgo — Wil(HD(pD, Tro —8T) — Hp(pp, Tom))  (3.49)

The heat exchange is controlled by the mean logarithmic temperature difference
value, calculated here by Popa and Vintila (1977):

(Trose — Tp) — 8T

ATlg’m = In Tro,sc—Tp (350)

oT

In Eq. (3.50), Tro s is the subcooling temperature.
Solution pumping work:

The cycle theoretical mechanical work consumed for pumping the absorbent is
given by:
Vp(divpo + a1vao)
w, = — Sl

» =Im Vol £ db) (PG — pa) (3.51)
The middle factor in Eq. (3.51) is the value of the mixed absorbent specific vol-
ume, calculated as a weighted mean of the components specific volumes. Bearing
in mind Eq. (3.13), the searched work becomes:

wp = Vp(divpo + aivao)(pG — pa) (3.52)

Cycle theoretical coefficients of performance (COP):

Cooling COP:
Useful_cooling_effect  qp
COP, = Hoar i = (3.53)
eat_input q6
Heating COP:
Useful_heating_effect  qg
copr, = I : =— (3.54)
eat_input q6
COP relative to the cycle mechanical work consumption:
Useful_main_cooling(heating)_effect qp(qRr)
cop,, = = (3.55)

Work_input We + wp

In Eq. (3.55), w. holds for the mechanical vapor compression, which intervenes in
the hybrid operation cycles (see further in the text).
Cogeneration of cooling and heat COP:

Useful_cooling + heating_effect  qp + qr

COP,., =
8 Heat_input qG (3.56)
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COPc, COPh, COPw

Absorbent and vapor (p, T, y, h, s, v)
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parameters for G, R, D, A and pump 0.03> /W\ - 0.03
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[pD, yDO, yAO, a, d, al, d1, VGD| :Res:ults Check Tor model
' * errors and accuracy

G, R, D, A mass flow factors and

outlet (T, y, h) parameters for D, A STOP

Fig. 3.10 The cooling cycle model organigrame

Cycle heat balance accuracy check:
Cycle (output) released energy (heat):
qrel = qA + 4R (3.57)
Cycle (input) received energy:
Grec = 4G + qp + wp(+we) (3.58)

Check for the cycle heat balance accuracy and algorithm and computation correctness:

grel — Grec]
Aqrel rec = <003 (3.59)
qreC

The model solution consisting of Egs. (3.1)—(3.59) recommends a computer use.
The organigrame of a most probable steady-state non-iterative model computer
code is presented in Fig. 3.10. The input data are those mentioned in Sect. 3.2.1.1,
points (a—c), except Tgo, which was replaced by ygo. A specific application is char-
acterized by a required Tpo value, the next model input data. With the first input
data, the code calculates the cycle configuration, that is the absorbent and vapor
p, T, v, h, s, v state parameters of the main devices. Using the Tpo value, the ypo
concentration is found from the equilibrium diagram of the working combination,
ypo = Ypo(Tpo, pp) (e.g. enthalpy-concentration, 2 — y, Chap. 1). Further, the y40
concentration is determined with the help of the first Eq. (3.19). These two con-
centrations enable the a and d cooling cycle flow factors computation, Egs. (3.1)
and (3.4), and further the Vsp vapor generated is found, Eq. (3.9) or Eq. (3.10).


http://dx.doi.org/10.1007/978-3-642-54684-6_1

3.2 Nontruncated Heating and Cooling Coabsorbent Cycles 109

-30 -20 -10 O 10 20 30 40 50 60 70 80

1.8 ‘ 1.8
‘ Nontruncated Coollnq Coabsorbent Cvcl]e ,,,,, RN

1.7 -3esorber Outlet Temperc ture Influence On (‘O“ 1.7

to [ TescTg00 5 1s

COPc, [-], 0.01*COPw, [-]

5\)\[ ]

0 [ . 0 i i i | 1 ”i' N ]
-30 20 -10 0 10 20 30 40 50 60 70 80
Desorber outlet temperature, T, [C]

Fig. 3.11 The desorber outlet temperature (7Tpo) influence on COP. for Tro = Ty,
Tco = 123.1C, Try = 110.1C, r = 0.2; ygro = 0.71-0.74; yps = 0.226-0.238

Finally, the main devices flow factors, energy and cycle COP’s are derived. The
model output values are valid when Eq. (3.59) is fulfilled.

3.2.1.3 Heat Transfer Analysis of Cycle Desorption and Resorption
Processes and Model Results

Desorption Interval Importance

A first concern was to study the influence which the desorber outlet temperature,
Tpo, is having on the COP. and COP,, effectivenesses. Let us consider the study case
shown in Fig. 3.11, done for 7p; = —35 °C and Ty, = 30 °C constant temperatures.
The COP.Tpop) and COP,(Tpo) functions highly increase with the Tpo increase.
According to the chosen example, when Tpp covers the range Tpp = Tp; + 10 °C
to Tpo = Tp; + 110 °C, the cooling effectiveness increases by about 5 times.
Consequently, a nontruncated cooling coabsorbent cycle should operate with desorp-
tion temperature intervals as large as possible, for the COP(Tpo) benefit. On the con-
trary, if the Tpp — Ty desorption temperature interval is enough small, the COP,. of the
cooling condensing cycle can be particularly much better than the COP(Tpo) of the
coabsorbent cycle, even the condensing cycle uses the rectification. An example prov-
ing this and matching closely to our data, is provided here by the work of (Niebergall
1959, pp. 217-219). Indeed, he shows that a condensing ammonia-water medium cool-
ing cycle with vapor rectification has a cooling effectiveness of COP. = 0.397 if its
evaporator and condenser operated to 7 = —34 °C and T¢ = 30.4 °C temperatures,
respectively. In case of the coabsorbent cycle (see Fig. 3.11), its cooling effectiveness is
more than 2.5 times less, comparatively, COP(Tpo) = 0.15, for a desorber temperature
glide of Tpo — Tp; = 10 °C (acceptable cooling heat exchanger temperature pinch
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for both cycles), evaporator to Tg =~ Tp;y = —35 °C and almost the same sink source
temperature (T¢ = Ty = 30 °C). In this respect, in our case the coabsorbent cycle
could perform better comparatively, that is COP(Tpop) > COP. = 0.397, only when its
desorber temperature glide is about Tpp — Tp; > 30 °C, Fig. 3.11. Next, the functions
COP, and COP,, are computed for two preferred Tpo desorber outlet temperatures:

1 1
Tpo =Tpr + 3 (TM,c - TDI) = §(2TD1 + TM’C)

and

2 1
Tpo = Tp; + g(TM,c - TDI) = g(TDI + 2TM,c)

These values will be referred to throughout the text as “1/3” and “2/3” out of the
Ty, — Tpy interval, respectively.

Desorption Heat Transfer Analysis

To the beginning, a study case of normal cooling is considered (Staicovici 2011).
The desorption process takes place with a short gliding temperature. It will be ana-
lyzed from the heat transfer type (a) point of view. To this extent, the DD method
is employed, Chap. 2. The input data are as follows:

e Desorber inlet/outlet temperature, 7p; = —10.0 °C/Tpo = 3.35 °C;
e Cycle sink temperature, Tys . = 30 °C;

e Resorber outlet concentration, ygo = 0.975;

e Desorber vapor quantity, Vp = 1;

e Brine initial temperature, 7pp o = 5.85 °C.

e Number of steps, np = 10.

The desorber device is exchanging heat in counter-current with a brine having
a mass flow rate m and a specific heat c,, which is supposed to have a constant
value during its useful cooling process. Let us consider the desorption inter-
val Ip = [Tpr, Tpol, Tp € Ip, is covered by Tp; tabular values equally spaced,
Tpi=Tpr+ (i —0.5)ATp, wherei =1, 2, ..., np and

ATp = TR0~ Tt (3.60)

np

is the desorber step or tabulation interval. The specific thermal capability func-
tion (kJ/kg K) of a tabular value is noted by X; = X(Tp;). The brine tempera-
ture interval is Ipp = LTDb,anDb,OJ’ Tpp € Ipp. The current brine temperature
Tppii=1,2, ..., np, is obtained simply through:

np
Tpbi = Tpbo — Z ATpp,j (3.61)
Jj=np+1—i


http://dx.doi.org/10.1007/978-3-642-54684-6_2

3.2 Nontruncated Heating and Cooling Coabsorbent Cycles 111

where Tpy is its initial value, Tppo = Tpo + (1-5) °C, and ATpy, is the brine
temperature decrease per step j. The algorithm which will be presented enables
to reduce the heat exchange analysis to a verification of the (i) and (ii) conditions
fulfillment, Chap. 2, in the Tp; and Tpy; temperatures points. This way to proceed
has been used for all absorption processes investigated from the heat exchange
viewpoint throughout the book. Taking into account Eq. (3.60), the thermal capa-
bility mean integral value is approximated on the desorption interval by:

1 D

1 &
S X(Tpi)ATp = - > X(Tpy) (3.62)
=1

X=——
Tpo — Tpr ‘=

Proceeding similarly, the brine heat input can be written in function of its heat

capacity mean value (71ic, ) as:

np

>~ (mep) ATppi = (m€,) (Tob.o — Tobap) (3.63)

i=1
The local fulfillment of the conditions (i) and (ii) is expressed by:
(mep) ATpp; = XiATp, i=1,2,....np (3.64)

and

1
Tpp; > Tp,; + EATD (3.65)

respectively. Equation (3.65) are added term by term for all i and considering
Egs. (3.61) and (3.62) it results:

X(Tpo — Tor) = (mcp) (Toso — Tpbap) (3.66)
Equation (3.66) expresses the global condition (i). The brine temperature interval
in Eq. (3.66) can be chosen at convenience. Here it is prefered to work with:
Tpp,o — Tppnp = Tpo — Tpi (3.67)
wherefrom, Eq. (3.66) becomes:

X = (mcp) (3.68)

Further, combining Egs. (3.68) and (3.64), the brine temperature drop per step is
expressed by:

X.
ATpp; = ?ATD (3.69)

The application of DD method leads to results shown by Table 3.5. They have been
obtained with Egs. (2.12), (2.14), (2.15) and (2.23) for np = 10. From Eq. (3.60)
we have ATp = 1.333 and with the X; data, Table 3.5, Eq. (3.62) results in
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Table 3.5 Ammonia-water results of a desorption heat exchange type (a) study case, obtained
by applying the DD method for thermal capability assessment

i 1 2 3 4 5 6 7 8 9 10
Tp,; (°C) -935 =795 —-6.65 —-535 —4.05 -2.65 —135 —0.05 135 265
X; (kJ/kgK) 5289 106.8 4226 2285 14.67 1044 7944 6.337 5.232 4.434
ATpp,; (°C) 9.404 1.899 0.751 0406 0.261 0.186 0.141 0.113 0.093 0.079
Tpp,i (°C) —8.02 1.387 3.280 4.038 4.444 4705 4891 5.032 5.145 5.238
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Fig. 3.12 Normal cooling heat exchange of a desorber with short gliding temperature

X = 74.9867. Further on, the values of the 4th row in Table 3.5 are found with
Eq. (3.69). The total brine cooling amounts to:

10
> ATpy; = 13.333°C (3.70)

i=1

Applying Eq. 3.61, the Tpp; values have been calculated and are given in the last
row of Table 3.5. The thermal evolution of the absorbent and brine heat exchange,
expressed in terms of the specific thermal capability (kJ/kg refrigerant K), is repre-
sented versus desorber and brine temperatures in Fig. 3.12. As it is easy to remark,
the (i) and (ii) conditions are respected. In practice, however, a final check must
be done in conjuncture to the particular geometry of the desorber device. The cur-
rent specific desorption heat (kJ/kg refrigerant) along an absorption process is
generally calculated by one of Egs. (2.16), (2.18), (2.26), (2.28). Here we used
Eq. (2.16). It is completely non-linear with respect to the desorber temperature, as
Fig. 3.13 shows.
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Fig. 3.13 Current specific desorption heat in case of a normal cooling

Next, it will be considered a second study case, this time for industrial cooling,
with a much higher desorption temperature glide (Staicovici 2011). The input data
are as follows:

Desorber inlet/outlet temperature, Tp; = —47.45 °C/Tpo = —0.45 °C;
Cycle sink temperature, Ty = 23 °C;

Resorber outlet concentration, ygo = 0.642;

Desorber vapor quantity, Vp = 1;

Brine initial temperature, Tpp 0 = 2.5275 °C;

Number of steps, np = 14.

The absorbent with low yro concentration is introducing a new particular aspect
to be analyzed, when performing a desorption process, namely the reduction of
the useful desorption temperature design interval. The current specific desorp-
tion heat and the absorbent and brine heat exchange are represented for this latter
case in Figs. 3.14 and 3.15, respectively. Figure 3.14 shows that the desorption
heat (lower, actual curve) has negative values to desorber inlet, gp < 0, that is heat
is rejected by the absorbent in this portion. Such an absorbent behavior is well
known and can be met to both condensing and coabsorbent cooling cycles. It takes
place whenever a nonequilibrium incomplete subcooled state fluid (mono-or poly-
component substance) suffers an expansion (here from the resorber high pressure
to the desorber low pressure), causing a certain amount out of its mass be evapo-
rated in order to reach the first equilibrium state (here given by Tp = —42.45 °C
> Tpr; p = 0.218 bar). Suppose the enthalpy of the absorbent which suffered an
incomplete subcooling in the subcooler 8, Fig. 3.4, is noted by /hpj;. Similarly, the
enthalpy of the absorbent corresponding to design equilibrium point, characterized
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Fig. 3.15 Industrial cooling heat exchange of a desorber with large gliding temperature in case
of incomplete subcooling

by the state parameters (Tp;, pp) and benefiting by a complete subcooling, is
hpi(Tpr, pp)- The heat of the entire desorption processes provided with complete
and incomplete absorbent subcooling are given by Egs. (3.42) and (3.71),

4p.ics = Vp((Hp — hpo) + d(hpo — hpir)) (3.71)
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respectively. The plot of Eq. (2.16) throughout desorber, versus Tp, written for
the complete and incomplete subcooling, is shown in our case in Fig. 3.14 by the
upper and lower curve, respectively. Theirs maximum values are calculated with
Egs. (3.42) and (3.71), respectively. In each Tp point the two curves differ by a
constant subcooling (heat) deficiency, computed with:

4sa = Vpd(hpir — hpr) (3.72)

(here gsq = 469 kl/kg). The presence of this deficiency causes two negative
effects. The first one diminishes correspondingly the desorption heat. Indeed,
after expansion, the absorbent becomes superheated with the subcooling heat defi-
ciency amount. For this reason, it will extract at first the superheat out of its own
mass, instead of extracting heat from the very beginning out of the brine mass,
and afterwards will extract heat from the brine, according to its remaining cooling
capacity, only. The second effect is met just to a coabsorbent plant (not to a con-
densing one) and consists in diminishing the useful desorption temperature inter-
val by the domain corresponding to the portion where subcooling heat deficiency
is extracted. Figure 3.14 shows heat is extracted/rejected until cca. —42.45 °C,
so the brine cooling process can take place up to this temperature, only, instead
of —47.45 °C, Fig. 3.15. In other words, a subcooling deficiency brings about an
(useful) heat and temperature double deficiency to the desorption process in coab-
sorbent plants operating with far from unit concentration (e.g. y < 0.9) desorbing
absorbents. Fortunately, the temperature deficiency can be counteracted to a major
extent, providing these processes with a subcooling hysteresis loop (SHL), intro-
duced in this book. Next we shall describe the SHL solution, given schematically
in Fig. 3.16. From the figures already presented it results that the actual desorp-
tion process unfolding depends on the desorbing absorbent past subcooling state
(where the hysteresis comes of) in such a way that the higher the subcooling, the
smaller the desorption temperature deficiency. The only way to increase the sub-
cooling is to use the own desorption cooling process. The absorbent leaving the
resorber, Fig. 3.16, is first subcooled by the desorbed vapor in the subcooler 8 and
then enters the SHL, position 14, where it yields the heat gs; until its tempera-
ture becomes close to Tp;. Further on, the absorbent is expanded and goes into the
desorber 1. Here it is usefully extracting an amount of heat from the source 15,
which must be cooled, and the subcooling heat. The useful heat extracted amounts
t0 gp.cs — qsd = qp.ics [see Eqgs. (3.42), (3.71), (3.72)]. As it can be seen, the actual
desorption heat of the desorber provided with SHL is identical to that without
SHL, so the heat balance is closed. However, this time the advantage is that the
temperature deficiency is almost completely eliminated, and the first desorber
equilibrium state becomes close to the design one (Tpy, pp). In order to study the
desorber heat exchange of a nontruncated coabsorbent cooling cycle provided with
SHL, let us consider that the desorber is constructively made of two sub-devices
operating in parallel, each of them with a distinct role, of subcooling and of des-
orption, respectively (suggested by Fig. 3.16, also). Because of the SHL use, the
desorber sub-devices operate with complete subcooling. The desorption heats of
the subcooling and desorption sub-devices can be expressed as:


http://dx.doi.org/10.1007/978-3-642-54684-6_2
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6. Generator; 7. Resorber; 8. Gas-liquid subcooler; 9. Liquid-liquid preheater;
10, 11. Expansion valves; 12. Desorbed vapor; 13. Generated vapor; 14. De-
sorber subcooling hysteresis loop; 15. Cooled source; 16. Quasi-complete sub-

cooled absorbent going into desorber; 17. Resorber preheating hysteresis loop;
18. Heated source; 19. Partial preheated absorbent going into resorber.

Fig. 3.16 Nontruncated cooling cycle provided with desorption subcooling and resorption pre-
heating hysteresis loops (SHL and PHL, respectively)

Vpsal(Hp — hpo) + dsa(hpo — hpr)] = Vpd(hpi — hpr) (3.73)

Vp,icsl(Hp — hpo) + dics(hpo — hpr)1 = Vpl(Hp — hpo) + d(hpo — hpir)]
(3.74)

respectively. In the above equations we have assumed that the temperature opera-
tion ranges of the subcooler 8, Fig. 3.4, and of subcooling sub-device do not over-
lap, which is very likely to happen in practice. Equations (3.73) and (3.74) are
completed by the following two obvious equations:

VD,sd + VD,ics =Vp (3.75)

dsg = dies = d (3.76)

From Egs. (3.73)—(3.76), the unknown vapor Vp s and Vp . result, taking into
account Egs. (3.42), (3.71), and (3.72), as well:

qsd
qD.cs

Vpsa =Vp (3.77)
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and

qD.,ics

Vb.ies = VD bes (3.78)
respectively. The heat exchange can now be assessed, considering just the main
part of the desorber (see the DD method, Chap. 2) and bearing in mind Eq. (2.16).
In this equation, the factor V}}, given by Eq. (2.23), must be multiplied in case of
the SHL use by one of the subunit vapor amounts given by Eqgs. (3.77) and (3.78),
depending whether the subcooling, or the desorption function of the desorber is
intended to be analyzed with respect to the heat exchange, resulting in:

Visa = VpsaVp (3.79)

and
Viics = VDiiesVD (3.80)

respectively. Results of the desorber heat exchange analysis at hand will be given
here for the desorbtion sub-device, only, applying the DD method completed
with the algorithm presented above. Solving Eqgs. (3.77) and (3.78), resulted in
Vb.sa = 0.236 and Vp ;s = 0.764, respectively. This means that, out of the total of
Vp = 1.0 kg/kg desorbed vapor, 0.236 kg/kg is desorbed in the subcooling sub-
device in order to subcool till ~Tp; the absorbent Vpd going into desorber, and
the rest of 0.764 kg/kg is desorbed in the desorption sub-device, in order to use-
fully extract the heat from the brine. The SHL absorbent subcooling is performed
from 1.25 °C (subcooler 8 outlet temperature), till a temperature approaching
Tpr = —47.45 °C. The SHL provided useful desorption heat evolution versus Tp
is plotted in Fig. 3.14 (see the solid up triangle curve). As we expected, the curve
is lying between the minimum value of the complete subcooling desorption heat
top curve and the maximum value of the incomplete subcooling desorption heat
bottom curve. The heat extracted from the brine amounts to gp s = 1,518 kJ/
kg, which is exactly the difference between the heat which would have been
extracted if the absorbent had been completely subcooled, gp s = 1,987 kl/kg,
and that lost by the desorber in the subcooling process, gsq = 469 kJ/kg. The SHL
benefit of preserving the desorption temperature design inteval is emphasized in
Fig. 3.17. The brine can be cooled up to a temperature close to Tp; = —47.45 °C,
which is not at all the case for the desorption process not furnished with SHL
(see for comparison Fig. 3.15). The SHL method is necessary to be applied in
all far from unit concentration absorbent desorption processes, suffering from a
subcooling deficiency, whether the working combination has volatile refrigerant
of not. The SHL. manufacturing additional cost is practically null. Further on, all
desorption processes needing a SHL are provided with SHL, without any mention
in this respect.

The desorption heat exchange in the medium water-lithium bromide was also
analyzed for the nontruncated cooling cycle (Staicovici 2011). An air conditioning
study case operation has the following input data:


http://dx.doi.org/10.1007/978-3-642-54684-6_2
http://dx.doi.org/10.1007/978-3-642-54684-6_2
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Fig. 3.17 Industrial cooling heat exchange of a desorber with large temperature glide, incom-
plete subcooling and low concentration absorbent desorption process provided with a subcooling
hysteresis loop (SHL) (see for comparison Fig. 3.15 plot)

Desorber inlet/outlet temperature, Tpy = 7 °C/Tpo = 23 °C;
Cycle sink temperature, Tys = 32.4 °C;

Resorber outlet concentration, yro = 45;

Desorber vapor quantity, Vp = 1;

Chilled water initial temperature, Tpp o = 26 °C;

Number of steps, np = 20.

The thermal evolution of the absorbent and chilled water heat exchange, expressed
in terms of the specific thermal capability (kJ/kg refrigerant K), is represented
versus desorber and chilled fluid temperatures in Fig. 3.18. This shows a very
good source—task match.

Concluding, the desorption process with gliding temperature is physically pos-
sible from the heat exchange point of view, at least in case of the ammonia-water
and water-lithium bromide working combinations. Technically, thanks to SHL use,
the brine (water) temperature can be usefully decreased till values close to the Tpy
temperature in all cooling applications (air conditioning, normal and industrial).

Resorption Heat Transfer Analysis

Further on, the heat transfer of cycle resorption process will be studied (Staicovici
2011). To this extent, we consider the process at hand of the first study case of this
section. The process takes place with a large gliding temperature. The heat transfer
is of type (a) as well. The additional input data are as follows:
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Fig. 3.18 Water chilling heat exchange process of a HyO-LiBr desorber

Desorber inlet/outlet temperature, Tr; = 77.25 °C/Tro = Ty = 30 °C;
Resorber outlet concentration, ypo = 0.975;

Resorber cooling (usefully heated eventually) fluid temperature, Troro = 28 °C.
Number of steps, ng = 10.

The resorber device is exchanging heat in counter-current with a fluid having again
a mass flow rate m and a specific heat c,, which is supposed to have a constant
value during resorption. Let us consider the resorption interval Ig = [Tgo, Tril,
Tg € I, is covered by Tg; tabular values equally spaced, Tg; = Tg; — (i — 0.5)ATg,
wherei= 1,2, ..., ng and:
ATy = TR —TrO (3.81)
nr
is the resorber step. The specific thermal capability function (kJ/kg K) of a tabular
value is noted by X; = X(Tg;). The resorber highest thermal capability is met to
the device exit, that is for the lowest Tg; value,

Xmax = X (Trong) (3.82)

In case of the counter-current flow, taking into account Eq. (3.82), the cooling
fluid must have the following heat capacity:

(M¢p) oy = Ximax (3.83)

Equation (3.83) expresses the necessary condition for the heat exchange condition (i)
be fulfilled. Taking into account Eq. (3.83), the cooling fluid temperature increases
each step with an amount equal to ATgy;, i = 1, 2, ..., ng, in such a way that:
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Fig. 3.19 Specific thermal capability family versus T, having as parameter the resorber outlet
concentration of the nontruncated cooling cycle at hand

XmaxATRf,i = nR+1—iATR (3.84)
wherefrom:
KXng+r1-i
ATgs; = —2— ATy (3.85)
Xmax

The DD method was applied using Eqgs. (2.12), (2.25), (2.26) and (2.33). From
Eq. (3.81) it resulted ATg = 4.722. The total heating effect of the cooling fluid
amounts to a small value this time:

10
> ATy =5.749°C (3.86)
i=1
The current cooling fluid temperature Tgys;, i = 1, 2, ..., ng, is obtained simply
through:
ng
Trri=Trro+ >, ATk, (3.87)

Jj=nr+1—i

where Ty, is its initial value, Tgro = Tro — (1-5) °C.

Next, a first analysis is done, regarding the way the heating effect might be
increased (see Eq. (3.86) poor issue). The results thereof are given in the correlated
Figs. 3.19, 3.20 and 3.21. In Fig. 3.19, it is plotted a family of thermal capability
curves versus Tg, keeping constant the cooling cycle temperatures 7py and Ty, and
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Fig. 3.20 Current specific resorption heat family, versus T, having ygo as parameter
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Fig. 3.21 COP., COP,, heating eftect (z ATRf’,’) and resorber flow factor r versus resorber out-
let concentration, in completion of Fig. 3.19 resorber heat exchange study

modifying the resorber outlet concentration, ygo. According to this figure, the decrease
of this parameter value increases the thermal capability, therefore a heating effect raise
could be expected. This positive feature is counteracted, however, by a heat and tem-
perature preheating double deficiency, which the cycle is confronted with. Indeed, out
of the mixing flow fj;, only the absorbent going into generator is preheated, Fig. 3.4,
that supplying resorber has the mixer sink temperature. The preheating deficiency is very
clearly emphasized in Fig. 3.20 by a family of current specific [kJ/(kg refrigerant K)]
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Fig. 3.22 Water heating heat exchange process of a HyO-LiBr resorber

resorption heat curves, plotted versus Tx. This family was obtained using Egs. (2.25),
(2.26) and (2.33) and modifying again the yrp parameter. Each family curve has pos-
itive and negative values. The useful heating of a required temperature level can be
delivered but only where the resorption heat is positive. On the contrary, in the por-
tions where negative values are recorded heat is not delivered, the resorption heat out-
put must compensate for the preheating deficiency. In Fig. 3.21, the COP,., COP,,, the
heating effect (Z ATRf’,’) and the resorber flow factor r are plotted against yrp. The
initial cycle configuration, with Y5 = ypo = 0.975 and r = 0.0, has the lowest thermal
capability curve, Fig. 3.19, therefore the smallest heating effect, but the highest COP,.
and COP,, effectivenesses, Fig. 3.21. This configuration type, with reduced r values
will be promoted hereinafter in many cases, not all, in order to have an effective coab-
sorbent cycle cooling operation. It is possible to have a limited increase of the heating
effect as Fig. 3.21 shows (e.g. here up to ) S ATgs; = 16.5 °C), increasing the thermal
capability through ygp value decrease, Fig. 3.19. This aspect will be developed more in
Further Resorption Useful Heating Effect Improvement. However, such an option is
probably considered but in certain applications only, when the cogeneration of cooling
and heating is needed, because COP, and COP,, decrease much (see Fig. 3.21), at least
in case of the ammonia-water. The same is happening to the industrial cooling opera-
tion, when the resorption heating effect is negligible as well (not shown here).

The resorption heat exchange in the medium water-lithium bromide was analyzed
for the nontruncated cooling cycle as well. Here we consider the same air condi-
tioning study case operation as in Fig. 3.18. The resorption heat rejection process
is capable to produce useful heating in case of this working combination as well.
The thermal evolution of the absorbent and heated water heat exchange, expressed
in terms of the specific thermal capability (kJ/kg refrigerant K), is represented versus
resorber and heated fluid temperatures in Fig. 3.22. It shows a satisfactory thermal
match at this low resorption pressure of a single-stage cycle. The resorption heating
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effect is higher to higher pressures for a same absorbent concentration range. This
property is capitalized by the pressure-stage multi-effect coabsorbent cycles for the
cooling (air conditioning) COP benefit, shown further on in this book.

Further Resorption Useful Heating Effect Improvement

In order to analyse the possibility to obtain a cycle heating maximum effect, we bear
in mind the resorption heat expression of Eq. (3.39). We remark that its increase is
favored by the raise of resorber flow factor r (e.g. see Fig. 3.20). Figure 3.23 shows r
has a maximum value for a cycle given input data, when the resorber absorbent out-
let concentration ygp covers a certain interval of values. The maximum of r is placed
between two values of zero. These result, according to Eq. (3.3), when either yro
approaches Y, obtaining the right zero value, or when, on the contrary, Y approaches
YRo, obtaining the left zero value. This r behavior is valid for the working combina-
tions having an own pressure absorbent (volatile absorbent), only (in our case the
NH3-H,0) (Staicovici 2011). When the mixture has a non-volatile absorbent (e.g.
H,O-LiBr), r increases continuously from a right side zero value, till a certain maxi-
mum end value. Figure 3.24 confirms our previous assertion. Indeed, the maximum
heating effect, expressed by the total raise of the resorber cooling fluid temperature,
here > /R ATgs; = 25°C (see Eq. (3.86) type), takes place in a zone where the
resorber flow factor r has maximum values (r = 1.4-1.5 in Fig. 3.23). Figure 3.24
is typical for cycle operation with combined cooling and heating (Staicovici 2011).
Besides heating, it plotts also the COP, effectiveness and the maximum operating
pressure. As previously remarked, the obtainment of a useful heating effect is done
by sacrificing the cooling effect effectiveness (COP. decreases from cca. 0.66, to
about 0.4-0.5, with Tpo subtending 2/3 out of the desorption interval). This nega-
tive issue is, however, counterbalanced to a certain extent by the maximum operation
pressure decrease (pg diminishes from cca. 12 bar, to 2.5-4.0 bar, Fig. 3.24), which
lightens construction and increases the safety in operation. In Fig. 3.25 it is plotted a
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Fig. 3.24 Typical heating effect diagram: resorber cooling fluid temperature increase, cycle
cooling effectiveness and the cycle maximum working pressure
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Fig. 3.25 Typical resorber heat transfer in combined cooling and heating

typical resorber heat transfer, where the temperature raise of useful heating amounts
to YR, ATgy; = 23.65 °C. Repeating the analysis begun to Fig. 3.23 for different
desorber inlet temperatures, Tpy, it results the family of curves plotted in Fig. 3.26
(Staicovici 2011). It shows that the decrese of Tpy displaces the curves towards higher
yro values and theirs maxima decrease gradually. The loci of maxima are almost
straight lines, as it is marked in the figure by a dotted line for the study case we have
chosen. The maxima locus of a family constitutes the border between the right side
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Fig. 3.26 Family of resorber flow factor curves against resorber outlet concentration, having the
desorber inlet temperature as parameter
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Fig. 3.27 Combined cooling and heating results: > ;| ATgy ;. Fmax, COPc, COPy and COP,,
functions versus Tp;. Input data: Ty = 32 °C, Tpo = (Tpr + 2 %X Tp,)3, Npump = 0.6,
y6o = ym — 0.05

yro domain, recommended to cycle operation in combined cooling and heating, and
the left side yro domain, which is not appropriate for any operation. If the sink tem-
perature were covering for instance the domain 7y, = (27-37) °C, the curves fam-
ily remains essentially unchanged with respect to the ygp maxima values, but, of
course, the corresponding values of » maxima will vary. Concerning the heating effect,

?ﬁ | ATRy increases slightly towards higher Ty values and decreases by 5-8 %
towards lower Ty values. In Fig. 3.27 we have plotted the Z:ﬁ | ATgy i, COP., COPy,
and COP,, functions versus Tpy, using Sect. 3.2.1.2 model (Staicovici 2011). They
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have been calculated for 7po subtending 2/3 out of the desorption interval. The yro
concentration corresponds to the maximum values of the resorber flow factor, rpax,
taken from Fig. 3.26. The figures plotted show reasonable high values for all functions,
creating favorable pre-requisites for the nontruncated cooling cycle be feasible in cer-
tain applications when operating in combined cooling and heating mode.

Finally, our analysis was directed towards employing this time a preheating
hysteresis loop (PHL), in order to elevate the resorption useful heating tempera-
ture. To this extent, we proceeded essentially in a similar way as we did it to the
desorption process, presented schematically in Fig. 3.16. The model results of
Figs. 3.21, 3.24, 3.25 and 3.27 use PHL, but the absorbent supplying the resorber
in not at all preheated (see also Fig. 3.4). In this case, the additional increase of
the Y 7%, ATgys; heating effect is small (max. ~2.5 °C). The PHL benefit can be
augmented if the absorbent preheating were practiced with the preheater 9, as
Fig. 3.16 shows. However, this kind of heat recovery will diminish correspond-
ingly the COP,, so we avoided to study it here. A resorption process provided with
PHL will be completely analyzed further to the hybrid heat pump of Sect. 3.2.5.3.

Concluding, the resorber heat exchange of the nontruncated cooling cycle is
physically possible. The task-source resorption thermal match is satisfactory only,
that is qualitatively the cooling fluid temperature increase is smaller to a good
extent as compared to the Tg; temperature, an upper ideal heating limit, at least for
the ammonia-water and water-lithium bromide. More about ammonia-water heat-
ing effects are given to the coabsorbent heat pumps (heat transformers) and to a
special trigeneration application, all presented in the next chapters.

At this final point of the nontruncated cooling cycle presentation, a question is
raised: how to choose between the condensing or the coabsorbent operation in a
particular application? Bearing in mind the results obtained so far and the general
knowledge of the condensing absorption, the nontruncated cooling coabsorbent
cycle might be preferred to a condensing cycle in a particular application when the
following circumstances hold true:

(1) The application admits a large cooling interval and the COP.(Tpp) > COP,.
Such an operation could be analyzed, making for instance the case of the
COOLENERG power cycle, where this type of cooling is cyclic necessary
(Staicovici 2002, 2004), or of the district cooling. As shown, the desorbing
absorbent and the cooled source fluids can exchange heat in the desorber with a
small quasi-constant temperature pinch throughout the desorber. From the sec-
ond principle of thermodynamics this good temperature match of the two fluids
avoids an important cycle exergy loss, favoring the COP(Tpo) increase. On the
contrary, in this kind of applications, the evaporator of the condensing cycle can
be the device with a large exergy loss out of the whole cycle. A designer can
shun partially this situation using several evaporators, with different evapora-
tion temperatures (Niebergall 1959, see next multistage absorption). However,
besides the constructive complexity increase, the evaporation stages introduce
the absorbent inventory problem as well (Niebergall 1959), so the coabsorbent
cycle might be preferred so much more in this case.



3.2 Nontruncated Heating and Cooling Coabsorbent Cycles 127

2 5 7 1 3 LEGEND
\ \ 1. Resorber-Desorber

| \ SN X Subcycle
A log p . Generator-Absorber
| Subcycle
| . Resorber
| . Desorber
| . Generator

. Absorber

. Generated Vapor

. Desorbed Vapor

1 | ]
Tsink Theat Theated
source
. Pump
6 84

10 9 10. Expansion Valve

o]

yAO

LCoUodath AW

Fig. 3.28 The resorption heating cycle serving as a formal explanation of the nontruncated
coabsorbent heating cycle genesis

(i1)) The cogeneration of heating is an important issue as well, besides the cooling
production.
(iii) The safer, lower pressure operation, is an important criterion.

3.2.2 Nontruncated Heating (Heat Transformer) Coabsorbent
Cycle

The nontruncated coabsorbent heating (heat transformer) cycle formally comes
from the resorption heating cycle, depicted in Fig. 3.28. The right side subcycle
increases its resorber-desorber concentration interval of operation (see the arrow)
until the ypo = ygy isostere overlaps the ygo = yay isostere of the left side subcy-
cle. Thus, the two subcycles of resorption cycle will have a single internal isostere
YAl = YpI = Y, resulted through the joining (mixing up) of the absorbents coming
of generator and resorber. The consequences of this joining are the followings:

(a) The desorber absorbent concentration increases. Consequently, the desorption
load will decrease and the desorbed vapor mean concentration will increase,
favoring the COPj, increase;

(b) The resorption process takes place on a broader temperature interval, conveni-
ently chosen by a designer, increasing the match with the heated sources;

(c) The solution inventory problem of the resorption heating cycle is solved;

(d) The number of the expansion valves is reduced to a single 3-way valve.

The nontruncated heating coabsorbent cycle is plotted in the log(p) — 1/T dia-
gram in Fig. 3.29. It is contrary covered by the absorbent flow as compared to
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Fig. 3.29 The nontruncated heating (heat transformer) coabsorbent cycle

the cooling cycle in Fig. 3.2. Formally, it can be obtained also rotating the cool-
ing cycle by 180° in the plot diagram plane. The cycle internal heat exchange can
be improved, providing it with a structure similar to that of Fig. 3.4. A flow chart
including some features of the nontruncated heating coabsorbent cycle was pro-
posed when the “Self Regenerated Absorption Temperature Amplifier” (SRATA)
was conceived (Kashiwagi 1980-1990). However, its author neither considered
SRATA as a coabsorbent cycle, nor has foreseen the advantages of this more gen-
eral class of absorption cycles, having condensing absorption as a particular case,
as previously mentioned. Its operation it follows (see arrows). The absorbents exit-
ing the high pressure resorber and generator are being mixed up in the M mixer.
Similarly to the cooling case, the mixing process can be performed naturally, for
example during the gravity falling of the mixing absorbents, or using very reduced
power mixing pumps. Again, the mixing process is considered adiabatic and per-
fect, as to the cooling cycle. The relative positions of the resorber and 7j; genera-
tor operation temperature intervals can be similar to those depicted in Fig. 3.3a—c
and will not be repeated here. This figure applies here as well, provided that the
desorber and absorber be replaced by the generator and resorber, respectively.
This time, temperature is the internal heating temperature, corresponding to the
external heat source. Continuing, the resulting cumulated flow f), leaves the mixer
with the concentration yy; and then is expanded and distributed in pre-established
complementary quantities to the low pressure absorber and desorber. Finally, the
absorbents exiting the desorber and absorber are pumped to the high pressure
resorber and generator, in order to close the cycle. The heating coabsorbent cycle
has as input data the desorber outlet temperature (related to the heat source) and
the concentration, Tpp and ypo, respectively, the resorber inlet/outlet temperature
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Fig. 3.30 Flow analysis case study of a nontruncated heating coabsorbent cycle

(related to the useful heating effect maximum/minimum temperature), Tgi/Tro,
and the absorber outlet temperature (related to the sink source), T4o. From these
five parameters it results the rest of the useful parameters: pap, pgr, Tmu(= Tpo),
vyu, and yao. The flow factors, defined by Egs. (3.1)—(3.8), hold here true also. The
threshold concentration is in the heating coabsorbent cycle case the y40 value, that
is for this cycle operates as a full coabsorbent cycle we must have the Yp > yao
fulfilment. The cycle most important parameters are given in Table 3.2. As com-
pared to the classic condensing heat transformer, where yao = ygr = 1.0, the coab-
sorbent cycle operates with a similar temperature lift, equal to (Tg; — Tpp), and
a similar absorber end temperature T4, for a same generation end temperature
Tu(= Tpo). Similarly to the condensing cycle, the temperature lift increase is
requiring the absorber cooling till temperatures 740, which the sink sources not
always can supply.

A second case study results are given in Fig. 3.30, for a nontruncated heating
coabsorbent cycle, namely for the non-isobar heat pump, running with NH3-H>O
and presented further in this chapter (Staicovici 2006a). In this case, the generator
operates within a small concentration interval, 0.68 < ys < 0.72, and the gener-
ated vapor is almost pure ammonia, that is Y5 = 1(=~ Yp). The mixing point con-
centration is chosen for this study yy = 0.7. This is achieved by mixing up the
absorbents coming of generator and resorber and having alternatively the concen-
trations yGo and yro, higher and lower than the yy, in the way shown in Fig. 3.30.
As priorily mentioned, in this situation the balance point corresponds to the Vpg
ratio equal to unit, Fig. 3.30. The rest of the comments of the first study case
remain valid here as well.

Applications with the nontruncated heating coabsorbent cycle will be given
briefly to Sect. 3.2.5.3.
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Table 3.6 Change of place of the nontruncated cycles
Cycle Cooling nontruncated Heating nontruncated
Change of g=S (383 £=5 (3.94)
Place with =y L vy = fi = const.  (3.89)  (r+ @)V =fu = const.  (3.95)
Y= const. - fu yro—yu (390) g = fuu=yo (3.96)
Vb yro—YGo VG yao—ypo
4 = Ju yu—yco (3.91) ;= fu yao—ym (3.97)
Vb yrRo—yGo VG yao—ypo
Change of yM =Yro — 7, Or0 = ¥G0) (3.92)  yu = ypo + 7 (a0 — ypo) (3.98)
place with Vb g

rigid frame M = yGo + &(ym) —ygo) 393)  ym =yao— Cj(y;,o —ypo) (3.99)
Vo G

3.2.3 Cycle Change of Place

During operation, the cycle-sources interaction may change. Two particular
changes of place can happen when fy; = const., schematically shown in Fig. 3.31.
The first cycle changing of place is up and down along the mean concentra-
tion isostere, keeping it constant. During this operation, the cycle extreme isos-
teres values may change. The second, could happen when keeping constant the
extreme isosteres and pressures (rigid frame) and changing the ys value. Next
we shall give simple equations of both cases, for the cycles analyzed, included in
the Table 3.6. For the cooling cycle, from Eq. (3.12), written as Egs. (3.88), and
(3.89), we obtain the flow factors valid for the yy; = const. change of place, given
by Egs. (3.90) and (3.91). In this case, the cycle frame (the concentrations yro
and ygo and the corresponding pressure stages) may undergo modifications, which
alter the a and d values, but keep yy = const. The yy change of place with the
rigid frame operation is obtained from Eqs. (3.90) and (3.91), as Egs. (3.92) and
(3.93). As we remark, yys depends linearly on the a or d flow factors. This behav-
iour could be useful in the cycle control and optimization. Concerning the heating
cycle, we consider Eq. (3.23) written as Egs. (3.94), and (3.95), wherefrom, when
yu = const., the flow factors are given by Egs. (3.96) and (3.97). Similarly, the
cycle frame (the concentrations y4o and ypp) may undergo modifications, which
alter the g and r values, but keep the yy; = const. The yps change of place with the
rigid frame operation is obtained from Eqs. (3.96) and (3.97), as Eqgs. (3.98) and
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(a) (b) M

Fig. 3.32 The nontruncated cooling (a), and heating (heat transformer) (b) coabsorbent-con-
densing cycles, plotted in the log(p) — 1/T diagram

(3.99). They keep a same linear expression with respect to the g or r flow factors.
An example of a heat pump suffering changes of place with rigid frame during its
operation, is given in Staicovici 2006a.

3.2.4 Nontruncated Coabsorbent-Condensing Cycle

The nontruncated cooling and heating cycles work fully as coabsorbent cycles
only if Yg > ygro and Yp > yap, respectively. When Yg = yro and Yp = yao, the
resorption and absorption processes, respectively, are replaced each by condens-
ing processes and the cycles become nontruncated cooling and heating con-
densing-coabsorbent cycles, Fig. 3.32a, b, respectively. The resorption process
in Fig. 3.32a and the absorption process in Fig. 3.32b, vanish, so they are repre-
sented by dotted lines. On the contrary, theirs opposed processes, namely the des-
orption process in Fig. 3.32a and the resorption process in Fig. 3.32b, finish by
mixing theirs absorbents in the mixer, and are represented therefore by solid line.
In practice, the nontruncated cooling cycle of Fig. 3.32a can be for instance the
single-stage condensing cycle, operating with the NH3/H>O combination and with
an incomplete rectification or without vapor rectification at all. Here, the cooling
effect is produced on a broader evaporation interval and the resulting absorbent is
mixed up with the absorbent exiting the absorber, prior to be pumped and to enter
the recovering heat exchanger and the generator. For the particular cycles at hand,
Egs. (3.3) and (3.1) take this time the values r = 0, and a = 0, respectively. When
Y6 = yro = 1.0, or Yp = yapo = 1.0, these cycles become simple known condens-
ing cycles, which have not even the desorption and resorption processes, respec-
tively. This is the case for example of the cycles operating with the H,O/LiBr,
NH3/NaSCN or NH3/LiNO3; working combinations, which absorbents of have not
their own vapor pressure, so the generated vapor is practically the pure H,O and
NH3, respectively. In this case, the desorption and resorption processes become
simply evaporation and condensation processes, respectively. Referring further
just to cooling production, as shown to Sect. 3.2.1.3, when resorber flow factor
approaches the zero value (r = 0.0), the heating effect vanishes, so a nontruncated
cooling coabsorbent-condensing cycle doesn’t work in cogeneration of heating
and cooling, but generates maximum cooling, only.
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From the above it becomes obvious that a coabsorbent cycle, either of cool-
ing or of heating type, generalizes the known single-stage condensing absorption
cycle. Next we shell go a little bit deeper into this subject, finding the conditions
which characterize a coabsorbent cooling cycle be less, equally, or more effective
than a condensing cooling cycle with vapor rectification. The following input data
are considered for the coabsorbent cycle:

(i) The desorber inlet and internal sink temperatures, 7p; and Ty, respec-
tively, are known; also, the generator concentration operation interval,
5yG = YGI — YGO» is given;

(i) The resorber outlet concentration ygrp is specified, wherefrom the generator
vapor mean concentration Y and the resorber flow factor r are computed;

(iii) The effectivenesses of the coabsorbent cooling cycle and condensing cooling
cycle with vapor rectification, COP. cps—cq and COP, .4, respectively, are in
the following relationship:

COPc,cbs—cd = kCOPCOPc,cd (3.100)

where kcop € R, kcop < 1 or kcop > 1 is a specified real strictly positive constant.
We introduce a coabsorbent cycle relative desorption interval function:

Tpo(r) — Tpy

=i4(r
Tore — Tor a(r) (3.101)

as the ratio of the actual desorption interval devided by the balance desorption
interval (see Fig. 3.3b). The actual desorption interval corresponds to one of the
three possible desorption processes depicted in Fig. 3.3a—c, therefore, iy < 1,
ig =1, orig> 1, respectively, iy € R. The desorber outlet temperature is calculated
solving Eq. (3.101) with respect to Tpo(r),

Tpo(ia(r)) = Tpr + ia(r) (Ts.c — Tor) (3.102)

This function depends on i; and is found through an iterative process based on the
(1)—(iii) items fulfilling. We have obtained comparative results of coabsorbent ver-
sus condensing cooling cycles using Sect. 3.2.1.2 model and considering that the
(1)—(iii) input data are as follows: (i) Tp; = ((—=5)—(—45)) °C, Ty = 24; 32; 40 °C
and §yg = 0.05; (ii) r = 0.0 (coabsorbent-condensing cycle); (iii) kcop = 1.0. The
resulting COP¢ cps—ca = COP;cqg = COP:, COPyy cps—cd, COPy, e, ig and Tpo are
plotted in Fig. 3.33a—c for the three 7). values, respectively. In these figures, Tpo
is a border, named the desorber end temperature threshold, Tpo(ia(r)). Generally,
this separates the coabsorbent cycle operation in three domains characterized
by: (@) Tpo < Tpo(ia(r)), COP¢chs—ca < kcopCOPcca, (b) Tpo = Tpolia(r)),
COPc,cbs—cd = kCOPCOPC,Cd and (¢) Tpo > Tpolia(r)), COPc,cbs—cd > kCOPCOPC,Cd-
Figure 3.33a—c results show also that iy < 3/4 is for almost all normal coab-
sorbent cooling applications a necessary and enough condition in order that
COPc,cbs—cd > COPC,cd-
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Fig. 3.33 a—c Comparative results of coabsorbent-condensing versus condensing cooling cycles
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Fig. 3.34 A few examples of non-isobar nontruncated coabsorbent cycles

3.2.5 Non-isobar Nontruncated Coabsorbent Cycles

The isobar nontruncated cycles are particular cases of the non-isobar nontruncated
coabsorbent cycles. They join again the resorption cycle subcycles along a com-
mon isostere (y = yy = const.) and the subcycles separate absorbents have as well
a common point “M” (mixing point) where they are mixing up and form the absor-
bent mean concentration, yy, cyclic regenerated. However, this time the opposed
pair processes, of generation—resorption and of absorption—desorption, are non-
isobar, simultaneously or separately, and in a mass (vapor) and heat exchange. The
resulting cycles are in this case hybrid, exchanging not only heat with the sources,
but also mechanical work (they use besides pure absorption processes, mechanical
vapor compression too, or produce mechanical power). Some of the most inter-
esting of them are given in Fig. 3.34 (Staicovici 2006a, ¢, 2007g). The theoreti-
cal considerations outlined in Sect. 3.2 apply here as well. Here we shall analyse
the hybrid cooling and heat pump cycles and the trigeneration cycle as well. For
the sake of completeness, the Osenbriick cycle is also shortly presented. As it will
be shown, the hybrid cycles are outdoing the non-hybrid ones, because of theirs
higher COP’s, and it is very likely they will become very important in the future
heat pumping activity with important primary energy savings.

3.2.5.1 The First Hybrid Cooling Cycle

The hybrid nontruncated coabsorbent cycle is represented in the log(p) — 1/T dia-
gram of Fig. 3.35 (Staicovici 2006¢, e, 2007b, d, e, f, g; Staicovici and Staicovici
2013). Next we give its short operation description. The low pressure p; desorber
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Fig. 3.35 The hybrid nontruncated coabsorbent cooling cycle log(p) — 1/T diagram

1 has a heat input from the source which is usefully cooled. The desorbed vapor
12 is superheated in a recovering way in the gas-liquid subcooler 8 prior to be
absorbed in the low pressure p; absorber 2. The absorbents of the desorber and
absorber evolve on large temperature intervals, Tp; — Tpo and Ty; — Tx0, respec-
tively. They leave these devices and mix up in the M mixer 3, generating the yy,
concentration absorbent. The pumps 4 supply with it the intermediate pressure pj,;
generator 6 and the high pressure pj, resorber 7 in a pre-established amount, regu-
lated by the 3-way valve 5. The absorbent supplying generator 6 is preheated in a
recovering way in the liquid-liquid preheater 9. The generated vapor 13 is com-
pressed from pj,; to p; by means of the compressor 14. The compressed vapor
13 is resorbed in the resorber 7, releasing the resorption heat to the sink source.
Optionally, prior the discharge gas 15 be resorbed, its superheat lg,l is recovered in
the generator 6 by means of valves 16, in order to diminish the heat source input
and increase the COP,. The absorbents coming of the resorber and generator are
subcooled in the heat exchangers 8 and 9, respectively, and then are expanded with
the valves 10 and 11 to p;, for supplying the desorber and absorber, respectively
and closing the cycle. A nontruncated cooling hybrid cycle can benefit of SHL
(see Desorption Heat Transfer Analysis), not shown here.

Concerning the compressor discharge gas superheat, in case of an adiaba-
tic (polytropic) mvc process this equals the compressor mechanical work input
(Igql = 1141, see Chap. 10 mvc first theorem). Bearing this in mind, the in generator
recovered superheat can be evaluated by:

hq — hgr T, — Tcr

=11 =
4G.rec | a|ha — hM,c | a| T, — TMc (3.103)
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Fig. 3.36 Plot of a mvc cooling cycle in the p-h diagram (a) and its schematic (b)

where h, and T, are the discharge gas enthalpy and temperature, respectively. The
actual generation heat needed from the heat source results by subtracting ¢g . out
of the generation heat, Eq. (3.36).

A designer would be tempted to consider the hybrid cooling cycle for an appli-
cation when two operation conditions are fulfilled simultaneously. First, its gen-
eration temperature 7); 5 is considerably lower than that of the isobar nontruncated
cycle, Figs. 3.2 and 3.4, that is cycle heat/sink sources temperature gap is enough
small. Second, its COP,, is higher to a good extent than that of a cycle producing
cooling by mechanical vapor compression (mvc abbreviation), COP,,,., only.
We have modeled the coabsorbent operation of this cycle with the code given in
Sect. 3.2.1.2, slightly adapted and completed. Concerning the theoretical mvc
operation, its simple computation algorithm is given next.

Bare Mvc Versus Hybrid (Mvc + Absorption) Operation

Bare mvc operation

The theoretical operation of the known mvc cooling cycle is plotted in Fig. 3.36a
in a p-h diagram. A schematic of this cycle is depicted in Fig. 3.36b. In this cycle,
the portions (1-2) (2—4) (4-5) and (5-1) represent the state parameters of the mvc,
condensing, expansion and evaporation processes. The condensing and evapo-
ration processes are characterized by constant (pc, T¢), and (pg, Tg) parameters
operation, respectively. The discharge gas superheat Ig,l is rejected to the sink, or
is partially recovered in the generator, in the portion (2-3). The reversible mvc
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evolution occurs along the isentropic (1-2i). The internal (isentropic) efficiency of
the compression process is calculated in a covering way by Radcenco et al. (1985):

~ TEe
Nei = 7 =<1 (3.104)
Tc
Alternatively, the internal efficiency can be expressed by (see Fig. 3.36):
hyi — hy
Ne,i = hy — hy (3.105)

In Eq. (3.105), the hy = ha(pc, T2) enthalpy is unknown. Its value can be obtained
from Eqgs. (3.104) and (3.105), resulting in:

hai — hy
hy = hi + — (3.106)
Ne,i
The specific compression work is obtained from Eq. (3.106), as:
hai — h
we =hy — Iy = 21 (3.107)
Ne,i
The mvc cooling cycle effectiveness is calculated by:
COPye = IE (3.108)

c

Hybrid (mvc + absorption) operation

In this case, the compressor is connected with its gas suction and discharge lines
to the generator and resorber of the hybrid coabsorbent cooling cycle, respectively.
Principally, there is not any difference between the bare mvc and hybid operation,
as long as the computation of the internal (isentropic) efficiency of the compression
process is analysed. Indeed, Eq. (3.104) holds true here also, provided that the vapor
internal temperatures of the evaporation and condensation processes be replaced by
the generation and resorption vapor mean temperatures, respectively. Bearing in mind
that the generation and resorption take place this time on temperature intervals, the
internal efficiency of the hybrid operation compression process can be computed by:

()7 ) _ TG,m ~ Ter + Teo (3.109)
i) hybrid = Tri+Tro .
" RIZZRO - Tri + Tro

Further on, Egs. (3.105)—(3.108) are valid as well here, and theirs enthalpies are
calculated with the hybrid cooling cycle values. The specific compression work is
computed by:

hoi —
Wnybria = ha —h1 = 7——<—— (3.110)
(nfsl)hybrid
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It is worth mentioning that, given the favourable configuration of the cycle we are
dealing with, in certain applications in Eq. (3.109) we can have (Tgr 4+ Tro)/2) < TG m,
so that (¢ )nypria > 1. Indeed, unlike the bare mvc cycle, the compression process
of the coabsorbent hybrid cycles can be benefited because the discharged vapor is
resorbed in the resorber which operates to a good extent with temperatures close to the
sink and well below those of the generator.

First hybrid cooling cycle model results

The model results for COP., COP,, and COP,,,. are given in Fig. 3.37a—f for
the NH3-H,O working combination. All simulation results were obtained
for a sink source having values within a quite large temperature interval,
Ty, = (12-42) °C. The desorber inlet temperatures have been considered within
the Tpy = —5, ..., —50 °C range and those of the desorber outlet are equal to
Tpo = Tp; + 3 °C. No rectification of the generated vapor was considered in the
working model of this type of hybrid cooling cycle. Also, the operation with higher
desorption intervals was analyzed here as well, but the results are not much differ-
ent to those plotted. The heat/sink temperature gap was considered ATy = Tyrp —
Ty = 20; 30; 40 °C. The compression work w, intervening in the COP,, assessment,
Eq. (3.55), was calculated according to the algorithm given in Bare Mvc
Versus Hybrid (Mvc + Absorption) Operation. The hybrid cycle COP,, values
were compared to the mvc cooling effectiveness, COP,,,, in each figure men-
tioned above. However, the comparison is not a straight one. Indeed, the coab-
sorbent cycle absorbent has a bi-variant desorption, within a temperature interval,
Tp = Tp(pp, yp) € [Tp1, Tpol, when operating isobar, as known. On the contrary,
the mvc mono-component refrigerant cycle is mono-variant with a single-value tem-
perature of isobar evaporation, Tr = Tg(pg). Hence, the two cycles produce cooling
through desorption and evaporation on complete different intervals. When [Tpy, Tpo] is
enough large, in order to compare them, it is necessary to consider first an infinite num-
ber of mvc cycles that cover the Tk € [Tpy, Tpo] interval of evaporation. Then, their
mean cooling effectiveness relative to this cooling interval, COP,,,., must be found,
considering each cycle effectiveness. To this purpose, the cooling effectiveness of a sin-
gle mvc cycle was assessed in relation to that of the ideal cycle (Kirilin et al. 1985):

Tk

COPC,Camot,mvc(TE) = m

, (3.111)

with the help of the following equation:

COP v (TE) = kinve COPC,Carnot,mvc(TE)- (3.112)
In Eq. (3.112), the constant

_ COPwe(Tgo)
COPC,Camot,mvc (TE,O)

= const., (3.113)

mvc

is evaluated with respect to a known practical reference value COP,,(Tg ). The
mean value we are looking for is calculated by the mean integral of the function
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COP,(T) on the considered evaporation interval, with the help of Egs. (3.111)-
(3.113), resulting in:

Tpo

1
COPyye = ———— / COP e (Tg)dTE = kipye (_1
Tpo — Tpr ;
DI

_ Tue in Tre — TDO)
Tpo —Tpr  Twme—Tpr

(3.114)

The COP,,, mean value was computed using the industrial cooling expe-
rience results for the NH3;—CO, cascade. This system achieves a practical
effectiveness of COP,,,(TE0) = 1.26 for a Tgo = 223.15 K evaporation temper-
ature and Tcp = 305.15 K condensation temperature (Prosper de Mulder 2004;
Belozerov et al. 2007). Considering these data in Eq. (3.113), a constant value of
kimve = 0.45 results, used hereinafter. The model output data plotted in Fig. 3.37a—f
assumed a single-stage compression without mechanical loss, an ideal pumping
(Mmech = Mpump = 1), and the resorber flow factor is null, » = 0.0. The data confirm
that, for same working parameters, an appropriate synegia of components leads to
better results than those of separate components (e.g. the Carnot COP of a hybrid
cycle is much higher than that of each cycle ideal effectiveness, see Chap. 5).
Indeed, both COP. and COP,, are better and much better than the cooling effec-
tiveness of the isobar nontruncated coabsorbent and bare mvc cycles, respectively.
The hybrid cycle is mostly recommended to low-medium sink source temperature
applications, when its external low grade heat boosting can save important electri-
cal power in normal to industrial cooling production. In this respect, according to
informal sources, the hybrid cooling cycle (Fig. 3.35) has been applied recently
to a north capital district cooling (Copenhagen), given the particular favoring
operating conditions this place offers to the cycle at hand. The better COP,, is
explained first by an obvious reason, the compressor compression ratio reduces
considerably, as compared to the bare mvc and second, the internal efficiency
of the compression process is favored, as mentioned in section Bare Mvc Versus
Hybrid (Mve + Absorption) Operation. Here, however, a comment regarding the
cycle total electrical power consumption in certain situations is mandatory. We
are making reference mostly to applications having heat supply cogenerated by a
thermal electrical station. It is a known fact that the heat cogeneration sacrifices
(consumes) an amount of the station electrical output. In such case it is therefore
necessary to check whether the total power consumption through cogenerated heat
supply plus that of the hybrid cycle compression is still enough lower than that of
the bare mvc, in order to justify a hybrid cycle choice. A report about how such an
analysis could be handled is given further in this book.

3.2.5.2 The Osenbriick Cycle

The Osenbriick cycle, named like this in honour of its inventor (Osenbriick 1895), is
depicted in the log(p) — 1/T diagram in Fig. 3.38. In the literature it is known also as
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LEGEND: 1. Desorber; 2. Sink

heat source; 3. Resorber; 4. Resorber
cooling source; 5. Poor-rich absorbent
HE; 6. Pump; 7. Expansion valve;

8. Compressor.

Fig. 3.38 The Osenbriick cycle, used in heat pumping, depicted in the log(p) — 1/T diagram

absorption/compression cycle, or as vapor-compression cycle with solution circuits,
and is based on a reverse Clausius-Rankine process which produces heat pumping
with mechanical work input. Later, in the early 20th century, the Osenbriick cycle
was completed with other patents (e.g. Sloan and Roncin 1920). The first theoretical
studies have been done by Altenkirch (1950, 1951) and later the cycle was included
in several textbooks (e.g. Niebergall 1959). As mentioned, given its potential in
energy-saving and environment protection, during the last decades the absorption/
compression cycle has increasingly been the object of a research activity directed
towards improving its configuration and effectiveness (Itard and Machielsen 1994;
Groll 1997a). The original cycle, Fig. 3.38, includes two main isobar absorption
devices, only, a low pressure desorber 1 and a high pressure resorber 3, connected
through a pump 6 and an expansion valve 7, in a same single absorbent loop con-
fined by two isosteres, yro = ypr and ypo = yrr- The desorber and resorber are
externally heated and cooled by the sink heat 2 and sink 4, sources respectively.
A low-high concentration absorbent heat exchanger 5 improves the cycle effec-
tiveness by an internal heat recovery process. The low pressure vapor desorbed in
desorber is compressed till the resorber high pressure by the compressor 8 in order
to be resorbed in the resorber. Either desorber and resorber processes can have
useful yield (cogeneration of cooling and heating), or just only one of them (e.g.
Risberg et al. 2004, in heating). The cooling and heating take place on large glid-
ing temperature intervals and suffer of heat and temperature double deficiency (see
Sections Desorption Heat Transfer Analysis and Enhancing the Heat Pump Heating
Effect by Using Preheating Hysteresis Loops (PHL)). From this point of view,
improvements of both cooling and heating processes can be brought, applying the
SHL and PHL techniques (see Fig. 3.16). Also, the Osenbriick cycle cannot be used
to too low temperature cooling applications. Indeed, if this happened, the saturation
pressure would decrease considerably as compared to that of the pure refrigerant,
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gax desorber and gax resorber.

Fig. 3.39 Schematic of an absorption/compression cycle provided with desorber-resorber gax
recovery

because it works with the absorbent combination of the refrigerant, so the compres-
sor compression ratio increases much for same input data and the COP decreases
much. This drawback can be partially avoided using the absorption/compression
cycle with desorber-resorber gax recovery, Fig. 3.39. It comes of that of Fig. 3.38,
if its concentration interval yro — ypo were increased and its pressure difference
pr — pp were decreased correspondingly, in such a way that the resorber and the
desorber can operate with temperature overlapping upon a certain interval. The por-
tions of these devices operating with temperature overlapping, i.e. the resorber gax
9 and desorber gax 5, could benefit of a gax recovery 10. This modified Osenbriick
cycle belongs to Altenkirch and Tenckhoff (1911). The gax recovery will be ana-
lyzed in more detail to Sect. 4.2.1. The advantage of this cycle is in cooling work-
ing mode, as mentioned, when a large temperature difference can be overcome at
a moderate pressure ratio, much lower as compared to that of the Osenbriick cycle,
Fig. 3.38. The remaining portions of desorber and resorber connected externally,
work still with large temperature glide. The type of the cycle with gax recovery has
been reportedly demonstrated successfully theoretically and experimentally (Groll
and Kruse 1992; Groll 1997b).

3.2.5.3 The Hybrid Heating (Heat Transformer) Cycle

The hybrid (non-isobar) nontruncated heating (heat transformer) cycle, or shorter,
the hybrid heat pump (Staicovici 2006a, b, e, 2007b, c, d, e, g, 2008a; Staicovici
and Staicovici 2013), is shown in the log(p) — 1/T diagram of Fig. 3.40. First,
some introductory comments are necessary. It is already known that the main role
of a heat pump is to extract heat from a heat source of a lower temperature level,
and to “upgrade” it to a higher, useful, temperature level. An absorption heat pump
uses the extracted heat to boost the useful heat delivery and releases an amount
of heat to the sink (see for example the condensing or the coabsorbent heat trans-
former cycle). A hybrid heat pump is doing it similarly, but it uses additionally the
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Fig. 3.40 The hybrid (non-isobar) nontruncated heating (heat transformer) cycle, shown in the
log(p) — /T diagram

mechanical vapor compression work input. In this case, the heat input reduces the
specific mechanical vapor compression consumption as compared to a bare mvc
heat pump. Here are included the hybrid nontruncated and, anticipating, the hybrid
truncated coabsorbent heat pump as well. Only the heat pump which needs solely
the mvc work input for the heat delivery is not releasing heat directly to the sink.
In this case, the heat pump sink is that of the thermopower station producing the
electrical power for its supply. To this category of heat pumps not connected to a
sink source belong for instance the mvc heat pump with a mono-component or
with blends of refrigerants (e.g. Cox et al. 2009), and the Osenbriick cycle. The
facility to be linked to a particular application and the effectiveness are amongst
the first selection criteria of a heat pump. From the facility point of view, the mvc
heat pump is ranked the first, because it doesn’t need the sink source as men-
tioned (here included the Osenbriick cycle as well), but unfortunately, its exergy
efficiency is not that high and depends on the thermopower station effectiveness
(see Chap. 7). On the contrary, the absorption heat pump enjoys a good exergy
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Table 3.7 Different pairs of heat/sink sources with theirs probable temperatures, which could
supply the hybrid heat pump during the whole year

. Heating (heat)source T heating> (°C)

Period Cooling (sink)source T cooling, °C)
i Ground (+5)—(+8)
Winter Ambient air W
Underground water +8)—(+ 143
Ambient air (—40)—(—4)

Thermopower station (steam or organic Rankine)condenser cooling water  (+35)—(+40) or (+65)—(+70)a
Tower cooled water (+10)—(+15

Thermopower station (steam or organic Rankine)condenser cooling water (435)—(+40) or (+65)—(+70)a
Ocean (sea)water (+5)—(+8)
Thermopower station (steam or organic Rankine)condenser cooling water  (+35)—(+40) or (+65)—(+70)a

Ambient air (—=20)—(—4)
Winter- Thermopower station (steam or organic Rankine)condenser cooling water  (+35)—(+440) or (+65)—(4+70)a
Summer Ambient air (+10)—(+20)
Summer Ambient air,waste heat (4+30)—(+40)
Ground (£2)=(+8)
Ambient air,waste heat (430)—(+40)
Underground water (F12)—(+14)
Solar energy (+25)—(+35)
Ground (+5)—(+8)
Solar energy (4+25)—(+35)
Underground water (H12)—(+14)

Thermopower station (steam or organic Rankine)condenser cooling water  (+35)—(+440) or (+65)—(+70)a
Tower cooled water (+25)—(+35)

Thermopower station(steam or organic Rankine)condenser cooling water  (+35)—(4-40) or (465)—(+70)a
Ocean (sea)water (+10)—(+20)

4Thermopower station low temperature cogeneration or Organic Rankine Cycle (ORC)
condensing

efficiency, but usually it experiences difficulties in application, as it is requiring
a sink source, as mentioned, which not always is available or easy to apply. The
hybrid heat pump is somewhere between the two extreme heat pumps, needing a
sink source for the operation, but the effectiveness can be much better than that of
a mvc heat pump, due to the heat-work synergia it benefits. Because of the global
warming, which the earth is confronted with lately, the effectiveness became a
much more important selection criterion. A heat pump highly fulfilling this cri-
terion and enjoying a good match between its operation mode and the supplying
sources has the real chances to acquire a large utilization. This might be the case
of the coabsorbent hybrid heat pump at hand too, Fig. 3.40, for at least a good
period of time in the year and in many parts of the globe.

The heat pump in Fig. 3.40 must be connected to the heat/sink sources, which
provide an internal temperature difference ATy = T hearing — T cooling (also
noted priorly simpler by Ty, — Tm,), and to the heated one, having the cycle
internal heat supply within the Tgr; — Tgo temperature gap. A few pairs of heat/
sink sources which our heat pump could be coupled with are given in Table 3.7,
together with theirs probable temperatures. The cycle operation depends on the
ATy value. The coabsorbent operation, with all main devices, Fig. 3.40, requires
that ATy > 8-10 °C. When ATy < 8-10 °C, the heat pump can be switched on
the Osenbriick cycle operation. Both operation ways are described next.

The coabsorbent operation. The valves 3 and 4 are open, and the 2 and 5 are
closed. The absorbent 6, exiting the high pressure pj, resorber 7, is first subcooled
in the heat exchanger 8, preheating in a recovering way the absorbent 9 entering
the resorber 7, externally cooled by the source which is usefully heated. Then,
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Fig. 3.41 A possible mixing solution with an ejector, feasible in case of the mixing absorbents
having a significant pressure difference between them

is subcooled finally in the heat exchanger 10, preheating in a recovering way
the absorbent 23 entering the intermediate pressure p;,; generator 12, externally
heated. After being twice subcooled, the absorbent 6 is expanded with the valve 1
from the high pressure py, till the intermediate one p;,; and then is mixed up with
the absorbent 11 coming of the generator 12 in the mixer 13, in order to generate
the cycle one yj; mean concentration absorbent 14. When the mixing fluids have
a significant pressure difference between them, like here, it is feasible to use an
ejector to help this process, as shown in Fig 3.41. Further on, the absorbent 14
is expanded from the intermediate pressure p;,, till the low pressure p; and is dis-
tributed with the help of the 3-way valve 15, playing also the role of an expansion
device, in pre-established quantities, to the low pressure p; desorber 17, externally
heated, and to the low pressure p; absorber 16, externally cooled, both coupled
on the vapor side 18. The absorbents exiting the desorber and the absorber are
pumped by the pumps 19 and 20, respectively, are preheated in the heat exchang-
ers 8 and 10, respectively, as mentioned, and enter the resorber and the genera-
tor. The absorbent 9 can be preheated a second time, in the preheating hysteresis
loop (PHL, see Enhancing the Heat Pump Heating Effect by Using Preheating
Hysteresis Loops (PHL)), closing the valve 25 and opening the valve 24, and then
enters the resorber 7. The generated vapor 21 is compressed by the compressor
22 from the pj,, pressure till the p;, pressure and then is resorbed in the resorber
releasing the exothermal useful effect, in order to close the cycle.

The Osenbriick (hybrid) cycle operation. The valves 3 and 4 are closed and the
valves 2 and 5 are open. The absorbent 9 coming of the desorber 17, externally
heated, is pumped by the pump 19 from the low pressure p; till the high pressure
Phs 18 preheated in a recovering way in the heat exchanger 8 through the subcooling
of the absorbent 6 exiting the high pressure pj, resorber 7 and enters the resorber.
After being subcooled, the absorbent 6 is expanded from py, till p;, with the expan-
sion valve 2, and enters the desorber 17. The compressor 22 compresses the des-
orbed vapor 18 from pj till pj, which subsequently is resorbed in the resorber. The
resorption heat is transferred to the usefully heated source and the cycle closes.
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Fig. 3.42 Current specific resorption heat of a hybrid heat pump study case for incomplete, ideal
and PHL complete preheating

Enhancing the Heat Pump Heating Effect by Using Preheating Hysteresis
Loops (PHL)

The hybrid heat pump useful resorption process is always confronted with the pre-
heating double deficiency problem. Let us study the following common heat exchange
case of the hybrid heat pump cycle, characterized by the following input data:

Heat/sink source temperatures, Ty, = 37 °C/Ty = 5 °C;
Resorber inlet/outlet temperature, Tg; = 70 °C/Tro = 43.85 °C;
Absorbent mean concentration, yy; = 0.35;

Desorber absorbent outlet concentration, ypo = 0.221;

Heated source initial temperature, Trp — 2 °C = 41.85 °C;
Number of steps, ng = 14.

The specific resorption heat of this case is given in Fig. 3.42, versus Tk, in three facets.
The lowest curve represents the rejected resorption heat with resorber 7 absorbent sup-
ply preheated incompletely in the preheater 8, Fig 3.40, only. The absorbent enters the
resorber with a nonequilibrium state, characterized by (pr, TR icp, Yr)- The curve has
negative and positive values, but only where the positive values exist the resorber can
deliver useful heat. The top curve shows the resorption process rejecting heat taking
place with a supplying absorbent ideally preheated (without preheating deficiency),
characterized by the following equilibrium state parameters (pr, Trr, Yr1)- It is possible
to reduce the preheating deficiency, employing this time a preheating hysteresis loop
(PHL), in order to elevate the resorption useful final heating temperature. The curve
representing this heating effect enhancement is the intermediate one. The absorbent
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benefiting of PHL enters the resorber with the nonequilibrium state, characterized by
(Pr» Trit, YD, With TR jpe < Tryr < Tgy. In order to show the PHL application it will
be proceeded essentially in a similar way as it was done to the desorption process of
the nontruncated cooling cycle, given schematically in Fig. 3.40. The low concentra-
tion absorbent 9 is first preheated in the preheater 8, then enters the PHL, position 27,
thermally connected to the resorber 7. Here, it is preheated a second time, receiving
the heat gy, hence reducing its preheating deficiency, and then goes into the resorber,
where it is resorbing the generated vapor. The heat released during the resorption pro-
cess is utilized to increase the preheating and to deliver the useful heat, position 26. A
complete preheating resorption (noted as ideal in Fig. 3.42), calculated according to
Eq. (3.41), cannot be obviously achieved in applications. For this reason, the partial
preheating we could achieve through PHL use is a practical maximum, so it will be
considered formally complete, in order to keep the same expression as that it was used
to desorption. Taking this into account, Eq. (3.41), expressing the ideal (complete) pre-
heating resorption heat, is replaced by the following equation:

qr.cp = V6((Hg — hro) + r(hri — hro)) (3.115)

The resorption heat without PHL but with preheater absorbent preheating (pos. 8,
Fig. 3.40) will be considered with incomplete preheating again, for expression
consistency, and is calculated by:

qricp = Vi ((He — hro) + r(hr.icp — hro)) (3.116)

Also, the absorbent preheating deficiency heat amounts to:

dpa = Vor(hri — hriicp) (3.117)

In Egs. (3.115)=(3.117), hg cp and hgyy, with hg jcp < hgy, hold for the enthalpies
resulting from the preheater and PHL preheating, respectively. From Eqgs. (3.115)—
(3.117), it is easy to remark that:

qR,ico = qR.cp — 4pd (3.118)

which means that the actual resorber useful resorption heat provided with PHL is
identical to that without PHL, so the heat balance is closed. However, as it will be
shown, the PHL use has the advantage to increase to a certain extent the usefully
heated fluid output temperature. In order to study the resorber heat exchange of the
hybrid heat pump cycle equiped with PHL, let us consider the resorber is construc-
tively made of two sub-devices operating in parallel, each of them with a distinct
role, of preheating and of useful heating resorption, respectively (suggested by
Fig. 3.40, also). Because of the PHL use and bearing in mind the expression con-
vention, the resorber sub-devices operate with complete preheating. The resorption
heats of the preheating and resorption sub-devices can be expressed as:

V6 pd [(Hc — hro) + rpa(hrir — hro)| = Var(hgi — hricp) — (3.119)

Vé.iep [(He — hro) + ricp(hrir — hro)| = Vi [(Hc — hro) + r(hr.icp — hro) |
(3.120)
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respectively. In the above equations, we have assumed that there is a necessary
temperature pinch between the heat exchanging absorbents going into PHL and
preheating sub-device, respectively. Equations (3.119) and (3.120) are completed
by the following two obvious equations:

VG pd + Veip = Ve (3.121)

'pd = Tiep =T (3.122)

From Eqgs. (3.119)—(3.122), the unknown vapor Vg pq and Vg ;¢ result, taking into
account Egs. (3.115)-(3.118), as well:

dpd
Vpa = Ve
P dRep (3.123)
and
qR.icp
Vé.icp = Va
icp TRep (3.124)

respectively. The heat exchange can now be assessed, considering just the main
part of the resorber (see the DD method, Chap. 2) and bearing in mind Eq. (2.26).
In this equation, the factor V{7, given by Eq. (2.33), must be multiplied in case of
PHL use by one of the subunit vapor amounts given by Eqgs. (3.123) and (3.124),
depending whether the preheating, or the resorption function of the resorber is
intended to be analyzed with respect to the heat exchange, resulting in:

Vépa = V6paVi (3.125)

and
VGiop = VeianVe (3.126)

respectively.

Results of the resorber heat exchange analysis at hand have been obtained apply-
ing the DD method completed with the algorithm presented above. Solving Egs.
(3.123) and (3.124), it resulted in Vi pq = 0.2061 and Vi icp = 0.7939, respectively.
This means that, out of the total of Vg = 1.0 kg/kg resorbed vapor, 0.2061 kg/kg is
resorbed in the preheating sub-device in order to preheat the absorbent Visr going
into resorber till ~62 °C, and the rest of 0.7939 kg/kg is resorbed in the resorption
sub-device, in order to usefully heat the source to be heated. The absorbent supply-
ing the resorber is first incompletely preheated from 37 till 42.35 °C in the preheater
8, and next is preheated in the PHL, till 63.24 °C. The heat released during the use-
ful heating process amounts to gr i, = 1,695.7 kl/kg. This is exactly the difference
between the heat which would have been rejected if the absorbent had been com-
pletely preheated, gg p = 2,136 kl/kg, and that received in the PHL process in order
to reduce the preheating deficiency, gpq = 440.3 kJ/kg. The temperature raise during
the useful heating provided with PHL equals Y % ATgs; = 20.89 °C, while that
without PHL is only Y 7%, ATgs; = 16.69 °C. The PHL method application is not
confronted with an additional investment cost, there is an additional operation cost


http://dx.doi.org/10.1007/978-3-642-54684-6_2
http://dx.doi.org/10.1007/978-3-642-54684-6_2
http://dx.doi.org/10.1007/978-3-642-54684-6_2

150 3 Coabsorbent Cycles

( START )

Y

®

¥M, TMcooling, TMheating
TR, yGIL, VG, dT
G, R, D, A heats, pump and |

Y compressor works, COPw, COPh
[TGO(=TDO=TMheaﬁng)| *

Y
Absorbent and vapor (p,T, v, h, s, v)
parameters for G, R, D, A, heat

I-qrec|
exchangers, pump and compressor —]qre
0.03> / P \> 0.03
| Y | ¥
pG, yGO, yRO, g, 1, gl, rl, VDG
/ Results 5 Check for model
¥ errors and accuracy

G, R, D, A mass flow factors and

outlet (T, v, h) parameters for G, R STOP

Fig. 3.43 Organigrame of the hybrid heating nontruncated cycle model

coming of the very small additional power use for absorbent pumping through the
PHL sub-device, only. Further on, all resorption processes provided with PHL are
mentioned in this respect.

Choosing the Best Heat Pump Operation Domain and Model Results

Both operation modes of the heat pump, coabsorbent and Osenbriick, have been
modeled considering the NH3—H»>O working combination and results thereof will
follow. The computer code, non-iterative and steady-state, is similar to that shown
to Sect. 3.2.1.2, and can be used here as well, provided that some changes are
necessary, because we deal here with a heating cycle. The code organigrame is
shown in Fig. 3.43. The code input data are those specified to Sect. 3.2.2, except
the ypo, which was replaced by the yu pearing (noted also just by yp). In our
case it is possible to ensure the generator and resorber a permanent operation of
the type shown in the Fig. 3.3b, expressed here by the single point overlapping
YyGo = ym = Yro- However, generally, the model introduces this condition next,
as a required value for the Tgp. With the first input data, the code calculates the
cycle configuration, that is the absorbent and vapor p, T, y, h, s, v state parameters
of the main devices. Using the Tgo value, the yco = yco(TGo, pG) concentration
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Table 3.8 Checking for the best hybrid heat pump yjs concentration value

ym® () 0.24 0.34 0.44 0.54 0.64 0.74 084 094

ypo (=) 0.138 0234  0.324 0.402 0.4645 0.508 0.534 0.551
SR ATge P (°C) 13625 13.666 13.663  13.568 12472 9.790 6.338 3.672
COP,, (-) 8.356 8.454 8.693 9.181 9.868 10.69 1145 11.96
Tro (°C) 34.05 34.25 33.75 32.45 30.75 2875 2695 2585
P (bar) 0.7733  1.624 2999 4787 6.644 8.134  9.084 9.723

COPy, 0senbrueck (=) 5.509 5.522 5.541 5.556 5.554 5.534 5496 5.459

261 — yu = 0.05; Pwithout PHL

results from the equilibrium diagram and ygo(yGo) can be computed from the first
Eq. (3.30). Further, the g and r flow factors are determined with Egs. (3.2) and
(3.3) and the generated vapor Vpg results from Egs. (3.20) or (3.21). Finally, the
main devices flow factors, energy and cycle COP’s are derived. The model output
values are valid when Eq. (3.59) is fulfilled. The compression work w, interven-
ing in the COP,, assessment [see Eq. (3.55)] was again calculated according to the
algorithm given in Bare Mvc Versus Hybrid (Mvc + Absorption) Operation. The
COP), effectiveness was assessed with the Eq. (3.54).

The model first objective was to select the most appropriate value of the cycle
absorbent yy; one mean concentration for a particular application. From Chap. 2, it
resulted that a heat pump resorber should operate most effectively in the low con-
centration region in case of the ammonia-water for all applications. This recommen-
dation was checked for a winter heating process. Table 3.8 gives results thereof for
the Ty = —20 °C, Ty, = +5 °C and Tg; = 55 °C main temperatures. Indeed,
they show that the highest heating effect > i, ATgs; is obtained for the lowest
yum values, yyr = 0.25-0.55. This is done by sacrificing the COP,,, which decreases
gradually from the highest to the lowest yys values. This drawback is however, com-
pensated to some extent by a corresponding cycle (resorber) maximum operating
pressure decrease, which increases safety and lightens construction. Table 3.8 shows
as well the COP,, of the Osenbriick cycle, noted as COP\, 0senbrueck-

A second model objective was to find the hybrid heat pump results in applica-
tions which emphasize its advantages in comparison to the Osenbriick and bare
mvc heat pumps operating in similar conditions. In this respect, there were con-
sidered three winter-summer heating applications with free heat sources, given
in Table 3.7: (a) ground or underground water, with Ty, = 45 °C, Fig. 3.45a—c;
(b) condenser cooling water of a steam Rankine cycle thermopower station (SRC),
with Ty, = +37 °C, Fig. 3.46a—c, and (c) condenser cooling water of an organic
Rankine cycle thermopower station (ORC), with Tz, = +70 °C, Fig. 3.47a—c. Of
course, the sources list having the heat temperatures mentioned or close to them
is not exhaustive. In Fig. 3.44, three cycles related to our model are plotted in a
log(p) — 1/T diagram: abcdcefghbc holds for the hybrid heat pump (hhp, Fig. 3.40),
abcdcefbe holds for the nontruncated heat transformer (ntht, Fig. 3.29), and cef-
ghbc holds for the Osenbriick cycle (Fig. 3.38). All Figs. 3.45, 3.46, 3.47 results
have the ideal resorber inlet temperature Tg; as parameter, Trrunp > Tri > TRIntht
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Fig. 3.44 Hybrid heat pump |
(abcdcefghbc), nontruncated
heat transformer (abcdcefbc)
and Osenbriick (cefghbc)
cycles in the log(p) — 1/T
diagram

g

(see Fig. 3.44), with Tgryupp chosen in order that COP,, > COP,, osenprueck- The
functions (Tyr,e, COPy, and Tg0) (COPy and COPy, osenpruck) and Y x| ATy ; are
plotted versus resorber pressure, pr, pr > pc (see Fig. 3.44) in Figs. 3.45a, 3.46a,
3.47a, Figs. 3.45b, 3.46b and 3.47b and Figs. 3.45¢c, 3.46¢ and 3.47c, respectively.
The model input data for the compressor mechanical efficiency and pump efficiency
are equal to unit (ech = Npump = 1). Also, the compressor internal (isentropic) effi-
ciency was calculated using the mean values of the generator and resorber operating
temperatures [see Eq. (3.109)]:

_ Tar+Tgo
Trr + Tro

Quite remarkably, in all hybrid heat pump results plotted in Figs. 3.45, 3.46 and
3.47, the compressor internal efficiency, given by Eq. (3.127), preserved a quasi-
constant value, n; = 0.85. The model results in Figs. 3.45a, 3.46a and 3.47a show
that those corresponding to a cycle configuration close to the nontruncated heat
transformer (generator and resorber pressures have close values) exhibit the highest
COP,, and the smallest usefully heated fluid (heated source) temperatures, Tgy,0, out
of all cycles analyzed and plotted in Fig. 3.44. Also, it needs a sink source supply, of
temperature Tz, equal to that of the hybrid heat pump. On the contrary, the cycle
having the configuration corresponding to or alike to that of the Osenbriick cycle
(see Sect. 3.2.5.2) has the lowest COP,,, Figs. 3.45b, 3.46b and 3.47b, but it doesn’t
need a sink source supply, as mentioned. The COP,, of the hybrid heat pump,
Figs. 3.45a, 3.46a and 3.47a, is less than that of the heat transformer, but it is much
higher than that of the Osenbriick cycle, Figs. 3.45b, 3.46b and 3.47b, or similar mvc
heat pumps. Besides this, its Tgyo values, calculated with the following equation:

(3.127)

i

nR
Tro < Tgr,0 = Tro + Z ATgsi — ATy < Tri,  ATyn =2, [°Cl (3.128)
i=1

are higher as compared to those of the heat transformer. Potentially, these two
advantages could offer the hybrid heat pump a larger market in the household and
industrial application, as compared to the Osenbriick and heat transformer cycles.
The effectiveness with respect to the heat source use, COP;, Figs. 3.45b, 3.46b
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Fig. 3.46 a Results of Ty,
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Fig. 3.48 Results of an Osenbriick cycle heating application showing the relationship of Tgso
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and 3.47b, recommends the hybrid heat pump should be connected to free and
enough available heat sources. And last, but not the least, the hybrid heat pump
heating effect, Z:’ﬁ 1| ATRy,;, Figs. 3.45¢, 3.46¢ and 3.47c¢, is a continuous decreas-
ing and linear function with respect to pg, which facilitates the Tgso prediction.
(Note: in Eq. (3.128) it has been considered that the usefully heated fluid and the
resorber absorbent solution have the same [(mean specific heat capacity) x (mass
flow rate)] product).

A final comment is referring to the Osenbriick cycle operating alone, which
the heat pump is switched on, when ATy < 8—10 °C. In this case, it is strongly
recommended to run the cycle with low §yr = yrRo — ypo concentration inter-
vals (devices safe work require that §ygrmin = 0.04-0.05 for NH3-H,0O), in
order to maximize the useful temperature Tgy,0 output. This statement is exem-
plified by a short heating application study case with Tg; = 61 °C = const.,
Tpo = 5 °C = const. and yp; = 0.4 = const., Fig. 3.48. The results of Tgso and
of the heating temperature effectiveness, ey, expressed by Eq. (4.137), show a
continuous decrease of these functions with §yg = yro — Ypo increase, either
PHL is considered or not. Also, as expected, both heating functions have higher
values comparatively, when PHL is present in the cycle structure. However, the
operation of the Osenbriick cycle alone, requiring minimum J&yg values, is dif-
ferent as compared to that characterized by the entire hybrid cycle configuration
functioning, Fig. 3.40. Indeed, in case of the full configuration operation with
Tr; = const., Tpo = const. and yy; = const., the increase of §yg has this time a
positive effect, bringing nearer one another the pg and pg pressures, Fig. 3.44,
and hence decreasing the compressor compression ratio and increasing COP,,
for same Tgy,0.
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The Sky as Cycle Sink Source

We regard now our cycle winter application for house heating and domestic hot
water (dhw) preparation with emphasis solely towards an ecological prospect.
In this respect, its both heat and sink sources should be natural. During the winter
and depending on the geographical area, such pairs of sources, which could ensure
a quasi-continuous cycle supply, are just a few (e.g. that made up by the ground
(groundwater) and the ambient air, Table 3.7). For this reason, each of them is very
precious. In this context, finding a new sink source, of lower temperature than the
temperatures of the already known supplying sources, is a good opportunity to
extend the heating or cooling coabsorbent truncated cycle applications and increase
its effectiveness (here included our heat pump as well). Supposing we have n, n € N,
supplying sources, ss(71), ..., ss(T,), characterized by T1 < T; < --- < T,,, the number
of pairs of sources liable to supply a coabsorbent cycle results in C,’i, where k = 2,
according to the combinatorial analysis. If now a new supplying source ss(7p) is
added to the already known ones, so that 7o < T} < T» < --- < T},, the number of pairs
of sources increases to Cfl 1~ The supplementary potential pairs generated by adding
the ss(Tp) source result in C’,f - Cﬁ = Cﬁ’l. The new sink source ss(Tp) we are
thinking of here is the sky. For example, if n = 3 (air, ground and ground water),
then Cﬁ_l = C31 = 3. The sky is the sink with the lowest temperature on Earth.
Indeed, this source comes of the cosmic microwave background radiation and has a
thermal black body spectrum at a temperature of 2.725 K. The spectrum peaks in the
microwave region with a frequency of 283 GHz, corresponding to a 1.06 mm wave-
length (Penzias and Wilson 1965), if measured per unit wavelength and using Wien’s
law (Popa and Vintila 1977). However, the presence of the atmosphere increases this
background temperature up to effective sky temperatures with much higher values.
A terrestrial object can be cooled through radiative heat exchange mainly in the
“window” of the atmosphere, where this is essentially transparent in the wavelength
region from 8 to 14 pwm, while outside the window the atmosphere has radiating
bands covering much of the infrared spectrum. The black body spectrum peaking in
the window has the corresponding temperatures of 362.2-206.986 K, respectively,
according to Wien’s law. The effective sky temperature is related to water vapor con-
tent of the air and/or air temperature (Brunt and Quart 1932; Bliss 1961). Swinbank
and Quart (1963) relates the sky temperature to the local air temperature in the
simple relationship:

Tygy = 0.0552 x T (3.129)

air

where Ty, and Ty, are both in degrees Kelvin. Whillier (1967) uses an even sim-
pler expression and substracts 6 °C from the air temperature.

Ty = Tair — 6 (3.130)

It is not clear which relationship should be used. Equations (3.129) and (3.130)
give identical results when the air temperature is 315 K, Fig. (3.49). This seems to
be a reasonable summer condition but Whillier’s 6 °C should probably be raised
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Fig. 3.49 Sky temperature versus ambient temperature, according to Eqgs. (3.129) and (3.130)

to about 20 °C for winter operation (Duffie and Beckman 1974). It is possible
that both the clouds and the ground, if the cooled object is tilted and can see the
ground, will tend to increase the effective sky temperature over that for a clear
sky. The influence of clouds and ground is not taken into account in either expres-
sion. The sky radiation heat exchange coefficient is confronted with small values.
Indeed, the net radiation to a small object with emittance &, area A and tempera-
ture 7, radiating to the sky is thus found from, Duffie and Beckman (1974):

q = ¢Ao (Tfky - T“) (3.131)

Equation (3.131) rewrites in a form which emphasizes the radiation heat exchange
coefficient A,

q=Ahy(Tgy —T) (3.132)

where

hy = g0 (Tfky + T2) (Tyy +T) (3.133)

Considering in Eq. (3.133) typical winter temperature values for the temperate climate,
T~ T, = 273.15 K, from Eq. (3.129) we obtain Ty, = 249.2 K. Further on, consid-
ering ¢ = | and the Stefan-Boltzmann constant value o = 5.6697 x 108 Wm ! K4,
Eq. (3.133) gives h, ~ 4.05 Wm~2 K~!. This quite low magnitude is comparable to
that of the conduction heat exchange coefficient, characterizing the applications with
the ground as heat or sink source (Lund et al. 2004).

For this reason, similar to ground heat pumps, high sky heat exchange surfaces
are expected in normal household applications. Moreover, because this time the sky
heat exchanger is not mounted underground, but on the ground, horizontally and
towards the sky, the heating applications are confined to small capacity heat pumps
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Table 3.9 Hybrid heat pump results having the sky as sink source (yy; = 0.34;

yGr — ym = 0.05)

Heat Sink Tair/Tsky TM,h TM,c (OC) TR_)‘;O TRO/TRI COPW/COPW’OSCOPh (—)

source _source  (°C)/(°C)  (°C) (O CO/CC)  enbruck ()

Ground  Sky 3.0/—19.84 10.0 —10.0 50.72 40.4/54.5 8.143/6.178  0.4672
water

Ground 0.0/—=23.95 3.0 —17.0 51.08 40.26/55.0 6.414/5.188  0.4822

use, typical for instance for passive houses (Badescu and Staicovici 2005), which
require smaller occupied soil area. In Table 3.9 we have included results of two
study cases of the hybrid heat pump having the sky as cycle sink source. Without
this sink the results of the two cases wouldn’t have been satisfactory, because in
this case the air, a potential next sink, can hardly ensure a large enough AT}, for the
cycle operation. The theoretical benefit of using our sky cooled hybrid heat pump is
shown by the COP,, values of Table 3.9, which are 2-3 times higher as compared to
a ground heat pump for similar working parameters, (Lund et al. 2004).

3.2.5.4 The Trigeneration (Cooling + Heating + Power) Cycle

Bearing in mind our remark of Chap. 2, motivating the employ of cycles with simul-
taneous production of two or more different forms of energy when supplied by a
single primary heat source in effective applications, we give in Fig. 3.50 the sche-
matic of the trigeneration cycle depicted in Fig. 3.34 (Staicovici 2007g, 2008c).
This cogenerates cooling, heating and mechanical work (electricity). Next, we give
a short description of its operation. The absorbent leaving the low pressure desorber
1, usefully cooling the source 2, is mixing up with the low pressure absorbent com-
ing of the absorber 5, externally cooled by the sink source 5, in order to generate
the mean concentration yys absorbent in the mixer 6. The cold vapor 3, desorbed
in the desorber 1, is superheated in a recovering way in the subcooler 22 and then
is absorbed in the absorber 4. The mean concentration absorbent is divided in two
complementary flows with the help of the three-way valve 7. Then, these flows are
pumped with pumps 8 and 9 to the high pressure generator 10, externally heated
with the heat source 11 and to the intermediate pressure resorber 18, where the exter-
nal source 19 is usefully heated, respectively. In our case, the PHL (see Enhancing
the Heat Pump Heating Effect by Using Preheating Hysteresis Loops (PHL)) use
is not capable to boost the cycle heating effect (i.e. the Ty increase), so it hasn’t
been considered in the cycle thermodynamic model, following next. Further on, prior
to reach the generator, the absorbent supplying it is preheated in a recovering way
in the liquid-liquid preheater 20. The vapor generated in the generator 10 is par-
tially rectified optionally, during a process called dephlegmation. This takes place
in the dephlegmator 12. The dephlegmation heat can be withdrawn, rejecting it by
means of the external sink source 13, or recovering it, usefully heating the source 19.
Subsequently, the generated vapor is optionally superheated in the superheater 14,
recovering an amount of heat of the fuel flue gas 15, coming of the generator heat
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Fig. 3.50 A schematic of the trigeneration (cooling + heating + power) coabsorbent cycle plot-
ted in the log(p) — 1/T diagram

source 11 (see also Fig. 3.51). After being superheated, the generated vapor 16 is
expanded in the turbine (or turbogenerator) 17, from the high pressure to the inter-
mediate one, producing useful mechanical work, and then is resorbed in the resorber
18. The absorbent leaving the generator is subcooled in the preheater 20, then is
expanded from the high pressure to the low pressure with the help of the expansion
valve 24 and finally is absorbed in the absorber 4. The absorbent leaving the resorber
18 is subcooled twice, first in the subcooler 22 and second in the SHL loop 21, and
then is expanded from the intermediate pressure to the low pressure with the help
of the expansion valve 23, in order to supply the desorber and finally to close the
cycle. The cycle simultaneous yield of cooling, heating and power (CHP) implies a
good synchronization of each energy item consumption. This could create problems
in actual use. For this reason, in order to avoid them, a practical continuous operation
of the trigeneration cycle requires to include in the flowchart the possibility to store
partially or totally the energies produced, but this topic is not discussed here.

The Trigeneration Cycle Thermodynamic Model
The trigeneration cycle model associates the models of the cycle component
devices and the effectiveness assessment equations, as it follows:

1. Desorber, absorber and resorber—see Cycle Model, Tables 3.3 and 3.4;
2. SHL loop—see Desorption Heat Transfer Analysis;
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Fig. 3.51 The main thermodynamic state parameters of the generator, dephlegmator, super-
heater and the turbine, included in the trigeneration cycle model

3. Generator—dephlegmator—is computed with the generator-rectifier model,
Egs. (3.34)—(3.36) and Fig. 3.7 of Table 3.4, where its main thermodynamic state
parameters are those given in Fig. 3.51. The dephlegmation is practiced here as a
solution to augment the heating effect of the resorber, through its specific flow factor
r increase. The dephlegmation process is known in the literature as an incomplete
vapor rectification, performed with a dephlegmator which is a much less complex
device than a rectifier (e.g. Niebergall 1959). Bearing in mind that we operate here
with non-azeotropic refrigerant-absorbent working combinations (e.g. NH3—H>O,
CH3NH,-H,0, NH3-H,O-LiBr, CH3NH,-H,O-LiBr, Radermacher and Alefeld
1982) which vapor concentration of is higher at equilibrium than that of the absor-
bent it comes of and increases with its equilibrium temperature decrease, physically,
both the rectification and the dephlegmation obtain the rise of the generated vapor
mean concentration, Y, through a number of its successive condensation and vapor-
ization processes which take place to progressively lower temperatures. The higher
this number, the higher the Yyppem. In our case, it is enough to produce a smaller
number of such condensation and vaporization processes, in order to increase Y
with an amount 8¥ 4/, named here “added vapor dephlegmation”, so that

Yaphign = YG + 8Yaphigm (3.134)

where, for NH3-H2O, Ygpnigm < Yieyr > 0.998 (usual practical satisfactory recti-
fication value, Niebergall 1959) and Ygppigm < 0.85 (our next applications max-
imum value). The generator-rectifier model mentioned above is applied in our
case considering in equations the index “dphlgm” instead of “rctf”. Also, the
vapor enters the dephlegmator with the mean state parameters values, according
to Fig. 3.51, instead of those corresponding to generator inlet, as Fig. 3.7 shows
it is happening in a classic rectification column;

4. Generated vapor superheater—its model expresses the quasi-isobar vapor
superheating, based on the partial heat recovery of the flue gas coming of the
burning of the fuel supplying the generator, Fig. 3.51;
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5. Turbine—its simple model is given next. An internal turbine efficiency, njq, is
defined by:

ny = S HR (3.135)
Y Hg, — HR,s B ’
In Eq. (3.135), Hgn, Hr s and Hp hold for the vapor enthalpy of the superheated,
resorber isentropic and resorber states, respectively, Fig. 3.51. Amongst these, the
enthalpies Hy, and Hg s have the same entropy, ss(pG, Yaphime) = SRR, Yaphimg)-
Provided that 7, is known from the literature and/or practice, from Eq. (3.135) it
results the unknown enthalpy Hg:

Hg = Hgy — nis(Hgy, — Hg,s) (3.136)
and the turbine useful mechanical work output:
w; = VG (Hgy — HR) = Vonis(Hgn — Hrys) (3.137)
The cycle work output efficiency, 7y, is defined by:
Wi
Nw = Grer (3.138)

In Eq. (3.138), gGreyr is calculated by Eq. (3.36) employing the dephlegmation
and superheating data;

6. Cycle global evaluation according to the first principle of thermodynamics—
the trigeneration effectiveness is calculated by:

qp +qr +wr —wp
4Gretf

COPyygy = = COP, (1 — COP;V‘) + COPy, + 1y

(3.139)

making use of Egs. (3.53)—(3.55) and (3.138).
7. Cycle global evaluation according to the 2nd principle—the exergy efficiency,
Nex» assessment [see Eq. (7.61)].

The Trigeneration Cycle Thermodynamic Model Results

Three-Temperature Trigeneration Cycle

The first model results have been obtained considering that the cycle operation
depends on three main temperatures, Tpy (and related Tpp), Ty = Tro (and related
TRrr0) and Tgo (see Fig. 3.50 representation). The model used the following input
data: Tgo = 220 °C, Ty, = Typnig m + 140 °C, Tpo = 18 °C, n;s = 0.85, n, = 0.8.
In our assessment, the yys value was kept low, yy; = 0.2. This diminishes the pump
work, favoring the increase of 1,, (considered the most important cycle figure of
merit) and increases the heating effect and Trsp. On the contrary, increasing the
vy value will favor the cooling effect, but are detrimental to the work and heat-
ing production effects. The model results of the latter case are not given here. In
Fig. 3.52a—f, the functions COP., COPy, 1y, COP\ren, Nex, Trr0 are plotted versus
8Y ey, for Tpy = —10 °C, ..., Tp; = —35 °C, respectively. Each figure gives results
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Fig. 3.52 continued
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Fig. 3.53 Schematic of the absorber and resorber serially connected to a same sink source in
order to ensure the cycle operation with four temperatures

for two sink temperatures, T)y = 27 °C and Ty = 32 °C. For a fixed Tpy, every
figure indicates that COP. and Ty increase, while COPy, n,, and 1,y decrease,
when Y, increases. Consequently, COPy, remains quasi-constant along the
8Y ¢ variation. Also, decreasing the desorber inlet temperature up to Tp; = 25 °C
keeps quasi-constant the functions COP; and COPyy, values, while those of
Nex decrease and COP, increase, as Fig. 3.52a—d show. Additionally, it is possi-
ble that lower Tpy operation with given T, obliges the cycle be confronted with
vapor threshold concentration problems. Solving them needs the Ygpuem increase,
through 8Y,¢s increase over certain values, as for example here Fig. 3.52e, f indi-
cates. Concluding for the three-temperature operation with up to 7Tp; = —25 °C,
Trro = (40-50) °C (values higher than 40 °C are satisfactory), moderate sink
sources Ty = (27-32) °C and chosen input data, the cycle could produce work,
cooling and heating with effectiveness values of 7,, = 0.10-0.20, COP,. = 0.20-
0.25 and COPj, = 0.60-0.80, respectively, and a thermodynamic global effective-
ness of COPyg, = 1.00-1.20.

Four-Temperature Trigeneration Cycle

The second model results have been obtained considering that the cycle opera-
tion depends on four main temperatures, Tp; (and related Tpo), Ty, Tro (and
related Trr0, Trr.0 > Tro > Tm) and Tgo. This type of operation can be achieved
if the absorber and the resorber were serially connected to the same sink source,
like in Fig. 3.53. The four-temperature working is proposed in order to increase
Trro without necessarily employ the dephlegmation, which has the drawbacks
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Fig. 3.54 COP., COPy, 1y, COPyrgn, Nex» Try0 results versus 8Y,, for Tpy = —10 °C in case of
the four-temperature operation

mentioned in the previous section. To this extent, in Fig. 3.54 the functions
COP, COPy, 0y, COPyrgn, Nex, Trro are plotted versus 8Y,.f, for Tpy = —10 °C.
This figure compares results of the three-temperature operation having
Ty = Tro = 27 °C, with those obtained according a four-temperature operation,
when Ty = 27 °C < Tro = 32 °C. The model results show in this case, that, if
appropriately chosen the Tro — Tu temperature difference, the functions COP,,
COPy, 0y, COPyygn and 1., have practically the same values in both, three- versus
four-temperature operation modes and for the same input data, but the T is sen-
sibly higher, for a same 8Y.

Use of the Trigeneration Cycle Just as an Inverted Osenbriick Cycle

Producing just mechanical work (electricity) using the ammonia-water combina-
tion and depleted heat sources resulting from the industrial processes, is already
applied in practice in order to save primary energy. One of the most known cycle,
used to such circumstances, is the Kalina cycle, which is a modified Clausius-
Rankine cycle (Ogriseck 2009). In our case, if certain applications required it, it is
possible to maximize the work production of the cycle at hand, running it just as
an inverted Osenbriick cycle (including only the absorber 4, generator 10, pump 8,
HE 20 and the expansion valve 24, Fig. 3.50). In order to avoid any confusion, the
inverted Osenbriick cycle is plotted alone in the log(p) — 1/7T diagram in Fig. 3.55.
Similar to the Kalina cycle, the inverted Osenbriick cycle is based as well on the
direct Clausius-Rankine process which produces mechanical work through heat
input. Its operation results from that of Fig. 3.50 cycle. In Fig. 3.56, we give
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Fig. 3.55 The inverted Osenbriick cycle, used for mechanical work production, depicted in the
log(p) — /T diagram

60 80 100 120 140 160 180 200 220 240
028 [ ' ' '
0.26 [
0.24 |- ij
0.22 Wit
0.20 |-
018 [ 1
016 [
014
012
010}
0.08[
0.06 [
0.04 L~ i i i i i i i —J o,
60 80 100 120 140 160 180 200 220 240
Generator outlet temperature, T, [ deg. C]

B

Ny [']

Fig. 3.56 NH3-H»O inverted Osenbriick cycle results: n,, versus 7o, having as parameter 7y,

NH3-H»O results of a work efficiency 7, family, having T as parameter, plot-
ted against the generator outlet temperature, 7o, and without vapor superheat-
ing. The curves show that the inverted Osenbriick cycle answers with diminished
returns to a continuous 7o increase, but the cycle is very efficient, its theoretical
relative to Carnot efficiency being within 0.66 and 0.73 for the model input data
(see plot details).
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Chapter 4

A Few New Coabsorbent Cycle
Configurations: The Internal Composition
and the Coabsorbent Cycle Truncation

The coabsorbent cycles number is huge. For this reason, their selection with
criteria such thermodynamics principles respect and low complexity, usefulness
and feasibility accomplishment, is mandatory. The simplest cycles, with poten-
tial applications, are derived through the nontruncated cycles composition, as:
(a) internal; (b) external, and (c) joined (skipped here). We start with the internal
one, the truncation.

The truncation is an important and unique technique of the coabsorbent tech-
nology. It enables a nontruncated cooling coabsorbent cycle to work with a
smaller temperature heat source for the generation process, Ty < Tgo < TGo.ns
and a same sink source temperature, Fig. 4.1a. Alternatively, the truncation ena-
bles a nontruncated heating (heat transformer) coabsorbent cycle to work with a
higher temperature sink source for the absorption processes, Tyr > Tao > Taonsn
and a same heat source temperature, Fig. 4.1b. On one side, the truncation is done
upon a certain heat (source) truncation line, marking the end temperature of the
endothermal generation and desorption processes. This line is placed to the right
side of the cooling cycle mixing point, as Fig. 4.1a shows, and includes the mix-
ing point of the heating cycle compulsorily. On the other side, the truncation is
done upon a sink (source) truncation line, marking the end temperature of the
exothermal absorption and resorption processes. This line is placed to the left side
of the heating cycle mixing point, as Fig. 4.1b shows, and includes the mixing
point of the cooling cycle compulsorily. The truncation lines can be designed in
a free or in a pre-established way, according to the available sources character-
istics, Fig. 4.1. When a cooling and a heating coabsorbent cycle are considered
simultaneously, the generation process of the cooling cycle and the desorption pro-
cess of the heating cycle have the same heat truncation line. Similarly, the resorp-
tion process of the cooling cycle and the absorption process of the heating cycle
have the same sink truncation line. The two truncation lines, used simultaneously,
define a truncation column, intrinsically related to a truncated coabsorbent cycle
and referred to later in this chapter. The most part of the applications have quasi-
constant temperature heat and sink sources, equal, within the accuracy limits of
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Fig. 4.1 The truncation of the coabsorbent cycles: a cooling cycle; b heating cycle

the necessary heat exchange temperature pinch, to the mixing points tempera-
tures, T6o = Ty hearing = const., e.g. (40-70) °C, and Tro = Tp1,cooling = const.,
e.g. (10-40) °C, respectively. The heat and sink lines are separated by a mini-
mum temperature difference ATy = T heating — TM,cooling = (8—10) °C, which
is required in order that the cycle operation be possible. The higher this tempera-
ture difference, the better for the cycle COP increase and its complexity decrease.
Unlike other known absorption cycles, the most important feature of a truncated
cycle is that in theory it is capable to process low temperature supplying sources
forming heat/sink pairs of small temperature differences, e.g. ATy = (10-50) °C.
A cycle provided with a truncation column might achieve high temperature lifts
with small internal power consumption in both cooling and heating working
modes (COPy, copling ~ 10'-10%, COPyy jearing ~ 10'-10%). This is why, despite a
higher complexity, which is conveniently chosen by the designer according to the
heat/sink sources availability, the truncated cycles can have important applications
in the clean heat pumping and power production. The nature and human industrial
activity create such pairs of heat/sink sources, the problem is to identify and use
them appropriately. One of the most attractive is that offered by a thermal power
plant. In this case, the condenser cooling water and the cooling tower cooled water
could be the truncated cycle heat/sink sources, respectively. Some recent pub-
lished works (Staicovici 2006a, b, 2007a, b, c, d, e, f, g, 2009a, b) emphasize these
aspects, describing for instance a proposal of considering the pure absorption and
hybrid truncated cycles with the ammonia/water in the coupling with the thermal
power stations for efficient district power, heat and/or cooling in cities (mentioned
throughout this book as applications).

Historically, the truncation idea relegates back to the industrial development,
beginning with the early 20-th century. This faced the thermal engineer with a new
challenge, that of recovering the low grade heat sources resulting from the various
technological processes for heating (Bokelmann 1988) but especially for cooling
(Niebergall 1959) production. The absorption technology matches the best a low
grade heat source with the cooling task. A pioneering work performed in order to
supply an absorbent cooling cycle with a low temperature heat source for cooling
purposes was accomplished by Altenkirch about one century ago. He proposed the
first the multi-stage absorption technique (Altenkirch 1914). A cooling cycle based
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Fig. 4.2 A multi-stage absorption cooling cycle, as proposed by Altenkirch about one century ago

on it is schematically given in Fig. 4.2. It consists of a cascade of several absorber
(A)—generator (G) loops. Two adjacent loops are internally isobar connected on the
generated-absorbed vapor side and externally to the sink and heat sources (see the
legend). Each generator is provided with vapor rectification when a volatile absorbent
working combinations is used. The last generated vapor is condensed. Subsequently,
it is expanded, evaporated to the stages pressures for the cooling be produced with
different temperatures (here high, medium and low) and finally is absorbed in the
absorbers. Each A-G loop has its own separate absorbent administration. When a
rectified vapor is handled, its concentration differs from stage to stage and the cycle
is suffering from the absorbent inventory problem (in this case, the loops are quasi-
closed). This technical solution, although clever, is quite complex and was confined
to refrigeration applications, only, those of heating being not disclosed by Altenkirch.

The coabsorbent technology is completing the multi-stage absorption, introduc-
ing three types of truncation columns. Each column type is provided with absor-
bents which are mixing to its every generation-resorption pressure stage. In this
work, we define a degree of truncation of a coabsorbent cycle, equal to the number
of pressure stages which a truncation column, no matter what type of, is interpos-
ing between the lowest and the highest pressure stages of the nontruncated cycle
of origin. According to its degree of truncation, a column and the cycle using it,
having one, two, ..., five, etc., intermediary pressure stages, will be named sim-
ple, double, triple, quadruple, quintuple, etc. truncation column and truncated
cycle, respectively. In Fig. 4.3 we present principally the three possible truncation
columns with their absorbent mixing process. The first type is given schemati-
cally in Fig. 4.3a. Considering a n-stage column and the two consecutive resorber-
generator loops, that is Ri—G;41 and R;_1-G;, 2 <i<n — 1, n € N, the absorbent
with the concentration ygo+1 coming of the generator G;1j is mixing up with
the absorbent of concentration ygp,;—1 coming of the resorber R;_;. They generate
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in the i-th stage mixer M; the absorbent with the mean concentration yys;, which
subsequently is distributed in a pre-established way to the stage G; generator and R;
resorber. The yjs; mean concentration has as upper and lower limits the ygo,i+1 and
YRo.i—1 concentration values, respectively:

YGO.i+1 > YM.,i > YRO,i—1- 4.1

The two loops are graphically outdistanced in the log(p) — 1/T diagram, similar
to the Altenkirch multi-stage cycle, Fig. 4.2, because yco.i+1 > Yro.i—1- In fact,
the resemblance is apparent, only. Indeed, unlike the Altenkirch multi-stage,
where the equalities yro,;—1 = Ycr; and ygo,i+1 = Yri; hold true, here we have
YRO.i—1 #= YG1i = Ym.i and YGo.i+1 = YrIi = Ym.i- From these simple considerations
and taking advantage of Eq. (4.1), it results that the absorbent mixing process of
this column type resembles to that depicted in Fig. 3.3a, provided that we consider
the generation replaces the desorption and the resorption replaces the absorption.
For this reason, this type of column is named nonoverlapping truncation column.

The second column type is given schematically in Fig. 4.3b. The considerations
made for Fig. 4.3a hold true in this case as well, except the fact that in the mixer
M; is generated the absorbent with the mean concentration yyy;, which is character-
ized by the:

YGO,i+1 = YM,i = YRO,i—1 4.2)

The absorbents mixing process resembles to that shown in Fig. 3.3b. For this rea-
son, this type of column is named balance (fractal) truncation column or simpler
the truncation column, known in the literature under this name through the author
prior publications (e.g. Staicovici 2008a). Finally, the third column type is shown
in Fig. 4.3c. Again, the considerations made for Fig. 4.3a hold true here as well.
However, in this case, the absorbents coming of the generator G;+; and resorber
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R;_1 are mixing up in the mixer M; and generate the absorbent with the mean
concentration ypz;, which has as upper and lower limits the yrp,;—1 and yGo,i+1
concentration values, respectively:

YRO,i—1 = YM,i = YGO,i+1- (4.3)

From this point of view the mixing process resembles to that depicted in Fig. 3.3c,
with concentrations overlapping, and the column will be named overlapping trun-
cation column.

The cooling and heating cycles provided with nonoverlapping and overlapping
truncation columns have been thoroughly analysed and modeled by the author.
The results show that their heat pumping effectiveness is much less than that of the
heat pumping cycles provided with balance columns. For this reason, they will not
be presented further in this book, yielding the space to the balance (fractal) trunca-
tion of the coabsorbent cycle, analysed thoroughly next.

4.1 Balance (Fractal) Truncation of the Coabsorbent Cycle

The coabsorbent cycle truncated with the help of a balance column, was disclosed
by the author priorly (e.g. Staicovici 2006a, b, 2007d, g, 2008a, b, 2009a). It is
already known as the “truncated cycle”. This name will be kept hereinafter. It
can be considered the standard (base line) design in truncation. In comparison to
a nonoverlapping column cycle, the balance column cycle needs more pressure
stages (usually one or maximum two) for a same heating or cooling task and same
sources. However, this type of cycle can compensate for this drawback, working
principally with a better internal heat recovery in certain conditions, for the ben-
efit of the heat pumping cycle effectiveness. Here we make reference mainly to
the generator-absorber (resorber)-heat exchange (gax) use. A gax effect is possible
but through the removal of concentrations of the adjacent pressure stages mixers
M; and M;y1,i =1, ..., n — 1, in such a way that the higher this removal, the
better for the gax effect stimulation. The removal effect, named shorter, the adja-
cent concentrations removal (“acr” abbreviation hereinafter) is met to a smaller
or higher extent to all possible types of coabsorbent cycle truncation columns
shown in Fig. 4.3, but the balance column maximizes it as an intrinsic property
of this column type, only. Typical for acr is that it enables an operation temper-
ature overlapping (OTO) of two adjacent devices, shown comparatively for the
R; and G4 devices in Fig. 4.3a—c. More about the gax effect will be written in
Sect. 4.2.1. Continuing, the cycle is well adapted to the operation in off-design
conditions, brought about more often than not by the sources temperature seasonal
variation. This is why, next, we shall consider that Eq. (4.2) is fulfilled essentially
with equality by all its i stages, 2 <i <n — 1, n € N, although in practice it is
very likely that the cycle operates with mixing concentrations having small devia-
tions from Eq. (4.2), that is YGO,i+1 = YM,i + §y and YRO,i—1 = YM.,i + Sy, with
e.g. 6y = 0.005 — 0.01.
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Fig. 4.4 The truncated cooling coabsorbent cycle

4.1.1 Cooling Cycle

The truncation technique is presented next, describing the cooling cycle using a
balance truncation column (Staicovici 2006a, 2007g, 2009a). A truncated cooling
cycle is plotted by the solid line for the absorbent circulation in the log p — 1/T
diagram of Fig. 4.4 (see also the block flow chart). It comes of the nontrun-
cated cooling cycle, Fig. 3.2, represented by the external contour with the solid
line in the left side and with the dashed line in the right side of the diagram. It
includes a low pressure desorption process (1-2), p;, e.g. (0.1-2) bar, where the
useful cooling effect occurs, e.g. Tp; = (213,15-273,15)K and a truncation col-
umn having pressures between the low value and a high pressure p,, e.g. (10-50)
bar. The truncation column is made up of a low pressure absorption process (3—4)
coupled on the vapor side with the low pressure desorption process (1-2), a low
pressure mixing process of the absorbents coming of the low pressure absorp-
tion and the desorption processes in order to generate the yy one mean con-
centration and Ty(p;, ym) = Twm,cooling temperature absorbent, point M, and a
series of i stages, i = 1, ..., n, n € N, of isobar opposite intermediary generation
(5; — 560, and resorption (5; — Sgp,;)) processes, having increasing pressures,
DPn = Pit1 > pi > p; and temperatures between Ty cooling and Ty pearing and being
coupled on the vapor side. The vapor have essentially increasing mean concentra-
tions YGmi < YGmi+1 < YGmn—1 and fulfil the concentration threshold condition
Yro,i < YGmi i =1, ..., n. The stages are supplied in pre-established proportions
by the uniform absorbents coming, for the first stage of the mixture of the one
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mean concentration absorbent with that coming of the second generation stage,
point 51, for each of the following next i stages of the mixture of the absorbent
coming of the first inferior resorption stage i — 1 with that coming of the first
superior generation stage i + 1, points 5;, i = 2, ..., n — 1 (see arrows and detail
A), and for the high pressure stage of the last but one resorption process n — 1,
point 5,. The truncation column has also processes between its successive stages,
of the one mean concentration absorbent pressure increasing from p; to p; and
of the absorbent coming of resorption processes, p;—i to p;, i = 2, ..., n, of pres-
sure reduction of the absorbent coming of the generation processes, from pj to p;
and from p; to p;_1, i = 2, ..., n, and of heat recovery between the opposite pro-
cesses of absorption-generation and of resorption-generation, of the gax and of the
absorbent-absorbent type. Functionally, the rich absorbent leaves the truncation
column last stage resorption process (5, — Sro..) at pu, is subcooled by the des-
orbed vapor in a recovering way from Tro , > T cooling till a temperature closer to
Tpi, portion (S5ro,, — 6), is expanded till py, it suffers the desorption process (1-2)
where it extracts the heat from the medium which must be cooled and reaches the
state parameters Tpo < Ty and ypo > yu, and the absorbent coming of the gen-
eration process (51 — 5Go,1) of the first truncation column stage is subcooled in a
recovering way, is expanded till the low pressure, it suffers the absorption process
(3—4) of the desorbed refrigerant vapor, is mixed up at the low pressure with the
absorbent coming of the desorption process and it generates the one mean con-
centration absorbent which is covering the truncation column in the way described
above until the last stage at p,,, in order to close the cycle.

Summarizing and formalizing, the truncation column of the cooling cycle in
Fig. 4.4 is a “vertical” collection of “parallelograms” noted from the low pressure
bottom to the high pressure top by (5i) — (5RO;) — (5i + 1) — (5GO;+1) — (50),
i=1,2,...,n— 1. The i = 0 notation is reserved for the low pressure bottom. The
parallelograms notation is done in this way, because it starts from the place where
the mixing point is located and conventionally it is considered an origin. Each par-
allelogram is covered clockwise in this case. Each two parallelograms are adjacent
in a single point (i), i = 1, 2, ..., n — 2 and exchange mass (vapor and absorbent)
and heat. A parallelogram “operates” between a low pressure resorption process
and a high pressure generation process and two distinct isosteres. Each isostere has
the concentration of the absorbent which exits the process it comes of. The par-
allelograms increase gradually their mean concentration from the bottom to the
top. In this respect, the full truncation column, with its successive generation and
condensation (resorption here) processes, is in fact a truncation-rectification col-
umn (or a truncation-dephlegmation column), as, besides truncation, the generated
vapor increases naturally its concentration, approaching more often than not the
unit in function of the particular application, when the absorbent covers the column
from the bottom to the top and the cycle operates with volatile absorbent working
combinations (see The Trigeneration Cycle Thermodynamic Model explanation).
Moreover, because this time, besides generation, the rectification (dephlegmation)
process can be accomplished as well intrinsically by the same heat source amount
supplying just the cycle generation processes, it is expected that, comparative to


http://dx.doi.org/10.1007/978-3-642-54684-6_3

178 4 A Few New Coabsorbent Cycle Configurations

Detail A ) ! ¥
Vi i | ph
"1 scoi ! ; !
Lol 120 | . !
SROi 75 S ¥ | |
. I
~ | I |
" DN P! | )
o . P . M___
~ log (p) L -~ i1 | | . !;r/:rti "7
. i-1 = "
5RO0i-1 ; |1 27 L
: pi | . ¥
5RO e
! 1 5G0iH [ l {;z;;’ Block
| | 5ROi+1 pitl ! | S, flow
b e et ol St i I | o P chart 1
<l | e m e o= I I = I
o / / ' o :
’, -~ I ] .
| Sn-1 5GOn-1 e
. - . sl SRlC.'n-l n prvl ! 2 _,E’_>_;u“.
- . I | 5ROn (5A0) / % / :
SmmMoss o mE s ——F pr=pl I
! 5n (SAI=5DT) | |5GOn (SDO) | T
h o
TMcooling TM TRO TMheating TRIh

Fig. 4.5 The truncated heating (heat transformer) coabsorbent cycle

other cycles, the cycle at hand has a higher effectiveness with respect to the Carnot
cycle, and this will be emphasized in the future applications. However, in quite
rare cases, when the generated vapor mean concentration of the last generator is
not satisfactory, producing a concentration threshold problem, a vapor rectification
(dephlegmation) process must be performed, consuming in most cases a reduced
additional rectification heat input. Continuing, in case of the parallelogram includ-
ing the notation i = 0, the resorption process is replaced by an absorption process.
The truncated cooling cycle is obtained, adding to the left side of the truncation
column a pair of processes, namely a resorption [here the (5, — 5SRO,)] and a des-
orption one [here the (1-2)], connected by the isostere (SRO, — 1). The block flow
chart in Fig. 4.4 shows very clearly this joining between the truncation column and
the left side pair of resorption-desorption processes.

4.1.2 Heating Cycle

A truncated heating cycle is plotted by the solid line in Fig. 4.5 in the log (p) — /T
diagram (see also the block flow chart). It comes of the nontruncated heating cycle,
represented by the external contour with the solid line in the right side and with
the dashed line in the left side of the diagram. Formally, it is obtained by adding
to the right side of the truncation column a pair of processes, namely a resorption
[here the (1-2)] and a desorption one [here the (SDI — 5DO)], interconnected by
the isostere (SDO — 1). In case of the heating cycle, the cooling cycle “bottom”
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is placed at the high pressure top, where the mixing point is located as well. For
this reason, bearing in mind the previous convention, the truncation column starts
the notation of its parallelograms from the high pressure stage to the low pressure
stage. For the sake of computation simplifying, the last stage of the absorption
(5A0 — 5AI(=5DI)) is noted by (5RO, — 5,), like a resorption stage. Similarly, the
stage of the desorption (5DI(=5AI) — 5DO) is noted by (5, — 5G0O,), like a gen-
eration stage. In case of the heating cycle, the parallelograms mean concentration
decreases gradually from the high pressure to the low pressure stages, and so does
the generated vapor, as well. The operation of the truncated heating cycle has many
similarities with the operation of the truncated cooling cycle. This is why we shall
not explain it here. If necessary, the reader may find a complete description of this
cycle in Staicovici (2007g, 2008a).

4.1.3 Truncation Theory

A truncated coabsorbent cycle has particular topologic and flow properties, which
determine its thermal behaviour. We shall emphasize these basic properties next
(Staicovici 2009a), starting with the following:

Lemma 1 Formally, graphically, the representation of a (non)truncated heating
(heat transformer) coabsorbent cycle in the log p — 1/T diagram can be obtained
through an 180° plane rotation of the (non)truncated cooling coabsorbent cycle
representation in the same diagram.

Proof Indeed, rotating by 180° the graphs of the nontruncated and truncated cool-
ing coabsorbent cycles, shown in Figs. 3.2 and 4.4, respectively, the representation
of the nontruncated and truncated heating coabsorbent cycles, shown in Figs. 3.29
and 4.5, respectively, is obtained in the same diagram. This is possible because all
cycle “parallelograms” of the truncation column have the same clockwise absor-
bent flow covering direction, which obviously is plane rotation free (q.e.d.). This
result will be used later. The lemma 1 is valid also if the cycle “parallelograms”
of the truncation column has the same counter-clockwise absorbent flow covering
direction before and after rotation. Another useful result is referring to a truncated
cycle “anatomy” as follows:

Lemma 2 A truncated cooling and heating (heat transformer) coabsorbent cycle
can be obtained through the overlapping of nontruncated coabsorbent cycles.

Proof Next, we shall proof the lemma using truncated cooling coabsorbent cycles
covered by nontruncated cooling cycles, but equally the lemma can be proved using
truncated heating coabsorbent cycles covered by nontruncated heating cycles. Let
us consider the truncated cooling coabsorbent cycle plotted in Fig. 4.6, which is
a simpler noted version of Fig. 4.4, and the isosteres passing through the points
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Fig. 4.6 A truncated cooling coabsorbent cycle build by non-truncated coabsorbent cycles
overlapping

5i, i = 2, ..., n — 1. With them, we construct a sequence of three nontruncated
cooling coabsorbent cycles noted as, Fig. 4.6: (i + 1): Mi125;41,5i+15i+1,4M;
(@): Mi15i55igM;—1; (i — 1): M;5;—1,5;-15i—1,4M;—2, and having as mixing points
the M;11, M; and M;_, defined by the isosteres passing through the points 5;41, 5;
and 5;_1, respectively. In the three-cycle sequence, the adjacent cycles are overlap-
ping in such a way that the (i — 1) cycle resorption outlet and the (i 4+ 1) cycle
generation outlet isosteres, the y; 1, and y; 114, respectively, are overlapping on the
(i) cycle mixing isostere yp,. As a result, given the different pressure the three
cycles are running on top with, the p;_1, p; and piy1, with p;_1 < p; < pi+1, there will
be three different portions of overlapping on the yy, isostere, namely the M;5;_1 ,,
with two overlappings, the 5;_1,,5;, with a single overlapping, and the 5,5;41 ¢, with
no overlapping, respectively. We make now the remark that a mixing isostere is
covered by a double absorbent flow, while the extreme isosteres of a nontruncated
cycle are covered by a single absorbent flow, with an opposite direction as com-
pared to that of the double absorbent flow. Bearing this and the above mentioned
in mind, we can now infer that the two-overlapping yyy, isostere portion is vanish-
ing, which reason for was represented by a dotted line in Fig. 4.6, and the single
overlapping portion becomes single flowed. This is why the single overlapping
and the no overlapping yy, isostere portions are operational and were consequently
represented by solid lines. Extending our conclusion to the whole cycle, all two-
overlapping portions of the yy,, i = 2, ..., n — 1, isosteres are vanishing, reason
for which they were represented by dotted lines too. Concerning the yyy, isostere,
this is vanishing too, because here we don’t have a two-overlapping portion, but
given the flow balance, it is covered by a single absorbent flow, which is counter-
balanced by the y,— , counterflow current. The yy, isostere is two-flow covered, as
it results after a simple consideration, given the contribution of n-th desorber flow,
which remains unbalanced because of the whole cycle pj,,, bottom vanishing, for
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the reasons outlined above. In this way, the whole cycle solid line has been proved,
as resulting from the nontruncated cycles overlapping. Bearing in mind the lemma
1, we extend our conclusion to the truncated heating (heat transformer) coabsorbent
cycles as well, and in this way the whole lemma has been proved (q.e.d.).

Not only a truncated coabsorbent cycle is topologic intrinsic related to a
nontruncated cycle, as the lemma 2 showed, but these cycles have absorbent flow
intrinsic similarities also, as it is stated by the following:

Lemma 3 A truncated coabsorbent cycle, of cooling or heating (heat transformer)
type, and its nontruncated coabsorbent cycle of origin, have the same typical equa-
tion, which is independent of the truncation way.

Proof Let us first consider the truncated cooling coabsorbent cycle plotted in
Fig. 4.4, which symbols of will be used hereinafter, together with those introduced
for the nontruncated cycles in Sect. 3.2. We note the outlet absorbent mass flow
factors and the each generation and resorption pressure stage vapor by,

YGi—yori .
gl,izia l=17""n, (4.4)
YGlL,i — YGO,i
Y . .
rl,i:w, i=1,...,n, 4.5)
YRO.i — YRILi
and
VGi
V= , i=1,...,n, .
=9, (4.6)
respectively. The mass balance on different parts of the cycle gives:
Varin =d, 4.7)
Vigii =a, (4.8)
(a1 +di) + g12V2 = (ri1 +81.1) V1, (4.9)

riictVier + gLt Vigr = (ri+81) Vi, i=2,...,n—1,  (4.10)

Yuio1rLi-1Viet + ymin181i41Vier = ymi(ri + gui) Ve i=2,...,n—1
4.11)
rl,n—IVn—l = (rl,n + gl,n)Vn- 4.12)

Introducing Egs. (4.7) and (4.8) in Eq. (4.9), using this result in the first
Eq. (4.10) and further on successively introducing the result of a precedent equation
into the next one, it is obtained the recurrent equation:

riiVi=griviVisi +riaVe, i=1...,n—1 (4.13)
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With the help of the recurrent Eq. (4.13), we eliminate step by step the V», V3, ...,
Vi—1 reduced vapor quantities of each cycle stage, and obtain:

i—1 i—1 k

i i—1
Vngl,jZVlHrl,j_rl,nVnHr]J 1+ZHSJ- , i=2,...,n—1.
j=2 j=1

j=2 k=2 j=2
(4.14)
In Eq. (4.14) the s5; symmetry factor of the coabsorbent “j” stage is given by,
81, YRO,j — YM j .
Sji=—=—"" ]:1,...,11, (4.15)

AW YMj — YGOo,j

[t

where yyy; is the coabsorbent “” stage mixer concentration. In Eq. (4.14) we make
i = n in order to obtain,

n

[1ry

Vi i n k
V. ool t+> IIs ) (4.16)
YTy k=2 j=2
j=1

From Egs. (4.7) and (4.8) we obtain,

4 _(h)su 4.17

d Vi rl,n' (.17)
Combining Egs. (4.16) and (4.17), it results the characteristic equation of a
n-stage balance (fractal) truncated cooling cycle, given by:

n k
i=21Is (4.18)

k=1 j=1

In order to prove the first part of the lemma, we write Eq. (4.15) in the following
form,

= DRI, 4.19
77 Aygj T (+-19)
and remark that,
AYG,/ = AYR,;'—I’ J == 2, .. .,n, (420)
where from,
k
IIs = AR 4.21)
7T Ay '
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Using this result, Eq. (4.18) rewrites,

a i "\ Ayrk _ YRO.m — WM
E:ZHSJ:Z == =5. (4.22)

A
Pt i Aver  yM —YGo.

and the first part of the lemma has been proved. In order to prove that the property
expressed by Eq. (4.22) holds true for a truncated heat transformer coabsorbent
cycle as well, it is enough to remark that, according to Lemma 1, the heating cycle
comes of the cooling one through its simple rotation by 180° and that for the latter
cycle the theorem was already proved. In this way, taking this result into account
and the fact that the truncation was chosen at random, the whole lemma is proved

(q.e.d.).
The model and the design of a truncated cycle is requiring the knowledge of the
reduced vapor quantities of each cycle stage V;, j = 1, ..., n. They are calculated

next. Unlike the nonoverlapping and overlapping column cycles, these vapors can
be obtained in case of the balance column cycles in a closed form. As already dis-
cussed, from the (Tpo, ypo) input data, the desorber flow factor d results and fur-
ther the absorber flow factor a is computed, using the equations given in Tables 3.1
and 3.2. The vapors V| and V,, can be calculated now from Eqs. (4.8) and (4.7),
respectively, resulting in:

Vi= e (4.23)
and
V= 4 (4.24)
'ln

The rest of vapors are obtained considering Eqs. (4.14) and (4.23):

n k
. kZHSj
11 11 .
V,-=V1<"> n”k’ = (g ) ZHsj, i=2,...,n—1. (425)
81,i ZH 81, k=i j—i

In Eq. (4.25), the numerator, equal to the sum of products, can be expressed alter-
natively, following a similar way as in Egs. (4.19)-(4.22):

Z H 5= __ YROn — )’Mz 4.26)

k=i j=i M_yGOl

In Eq. (4.26), each stage mean concentration, yyy;, is known from Eq. (4.2). This is of
great help, and the calculus of the vapors V,, i = 2, ..., n — 1, becomes straightfor-
ward. It is not the case of the nonoverlapping and overlapping column cycles, when
yui values are not known and must be calculated through an iterative computation,
considering additionally Eq. (4.11).
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Using Eqgs. (4.22), (4.23) and (4.26), Eq. (4.25) can be expressed in a simpler
form:

YRO.n—YMi d
1,1 i— i RO.n — YMi .
Vi — Vl <g > IYMi—YGOi — 7)} n YMi 1227.

— 9
g1, ) MOnTIM oy i YMi — VGO
YM—YGo,1

can—1. @427

The algorithm given by Eqs. (4.4)—(4.27) is a complete tool for computing the
cooling cycle (Fig. 4.4) absorbent (massic) flow. However, this must be modi-
fied correspondingly, in order to use it to the heating cycle (Fig. 4.5). The com-
putation algorithm of the heating cycle reduced vapor quantities of each stage V;,
i=2,..,n— 1, can be obtained elegantly bearing in mind the useful lemma 1
and utilizing the results obtained so far. Indeed, from this lemma it results that the
change from the cooling to the heating cycle in the log(p) — 1/T diagram through
an 180° plane rotation will replace the generation processes with the resorption
ones and vice versa. Consequently, the ratio of the generators outlet flow factors in
Eqgs. (4.23) and (4.25) will be replaced in case of the heating cycle by the ratio of
the resorbers outlet factors. Also, the heating cycle symmetry factor of the coab-
sorbent *j” stage, sj, j = 2, ..., n — 1, becomes the reverse of the s; value known
from the cooling cycle. In this way, anticipating, the V;, i = 2, ..., n — 1, gener-
ated vapor of the heating cycle will be calculated by Eq. (4.42). However, it is
meaningful as well to adopt an independent way to calculate these vapor quan-
tities, resembling to a good extent to that we used for the cooling cycle vapor
assessment, which we shall traverse next. We consider the notations in Fig. 4.5.
The equations of the g;; and r; flow factors, given by Egs. (4.4) and (4.5) for the
cooling cycle, hold here true as well. Also, we note:
VG,

Vi= i =l (4.28)

The mass balance on the first resorber and the last generator exits, gives:

raVi =g, (4.29)
and
giaVa=r (4.30)

respectively. From Eq. (3.22) of Table 3.2, we can obtain in case of the truncated
heating cycle an equation similar to Eq. (4.22), using Eqs. (4.29) and (4.30):

g i YM — YGon
§=== = = 4.31
r 81,4V ;]1_[1] YRO,1 — YM ( )

Equation (4.31) is the characteristic equation of a n-stage balance (fractal) trun-
cated heating cycle. Continuing with the mass balance on the different parts of the
heating cycle we can write:

(g1 +r)+r2Va=(rii+g.1)Vi (4.32)
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gri—1Vict +riic1Vigr = (gui+ )V, i=2,....n—1 (4.33)

yui-181i-1Vie1 + ymis1rii-1 Vit = ymi(gri +ri)Vie i=2,...,n—1
(4.34)

gl,n—an—l = (gl,n + rl,n) Vi (4.35)

Equations (4.29) and (4.30), written for the outlet flow factors, are introduced in
Eq. (4.32). The obtained result is utilized in the first Eq. (4.33). Further on, the
result of a precedent equation is introduced successively into the next one and the
recurrent equation is obtained:

griVi=riiv1tVipr + 814V, i=1,...,n—1 (4.36)

With the help of the recurrent Eq. (4.36), the V», V3, ..., V;_ reduced vapor quan-
tities of each cycle stage are eliminated step by step. As a result, the following
equation holds true:

i i1 i-1 k i1
ViHrIJ:VIHglJ_gl,nVn 1+ZHSJ' HglJ, i=2,....n—1
j=2 j=1

k=2j=2 ) j=2
(4.37)
In Eq. (4.37), the s; “j” stage symmetry factor is given by:
", _ YMj—YGoj .
= — =" ]=1,...,n,
’ 81  YROj —IM, (4.38)

where yyy; is the coabsorbent *7” stage mixer concentration. Equation (4.37) can be
rewritten with the help of Eq. (4.38) in a more convenient form, after some calculus, as:

i—1 k

Vi g1 8in Vn .

VI—E ; l—gllvl 1+ZHSJ N 1—2,...,1’1—1. (439)
’ Hs] ’ k:2j=2
j=1

In Eq. (4.39), we take into account Egs. (4.31) and (4.38), in order to obtain:

== _ , i=2,...,n—1. (4.40)

The last ratio numerator of Eq. (4.40) right hand member may be written after a
simple calculus, as:

n k i—1 k 1 n k i
ZHSJ—ZHSJ':;i ZHSj Hsj’ i=2,...,n—1. (441)
Jj=1

k=1 j=1 k=2 j=2 k=i j=i
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We take into account Egs. (4.38) (4.29) and (4.31) and combine Eqs. (4.41) and
(4.40), in order to obtain the final useful result:

n k
> 11 Om.i=y6on)
VieV r1_1 k=ij=i e u (Yro,i—ym.i)
! ! I n k ! T (YM —YGO,n)
> I s (yro.1—ym)
k=1j=1

_r bmizyeon) . _, (4.42)
rii (yroi —ym.i)’ Y ‘

Equation (4.42) resembles to Eqs. (4.25) and (4.27), written for the cooling cycle,
as we have for seen. It enables the calculation of the heating cycle reduced vapor
quantities of each stage V;, i = 2, ..., n — 1. The model is completed, calculating
the vapors Vi and V,, from Egs. (4.29) and (4.30), respectively. Prior to do this, of
course we have to calculate first the g factor from the (TG0, yGo) input data and
then the r factor, using Eq. (3.30) of Table 3.2.

The lemmas 2 and 3 are conducting us to emphasize a more comprehensive
nontruncated coabsorbent cycle property, expressed by the following:

Theorem The nontruncated cooling and heating (heat transformer) coabsorbent
cycles are fractals from the topologic and the absorbent flow point of view.

Proof According to the Benoit Mandelbrot definition, every fragmented geomet-
ric shape, that is the truncated cycle, of a nontruncated cooling and heating (heat
transformer) coabsorbent cycle, considered as a whole (origin), can be subdivided
in parts, each of which, namely the nontruncated cycle, being a reduced size of the
whole from the geometric point of view, according to the lemma 2, and behaves
as a whole from the absorbent flow point of view, according to the lemma 3, and
these statements proof the theorem (g.e.d.).

Moreover, because a heat transport is always accompanying a mass transport,
which in our case is the absorbent flow, the theorem entitles us to go even further
and formulate the following:

Corollary The nontruncated cooling and heating (heat transformer) coabsorbent
cycles are mass and heat fractals.

The theorem explains why the truncation column enjoying the property given
by Eq. (4.2) was named a “fractal (balance) truncation column”. Out of the
three truncation types, depicted in Fig. 4.3, only that fulfilling Egs. (4.2) and
(4.20), makes a nontruncated cycle to enjoy the property of being a fractal when
applied to it. The theorem suggests the introduction of new shorted names for the
nontruncated cooling and heating coabsorbent cycles, such as cooling and heating
fractals, respectively, used hereinafter.
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4.1.4 Truncation Columns, Common-Column Cycles,
Column Cycles, Reverse Truncated Cycles and Fractals
Symbolic Representation

4.1.4.1 Truncation Columns

Only the truncation columns made up by parallelograms covered in a clockwise
direction have a technical application in the heat pumping, as the reader may eas-
ily prove. We could assert as a rule of thumb that there is at least one column of the
type we analyse, which can be used to truncate a coabsorbent cycle in every cool-
ing or heating application requiring this technique. Physically, the columns with
even degrees of truncation have only one possible structure, while the odd ones can
benefit of an infinite number of structures for a given application. This statement
results from the log(p) — 1/T diagram plotting of the truncation columns, Fig. 4.7a.
Indeed, in case of the even-degree plotting, the isosteres coming of the mixing
points do not meet together neither directly, nor indirectly, through intermediary
isobars or isobars and isosteres and cannot be moved at convenience for fixed input
data. For this reason only one structure results and this configuration was marked
by solid line. On the contrary, in case of the odd-degree plotting, the isosteres
originating from the mixing points do meet together, directly or indirectly, so the
remaining isosteres and isobars structure can be designed at convenience in order to
generate an infinite family of columns, which reason for it was marked by dashed
line. Of course, the input data of an application determine the degree of a truncation
column. Out of them, the mixing points relative position is the most important. In
Fig. 4.7a we have plotted a few ammonia/water columns with isobar stages and the
end generation and resorption temperatures equal to those of the mixing points. The
stages number increases with the mixing points temperature difference decrease
(from the left to the right in the figure). The first left picture shows a nontruncated
fractal column, where the temperature difference is high enough for the cooling
mixing isostere be higher than that of the heating one. Decreasing the temperature
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difference so that the two mixing isosteres overlap, as in the second picture, the
column results simple truncated, with a single intermediary pressure stage. A fur-
ther temperature difference decrease makes the heating fractal mixing isostere to
have increasingly higher values as compared to that of the cooling fractal. In this
case, the mixing isosteres can have a common pressure interval, a single common
pressure value, or no common pressure at all, so the columns are increasing their
complexity to double, triple and quadruple-and higher truncation, respectively.

In the last period, the plate heat exchangers have been proposed also in the
absorption technology, to replace the classic tube and shell devices playing the
role of mass and heat exchangers (e.g. Risberg 2004, for the NH3—-H,O hybrid
heat pumps). Despite their high heat exchange coefficients and compactness for
large heat exchange surfaces, the plate exchangers introduction is confronted with
a problem, that of creating sensible vapour pressure losses between the genera-
tion and the absorption devices. In our case, this disadvantage could be technically
overcome using non-isobar stage truncated columns, were the generation takes
place at a higher pressure than that of the coupled resorption process, Fig. 4.7b.

A truncation column is not only a succession of parallelograms connected in the
pressure stages mixing points, as we formally described the truncated fractals. It
could be regarded from another point of view, too, that of a “two-flow column”.
Indeed, we could consider it as being represented by two zigzag lines covered in
opposite directions by absorbent flows originating from the cooling and heating
mixing points M, connecting all resorption and generation processes, respectively,
and having mass and heat exchange on isobars. In this way, the left-side upstream
of the resorption processes continuously increases the absorbent concentration
from the yps cooling till the yro,, and the right-side downstream of the generation
processes continuously decreases the absorbent concentration from the yu nearing
till the ygo,1. Concerning the cooling fractal, its truncation effect results in that the
YM.cooling @bsorbent, having the flow fy, is split in two complementary flows, the
Vig1 and the V,ry,, having the end concentrations the ygo,1 and yro ., respectively,
similarly to the nontruncated cooling fractal case, described in Sect. 3.2.1. In this
case, the Egs. (3.14) and (3.15) hold true here as well, Table 3.2, because of the
lemma 3. From these equations it results that the absorbent concentration increase
till the yro, is done by sacrificing the absorbent flow amount, which is S times
lower than that having the ygo,1 low concentration. Indeed, the V,r, = Vg1/S, and
typically S > 2.0 — 3.0. Both the yrp,, and the V,,r,, will influence the useful cool-
ing effect capacity. Now, we can understand why the S values close to unit are pre-
ferred. A similar effect is met in case of the heating fractal column. Indeed, the most
reduced concentration absorbent flow, related to the useful heating effect capacity, is
S > 2.0 — 3.0 times lower than the highest concentration absorbent complementary
flow. This assertion bases on Egs. (3.25) and (3.26) practical evaluation, Table 3.2.

The “height” of a truncation column is obviously given by its parallelograms
number, but a more analytical column index might be introduced, such as:

__ YRO — YGO,1

hy = .
Tron — Tco,1

(4.43)
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Fig. 4.8 The block flow- 7 ]
chart of the common-column A log (p)

cooling and heating cycle /L /</z>

The low generation temperatures combined with the high sink temperatures in the
cooling operation and the high resorption temperatures combined with the low
heat temperatures in the heating operation lead to high columns use. They require
an increased number of parallelograms, typically three to five for the ammonia/
water working combination. The column index normal values are in this case in
the range of &, = 0.02-0.03 K~ 1.

4.1.4.2 Common-Column Cycles

The truncation columns of the cooling and heating cycles in Figs. 4.4 and 4.5,
respectively, are constructively similar and theirs parallelograms have the same
absorbent clockwise covering. Overlapping the cycles in Figs. 4.4 and 4.5, in order
to form a common-column cooling and heating cycle, like in the schematic of
Fig. 4.8, might be advantageous in some applications, from the constructive point
of view, saving the manufacture of a column. The common-column cycle produces
simultaneously cooling and heating. However, energetically, this has not the mean-
ing of a cogeneration, similar to that met for example by the nontruncated cool-
ing cycle (two useful effects for a single heat input). In this case, the absorbents
and the vapor are overlapping, but the connections with the sink and especially
with the heat sources of the two cycles are overlapping too, in an additive way.
Principally, a common-column cycle cannot be equally constructed employing
nonoverlapping or overlapping columns.

4.1.4.3 Column Cycles and Inverted Truncated Cycles

The integration of a truncation column in a closed circuit may result in a direct
(clockwise or power) column cycle, Fig. 4.9a. Its parallelograms are clockwise
covered. A turbo-generator is connected between the column top and the col-
umn bottom. The power column cycle has been analyzed elsewhere (Staicovici
2007d). The results show that, comparatively, the inverted Osenbriick cycle (see
Sect. 3.2.5.2) performs better and is simpler constructively, so, in order to be more
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Fig. 4.9 Block flow-charts of: a direct column cycle; b inverted column cycle; ¢ inverted truncated
cooling cycle; d inverted truncated heating cycle

effective, a power column cycle must increase its internal gax and sensible heat
recovery. Alternatively, a truncation column integration may result in an inverted
(counter-clockwise or heat pump) column cycle, Fig. 4.9b. Its parallelograms are
covered counter-clockwise in this case. According to lemma 2, this column comes
of a truncated heating coabsorbent cycle covered by nontruncated heating cycles.
A compressor is connected between the column bottom and the column top. No
results of this cycle has been obtained so far.

Further on, using an inverted column, Fig. 4.9b, two types of cycles can
be conceived, depicted in Figs. 4.9¢c, d. The inverted truncated cooling cycle of
Fig. 4.9c bases on an inverted column which is connected to its right side with a
desorber (top) and a resorber (bottom). Alternatively, the inverted truncated heat-
ing cycle of Fig. 4.9d comes of an inverted column which is connected to its left
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side with an absorber (bottom) and a generator (top). We can remark that, similar
to the truncated cycles of Figs. 4.4 and 4.5, according to the Lemma 1, formally,
graphically, the representation of the inverted truncated heating cycle in the log
p — UT diagram, Fig. 4.9d, can be obtained through an 180° plane rotation of
the inverted truncated cooling cycle representation in the same diagram, Fig. 4.9c.
Taking into account this fact and given the relative alike graphics, the reader could
think that the group of cycles plotted in Figs. 4.4 and 4.5 on one side and that of
those plotted in Fig. 4.9¢c, d, on the other side, have the same practical importance
and application. In fact this is not at all true, conceptually the two groups differ
fundamentally one another. Indeed, the cycles of Figs. 4.4 and 4.5 base on direct
columns, fulfilling heat pumping tasks with unfavoring supply, i.e. with sink/heat
sources outdistanced by small, limited, temperature gaps (see the sources related
internal temperature difference ATy = T hearing — T ,cooling: Fig. 4.4). On the
contrary, the cycles of Fig. 4.9c, d base as mentioned on inverted columns, which,
unlike the direct one, are not conditional upon the difference between the extreme
temperatures of the resorber-generator devices running on the isobar stages (see
Tro.max — TGo.min, Fig. 4.9b), but mainly upon the cycle output requirements. In
this respect, an inverse column operation could be replaced by that of a single heat
transformer cycle. The reasons to use an inverted column cycle instead of a single
heat transformer cycle for same input data are therefore not mandatory, but recom-
mendable, such as:

(1) the decrease of the cycle maximum operating pressure, which correspond-
ingly decreases the solution pumping work and increases safety;

(i1) the permission of many, not all, out of the generation and resorption pro-
cesses be designed in such a way that theirs operation intervals match better
to sources;

(iii) the benefic limitation of the internal heat source temperature 7po, Fig. 4.9c,
and cooling source temperature Ty, Fig. 4.9d;

(iv) the sensitivity of the heating and cooling effectivenesses with respect to the
number of stages increase is less as compared to that of the direct column
cycles.

The computation of an inverted column cycle is related to that of a direct column
cycle by the following simple and useful:

Lemma 4 A coabsorbent cooling (heating) cycle plotted in the log p — 1/T dia-
gram is computable with the algorithm of the heating (cooling) cycle resulting
from the cycle to be computed which suffered successively an 180° plane rotation
of its plot in the same diagram and an inversion of its absorbent flow covering.

Proof Let us consider for instance an inverted column cooling cycle plotted in
a log p — 1/T diagram. According to the lemma 1, after an 180° plane rotation
the cooling cycle plot becomes the plot of a heating cycle. During this process,
the initial cycle devices role is inverted, that is for instance a generator becomes a
resorber and vice versa. Further on, proceeding with the inversion of the absorbent
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flow covering, the heating cycle devices return to their initial role and the cycle
becomes a direct column heating cycle. Because our choice of the initial cycle was
arbitrary, the lemma is proved (q.e.d.).

The lemma 4 enables one to compute new cycles with the help of older cycles,
which have already known computation algorithms. In our case, we can use the
lemma 4 to compute the new cycles of Fig. 4.9c, d with the algorithms of the older
cycles represented in Figs. 4.5 and 4.4, respectively, already given in Sect. 4.1.3.
However, this work will not give any results of these cycles.

4.1.4.4 Truncated Cycles Symbolic Representation

Table 4.1 is giving a symbolic representation of the truncated cycles, truncation
column, common-column cycles and hybrid truncated cycles. The pictures num-
bers 1 and 2 are a schematic of the already known heating and cooling fractals,
respectively, the number 3 is the symbol of a truncation column, inspired by the
two-flow column interpretation described above, and the numbers 4 and 5 are the
symbols of the truncated cooling and heating fractals, respectively. The hybrid ver-
sions of the cycles 4 and 5 are those with the numbers 6 and 7. The common-
column cycles are represented by the numbers 8—10, for the full and the hybrid
truncation columns case.

4.2 Model of Cooling and Heating Truncated Cycles

Some important cooling and heating truncated cycles belonging to those presented
above have been modelled and the results thereof are shown in this section. The
model bases on Sect. 3.2.1.2 equations, written for the cycle devices, and on the
gax heat exchange analysis, given in the next paragraph. Besides this, each stage
generated vapor are calculated by the equations included in Sect. 4.1.3. The inter-
nal heat exchange has been considered carefully. In Fig. 4.10, we show several
ways to perform it. All have been modeled in order to find the most effective one.
In case of the “squat” parallelograms, provided with a small Ap and benefiting of
acr, Fig. 4.10a, theirs resorption and generation processes have a large tempera-
ture overlapping in operation, so the gax latent heat recovery might be applicable.
In our model we considered the gax recovery is valid whenever a good thermal
match came out from a mandatory analysis done for each such a heat exchange
type. Besides this, in the portions where there is not a temperature overlapping, the
generation process can partially recover the sensible heat of the absorbent com-
ing of it, and a part of the absorption process latent heat can be recovered by the
absorbent coming of it. On the contrary, when the parallelograms have “middle”
or “high” Ap values, Fig. 4.10b, the absorbents coming of the resorption and gen-
eration processes have a large temperature overlapping in operation, so they can
exchange sensible heat. Again, in the portions where there is not a sensible heat
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Figs. 4.10 Several internal heat exchange variants which could be applied in a truncation column
operation

temperature overlapping, a heat recovery, similar to that described in Fig. 4.10a,
can be practiced. Finally, a third type of internal heat recovery has been ana-
lysed, Fig. 4.10c. Here, two parallelograms, the M;—RO;—M;1—-GO;+1—M; and the
M~GO~M;_1—-RO;_1—M;, are shown in connection in the M; stage mix-
ing point. The absorbent coming of the G;y; generator (see the point GOjy1)
is subcooled from the 7GO;y; temperature till the TRO; + 8T one, where,
TRO; < TRO; + 6T < TM,, 6T > 0, in order to preheat the absorbent coming of the
R; resorber (see the point RO;), prior to be mixed up in the M; mixing point with
the absorbent coming of the R;.1 resorber (see the point RO;.1). The subcooling is
beneficial, because it is avoiding an undesirable effect, that of the flash evapora-
tion of the rich and superheated absorbent exiting the G;; generator when it is
expanded in the mixer from p;4 till p;, with pi1 >pii=1,2, ...,n — 1,i,n € N.
There are also additional ways to perform the internal heat recovered, like the use
of the R; resorber rejected heat in order to preheat the absorbent exiting the R;.|
resorber or the recovery of the generated vapor sensible heat prior to be resorbed.
In our model we preferred to use the heat recovery described in Fig. 4.10c. This is
the simplest, provides a column with a right operation, it is one of the most effec-
tive and it is versatile, being the most adapted to the sink/heat sources temperature
difference variation which a truncated coabsorbent plant can experience during for
instance the transition from a season to another. Indeed, during such transitions,
the ATy = T peating — Ty,cooling may vary to such extent that for instance a squat
parallelogram of design may become a middle or a high one, and vice versa. In
this case, the internal heat exchange depicted in Fig. 4.10a and b are not effective
for the off-design operation situations, but that according to Fig. 4.10c is capable
to ensure a column appropriate work in all cases.
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4.2.1 Gax Use in “Acr” Provided Truncated Coabsorbent
Cycles

4.2.1.1 Introductory Part

The cycle COP. and COP), could be improved further when operating with acr,
performing an additional internal GAX heat recovery. The first attempts to improve
the single-stage cooling and heating absorption cycle were made by Altenkirch,
which proposed in 1913 the absorber heat exchange system (AHX). This sys-
tem, called also “with absorbent return”, capitalized the temperature difference
which exists in an absorber and a generator between theirs colder and warmer
ends, in such a way that the rich (high concentration) absorbent is preheated in the
absorber it comes of prior to exit and enter the generator, and the poor (low con-
centration) absorbent is subcooled in the generator it comes of, prior to exit the
generator and supply the absorber (see Fig. 4.10a, b). In this case, the absorber
and generator operating temperatures are not superposing. The AHX was used
starting with 1960 in the residential air conditioning, but the heating version was
never commercially produced. Altenkirch also proposed in 1913 a better absorp-
tion heat recovery, with operating temperatures overlapping (Niebergall 1959),
called later GAX (Generator Absorber heat eXchange), and noted as “gax” (see
Sect. 4.1 introductory part). This recovered the high temperature heat released by
the absorber in the temperature overlapping region with the generator, using an
additional heat exchanger with an intermediary heat transfer fluid, as compared
to the AHX system. Because of its high potential to increase the heat pumping
cycles effectiveness, the gax become extensively studied and applied during the
last 30 years (e.g. Scharfe et al. 1986; Herold et al. 1991; Erickson 1992; Rane
and Erickson 1993; Bassols and Schneider 1993; Staicovici 1995a, b, 1998a, b).
In this work we shall analyse mainly the gax processes where the latent exother-
mal resorption heat (most often, the resorption replaces the absorption in our
case) is recovered by an opposite latent endothermal generation process in a tem-
perature overlapping zone. The gax heat can be transferred directly, or indirectly,
through an intermediary heat transfer fluid loop. The indirect way is more feasible,
although obviously slightly less efficient. There are two important aspects which
conditionate a gax performance: (a) the two processes take place on large concen-
tration intervals with a significant temperature overlapping thereof; (b) there is a
good match between the heat release and the heat receipt capacity of the two heat
connected processes. The (a) condition can be fulfilled by the coabsorbent technol-
ogy as this has intrinsic favoring properties of using the gax via acr to each of its
truncated, multi-effect cycles, etc. (see e.g. Fig. 4.3b). The (b) condition has been
studied by several authors mainly in case of the direct heat transfer (e.g. Scharfe
et al. 1986; Erickson 1992; Staicovici 1995a). Its verification is mandatory for
every practical gax application and for both heat transfer types, checking the (i) and
(ii) conditions be fulfilled simultaneously (see Chap. 2). It must be done step by
step along the gax devices, in order to ensure a minimum acceptable temperature
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Legend: a) Full Match Gax; b) Partial Match Gax solution proposal for a Resorber Heat Excess (RHE) Gax problem;
c) Partial Match Gax solution proposal for a Generator Heat Excess (GHE) Gax problem. (1): Operation Temperature
Overlapping (OTO); (2): Absorbent Flow Direction; (3): Gax Heat Recovery; (4): i-th Gax Complementary Resorber
(Ri,gax,c); (5): j-th Gax Complementary Generator (Gj,gax,c); (6): i-th Gax Resorber (Ri,gax); (7): j-th Gax Generator
(Gj,gax); (8): i-th Gax Heat Excess Resorber (Ri,gax,e); (9): j-th Gax Heat Excess Generator (Gj,gax,e).

Figs. 4.11 Schematic of the three possible gax solutions applyable in a truncated column pro-
vided with acr, in order to respect the (i) condition, for: a Full match gax, enabling a single gax
solution per application; b and ¢ Partial match gax confronted with RHE-Gax and GHE-Gax
problems, respectively, enabling an infinite number of gax solutions per application

pinch throughout the heat exchange. In our case, the acr enables an overlapping
of temperatures in the operation of the 1st stage resorber and the 2nd stage gen-
erator, the 3rd stage resorber and the 4th stage generator, etc. There are three gax
situations described shortly below, which could be solved, fully or partially, in a
manner suggested for instance in Fig. 4.11a—c. According to the author experience
gained so far in assessing a gax of a cooling cycle with full truncation column, the
highest heat recovery is obtained between the 1st stage resorber and the 2nd stage
generator. In this particular case, many times, not always, the condition (i) is ful-
filled along the gax satisfactorily. This simplest operation of the full match gax is
analyzed in the Sect. 4.2.1.2. In Fig. 4.11a it is shown how the full gax operation
takes place between the resorber and generator sub-devices 6 and 7, respectively.
The sub-devices 4 and 5 are complementary ones and finish the resorption and the
generation processes, respectively. This is the classic gax configuration, the sim-
plest one, which offers a single gax solution per application, only. The gax recovery
between e.g. the 3rd stage resorber and the 4th stage generator of a full truncation
column is usually partially satisfactory only, as the heat released by the resorber
in the operation temperature overlapping (OTO, see Fig. 4.3b) is higher than that
needed by the generator, that is the condition (i) is not satisfied. Possible solu-
tions of this gax type confronted with a resorber heat excess (RHE), are proposed
in Fig. 4.11a, b. According to Fig. 4.11b, the resorber is split in two isobar sub-
devices, 6 and 8, and the full match gax will take place between the resorber 6 and
the generator 7 sub-divices, while the excess resorber heat is eliminated through
the gax heat excess resorber 8. Alternatively, the condition (i) cannot be fully sat-
isfied as well, but only partially, if the heat released by resorber in the operation



4.2 Model of Cooling and Heating Truncated Cycles 197

Point T,[C] |y, Y, [-]

ps
[bar]
1-(M) 0.4078 - 0.1719
2-(GO,2) 3.131 89.2 0.1719
3-M,1) | 2342 | 79.65 [ 0.1719
4-(Rl,gax) | 2.342 | 43.45 | 0.3456
5-(GO,1) 2.342 89.2 0.1313
6-(GO,1) 2.342 - 0.1313
7-(RO,1) 2.342 32.0 0.4088
8-(GO,3) 12.36 89.2 0.4088
9-(RO,1) 2.342 - 0.4088
10-(M,2) 3.131 40.45 0.4088
11-(G2,gax) | 3.131 | 76.65 | 0.2272
12-(RO,2) | 3.131 32.0 0.4585
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Fig. 4.12 The full gax process plotted in the log (p) — 1/T diagram and the joined data table for
the double truncated cooling fractal cycle at hand, provided with acr

temperature overlapping were smaller than that needed by the generator. This
type of gax, met especially to the heating cycles operation, is confronted with a
generator heat excess (GHE). Its possible solutions are proposed in Fig. 4.11a, c.
According to Fig. 4.11c, this time the generator is split in two isobar sub-devices,
7 and 9, and the full match gax will take place between the resorber 6 and the gen-
erator 7 sub-divices, while the excess generator heat is provided through the gax
heat excess generator 9. The working with a partial match gax will be considered
in Sect. 4.2.1.3. Here it will be shown that a partial match gax could be capitalized
and included as well in the internal heat management of a truncated cycle, through
simple yet effective technical solutions, such those introduced in Fig. 4.11a—c, in
order to benefit additionally the cycle effectiveness. And last, but not the least, it
will be shown that the gax configurations outlined in Fig. 4.11b, c enable an infinite
number of gax solutions per application.

4.2.1.2 Full Match Gax

The analysis at hand is done next with the help of a deep cooling study case based
on a double truncated cooling fractal. This is graphically represented in Fig. 4.12
(see also Fig. 4.11a). The 1st stage resorber portion implied in the gax recovery is
noted by Ry 4ax, and operates between the points 3 and 4 at py. The complementary
portion of the first resorber, cooled externally, is noted by Ri gax (portion 4-7 at py).
The vapors Vi g4, (point 15) and Vf’ gax (point 16), generated by the first stage gen-

erator (portion 3-5 on the p; isobar), are resorbed by Rj g and Ri ax respectively.
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Legend: 1- Gax Resorber (R1gax in Fig. 4.12); 2-Gax Generator (G2gax in Fig. 4.12);
4- Gax Complementary Resorber (R1gax,c in Fig. 4.12); 6- Gax Complementary

Generator (G2gax,c); 7- Gax Heat Transfer Loop; 8- Sink Source; 9- Heat Source.

Fig. 4.13 Mass and heat state parameters and data of a resorber (R g4y and R o )—generator
(G2,gax and G5 ) structure with full match gax, gr 1,gax = 9G.2,6ax» Used in a truncation provided

2,gax
with acr. Note: the subscript “c” holds true for the superscript “c” in equations

The resorption heat released by Rj g4y, noted by 17, is transferred directly or
through a heat transfer loop to the second stage generator first portion, noted
by G2 gax (portion 10-11 at py). The remaining second stage generator (portion
11-14) is heated externally. The code of Fig. 4.12 cycle was completed with the
gax assessment, given next and using the above nomenclature. The algorithm is
a particular case of that which laid down the basis of the DD method presenta-
tion (see Chap. 2). Indeed, the Ry g,y and Rﬁ" gax portions in Fig. 4.12, are the main
(R™) and the complementary (R°) parts of the resorber shown in Fig. 2.3b, respec-
tively. However, given the importance of the gax recovery in a truncated cycle, for
the sake of clarity the reader is furnished with its complete calculus mode, useful
to the beginning of the cycle design phase. Next, the mass and heat balances are
referred to in conjuncture with Fig. 4.13.
R gax refrigerant mass balance:

YG,l Vl,gax + rl,gaxYM,1 = T'R,1,gax (rl,gax + Vl,gax) (4.44)
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Resulting equation:
I'l,gax = Vl,gaxrl,gax,u (4.45)
where:

_ YG1 — YR ,gax
Mgaxuy = —— (4.46)
YR,1,gax — YM,1

R gax heat balance:

qr.1.gax = HG,1 Vi gax + hR1,1 71 gax — R, gax (F1gax + Vigax) (4.47)
Resulting equation:

qr.1.gax = Vigar |[(HG,1 — hR1gax) + Figaxu (BRI — PRI gax)]  (4.48)

R gax refrigerant mass balance:

YG,IVf,gax + YR,1,gax (’"l,gax + Vl,gax) = YRO,1 [(’"l,gax + Vl,gax) + Vf,gax}

(4.49)
Resulting equation:
r1gax T Vigar = Vi gax™ garus (4.50)
where:
" gaxu = 61— YRon 4.51)

YRO,1 — YR,1,gax

RS gax heat balance:

q;’,],gax = Hg, Vf,gax + hR,l,gax(rl,gax + Vl,gax) —hgro,1 {(rl,gax + Vl,gax) + Vlc,gax}
(4.52)

Resulting equation:

QIC?,],gax = Vlc,gax {(HGJ - hRO,]) + rlc,gax,u (hR,l,gax — hro.1 )} (4.53)

V1 gax and Vf’gax calculus:
Mass continuity between the Ry gax and R{ ,,.:
rgavuVigax + Vigar = 11 gax Vi gax: (4.54)
G vapor mass balance:
Vigax + Vi gar = V1. (4.55)

In Eq. (4.55), V; is the Ist generator vapor, Eq. (4.23). From Egs. (4.54) and
(4.55), it results:
rC

1,gax,u

9
rf,gax,u + rigaxu + 1

Vi gax — Vi (456)
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X r +1
Viar = V1 rf,gm,:’f}t,gax,u +1 47
The gax is designed from the very beginning in such a way that, Fig. 4.12:
T62.0ax = Tm, 1 — ATgar G (4.58)
and
Trigax = Tmp + ATgax R (4.59)

The positive items ATgqy G and ATg g in Eqs. (4.58) and (4.59), Fig. 4.12, must
be chosen in order to ensure a simultaneous fulfilment of the (i) and (ii) conditions
(see Chap. 2). Moreover, although these items are not appearing explicitly, they
are key parameters in the models to follow. In this respect, the models will work
with theirs minimum and maximum values, noted as AT g4y G(R),min(max), and with
theirs intermediate values. Continuing, from the two Egs. (4.58) and (4.59) and
according to Fig. 4.3b, the operation temperature overlapping (OTO) results in:

AToro = TG2.gax — TR1,gax = Tm,1 — Ty — ATgax,G — ATgax R (4.60)

Also, from Fig. 4.12 we can emphasize two Gax Recovery temperature Zones
(GRZ), where the gax takes place actually, one for the resorber, ATg grz:

ATrGrz = TR 1,gax Tm.1] (4.61)

and one for the generator, ATg Grz:

ATG6rz = [Tr 2. T6.2.9ax) (4.62)

marked further in figures of the gax study cases. The two temperature sets (zones)
have in common, of course, the ATpro temperature set. First, the unit mass flow
factors 71 gax,u and rlc’gax’u are calculated with Eqs. (4.45) and (4.46). Then, the
V1,gax and Vf’gax vapors are calculated, using Eqgs. (4.56) and (4.57). Second, the
gax heat gg 1 gqr is computed with Eq. (4.48), from the heat balance Eq. (4.47).
Checking the calculus correctness requires, however, to compute the complemen-
tary resorption heat g | gax A8 well, for comparing the results with the known total
first resorption heat gr1 = gr 1,gax + qu’l’gax. The benefit of improving the cycle
internal heat management through gax recovery is generally expressed by the
COP. and COP), equations, given below. They take into account the smaller need
of generation heat for the same useful cooling or heating effects, as:

Cooling COP:

COP. — Useful_cooling_effect qp
¢ Heat_input Z (QGi - QRi,gax) (4.63)
1
Heating COP:
Useful_heating_effect qr
copP, = = (4.64)

Heat_input > (QGi - QRi,gax)

l
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Fig. 4.14 The thermal capability of the Ist stage resorber and 2nd stage generator of Fig. 4.12
versus working temperature (X-plot)

The above algorithm must be completed compulsorily with a detailed analysis of
the gax heat exchange. This can be done in the design phase, checking the ful-
fillment of the conditions (i) and (ii), mentioned previously, in each reasonable
large interval of temperature throughout the coupled resorption and generation
processes at hand. In our study case and everywhere throughout this book we
have done this with the help of the DD method. The thermal capability of the
Ist stage resorber and 2nd stage generator of Fig. 4.12 is plotted versus working
temperature in Fig. 4.14 (noted as “X-plot” hereinafter). The operation tempera-
ture overlapping, marked as OTO, takes place between the points 4 and 11 val-
ues in Figs. 4.12, 4.14 and 4.15 that is Tr; gax = 43.45 °C and T2 gax = 76.65 °C,
respectively. The heat transfer from resorber to the generator in the gax recov-
ery zone can be performed in a possible way, as that suggested by Fig. 4.14.
The evolution of the generation and absolute resorption cumulated heat vs.
temperature for same study case is plotted in Fig. 4.15 (noted as “q-plot” here-
inafter). The gax recovery zone of the resorber, marked by Resorber GRZ, cor-
responds to points 3 and 4 in Fig. 4.12, and takes place between Tjs,; = 79.65 °C
and TRy gax = 43.45 °C. The Generator GRZ ranges between its points 10 and 11,
which temperatures of are Tys» = 40.45 °C and T2 gax = 76.65 °C, respectively.
The results shown by this plot are particularly important, as they indicate to what
extent the condition (i) is fulfilled globally. For a full match, the absolute heat
released in the 1st stage Resorber GRZ must equal that received in the 2nd stage
Generator GRZ, that is (see Fig. 4.15 notations):

[ar.1 (TR,I,gax)]pR‘I — [ara (TM,1)L,R1 = [962(To2.4ax)] ., — [QG,Z(TM,Z)][JG‘Z

(4.65)

PG2
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Fig. 4.15 The evolution of the Ist stage resorber and 2nd stage generator cumulated heat versus

temperature (q-plot) for Fig. 4.12 study case

Moreover, in this respect, the two Figs. 4.14 and 4.15 must be correlated by the
following equations:

s Tm.i
‘CIR,i,guX| = / d‘CIR,i,gwcl = / ’XR,i,gM’dT
TR,i,gux TR,i,gux
TG, gax 16 gax
= XG,/‘,gaxdT = dCIG,j,gax = 4G,j,gax
Ty Ty

where j = i £ 1 (see next Fig. 4.16 for cooling and heating cycles). In our case,
Eq. (4.65) is fulfilled with an accuracy higher than 99.5 %, which is satisfactory.
When Eq. (4.65) is not fulfilled satisfactorily, it is possible to match the gax splitting
the absorbent flows and appropriately supplying with absorbent and vapor the heat
exchanging devices, as suggested by Fig. 4.11b, c. The model is more complicated
this time, but could be derived in a way similar to that we followed here, shown next.

4.2.1.3 Partial Match Gax and Capitalization Methods Thereof

A more detailed schematic of the partial match gax is given in Fig. 4.16. The mass
and heat balances, which will follow, are done in conjuncture with this figure, for
all sub-devices outlined in Fig. 4.11b, ¢, considered here on a same chart. They
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Legend: (1): i-th Gax Resorber (Ri,gax); (2): j-th Gax Generator (Gj,gax); (3): i-th Gax Heat Excess Resorber
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(6): j-th Gax Complementary Generator (Gj,gax,c); (7): Gax Heat Transfer Loop; (8): Sink Source; (9): Heat

Source. Note: j=i+] in case of a refrigeration cvcle and j=i-1 in case of a heating cvele.

Fig. 4.16 Mass and heat state parameters and data of the i-th resorber (R gax, R} cax A0 R} ax)

coupled with the j-th generator (Gj gqx, Gﬁgax and Gﬁgax), in a configuration enabling a partial

match gax operation, gg;gax = 4G,jgax> Used in the truncation provided with acr. Note the sub-
scripts “c” and “e” hold true for the superscripts “c “e”

e

and “e” in equations

will serve to model later separately both RHE and GHE problems, which the
partial match gax is confronted with.

Gax resorber-pos. 1:
Mass balance:

yM,iri,gax,uVi,gax + YG,iVi,gax = YR.i,gax (ri,gax,u + 1) Vi,gax (4.66)

YG.i — YR,igax
Tigaxy = —————— (4.67)
YR,i,gax — YM,i

Heat balance:

qR.i,gax + hR,i,gax (ri,gax,u + I)Vi,gax = HG,iVi,gax + hRI,iri,gax,uVi,gax (4.68)

qRigax = Vigax|(HG,i — hRigax) + Tigavu (hrii — hRigax)] (4.69)
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Gax heat excess resorber-pos. 3:

Mass balance:

e e e _ e e e
YM.iTigaxuVigax T YGiVigax = VR gax (’i,gax,u + 1) Vi gax (4.70)
L\
e _ YGJ YR.i,gax @71)
igax,u — e K .
YRigax — YM.i

Heat balance:

e e e e _ e e e
qR,igax + hR,i,gax (ri,gax,u + 1) Vi,gax = HG,lVi,gax + hRI’lri,gax,uVi,gax 4.72)

q;?,i,gax = Vfgux {(HGJ - hlei,i,gax) + rigax,u (hRI,l' - hlei,i,gax>:| 4.73)

Gax complementary resorber-pos. 4:

Mass balance:
y;‘?,i,gaxric,gax,uvic,gax + YGJVic,gux = YRO,i (ric,gax,u + ]> Vic,gax (474)

e _ Ygi—yro, 75
igax,u — .

Heat balance on pos. 1 and 3 outlet and pos. 4 inlet:

e e e _.c ¢ c
(ri,gax,u + 1) Vi,gath,i,gax + (ri,gax,u + 1) Vi,gath,i,gax =T gaxu Vi,gath,i,gax

(4.76)

e e e . : .
(ri,gax,u + 1) Vi,gath,i,gax + (rz,gax,u + 1) Vl,gﬂth,l»gax
RS = 4.77)
,i,8ax c c
i,gax,u "’ i,gax

Heat balance on pos. 4:

c c ¢ _ e c c c
qR.i.gax + hro,i (ri,gax,u + 1) Vi,gax = HGylVi,gax + hR,i,gaxri,gax,u Vi,gax (4.78)

qlci’,i,gax = Vlfgax {(HGJ' - hRO,i) + ric,gax,u (hIC?,i,gax - hRO,i)} 4.79)
Gax generator-pos. 2:
Mass balance:

yM,jgj,gwc,uVj,gax = YG,]‘Vj,gax + VG j.gax (gj,gax,u - 1) Vj,gax (4.80)

Yo — Y6 gax
8jgary = ———=— 481
P My = 6, gax (+-81)
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Heat balance:

qGj.gax + hGIJgj,gax,u Vj,gax = HG,]'Vj,gax + hGJ,gax (gj,gax,u - 1) Vj,gax (482)

q94Gj.gax = Vj,gax [(HGJ - hG,/‘,gax) + 8j.gax,u (hGJ,gax - hGIJ)] (4.83)
Gax excess heat generator-pos. 5:

Mass balance:

yMJg;gax,u Vﬁgax = Yé,/ Vﬁgax + yeG,j,gax (gﬁgax,u - 1) Vﬁgax (484)

e e
Y6 =6

g;,gax,u = (4.85)

e
YM yGJ,gax

Heat balance:

qeGJ,gax + hGIJgﬁgax,u Vﬁgax = Hg,/'vjfgax + héj,gax (g;,gax,u - 1) V]fgax (486)

qaj,gax = Vﬁgax [(Hg,j - EJ,gax) + g;,gax,u (haj,gax - hGIJ)} (4.87)

Gax complementary generator-pos. 6:

Mass balance:
VagortfanaViar = Y67 Vfu 4960, (8feana = 1) Vi 459

Y5, —Y6o,

8 gaxu = (4.89)

Heat balance on pos. 2 and 5 outlets and pos. 6 inlet:

e e e . _ : . o€ c c
(gjn%‘wc’u o 1) Vj,gax Gyj,gax + (g],gax,u l)Vj,gtthG,],gax - gj,gax,uvj,gux Gj.gax

(4.90)

(gﬁgax,u - 1) Vﬁgaxhg?,/',gax + (gj,gax,u - l)vj,gath,j,gax 4.91)
= v .

¢
J.8ax

c
Gj.gax c
8j.gax.u

Heat balance on pos. 6:

qg?,j,gax + th,j,gaxg]q,gax,uV]fgax = H(C}Jvﬁgux + hGO,/' (g;,gax,u - 1) V]ﬁgax (492)

q%,j,gax = Vjc,‘gax [(Hé,] - hGOJ) + g;,gax,u (hGOJ - th,j,gax)} (493)
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The cycle COP. and COPy, calculated by Eqgs. (4.63) and (4.64) hold true in case
of the cycle with RHE (or GHE) gax, provided that g ; gax = ¢Gj,gax> according to
Eq. (4.96).

Note: If the j-th stage generated vapor are rectified up to an Y, value, then
in equations above the Yg, Y§ J and Y§ j vapor concentrations values are replaced
by Yyeip.

Vapor calculation
Mass continuity between pos. 1 and 3 outlets and pos. 4 inlet:

(rﬁgax,u + 1) Vfgax + (ri,gax,u + I)Vi,gax = ricigax,u Vlfgax (494)

Refrigerant species mass continuity between pos. 1 and 3 outlets and pos. 4 inlet:

e e e . : . _C ¢ c
(ri,gax,u + 1) Vi,gaxyR,i,gax + (rl,gax,u + ])Vt,gax)’R,z,gax = Figaxu Vi,gaxyR,i,gax
(4.95)

Partial match gax capitalization condition in order that the gax resorber pos. 1 be
designed to deliver exactly the maximum amount of heat acceptable by the gax
generator pos. 2, in case of RHE or for the gax generator pos. 2 be designed to
need exactly the maximum amount of heat deliverable by the gax resorber pos. 1,
in case of GHE:

qR.igax = 4G j.gax (4.96)
or
Vigax [qRigax] = Vigar |46 j.gax) (4.97)
where
[qRigax] = (HG,i — hRiigax) + Fisgaru (hR1i — hR.igax) (4.98)
and
[96,.ax] = (HG,j — hGjgax) + 8gaxu (hGygax — i) (4.99)
G; vapor mass balance:
Vigar + Vigar T Vigax = Vi (4.100)

Mass continuity between pos. 2 and 5 outlets and pos. 6 inlet:

(gﬁgax,u - I)Vfg(lx + (gj,gax,u B l)vf’gﬂx = g]?,gax,uvﬁgax (4.10D)

Refrigerant species mass continuity of between pos. 2 and 5 outlets and pos. 6 inlet:

(g;,gax,u - 1) Vﬁgaxyg,j,gax + (gj,gax,u - 1) Vj,gax)’G,j,gax = g;,gax,u Vﬁgaxyg;,/,gax
(4.102)
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G; vapor mass balance:

Vigax + Vﬁgax + Vjc,.gax =V (4.103)

Resorber Heat Excess (RHE) Gax Operation Model

In this case, the i-th resorber is capable to eliminate in the gax recovery zone more
heat than the j-th generator needs in the same zone. Theoretically, this intrinsic
problem, specific mostly to the refrigeration cycles (j = i + 1), could be par-
tially overcome, splitting the gax resorber in two paralel devices, R; ¢qr and R} gax
(see Fig. 4.11b). In this configuration, the R; ¢4, device is designed in such a way
that it delivers in a recovering way an amount of heat equal to that needed by the
gax generator Gj gqy, that iS grjgax = qG,jgar, according to Eq. (4.96). The use-
ful gax resorption heat g ; ¢q4x is rejected during the resorption of the V; g4, vapor
amount, while the gg jgqy heat input is generating the Vg4, vapor amount. The
gax heat transfer is considered to be done similarly to the full match gax case,
Fig. 4.13, with the help of a heat transfer closed loop (pos. 7, Fig. 4.16). The
extra-heat of the i-th gax resorber, g ; gax generated through the absorption of the
Vfgax vapor amount, is eliminated in the gax heat excess resorber, Ri cax (pos. 3,
Fig. 4.16), by means of the sink source (pos. 8, Fig. 4.16). The absorbents coming
of Rjgqr and R{ ,, are mixed up and supply together the rest of the resorber sub-
device, RY qax (pos 4, Fig. 4.16), named similarly as that in Fig. 4.13, pos. 4, the
i-th gax complementary resorber and playing the role of finishing the i-th resorp-
tion process, through the Vi‘:gax vapor amount resorption. Figure 4.16 includes
also the position 4, representing the j-th gax heat excess generator, Gje qax Given
the case at hand, the Eqs. (4.94)—(4.103) are solved together with the obvious
Eq. g5 j.gax = 0, therefore:

Vigax =0 (4.104)

and consequently the Gj‘f, sub-device vanishes. The j-th generation process is
ending in our case in the GJC gax sub-device, that is the j-th gax complementary gen-
erator, pos. 6, Fig. 4.16, heated externally by the heat source 9 and generating the
vapor amount V]fgax. Introducing Eq. (4.104) in Egs. (4.101) and (4.102), it results:

YGjgax = YGjgax (4.105)

Taking into account Eq. (4.105), the independent equations remaining out of
Eqs. (4.94)—(4.103) form a nonlinear implicit system having as solution the
unknown variables V; gqx, Vfgax, szgax’ Vi gaxs Vifgax and y;’i’gax = yf;,’i’gax (Vfgax)
The solution depends on the unknown absorbent concentration, yfe’i’gax, recorded
to the outlet of the i-th gax heat excess resorber (pos. 3, Fig. 4.16). It can be cho-
sen at convenience, y;?,i,gax € (yM,,-,yRo,i). However, the computation is consider-
ably simplified if we considered that:

YRjgax = YRigax = YR i gax (4.106)
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without to influence our results for the case at hand. The first equality in
Eq. (4.1006) leads to the following result [see Eqs. (4.67) and (4.71)]:

rie,gax,u = ri,gax,u (4107)

Next we shall work with Eq. (4.107), and applying Eqs. (4.104)—(4.107) to the
system of Eqgs. (4.94)—(4.103), this becomes simpler:

(ri(igax,u + 1) Vz%gax + (ri,gax,u + 1) Vi,gax = ricigax,u Vlfgax (4108)

Vi,gax [CIR,i,gax] = Vj,gax [QGJ,gax] (4.109)
Vi,gax + Vfgax + Vifgax = Vi (41 10)
(gj,gax,u - 1) Vj,gax = g/L'.,gax,uVjc,.gax 4.111)
Vigar + Vigax =V (4.112)

Solving the system of Eqgs. (4.108)—(4.112), it is obtained a closed form solution,
the only one out of the partial match gax analysis solutions:

8 oax. N
Vigar = Vj— Jfrg“j“ _1[ ‘{g“’“] (4.113)
8j.gax.u T 8 eax.u [qR,t,gax}
C
Vegar = Vi igaxu — Vigax (4.114)
’ Vi.gax,u + ri,gax,u +1
T +1
Ve —V i,gax,u
1,gax lri,gax,u + ric’gax’u +1 (41 15)
Vigar =V Sigara (4.116)
J.8ax ]gj’gax,u 4 g]L“,gax’u -1 .
ve, . = v Sigara — 1 4.117)
J.gax J .garu + g;,gax,u 1 4.

RHE-Gax problem study cases. Next, we shall present comparatively a first set
of three partial match gax study cases. These are numbered by Ist to 3rd, and
are included in the further coming Results of the RHE-Gax Model Run with
ATgax R min—Infinite Equivalent Solutions to a RHE-Gax Problem, respectively. All
study cases are facing a same RHE-Gax problem, met for example between the 1st
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Fig. 4.17 The X-plot of the 1st stage resorber, 2nd stage generator and of the gax thereof
belonging to a partial match gax study case of a RHE problem, met to a simple truncated
hybrid coabsorbent cooling cycle, Fig. 4.44, and analyzed with the RHE-Gax model run with
ATgax,R = ATgax,R,min

(i =1), resorber, Ry g4 and the 2nd (j = 2), generator, G7 44, of the simple truncated
hybrid coabsorbent cooling cycle (see Fig. 4.44 of Sect. 4.3.2). The main input data
of all study cases are: Tp/Tpo=—70 °C/—67 °C, Ty, = 18 °C, Ty = 58 °C,
Ty,1 =454 °C, Ty = 29.46 °C. The cycle uses rectification, Y.y = 0.998, and the
effectivenesses are COP,, = 1.558, COP. = 0.2625 and COP,,,, = 1.065.

Results of the RHE-Gax Model Run with AT gqx R min

The 1st study case analyzes the solution of the RHE-Gax problem using the model
given in the Resorber Heat Excess (RHE) Gax Operation Model (see Fig. 4.11b
also). As we expect, in this case the model is run with ATgup = ATgax R mins
therefore ATg grz is maximum, ATrGrz = ATR.GRZmax, Eq. (4.61). Figures 4.17
and 4.18 show the X-plot and g-plot, respectively, before (dotted line plot)
and after (solid line plot) applying the partial match gax method. The opera-
tion temperature overlapping is small, it takes place between Tgj gqx = 33.46 °C
and Tgogar = 41.4 °C, only, considering that ATguygmin = ATgarc=4 °C.
Without applying the method, the X-plot and g-plot reveal the comparative val-
ues, Xgi,gax € AXg1 = [137, 102] versus X2 gax € AXG2 = [113, 911, and ggr1 she-
gax = 1,430 — 30 = 1,400 versus g2, rhe-gax = 630 — (— 530) = 1,160, respectively.
These values show that the resorber and the generator sub-devices have a visible
mutual thermal mismatch, which entitles us to appeal to the gax method at hand. The
gax resorber (pos. 6 in Fig. 4.11b) will absorb a vapor amount of Vg4 = 0.2503
[Eq. (4.113)], only, the excess amount, V7§, gax = = 0.3014 [Eq. (4.114)] being absorbed
in the gax heat excess resorber (pos. 8 in F1g 4.11b). In this case, the heat delivered
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Fig. 4.18 The g-plot for same as in Fig. 4.17

by the gax resorber Rj g4, Will diminish to a value equal to that needed by the gax
generator G gy, that is gr 1,gax = 96.2,gax = 657.2 [Eq. (4.96) and Fig. 4.18], which
generates the V3 g, = 0.4898 vapor amount [Eq. (4.116)], while Vf’gax = 0.0 [Eq.
(4.104)]. The heat of the gax heat excess resorber, q;?,l,g o = 7191.3, is the highest
out of all configurations analyzed and is eliminated in R‘i ax by the sink source.
The gax complementary resorber Ri ax will absorb the rest of vapor Vf’ eaxr = 1.064
[Eq. (4.115)], out of the 1st stage generated vapor amount of V| = 1.616, and rejects
to the sink a heat amount of qlce’i’ o = 2056. The gax generator Gi gax will generate
the rest of vapor VZC’ qax = 0.5202 [Eq. (4.117)], out of the 2st stage generated vapor
amount of V> = 1.01, consuming a heat source amount of qg,lgax = 1501.8.

Summarizing, the method application enables in theory to rectify partially a
RHE-Gax problem, recovering the gax resorber heat for the benefit of the cool-
ing cycle effectiveness. Here, this increased by more than 12 %, i.e. from
COP. = 0.234 to COP. = 0.2625.

Results of the RHE-Gax Model Run with ATgqx R max

A 2nd study case analyzes the solution of the RHE-Gax problem mentioned pri-
orly, making use of the full match gax configuration, outlined in Fig. 4.11a. It can
be obtained from the partial match gax configuration, Fig. 4.16, making Vfg w =0
and dimensioning correspondingly the yGo,1 temperature item and further ATg Grz
[see Fig. 4.12 and Eq. (4.61)], in order that Eq. (4.96) be fulfilled. In this particular
case, one might expect that AT, g takes its highest value, AT g = ATgax R max
therefore ATy grz Will have a minimum value, ATg Grz = ATR GRZ min- The solv-
ers of our study case are equally the models of the full match gax model [see
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Fig. 4.19 The X-plot of the study case of Fig. 4.17, solving the RHE-Gax problem when consid-
ering that ATgux g = AT gax,Rmax

Egs. (4.44)—(4.65)] and the model given to the Resorber Heat Excess (RHE) Gax
Operation Model, because the latter reduces to the former when Vfgax =0 and
Egs. (4.113) and (4.114) become Egs. (4.96) and (4.56), respectively. This time, the
solution of the problem at hand cannot be obtained in a closed form. Indeed, the
ATgaxRmax Value can be found through a trial-and-error calculus, only. Each cho-
sen ATgqx g proposes an ATR;eax(ATgax R max) concentration variable value, and
the trial-and-error calculus ends when the heat of the gax resorber, gr; gax, cOm-
puted with hg;gqr = [hR,i,gax (yR,i,gax)] . and rjggyy = [ri,gax,u (yR,i,gax)}pR func-
tions [see Eq. (4.48) where i = 1], satisﬁpes Eq. (4.96). As one can remark, this type
of gax with ATy g max is nothing else but the single gax solution, which the clas-
sic configuration of Fig. 4.11a is capable to offer in an RHE-Gax working mode.

The X-plot and g-plot of Figs. 4.17 and 4.18 are repeated in Figs. 4.19
and 4.20, respectively. The diminution of the Ry g, Tresorber heat, in order to
match the heat needed by the generator G 44y, has been done by restricting
the ATg grz domain (set) from ATg Grz max=[29.46, 45.4] (see Figs. 4.17 and
4.18) to ATR GRZmin = [39.66,45.4] (see Figs. 4.19 and 4.20). The restriction
was achieved choosing a higher value for AT, g, comparatively, while keep-
ing the same Ist study case ATgyuc = 4 °C value. The trial-and-error calcu-
lus ended when the guessed values, ATgqy R max=10.2 °C and yg 1 gax = 0.1264,
resulted in Eq. (4.96) fulfiling, gr1gax = qG2gax = 657.2. The accepted
value, ATgux,rmax = 10.2 > 4 °C, leads to both (i) and (ii) heat transfer con-
ditions fulfilling, as priorly stated and proved by Figs. 4.20 and 4.19 plots,
respectively.
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Fig. 4.20 The same as in Fig. 4.19, for the g-plot
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Fig. 421 Partial results plot of infinite equivalent solutions to the RHE-Gax problem mentioned
priorly, shown for all resorber sub-device’s vapor versus AT gy g

Infinite Equivalent Solutions to a RHE-Gax Problem

According to a 3rd study case, running the Resorber Heat Excess (RHE) Gax
Operation Model model for the configuration outlined in Fig. 4.11b and with inter-
mediate ATy g values, ATgaxRmax < ATgax,r < ATgax,Rmax> an infinite number
of equivalent solutions for the same RHE-Gax problem mentioned priorly will
result. Partial results thereof are given in Figs. 4.21 and 4.22 for the resorber vapor
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Fig. 4.22 Partial results of infinite equivalent solutions to the RHE-Gax problem mentioned pri-
orly, shown for all resorber sub-device’s heat versus ATqy g

and heat, respectively and ATy g min = 1 °C and AT ggy g max = 10.2 °C. All solu-
tions respect the (ii) heat transfer condition (provided that the ATgqx gmin value
is acceptable). Moreover, Fig. 4.22 proves that the (i) condition (Eq. (4.96)) is
fulfilled as well, because the heat of the gax heat excess resorber and gax com-
plementary resorber sub-devices are continuous decreasing and increasing com-
plementary functions, respectively, enabling the gax resorber heat be kept constant
and equal to that of the gax generator, for each AT, g variable value. The results
obtained above are not confined to the particular RHE-Gax problem at hand, they
are general. Expressed otherwise, these results emphasize that, for a given ¢g j gax
generation heat and using the configuration outlined in Fig. 4.11b, it is always
possible to find an infinite number of gax solutions for a RHE-Gax problem, hav-
ing qRrgax = 4G, gax and being characterized by Gax Recovery Zones, ATg Grz.
which respect the double inequality below:

[TR,i,gax,max, TM,i] = ATy Grzmin < ATrGrRz = ATR,GRzZ,max
(4.118)
= |:TR,i,gax,1’Ilil’l’ TMJ.
where

TR,i,gax,mwc = TM,]' + ATgax,R,maX (4.119)

and

TR i gax,min = Tmj + ATy g min (4.120)
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Generator Heat Excess (GHE) Gax Operation Model

Only the things which are different as compared to the RHE-Gax will be considered
here. In this case, the jth generator must receive in the gax recovery zone more
heat than the i-th resorber can deliver in the same zone. Theoretically, this intrin-
sic problem, specific mostly to the heating cycles (j =i — 1), could be partially
overcome, splitting the gax generator in two parallel devices, Gjgqr and GJe gax
(see Fig. 4.11c). In this configuration, the Gj 44, device is designed in such a way
that it receives in a recovering way an amount of heat equal to that deliverable
by the gax resorber R;gqy, that is grigax = 4G jgax, according to Eq. (4.96), and
produces the Vj 44, vapor amount. The extra-heat of the jth gax generator, gg; J.gar
is received in the gax heat excess generator, Gﬁgax (pos. 5, Fig. 4.16), by means
of the heat source (pos. 9, Fig. 4.16), and generates the Vfg vapor amount. The
absorbents coming of Gj gq¢ and Gje ax AT€ mixed up and supply together the gen-
erator sub-device GJC cax (pos. 6, Fig. 4.16). Given the case at hand, Eqgs. (4.94)—
(4.103) are solved together with the obvious equation g ; gax = = 0, therefore:

Viear =0 (4.121)
and consequently the Rf,  sub-device vanishes. Introducing Eq. (4.121) in
Egs. (4.94) and (4.95), it results

YRigax = YRigax (4.122)

Taking into account Eq. (4.122), the independent equations remaining out of

Eqs. (4.94)—(4.103) form a nonlinear implicit system having as solution the
. e € e

unknown variables Vigan Vigar Viaw Vigar Vigax a4 Y6 gax = Y6, gax \ Vigax )

The solution depends on the unknown absorbent concentration, yg j,gq.’, recorded to

the outlet of the j-th gax heat excess generator (pos. 5, Fig. 4.16). It can be chosen

at convenience, Y .., € (¥M,>YGo.;). However, again, similar to the RHE-Gax
case, the computation is considerably simplified if we considered this time that:

(4 C
YG jgax = YGj.gax = VG gax (4.123)

without to influence our further results. The first equality in Eq. (4.123) leads to
the following result [see Eqs. (4.81) and (4.85)]:

8 garu = 8j.gax.u (4.124)

Next we shall work with Eq. (4.124). Applying Eqgs. (4.121)—(4.124) to the system
of Egs. (4.94)—(4.103), this becomes simpler and the solution writes in a closed
form in case of GHE gax as:

C

Vigar = Vi L 4.125
bae lri,gax,u + riC:gax,u +1 @. )
Vi.gax,u +1
szgax =V

Tigaxu + ric,gax,u +1 (4.126)
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Fig. 423 The X-plot of the 1st stage generator, 2nd stage resorber and of the gax thereof
belonging to a partial match gax study case of a GHE problem, met to an NH3—H;O heating dou-
ble truncated fractal and run with AT 6 = ATgux,G,min

e [CIR i ax]
ViV igax.u 8 4.127
T g+ 1 gaxa + 1 [46y.g0x] 120
g‘.'
Ve =V J.6a% —V; 4.128)
T 85 gaxu — | j.gax (
8j.gax,u — 1
J.gax J j.garu + gﬁgax’u —1 ( )

GHE-Gax problem study cases. Next, we shall present comparatively a second set of
three partial match gax study cases. These are numbered by 4th—6th, and are included
in the further coming Results of the RHE-Gax Model Run with ATg,x R min—Infinite
Equivalent Solutions to A GHE-Gax Problem, respectively. All study cases are
facing a same GHE-Gax problem, met for example between the 1st j =i — 1 = 1),
generator, G gy and the 2nd (i = 2), resorber, Ry g4, of the double truncated coab-
sorbent heating cycle (see Fig. 4.37a of Sect. 4.2.3). The main input data of all study
cases are: Tr/Trro = (104/74) °C, Ty = 5 °C, Ty = 37 °C, Ty = 11.23 °C,
Ty = 30.44 °C. The effectivenesses are COP,, = 414.6, COP;, = 0.3376.

Results of the GHE-Gax Model Run with an Intermediate AT gy G

The 4th study case analyzes the solution of the GHE-Gax problem using
the model given in the Resorber Heat Excess (RHE) Gax Operation Model
(see Fig. 4.11c also). The model is run with an intermediate AT, value,
ATgur,c = 1.885 °C > ATgux Gmin = (0.1 — 4) °C. Figures 4.23 and 4.24 show
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Fig. 4.24 The same as in Fig. 4.23, for the g-plot

the X-plot and g-plot, respectively, before (dotted line plot) and after (solid line
plot) applying the partial match gax method. The operation temperature overlap-
ping takes place between Tgogqy = 15.23 °C and TGy gax = 22.55 °C, therefore
AToro = 7.319 °C. The X and ¢ plots show that the generator sub-device needs
much more heat than the resorber sub-device can supply. A partial correction of this
thermal mismatch is done splitting the generator in two sub-devices, according to
Fig. 4.11c. Further on, the gax generator (pos. 7 in Fig. 4.11c) and the gax resorber
(pos. 6 in Fig. 4.11c) are thermally coupled in such a way that the (i) condition is ful-
filled, ¢G.1,gax = qRr2.gax = 532.8, Fig. 4.24. During this process, the former generates
the vapor amount Vi g4y = 0.2548 (Eq. (4.127)), while the latter resorbs the amount
Vo gax = 0.231 (Eq. (4.125)). The gax heat excess generator (pos. 9 in Fig. 4.11c)
receives the external heat gg |, @574.6, generating the vapor amount V7, @0.2748 [Eq.
(4.128)]. More results of this case can be extracted from Figs. 4.27 and 4.28.

Summarizing, this time the method application enables in theory to rectify par-
tially a GHE-Gax problem, recovering the gax resorber heat for the benefit of the
heating cycle effectiveness. Here, this increased by more than 10 percent, i.e. from
COPj, = 0.3057 to COP, = 0.3376.

Results of GHE-Gax Model Run with AT gy G max

The 5th study case makes use again of the full match gax configuration, outlined
in Fig. 4.11a (see the Results of the RHE-Gax Model Run with ATg4y g max), but
this time it analyzes the GHE-Gax problem mentioned priorly. The full gax con-
figuration can be obtained from the partial match gax configuration, Fig. 4.16,

making V]fgax =0 and dimensioning correspondingly the AT, temperature
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Fig. 4.25 The X-plot of the study case of Fig. 4.23, solving the GHE-Gax problem when con-
sidering that ATy G = AT gqx,G,max

item and further AT grz [see Fig. 4.12 and Eq. (4.62)], in order that Eq. (4.96)
be fulfilled. In this particular case, one might expect that ATy g takes its high-
est value, ATyuy G = ATgux,Gmax. therefore ATg Grz will have a minimum value,
ATG.grz = ATG,GRzmin- The solver of our study case is the model given to the
Generator Heat Excess (GHE) Gax Operation Model. The ATy rmax value
can be found through a trial-and-error calculus, only. Each chosen ATy, G pro-
poses an yG j.gax = YG,j.gax{ AT gax,G,max) concentration variable value, and the trial-
and-error calculus ends when the heat of the gax resorber, ¢ gax, computed with
hGjgax = [hG jgax (VG jgax) ] 04 8jgaru = [8].gavu(¥Gjgax) ], functions [see
Eq. (4.83) where j = 1], satisﬁes Eq. (4.96). As one can remark, similar to Results of
the RHE-Gax Model Run with ATy g max. this type of gax with AT g4y G max 1 noth-
ing else but the single gax solution, which the classic configuration of Fig. 4.11a is
capable to offer in an GHE-Gax working mode. The X-plot and g-plot of Figs. 4.23
and 4.24 are repeated in Figs. 4.25 and 4.26, respectively. The diminution of the
G1,gax generator heat, in order to match the heat released by the resorber R ¢4y, has
been done by restricting the ATg grz domain from ATG Grzmax = [11.23, 26.44]
(valid for AT = 4 °C), or ATGGrRzmax = [11.23, 22.55] (valid for
ATgarc = 7.885 °C, see Figs. 423 and 4.24) to ATG,Grzmin = [11.23, 16.37]. The
restriction was achieved choosing a higher value for AT, G, comparatively, while
keeping the same AT,y g = 4 °C value. The trial-and-error calculus ended when
the guessed values, ATgqx Gmax = 14.0718 °C and yg,1 gax = 0.379, resulted in Eq.
(4.96) fulfilling, gr2.gax = qG.1,6ax = 532.8. The accepted value, ATgqy G max = 14.0
718 °C > 4 °C, leads to both (i) and (ii) heat transfer conditions fulfilling, as priorly
stated and proved by Figs. 4.25 and 4.26 plots, respectively.
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Fig. 4.26 The same as in Fig. 4.25, for the g-plot
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Fig. 4.27 Partial results of infinite equivalent solutions to the GHE-Gax problem mentioned pri-
orly, shown for all generator sub-device’s vapor versus ATg. G

Infinite Equivalent Solutions to A GHE-Gax Problem

According to the 6th study case, running the 4.2.1.3.2. sub-sub-paragraph model
for the configuration outlined in Fig. 4.11c and with intermediate AT, G val-
ues, ATgax,Gmin < ATgax,6 < AT gax,Gmax, Will result this time in an infinite num-
ber of equivalent solutions for the same GHE-Gax problem mentioned priorly.
Partial results thereof are given in Figs. 4.27 and 4.28 for the resorber vapor and
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Fig. 4.28 Partial results of infinite equivalent solutions to the GHE-Gax problem mentioned priorly,
shown for all resorber sub-device’s heat versus AT G

heat, respectively and ATy Gmin = 0.1 °C and ATgux g max = 10.2 °C. All solu-
tions respect the (ii) heat transfer condition (provided that the AT,y Gmin value
is acceptable). Moreover, Fig. 4.28 proves that the (i) condition [Eq. (4.96)] is
fulfilled as well, because, similar to RHE-Gax problem, the heat of the gax heat
excess generator and gax complementary generator sub-devices are continuous
decreasing and increasing complementary functions, respectively, enabling the
gax generator heat be kept constant and equal to that of the gax resorber, for each
ATgqx, variable value. The results obtained above are not confined to the particu-
lar GHE-Gax problem at hand, they are general. Expressed otherwise, these results
emphasize that, for a given gr gqx resorber heat and using the configuration out-
lined in Fig. 4.11c, it is always possible to find an infinite number of gax solutions
for a GHE-Gax problem, having gr ; ¢ux = qG,j,¢ax and being characterized by Gax
Recovery Zones, AT Grz, which respect the double inequality below:

[Tuj. TG jgaxmin] = ATG.GRZmin < ATG.6rRz < ATG,GRZmax = [Tut > TG j.gax.max |

(4.130)
where
16j.gaxmax = Tmi — ATgax,Gmin (4.131)
and
TG,jgaxmin = Tm.i — ATgax,G.max (4.132)

Final conclusions concerning the gax recovery technique reveal the fact that, prin-
cipally, both RHE-and GHE-Gax problems can be partially capitalized, within
the current absorption technological limits. To this extent, it has been shown that
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an amount of heat equal to min (¢G,gax, grgax) can be recovered in a gax zone
confronted with one of these problems, in order to benefit the effectiveness of the
cooling and heating truncated cycles provided with “acr”. Unlike the classic config-
uration, Fig. 4.11a, which offers a single solution for the RHE-and GHE-Gax prob-
lems, the new methods proposed here offer an infinite number of equivalent gax
solutions for each particular application. This feature could impact positively the
methods feasibility, as they could offer the technical possibility to adapt a cycle gax
operation to the off-design conditions, brought about more often than not by the
seasonal variation of the sources temperature. And now, a final remark, about the
technique which we could call “device splitting”, largely and successfully used so
far in the coabsorbent technology. Indeed, this technique merits this denomination
after employing it in various circumstances such as: (1) the DD method concep-
tion (see Sect. 2.2); (2) the introduction of the subcooling and preheating hyster-
esis loops, SHL and PHL, respectively (see Desorption Heat Transfer Analysis and
Enhancing the Heat Pump Heating Effect by Using Preheating Hysteresis Loops
(PHL)); (3) to find a solution for a partial match gax problem (see this Sect. 4.2.1).

4.2.2 Model Results of Cooling Truncated Coabsorbent Cycles

The model of the truncated cycles (see this section for cooling and the next one for
heating) was done according to a more realistic approach, following next. Having
in mind a certain cooling or heating application, a most appropriate truncated cycle
will result. Its truncated column must be compulsorily selected in order to ensure the
cycle functioning for all working conditions met to the particular case at hand, while
keeping the same configuration, that is the same design number of stages in operation
(e.g. see for completion the introductory part of the Sect. 4.2). In order to avoid too
high mass flow factors, which increase the pumping work consumption and decrease
therefore the cycle COP,,, a certain truncation column device was considered opera-
tionally well designed throughout this book if its inlet/outlet concentration variation is
higher than 0.03 in case of the HO-LiBr and NH3—H»O working combinations, dur-
ing a transient work. Bearing in mind the above, our model was conducted to study
on several examples what is the behavior of a truncated cycle when applying selec-
tion operation criteria such as (cycle internal temperature values are meant, only):

(a) The cycle sink or heat sources are changing separately their temperature
within certain intervals during operation, that is Taz,cmin < Twm,c < Tm.c,max OF
TM,h,min =< TM,h =< TM,h,max§

(b) Both Ty and Ty, differing one another with the cycle temperature differ-
ence, ATy = Ty, — Ty, change their value simultaneously during the entire
transition operation;

(c) The cycle Tp; of the cooling cycle or Tg; of the heating cycle are chang-
ing their temperature within certain intervals during operation, that is
Tpimin < Tpr < Tprmax Of Trromin < TrRro = TRrfo.max» While keeping
ATy = const., or ATy = const.;
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(d) The temperatures Ty and Tz p, forming the cycle ATy = Taygp — Tare, and
Tpr or Ty change their value simultaneously, while the cycle absorbent mean
concentration, yy, and the characteristic equation, S, are kept constant during
the entire transition operation.

Other selection operation criteria can be added to the A-D ones, if necessary. Many
of the sink/heat sources interacting with a truncated cycle and included in Table 3.6
can be referred to when applying the above selection criteria. The main operation
criterion used to select a truncated cycle and column depends on a certain appli-
cation. However, besides this, an energetic analysis, seeking to maximize the cycle
effectiveness (i.e. COP., COPy, COP,,), must be had in view mandatory to each
application. In this respect, the operation criteria emphasizing the application of
the gax internal heat recovery to a maximum extent should be preferred. According
to the A, B and C criteria, a cycle gax recovery is not favored during the transi-
tory functioning, so these cannot be used in a first place as an effective operation
strategy. The last one only, the D criterion, could be utilized mostly in an ener-
getic selection. This will be described next. It is outlined in Fig. 4.29a and b, for
the cooling and heating cycles, respectively. Let us consider a truncated cycle sup-
posed to satisfy a certain cooling application and its nontruncated cycle it comes of,
Fig. 4.29a. The nontruncated cycle can glide up and down along the constant isos-
teres yy = const., ygo = const. and yrp = const. (see left down corner arrows), sim-
ulating the transient operation with different Tp;, ATy and Tgo values. According
to Eq. (3.12), this cycle has a constant characteristic equation, S = const., for all
operating conditions. When the nontruncated cycle covers the transient operation
domain, its associated cycle, the nontruncated one, will do the same, and, because
of the lemma 3, it will keep the yys = const. and S = const. as well. Expressed
in other words, the truncated cycle is gliding through a plane-parallel move-
ment along the constant yy, y60.1, YG0.i+1 = YRO.i—1> YRO.n—1 and Yro ., isosteres,
i=1,2,...,n— 1, during the transient operation, while it preserves its initial con-
figuration (see the dotted line isosteres of Fig. 4.29a). The explanation given so far
for the cooling cycle holds true for the heating cycle, Fig. 4.29b, as well.

The first model results have been obtained with NH3—H,O quadruple truncated
cooling fractals, Fig. 4.30. Theirs COP. can be improved if the gax recovery and
the last generator vapor rectification were practiced. However, for the moment,
none of these methods have been considered in Fig. 4.30 results, but the bare cycle
configuration plotted in Fig. 4.4. Besides this, the model worked with constant
ATy =Ty — Tu,e =40 °C, yrs,o = 0.8, pump = 0.6 and “2/3” desorption inter-
val, as input data (criterion C). The COP, = 0.11 quasi-constant value obtained vs.
Tp; enables the achievement of a high COP,, effectiveness (see plot). The results
show the potential of the truncated cycle, which is capable to capitalize low tempera-
ture heat sources (see Ty, plot) in order to produce deep (industrial) cooling with
enough high temperature sink sources (see Tjz. plot). The cycle sensibility check
with respect to Tpy variation, Fig. 4.31, shows there is a certain optimum 7p; value
for the COP,, records its highest value when operating with constant cycle tempera-
ture gap and sink temperatures, ATy and Ty, respectively (criterion C). Also, the
working with fixed Tjs and Tp; emphasizes that COP,, reaches a maximum value
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Fig. 4.29 The D criterion outline for: a the cooling cycles; b the heating cycles

for an optimum A7), value, Fig. 4.32 (criterion B). The results of Figs. 4.31 and
4.32 indicate that large deviations from the design operation keeps the COP, quasi-
constant, while the COP,, is drastically penalized, as foreseen.

The second set of results have been obtained for NH3/H,O quadruple and dou-
ble cooling fractals, shown in Figs. 4.33 and 4.12, respectively. They benefit of
the gax recovery and a rectification of the last generator vapor (9ecir. = 0.82).
Referring to the quadruple cooling fractal, Fig. 4.33, the (i) and (ii) conditions ful-
fillment is analyzed for the gax recovery in a study case. The results of this case,
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Fig. 4.31 NH3-H,O quadruple truncated cooling fractal: COP., COP,, and Tpo functions sensi-
bility against Tpy, for fixed T = 30 °C and ATy = 40 °C

given in Figs 4.34 and 4.35 for the X-plot and g-plot, respectively, show that they
are satisfactorily fulfilled as well. Moreover, these conditions have been checked
with consistency and were found to be fulfilled for a larger range of operating
parameters. In this respect, Figs. 4.36 and 4.37 plot the second set of deep cooling
results for Ty = 32 °C and Ty = 29 °C (pump = 0.8), respectively (criterion
C). They have as comparison term the NH3/H>O condensing deep cooling cycle
(Niebergall 1959, p. 71), Table 4.2.
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and 2nd stage generator

Table 4.2 NH3-— H>O condensing single-stage deep cooling cycle (Niebergall 1959, p. 71)
TE (OC) TM,C (OC) TM,h (OC) COPC (_) COPc,rel.Carnot (_)
(=50)—(=55) 15-18* (~152)—(~159)® 0.26-0.22 0.36-0.31

4External sink
YExternal heat
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Fig. 4.35 The g-plot of the 1st stage resorber and 2nd stage generator of Fig. 4.32 cycle versus
theirs working temperatures

The COP, values of the double truncated cooling fractal are similar to those of
Table 4.2, but comparatively they have been obtained with sink and heat source
temperatures which are by cca. 10 °C higher and 60 °C lower, respectively. The
comparative much higher performance of the double truncated cooling fractal
is explained by its better internal heat management, typical for the coabsorbent
technology. Indeed, in our particular case this is expressed by the COP rei.Carnots
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which is by cca. 57 % better than that of the classical condensing cooling cycle
(see Table 4.2). Concerning the quadruple truncated cooling fractal, the gax recov-
ery introduction increases its COP. by about 27 %, from ~0.11 to about 0.14 (see
Figs. 4.30 and 4.36 results). It is possible to increase further its COP,, up to ~0.16,
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Table 4.3 Model results of NH3/H,O double truncated deep cooling operation according to the
criterion D (yar,. = 0.1719 = const., S = 26.96 = const.)

TDI TM,C TM,h COPC COPc,rel.Carnot COPW VI/V2/V3

—50 32 88 0.2374 0.5485 43.86 1.349/1.148/1.012
—55 25.14 79.77 0.2404 0.5561 54.37 1.317/1.134/1.012
—60 18.26 71.52 0.2437 0.5639 67.98 1.287/1.121/1.012

if the gax taking place between the 3rd stage resorber and 4th stage generator (not
represented in Fig. 4.33), were partially capitalized. It is true, this cycle COP, is
smaller than that of the baseline cycle, Table 4.2. However, comparatively it has
been run with sink and heat source temperatures which are by cca. 10 °C higher
and 80 °C lower, respectively. Moreover, its higher COP¢ yei.carnon by ~45 %, indi-
cates this coabsorbent cycle has as well a much better internal heat management
than that of the baseline cycle.

Summarizing, generally, the COP¢ rel.Carnor figure of merit is much in favor of
the coabsorbent cycle and this speaks a lot about the improvement the truncated
cycles could bring in the absorption deep cooling, comparatively. In case of NH3/
H,O, the explanation comes of the fact that a truncation column is a rectification-
dephlegmation column as well (see Sect. 4.1.1 end).

The last results have been obtained applying the criterion D to an NH3/H,O dou-
ble truncated deep cooling cycle operation, Table 4.3. The truncated cycle ben-
efits of vapor rectification and of the highest gax recovery. The results hold true for
Y = 0.1719 = const. and § = 26.96 = const.. Despite the unfavourable input data,
the cycle works with very high effectiveness all the time, emphasized by the COP. and
especially by the COP,. o carnor figures of merit. However, to put in work order a cycle
operation according to the criterion D is not that simple. Indeed, the sudden tempera-
ture change of a single supplying source implies the checking of the rest of sources
temperatures, and the sudden temperature change of two supplying sources may result
more often than not in an inadequate operation of the cycle according to the criterion D.

4.2.3 Model Results of Heating Truncated Coabsorbent Cycles

NH3-H,0O double and quadruple truncated heating fractals, plotted in the log p—1/T
diagram, Fig. 4.38a, b, respectively, have been modelled. A careful analysis showed
that the gax recovery between the R2-Gl of the cycle plotted in Fig. 4.38a and
between R2-G1 and R4-G3 of the cycle plotted in Fig. 4.38b is confronted with a
GHE-Gax problem. Indeed, in this case the generation heat capability is constantly
much higher than that of resorption, throughout the investigated domains with gax
temperature overlapping, therefore the (i) heat transfer condition is not fulfilled and
a partial match gax recovery technique must be applied (see the Generator Heat
Excess (GHE) Gax Operation Model). Except the first results, given in Fig. 4.39a—
c, all the other results plotted in Fig. 4.40a, b and Fig. 4.41a, b considered that a
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Figs. 4.38 Modeled NH3-HO double (a) and quadruple (b) truncated heating fractals plotted in
the log p — /T diagram

GHE-Gax recovery is applied to the heating truncated cycles. Two district heating
applications have been analyzed and results thereof are given next. The idea which
lays down the basis of our model consists in coupling a coabsorbent heat pump with a
steam Rankine cycle (SRC) power plant in such a way that the SRC condenser cool-
ing source is the heat source of the fractal. This source has a quasi-constant tempera-
ture during the whole year (our input data is Ty, = 37 °C). As fractal sink sources
we considered a seasonal one, typical for winter time only, with Tys. = (=5)—(+5),
Fig. 4.39a—, a winter-summer transition period one, supplied for example by low
temperature seas, oceans, lakes, rivers, etc., with T = (5-15) °C, Fig. 4.40a, b and
a whole year sink source resulted from the combination of the two first sources, with
Ty = (—=5)—(+15), Fig. 4.41a, b. Such kind of heating applications were already
suggested in Table 3.6. The resorber heating effect was enhanced considering that
the cycles benefit of PHL (see Enhancing the Heat Pump Heating Effect by Using
Preheating Hysteresis Loops (PHL).). The solution pump effectiveness input data
was Npunp = 0.8. The model also considered that the relative position of the high pres-
sure generator and resorber operation temperature and concentration intervals have a
single point (balance) overlapping (7, y) interval, that is (Tgo, Yco) = (Tro, YrRO) =
(Tarns ymp) (see Fig. 3.3b). A ratio evaluating the heating temperature effectiveness:

> 0Ty
ep = 0 4.133
" Tr — Ty n ( )

was introduced through Eq. (4.133). In this equation, the useful heating tempera-
ture delivered to the customer, Tgy0, is calculated by Eq. (3.128), and 0 < ey, < 1.
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The functions Z(STRfJ-, TR1.0s ens COPy,, COPy, COPy el Carnor and pr were plotted
vs. cycle sink Ty, for the NH3/H>O double and quadruple truncated heat pumps
in Figs. 4.39a—c and 4.40a, b, respectively (criterion C). The plot of Fig. 4.39a—
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Figs. 4.40 Functions a ZSTRf,,-, Trr.0, enr and b COP,,, COP,, COP}, rel.Carnor Plotted versus
sink temperature, Ty, for the NH3—H>O quadruple truncated heat pumps

has the yg1o concentration as parameter. This indicates that the lower ygjo values
benefit the ZSTRﬁ,-, Trf.0, en, COP,, and pg functions, while the higher ones ben-
efit the rest of functions, COPj, and COP}, ye1.carnor- The results of Fig. 4.41a, b
are given for the double truncated heating fractal (criterion C). Here, the same
functions Z(STRﬁ,-, Trr0. en, COP,,, COPy and COP} rei.Carnor are plotted vs.
Tye = ((=5) — (+15)) °C for Ty, = 37 °C and a single yrip = 0.45 value. As
expected, the GHE-Gax recovery increases COPj, as compared to the cycle which
is not using it [here by (17 — 7)%]. Similarly it happens to the quadruple truncated
heating fractal, Fig. 4.40b, which COP}, of increases by cca. 10 % when applying
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the GHE-Gax recovery. Also, this recovery increases the ep; and COPj, 1. Carnot
functions values, but diminishes those of COP,,, comparatively.

Concluding, all figures results show that it would be possible to supply a district
with warm water of a satisfactory temperature level, Tgr,o = (64-81) °C, necessary
for house heating and domestic hot water production. On one side, a benefic prop-
erty of the heating cycles at hand is their very small pumping mechanical work
consumption, here 1,500 > COP,, > 400. This COP,, figure of merit is by one and
two orders of magnitude higher than that of a today SRC which cogenerates heat
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using counter-pressure steam turbines and of that of an usual heat pump, respec-
tively. On the other side, the results show that the specific capacity of a fractal
heat pump, COP}, is roughly the half out of that of a SRC. Bearing these in mind,
the above results clearly emphasize the possibility to replace whenever feasible
a SRC operation in counter-pressure by a condensing one and use the truncated
coabsorbent heat pumps in order to produce the district heating. This remarkable
feature of the cycles modelled is confirmed by theirs high COP}, se1.carnor. These
aspects will be reconsidered later from a quantitative energetic point of view.

4.2.4 Auxiliary Mechanical Work Consumption
in Truncated Cycles

The mechanical work consumed internally by a cycle for its absorbent pumping
is expressed in this work by COP,,. Unlike many of the already known absorption
cycles, the coabsorbent cooling and heating truncated ones, described for instance
in Sects. 4.2.2 and 4.2.3, show high and very high values of this figure of merit,
with magnitudes of 10'-10°. However, despite this favorable feature their auxil-
iary work consumed in order to supply the truncated cycle with sources tends to be
intrinsically higher comparatively, because mainly of two reasons:

(i) The heat and sink sources consumption is higher, because of the higher
number of stages (normally 3-5) which must be supplied for a same use-
ful effect output, or otherwise expressed, theirs COP, and COPy, are lower,
comparatively;

(i) The heat source is supposed to be recovered from industrial processes reject-
ing heat to low temperatures. The source could be water below 100 °C in most
applications, supplying with sensible heat the cycle generators and desorbers.
In this case, the amount of the pumped fluid exchanging heat without phase
change and therefore the consumed pumping work are obviously higher as
compared to that suffering a phase change and supplying the classic absorp-
tion units. In this respect, here we can mention for instance the single-stage
deep cooling ammonia-water plants using steam for generation to a consider-
able higher temperature (120-150) °C [(2-6) bar].

Bearing these in mind, the high COP,, favorable feature emphasized above
becomes effectual when besides the internal work the auxiliary one needed for
supplying the truncated cycle with sources is small as well, only. Assuming a sup-
plying heat/sink source, with the density py [kg m—3] and the mass m; [kg], has
to overcome a pressure loss Aps [N m~2] during its pumping, then the consumed
auxiliary work, wy,y [J], is calculated simply by:

Apsms

Waux = (4.134)
PNp
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where 7, is the pump effectiveness. The mass my is calculated in case of a heat
transfer without phase change with the help of the heat and sink source capacities
2.iqG.i and/or >_iqR i, as:

Z_ 4GR),i
my = —— (4.135)
Cp,s Al

where ¢, [J >"kg_l*K_l] and At [°C] is the source specific heat and source tem-
perature variation during the heat exchange process, respectively. The Az’s are
computed for the heat and sink sources by:

Aty = Tps — (Taap + 5Twmn) (4.136)

and

Ats = (TM,C - 8TM,C) - Tss (4137)

respectively. In Eqs. (4.136) and (4.137), Ty and T hold for the already men-
tioned cycle internal mixing temperatures, 7 and T, hold for the initial heat and
sink external sources temperatures, and 874 and 87y, hold for a necessary mini-
mum temperature pinch, which should exist during the heat exchange process.
Introducing Eq. (4.135) in Eq. (4.134), wg,, becomes:

> 4G®).i
Aps w1

= S (4.136)
PNp  CpsAly

Waux

From Eq. (4.136) it results that the decrease of wy,, is principally conditional upon
the decrease of Apg and > jgGr),; and the increase of p, 1y, ¢ps, and At func-
tions. However, out of these, Ap, and At could be used for the w,,, decrease only,
because p and ¢, ¢ are physical properties that cannot be chosen at convenience to
a given application, 7, depends on the pumps technological limits and > gGr),i
result from a cycle internal heat management optimization. Concerning Apy, mini-
mizing the pressure loss of a truncated cycle-source interaction should make com-
pulsorily the object of a careful design, because this is one of the most important
way to capitalize these cycles thermodynamic advantage. Moreover, this way to
proceed enables to keep At’s, the second item that could be used in wg,, mini-
mization, with reasonable small values, in order to benefit of the truncated cycle
main quality, that of being able to process most effectively heat/sink sources with
small (Ty—Tss) temperature gaps, or otherwise expressed from Egs. (4.136) and
(4.137), with small ATy = (Tap—Tw,c) values.

As study case we consider the quadruple truncated heat pump, Fig. 4.38b,
thought to be coupled with a SRC for district heating and which few results of
are given in Fig. 4.40a, b. Here it is considered that the heat source, i.e. the SRC
steam, is heating the heat pump generators and desorber (737, = 39 °C) without
an intermediary heat exchange fluid, so the heat source pumping work consumed
is negligible. However, it is not the case of the sink source cooling the cycle
resorbers, which pumping work consumption of is taken into account applying
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Figs. 4.42 Results of the COP,, ,eq plotted versus Apy in a double logarithmic scale for the above
study case of the district heating NH3—H>O quadruple truncated heat pump coupled to a SRC

the simple model given above. This auxiliary work is added to the denominator of
Eq. (3.55) COP,, in order to calculate this figure of merit. All cycle internal and
external pumping work consumption effectiveness is considered 7, = 0.8, giv-
ing the COP,, a real dimension, COP)\, ;.q;. The sink source input data are those of
water. The values of COP,, .4 are plotted in Fig. 4.42 versus Ap,, which includes
the cycle input data, also. From this figure it results clearly that the auxiliary work
consumption reduction is very important in order to keep the COP\, ,q; With high
values (in our case, Ap; should not exceed 1 bar).

4.3 Hybrid Truncation of the Coabsorbent Cycle

The height of a full truncation column can be diminished in at least three prac-
tical cases. According to the first, the sink/heat sources have a limited avail-
ability (amount and/or temperature level) for a given task, even they are
low-grade, or waste, etc., ones. According to the second, it is intended to dimin-
ish the column constructive complexity. And third, bearing in mind the remarks of
Sect. 4.2.4, in order to diminish the auxiliary work consumption. Next we shall
consider the truncation columns having its parallelograms covered clockwise, like
in Fig. 4.9a. In all cases, a truncation column with a diminished height raises its
generated vapor pressure till a final value, which is smaller as compared to the
pressure achieved by a full truncation column, for the same sink/heat column sup-
plying sources and input data. More often than not, the compensation for the vapor
pressure difference till the full column pressure value is achieved in practice with
the help of a mechanical vapor compression unit. The column using such a unit
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is a hybrid truncation column. The hybrid truncation columns are most indicated
in heat pumping applications when the truncation degree is small (presumably
max. simple or double). Although, principally, they can be either of nonoverlap-
ping, balance or of overlapping type, here we shall analyze the balance type, only
(Staicovici 2007g, 2008a). The general log (p) — 1/T hybrid truncated cooling and
heating cycle (fractal) diagrams are given in Figs. 4.43 and 4.44, respectively.
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The diagram and the working of the cooling cycle is described next. The
truncated cooling hybrid cycle, represented by the solid line in Fig. 4.43, is con-
nected to heat sources capable to provide heating to a maximum temperature
Ty hearing Tor generation and desorption processes, e.g. (40-70) °C and the cool-
ing to a minimum temperature 7Ty cooling fOr resorption and absorption processes,
e.g. (10-40) °C, in such a way that the ATy = T hearing=TM cooling = (8-10) °C.
The cycle at hand is coming of a nontruncated cooling non-isobar (hybrid) cycle,
represented in the same very diagram by the outside solid line contour on the left
side and by the dashed line on the right side (see Sect. 3.2.5). The truncated cool-
ing hybrid cycle is including a low pressure desorption process (1-2) py, e.g. (0.1-2)
bar, where the useful cooling effect occurs, e.g. Tp; = (213, 15-273, 15)K, a high
pressure resorption process (Sgrn — Sro.n), Ph, €.2. (10-50) bar, and a truncation
hybrid column, used as the nontruncated non-isobar (hybrid) cycle truncation
process. The truncation column has pressures between the low value and an inter-
mediary pressure pi,, pn > pint > p1- The truncation column is made up by a low
pressure absorption process (3—4), coupled on the vapor side with the low pressure
desorption process (1-2), a low pressure mixing process of the absorbents com-
ing of the low pressure absorption and desorption processes in order to generate
the one mean concentration absorbent yys and temperature Ty(ps, Ys) = T cooling
point M, a series of i—1 stages, i < n, i, n € N of isobar opposite intermediary
generation(5; — 5G0.) and resorption processes (5x — Srox), k=1, ..., i — 1,
and a final i stage with an intermediary pressure generation process, pi,=p;. The
stages pressure increases gradually from the low value to the intermediary one,
Dint>Di+1 > pi = pi, and theirs temperatures range within the Ty cooling and the
Ty hearing values. The stages are coupled on the vapor side. The vapor have essen-
tially increasing mean concentrations YG mi < YGmi+1, k <i — 1, k € N, fulfilling
the concentration threshold condition yrox < YGmi k <i — 1, Yron < YGm.i. The
stages are supplied in pre-established proportions by uniform absorbents coming,
for the first stage of the mixture of the one mean concentration absorbent with that
coming of the second generation stage, point 51, for each of the following next &,
k=2, ..,i— 1, stages of the mixture of the absorbent coming of the first infe-
rior resorption k — 1 stage with that coming of the first superior generation stage
k + 1, points 54, k = 2, ..., i — 1, and for the last i stage at p;,; and the resorp-
tion process at p;, by the absorbent coming of the resorption process of the last
but one resorption process, i — 1, point 5;. As previously mentioned, the column
benefits of a process of increasing the generated vapor pressure from the inter-
mediary pressure to the high one. The column benefits also of processes between
the successive stages, namely of pumping the one mean concentration absorbent
yu from p; to p1 and of the absorbent coming of the resorption processes py—1 to

Pk, k =2, ..., i — 1. Besides this, the column has an inter-stage pressure reduc-
tion of the absorbent coming of the generation processes p; to p; and from py to
Pk—1, k=2, ..., i — 1, and it is provided as well with the heat recovery between

the opposite processes of absorption-generation and resorption-generation, of gax
and of the absorbent to absorbent type (see for example the internal heat recovery
mode of Fig. 4.10).
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The working is as follows: the absorbent coming of the i — 1 stage resorption
process (5,—1 — Sgo.i—1), is supplying in pre-established quantities the generation
process at pin; (5; — 5Go.;) and the resorption at pj, (Srzn — Sro.n), the vapor gen-
erated at pj,; is suffering first a process of pressure increasing from the pj,; to pp
and then a resorption one at py, the rich absorbent leaves the resorption process
(Srin — Sro.,) at the py, it is subcooled in a recovering way with the desorbed
vapor coming of the desorption process (1-2) at p;, from Tro;, = T cooling 10 a tem-
perature closer to the Tpy, portion (S5rp,, — 6), it is expanded till the p;, it suffers the
desorption process (1-2) where it extracts the heat from the medium which must be
cooled and reaches the state parameters Tpo < Ty si ypo > yu, and the absorbent
coming of the generation process of the first truncation column stage (51 — 5G0.1)
is subcooled in a recovering way, it is expanded until the low pressure, it suffers the
absorption process (3—4) of the desorbed refrigerant vapor, it is mixing at the low
pressure with the absorbent coming of the desorption process and it generates the
one mean concentration absorbent which is covering the truncation column in the
way described above until the last i stage, in order to close the cycle. A truncated
cooling hybrid cycle can benefit of SHL (see Desorption Heat Transfer Analysis).

The truncated heating hybrid cycle is represented by the solid line in Fig. 4.44.
It is coming of the nontruncated heating non-isobar (hybrid) cycle, represented
in the same very diagram by the external solid line contour to the right side and
by the dashed line to the left side. It is including a high pressure resorption pro-
cess (1-2), pp, e.g. (10-50) bar, where the useful heating effect occurs, e.g.
Trin = (353, 15-453, 15)K, a truncation hybrid column, which is used as the
nontruncated non-isobar (hybrid) cycle truncation process and is similar to that
of the cooling cycle, and a low pressure desorption processes (547 = Spr — Spo),
which for the sake of computation simplicity is considered the n-th generation
process of the truncation column (57 — 5GOn). The truncation column has pres-
sures between an intermediary value pjns, pin<pn, and a low pressure value py,
e.g. (0.1-2) bar, and it is made up by an intermediary pressure generation process
coupled on the vapor side with the high pressure resorption process, an interme-
diary pressure mixing process of absorbents coming of the high pressure resorp-
tion and the intermediary pressure generation processes in order to generate the
one mean concentration absorbent yys and temperature Tps Pins, YM) < Tat peating:
point M, a stage of low pressure absorption (547 = Spr-540), which for the sake
of computation simplicity is considered the n - th resorption process of the
truncation column (SROn — 5n), coupled on the vapor side with the n-th low
pressure generation process (5n — 5GOn), and respecting the concentration
threshold condition ygo, < YGmn, and a series of n — i stages of isobar oppo-
site intermediary generation (5.4 — 5Go.i+k) and resorption processes (5iyi—
Sroi+k) k=1,2, ...on—i—1,notedby i+ 1,i+2,....,n—1,i,k,neN,
with stages pressures decreasing from the intermediary pressure to the low
ON€ Djnt = Pi+k > Pit+k+1 > P, k € N and temperatures between 7T cooling and
Ty heating> being coupled on vapor side having essentially decreasing mean con-
centrations YG m.i+k—1 = YG.m.i+k = YG.mn, and fulfilling the concentration thresh-
old condition yrp itk < YG.m.i+k k <n —i—1,1i, k, n € N. The stages are supplied
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in pre-established proportions by uniform absorbents coming, for the second stage
of the mixture of the one mean concentration absorbent with that coming of the
third stage of resorption i 4+ 2, point 5;41, for each of the following next i 4+ k
stages, 2 < k <n — i — 2, of the mixture of the absorbent coming of the first supe-
rior resorption stage (5;4i+1—Sro.i+k+1) With that coming of the first inferior gen-
eration stage (S;1i-1 — 5G0.i+k—1), points 5,44, for the n — 1 stage by the mixture
of the absorbent coming of the i = n — 2 generation process with that of the low
pressure resorption process, point 5,_1, and for the low pressure processes stage
of the absorbent coming of the n — 1 generation process. The truncation column
includes also the inter-stage processes already mentioned to the cooling cycle, of
absorbent pressure increase and decrease, as well as of heat recovery, which will
not be repeated here.

The working is as follows: the absorbent coming of the resorption process at
Di+1 (Si+1— Sro.i+1), is pumped till p; = pjyy, it is preheated in a recovering way,
it is supplying the generation process (3—4) at p;,s, the refrigerant vapor generated
is compressed from p;,, to p, where it is suffering the resorption process (1-2), the
poor absorbent leaves the n-th low pressure generation process (5n — 5GOn) at py, it
is pumped till py, it is preheated in a recovering way subcooling the absorbent com-
ing of the resorption process (1-2) at py, it is suffering the resorption process where
it is yielding the resorption heat to the medium which must be heated as the use-
ful effect, and the absorbent coming of the resorption process at pj, is pj,; generat-
ing the one mean concentration absorbent which is covering the truncation column
until the last stage at p;, in the way described above, for closing the cycle. Finally,
two completing remarks are done. First, a truncated heating hybrid cycle can ben-
efit of PHL (see Enhancing the Heat Pump Heating Effect by Using Preheating
Hysteresis Loops (PHL)). Second, the useful resorption process of our hybrid heat-
ing cycle is favored in comparison to that of the heating cycle plotted in Fig. 4.5.
Indeed, looking at the resorption domains (1-2) of the two cycles, it results that,
comparatively, the hybrid cycle resorption process takes place on a smaller tem-
perature interval Tgri—Tro and to lower absorbent concentrations, enabling to solve
more effectively certain heating applications characterized by a smaller tempera-
ture glide (e.g. domestic hot water and house heating). These favorable features
become additional reasons to use the hybrid heating cycles provided with the
smallest degrees of truncation, completing those referring generally to a full trunca-
tion column height diminution, exposed to the beginning of Sect. 4.3.

4.3.1 Hybrid Simple Truncated Cooling Cycles

A schematic of a hybrid simple truncated cooling cycle is depicted in Fig. 4.45, in
the log p — 1/T diagram. The construction and operation of this cycle are particu-
lar cases of those described to the hybrid truncated cooling fractal given in Fig. 4.43.
Hence, these will not be repeated here. We have modeled the operation of the cycle
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Fig. 4.45 Schematic of a hybrid simple truncated cooling cycle

at hand with the code consisting of those given in Sects. 3.2.1.2 and 3.2.5.1 and
Sect. 4.2.1. The model considered the following internal heat management details:
(i) out of the absorbent exiting the 1st resorber, only that supplying the 2nd gen-
erator is preheated (see the heat exchanger 12); (ii) whenever this was physically
possible, the gax recovery has been considered between the Ist resorber (pos. 5)
and the 2nd generator (pos. 6) (see also the study cases included in the Results of the
RHE-Gax Model Run with ATgax R min—Infinite Equivalent Solutions to a RHE-Gax
Problem); (iii) the vapor generated by the 2nd generator is rectified till a concen-
tration equal to Yyecrir, = 0.998; (iv) the compressor discharge gas (pos. 18) super-
heat is recovered by the 2nd generator, as we did to the hybrid truncated cooling
cycle of Sect. 3.2.5.1. The model results are given in Fig. 4.46a—f for COP., COP,,
and COP,,, and the NH3—H>O working combination. In order to compare these
results with those of the hybrid truncated cooling cycle of Sect. 3.2.5.1, we have
used here essentially the same values for the main cycle temperatures input data,
that is Ty = (12-42) °C, Tp; = —10, ..., =60 °C and Tpp = Tp; + 3 °C, and
ATy = Ty Ty = 20; 30; 40 °C (Staicovici and Staicovici 2013). Commenting
upon the results, first, the cycle at hand extends comparatively the efficient cool-
ing range towards lower temperatures by about (25-30) °C. Second, the cycle at
hand increases comparatively the COP,, up to 30 %, but decreases the COP), by
about (40-70) %. Third, referring to gax recovery, this can be applied when ATy,
takes higher values, that is AT); = (30—40) °C. Concluding for this cycle, prior to
its use, a comparative feasibility study should be accomplished, putting in balance
its higher complexity and auxiliary pumping work consumption (see Sect. 4.2.4) on
one side and the smaller compressor work consumption on the other side.
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Fig. 4.46 a Hybrid simple truncated coabsorbent cooling cycle model results, Ty, = 12 °C.
b Hybrid simple truncated coabsorbent cooling cycle model results, Tys = 18 °C. ¢ Hybrid simple
truncated coabsorbent cooling cycle model results, T)s. = 24 °C. d Hybrid simple truncated coab-
sorbent cooling cycle model results, 73, = 30 °C. e Hybrid simple truncated coabsorbent cooling
cycle model results, Ty, = 36 °C. f Hybrid simple truncated coabsorbent cooling cycle model
results, Ty =42 °C

4.3.2 Hybrid Simple Truncated Heating Cycles

The hybrid simple truncated heating cycle is represented schematically in the log
(p) — UT diagram of Fig. 4.47. Its construction and operation are particular cases
of those described in a general way in conjunction with Fig. 4.44 and shall not be
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Fig. 4.46 (continued)

repeated here. We have modeled the operation of the cycle at hand again with the
code consisting of those given in Sects. 3.2.1.2 and 3.2.5.1 and 4.2.1. The model
considered the next internal heat management details: (i) the absorbent 18 is pre-
heated prior to enter the resorber 8, recovering in the resorber absorbent preheater
15 an amount of the sensible heat of the absorbent exiting the resorber 8; (ii) when-
ever this was physically possible, the gax recovery of GHE-Gax problem type has
been considered between the 1st resorber (pos. 4) and the generator (pos. 7); (iii) the
resorber heating effect was enhanced considering that the cycle benefits of PHL (see
Enhancing the Heat Pump Heating Effect by Using Preheating Hysteresis Loops
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Fig. 4.46 continued

(PHL)); (iv) unlike the hybrid heat pump (Sect. 3.2.5.3), the cycle at hand cannot
operate just as an Osenbriick cycle when A7), becomes too small. The solution pump
and compressor mechanical effectiveness input data were 7pump = Neomp. = 1.0. The
model also considered that the generator and resorber outlet concentrations are equal
(one another), ygo = yro- The ratio evaluating the heating temperature effectiveness
[see Eq. (4.133)] is expressed this time by:

> OTRy.i

ey = —— .
Sk (4.137)
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Fig. 4.47 The hybrid simple balance truncated heating cycle

The model results are plotted in Figs. 4.48a, 4.49a, 4.50a for Ty., COP,, and
TRrro vs. pr and in Figs. 4.48b, 4.49b, 4.50b for COPy, ey, and Z?ﬁl ATRy,i VS. PR
(Staicovici and Staicovici 2013). In order to make easier the comparison with the
hybrid heat pump, the model input data for yas, Tpsn, Tar and Ty are essentially the
same for both cycles. The results confirm that the COP,, values of the cycle at hand
are by (25-33) % higher for same resorber inlet and heating effect temperatures,
Trr and Ty, respectively. Also, when the gax recovery is possible, the heating
effectiveness results in the highest values, COP;, =~ 0.40-0.45, which are quite close
to those of the hybrid heat pump. Concluding, our cycle can be a hybrid heat pump
challenger in house and industrial heating applications, despite its more complex
structure, because of its higher COP,, and still reasonable COP},.
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Chapter 5

Effectiveness of Coabsorbent Cycles

and Cascades According to First

and Second Principles of Thermodynamics

The effectiveness according to the first and second principles of thermodynamics
is assessed in this chapter for the coabsorbent cycles presented so far, that is for the
cooling and heating cycles of nontruncated, truncated and hybrid type (Staicovici
2007a, 2009). Finally, the first principle COP of the hybrid cooling and heating
fractal cascades is analyzed. The ideal effectiveness is calculated in a two-step
approach. During the first, an ideal mechanical work is produced by a direct Carnot
cycle, calculated with the outlet temperatures of the opposite processes, genera-
tion and resorption or desorption and absorption, while during the second the work
produces the useful effect by means of an inverted Carnot cycle, computed using
the inlet and outlet temperatures of the desorption and absorption processes in case
of cooling and of the generation and resorption processes in case of heating useful
effects, respectively (see also Sect. 1.4.3). Next, the work and heat energy forms are
ascribed with positive values, either these are cycle inputs or outputs.

5.1 Cooling Fractal (Nontruncated Cycle) COP

First Principle COP

The COP estimate is done in relation to Fig. 3.2 and Table 3.3. The COP referring
to cooling, heating and to the cycle mechanical work consumption are expressed
by Egs. (3.53), (3.54) and (3.55), respectively. For the sake of completeness, these
are repeated here by the new Egs. (5.1)—(5.3), respectively:

)

COP. s =
cef 4G 5D
4qRr
COPp o = —
e (52)
qD
COPW,Cf = (5.3)
Wp
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Second Principle COP

The ideal coabsorbent cycle COP estimate is similar to that of an absorption cycle
(Niebergall 1959). The energy balances on generation-resorption (G — R) and
desorption-absorption (D — A) are ggr + w = q¢ and gp + w = ga, respectively.
For the Carnot cooling COP it is considered first that the isobar (G — R) processes
produce the w ideal maximum mechanical work, in such a way that:

w G — Tro
==y KO (54)

Subsequently, the work produced powers the ideal isobar (D — A) processes in
order to obtain a maximum efficiency of the useful cooling effect gp, as:

T -1
cop, =12 - _ < 40 _ 1) (5.5)
W gA—dqD Tpm

where Tpu = (Tpracmal + Tpo) /2 and Tao = Tro. Combining Egs. (5.4) and
(5.5), the ideal cooling COP results in:

T T, -1
COPc.of = nCOP, = 12 = (1 — RO) (*‘0 - 1) (5.6)
q6 Tco) \Tpm

Equations (5.6) and (1.214) are different only because Tp ,, has been used instead of
Tpr. Equations (5.5) and (5.6) depend on the mean desorption temperature 7p
which is a function of the actual desorption inlet temperature, Ty gemuqr- In case of the
operation with non-volatile absorbent working pairs (e.g. HyO-LiBr, NH3-LiNO3,
NH3-NaSCN ), Tpyacuar €quals the design value, Tpsacruai = Tpr,design. and the
cycle desorption works effectively. However, when the cycle is run by a volatile absor-
bent working combination (e.g., NH3-Hy O, NH3—CH3 NHy), Tpj cmual increases as
compared to the design value due to a natural heat and temperature double deficiency,
Tpo > Tpracual = Tpr design (see Desorption Heat Transfer Analysis). The desorption
process becomes critical, with negative impact on cycle operation. Indeed, according to
Eq. (5.6), the COPc . increases comparatively, while the COP. .7, Eq. (5.1), decreases,
so the relative to Carnot cooling effectiveness, COP¢ ye1.Carnor Will decrease. In order to
avoid this situation, it is necessary to rectify the generated vapor. Alternatively, the des-
orption could be improved qualitatively if the technique using a subcooling hysteresis
loop (SHL) were applied (see Desorption Heat Transfer Analysis).

5.2 Heating Fractal (Nontruncated Cycle) COP

First Principle COP

The heating COP of the cycle at hand is given by, Fig. 3.29 and Table 3.3:
4R
4G +4qp

COPpyy = (5.7)
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The COP with respect to the cycle mechanical work consumption is expressed
by:

qr
COPyjp = W (5.8)

Second Principle COP

The ideal heating COP of the classic heat transformer absorption cycle has
been estimated long before (e.g. Radcenco et al. 1985; Keith 1995; Gutkowski
1987). Referring to our cycle, the energy balances on (G — R) and (D — A) are
qr = qc +w and gp = g4 + w, respectively. In order to estimate the heat trans-
former ideal COP we consider first that the isobar (D — A) processes produce the
w ideal maximum mechanical work, in such a way that:

W _9p—qa Tao

Nw = =1—--—— 59
" ap 4qp Tpo (59)
Subsequently, the work produced powers the ideal isobar (G — R) heating pro-
cesses in order to obtain a maximum efficiency useful effect gg, upgrading the g

heat extracted in the generation process:

qrR qrR Trr.0 + ATy
cop, =18 _ — L (5.10)
w  qr—4q6  (Trro+ ATup) — Tar
The Carnot COP of the ideal heat transformer is given by:
qr a6 o\
COPcjf = = < + > (5.11)
96 + 4o gr 4R

The first and second ratios in Eq. (5.11) result from (5.10) and Egs. (5.9) and (5.10) as:

%___fa__ 5.12
ar  Trro+ ATy (5.12)
and
~1
qp -1 Ts0 ) ( Tar >
— = COP, =(1—-— 1l-— 5.13
qr (ﬂw q) ( Tpo Trro + ATy (>-13)

respectively. Introducing Eqs. (5.12) and (5.13) in Eq. (5.11), the heating fractal
Carnot efficiency results:

—1 —
T, T T,
COPc 1y = (G’) + (1 — AO) (1 _ GI)
Trr0 + ATm Tpo Tri.0 + ATu

(5.14)

Equation (5.14) is identical with Eq. (1.217), because Tpo = Tgy. Making a paral-
lel with the cooling cycle, the heat transformer has the resorption, responsible for
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the useful heating yield, as critical process, because it suffers of the preheating
double deficiency problem (see the Sect. 3.2.5.2.1). The first negative conse-
quence of this problem is that the COPp s, Eq. (5.7), will decrease. The second
one is that the design resorber inlet temperature, Tgy gesign, i perpetually higher
than the actual one, Tgycruar, that is Tro < Tryactual < TRI design- Consequently,
the COPc jy will increase, because in Eq. (5.14) Trr = TRy design is replaced by
the actual value, Try acruat = Trf,0 + ATm p, where ATy > 0 [see Eq. (3.128)].
Combining the two last assertions, it results that, similarly to the cooling cycle,
the relative to Carnot efficiency, COPj, rel.Carnor» decreases. A simple method to
improve qualitatively the resorption process, reducing the COP}, rei.Carnor decrease,
is to use a preheating hysteresis loop (PHL), according to Enhancing the Heat
Pump Heating Effect by Using Preheating Hysteresis Loops (PHL).

5.3 Truncated Cooling Fractal COP

First Principle COP

The COP estimate is done in relation to Fig. 4.4. The COP referring to cooling
and to the cycle mechanical work consumption are expressed by Eqs. (5.15) and
(5.16), respectively:

Tro\ ™' | Troi\]
COPc iy =qp (1 - R0> lz 4G, (1 — R )] (5.15)
1

T60 /) max Tco.,i

=

4D
n

COP\y1of =
S (5.16)
i=1

The COP. 1cr of Eq. (5.15) was calculated considering the general case of a multi-
temperature source generation supply, in such a way that not only the quantity, but
the quality of each individual generation heat input, g, i = 1,2,...,n, has been
taken into account as well.

Second Principle COP

Unlike the Sect. 1.4.3.2, here we confine the 2nd principle COP calculation only
for the cooling effect. The energy balances on the ith generation—resorption
(G; — R;) and desorption—absorption (D; — A;) processes are gg; + w; = ¢g¢,; and

gp.i +wi =qa,, i = 1,2,...,n, respectively. In order to assess the Carnot COP for
the cycle at hand it is considered first that the ith isobar (G; — R;) processes produce
the w;, i = 1,2,...,n, ideal maximum mechanical work, in such a way that:
Wi 4Gi— qRi Tro,i
Nw,i = =——=1-— (5.17)

q6,i q6,i TGo,i
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Subsequently, the work produced powers the ith ideal isobar (D; — A;) cooling
processes for a maximum efficiency useful effect gp ;, as

COP,; = aoi _ _ 4pi  _ ( 40, 1> 5.18)
Wi qA,i — 4D, Tpm,i

where Tp i = (Tprjactual + Tpo,i) /2. The thermal Carnot effectiveness of the ith
shear is

copc; =124 =y, .cop,; = <1 - RO")( 40i _ 1) (5.19)
qG.i Tco.,i Tpm,i

The Carnot effectiveness of the truncated cooling fractal can be calculated using
Eq. (5.19), as:

" " Tro.i Tho.i -1
2. 4D Z qc’i(l - Tcoy,i) (TD,rr;,i - 1)
COPchp = =L — = = . (5.20)
> 4G > 4G.i
i=1 i=1

The comments of the cooling fractal ideal COP regarding the desorption process
hold true in the case at hand as well. An important particular case consists in con-
sidering Tro; = Tro = const., Tgoi= Tco = const., Tao; = Tap = const.
and Tpm; = Tpm = const., i=1,2,...,n, when Eq. (5.20) becomes Eq. (5.6).
Equation (5.20) was applied in its form of Eq. (5.6) to the double and quadruple
truncated cooling cycles, Figs. 4.36, 4.37 and Table 4.3.

5.4 Truncated Heating Fractal COP

First Principle COP

The COP estimate is done in relation to Fig. 4.5, where the desorber-absorber
stage is considered the last stage of generators-absorbers, i.e. labeled with i = n.
The COP referring to heating and to the cycle mechanical work consumption are
expressed by Egs. (5.21) and (5.22), respectively:

n —1 —1
TRo,i Tro
COPpyp = qri1-2 [Z qG.i (1 - l) (1 - ) + 616,34] (5.21)
max

Py Tco,i Tco

qR1-2
n

COPyy g1y = -
D Wp.i (5.22)
i=1
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The COPy, i of Eq. (5.21) was calculated considering the general case of a multi-
temperature source generation, similarly to Eq. (5.15).

Second Principle COP

The energy balances on the ith generation—resorption (G; — R;) and generation—resorption
useful heating processes (G3—4 — Rj—2) are gr; + Wi = qg.i, i = 1,2,...,n, and
qr1-2 = 4G3-4 + 27:1 w;, respectively. In order to assess the Carnot COP for
the cycle at hand it is considered first that the ith isobar (G; — R;) processes produce

the w; ideal maximum mechanical work, i = 1,2, ...,n, in such a way that:
i = i 4G, — 4qR.i —1_ RO,i (5.23)
qaG,i qaG,i TGo,i
Subsequently, the ideal mechanical work w;, i =1,2,...,n, is used to power

the ideal isobar (G3_4; — Ri—2,) process, when the heat gr3_4,; (state 3—4), is
upgraded, producing with maximum effectiveness the gg 1—2,; heat (state 1-2), in
such a way that:

—1

_ 9 T A

COPq’i _ 4qR,1-2,i _ qdR1-2,i — (1= GI,3—4,i (5.24)
wi qR1-2,i — 4G3—4.i Trf,01-2,i + ATM p,i :

The Carnot COP is calculated for the ideal heat transformer. Using the
(G3—4 — Rj—») energy balance it results:

n n
> qRri1-2.i > qR1-2.i
i=1 i=1

COPCth = n n = n n n (5.25)
.4Gi+ Y 463-4i  2.4Gi+ 2 qR1-2i— 2. Wi
=

i=1 i=1 i= i=1 i=1

We express the last term of Eq. (5.25) denominator with the help of Eq. (5.23), in
order to obtain:

n n TRO .
S owi=> qci (1 - = ) (5.26)
i=1 i=1

TGo,i

Also, the numerator of Eq. (5.25) can be expressed with the help of Egs. (5.24)
and (5.26), resulting in:

- - Tro,i TG13-4, !
ZC]R,I—ZJ = Z‘]G,i(l _ ’l) <1 5Dl )
i=1 i=1 (5:27)

TGo,i Trr01-2,i + ATy i

Introducing Eqs. (5.26) and (5.27) in Eq. (5.25), the ideal COP of the truncated
heating fractal is expressed by:
n -1

TRro.i

~ TGo.i qG,i

COPcyyy = |1+ = — (5.28)

n 1
Z g6i(1— Tro,i 1— TGr3-4,i
= Tco.i Trf,0,1-2i+ ATy pi
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The comments of the heating fractal ideal COP regarding the resorption
process hold true in the case at hand as well. An important particular case
consists in  considering Tro; = Tro = const., Tgo.i = Tgo = const.,
TG13-4; = Tgr3—4 =const., Trro1-2i = Trr,0 =const, and ATy ,; =
ATyp=const.,i=1,2,...,n when Eq. (528) becomes Eq. (5.29).
Equation (5.28) was applied in its form of Eq. (5.29) to the double and quadruple
truncated heating cycles, Figs. 4.39b, 4.40b and 4.41b.

—1
Tco ) ! ( TGr3-4 )
1+ (292 1 1- ’ . (5.29)
( Tro Trr01-2+ ATy p (

5.5 Hybrid Cooling Fractal COP

COPC’thf =

First Principle COP

The COP estimate is done in relation to Fig. 4.43. Suppose a full truncated cool-
ing fractal is equipped with a n stage truncation column. In our case, the hybrid
cooling fractal is provided with a truncation column including j =1,2,...,i —1
isobar stages, i — 1 < n, supplied by sink/heat sources. Suppose, also, the ith stage
is non-isobar and the compensation for the generated vapor pressure difference till
the full column pressure value is achieved with the help of a mechanical vapor
compression unit which is consuming the work w,. The cycle COP referring to the
heat input and to the cycle mechanical work consumption (compressor and pumps)
are expressed by Egs. (5.30) and (5.31), respectively:

qD
COP_ e = ;
- 46 (530
Jj=1
COPyy jef = LH;
We + > Wy (5.31)
j=1
Second Principle COP
The energy balances on the jth generation-resorption (G; — R;) and
desorption-absorption  (D; — Aj) processes are gg;+wj =qg; and
qpj +wj=gqaj, j=1,2,...,i—1, respectively. For the last, ith, non-isobar

stage, the following heat balance holds true: gr; + w; = gg,i + wc. In order to
assess the Carnot COP for the cycle at hand, it is considered first that the jth isobar
(Gj — Rj) processes produce the wj, j = 1,2,...,i, ideal (maximum) mechanical
work, given by Eq. (5.17). With its help, the total ideal work produced by the i — 1
stage truncation column is then written as:

i i
Tro,i
> owi= qu(l - J) (532)
j=1 j=1

TGo,



http://dx.doi.org/10.1007/978-3-642-54684-6_4#Fig
http://dx.doi.org/10.1007/978-3-642-54684-6_4#Fig
http://dx.doi.org/10.1007/978-3-642-54684-6_4#Fig
http://dx.doi.org/10.1007/978-3-642-54684-6_4#Fig43

256 5 Effectiveness of Coabsorbent Cycles and Cascades

Subsequently, an external minimum (ideal) mechanical vapor compression work,
Wwe, 1s added to this ideal work amount. Together, they are powering the inverted
Carnot cycle in order to run the (D — A) processes and to extract from desorber the
maximum cooling heat, in such a way that:

—1
4qp Tao
COPC,C,mvc = - = -1
i Tom (5.33)
We + Z Wj
j=1

where, similar to the cooling fractal, Tpm = (Tpracar + Tpo) /2 and Tao = To.
Introducing Eq. (5.32) in Eq. (5.33) and solving it for w., we obtain the positively
defined mvc work:

We = qp (TAO - 1> an,,( TRO") >0 (5.34)

GO,/

Equation (5.34) right side first term can be written obviously as:

Tao a - Tro,
ap 1) =3 wi= aci(1- (5.35)
j=1 j=1

TD,m TGO,/

Introducing Eq. (5.35) in Eq. (5.34), it results that:

n i n
we=Y wi— Y wi<> w (5.36)
j=1 j=1 j=1

because Z;:l w; > 0. Equation (5.36) expresses quantitatively and ideally a truth-
fulness we already knew. Indeed, for the same cooling effect the hybrid cycle
consumes less mechanical vapor compression work than a cooling Osenbriick
(absorption mechanical vapor compression) cycle, therefore consumes less high
quality primary energy (e.g. fossil fuel), but depleted (low grade) heat sources,
only. Taking into account Eq. (5.34), the ideal effectiveness of the hybrid cycle
with respect to the external work consumption is expressed by:

-1

cop o _ | (T —ii (1= Iroj >0
C.hef w W 4G )

c Tp M TGO,]

(5.37)
Another way to express the hybrid ideal effectiveness is to take into account all the
energy input (mechanical vapor compression work + heat input). This figure of
merit is less meaningful, but for the sake of completeness, it is given below:

—1

4qp Tao 1 <~ Troy
COPchfwtg=——"7—= ( - 1) + - > TGOJ' 4G,
we + ) 46, j=t T
=1

(5.38)
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An important particular case consists in considering that Trp; = Tro = const. and
Tcoj =Tco = const., j =1,2,...,i. Keeping the frame of this particular case,
with the help of Egs. (5.30), (5.37) and (5.38) become Egs. (5.39) and (5.40),

_1
4qp Ts0 Tro _1 }
COP === — —1)—-(1——=|COP 5.39

Chw = e KTD,m ) < TGO) chef -39

-1
an Tao Tro -1
COPC et yq = i = [(TDm - 1) T 7o SO eher ] (5.40)
We + Z qG, , .
.=1

J
respectively. Keeping the frame of this particular case, it is worth paying to find
the relative gain in the ideal COP when producing cooling by a hybrid operation

instead of mechanical vapor compression, that is we are interested to find the posi-
tive defined ratio:

COPC,hcf,w - COPC,c,mvc
COPC,c,mvc
Equation (5.41) can be rewritten as Eq. (5.42):

COPC,hcf,w COPC,hcf,w - COPC,c,mvc
COP C,c,mvc COPC,hcf,w

COPC,hcf.rel.mvc = >0 (541)

COPC,hcf.rel.mvc = >0 (542)

The last ratio of Eq. (5.42) is obviously less than unit, but positive. With these
remarks, and considering Eqgs. (5.39), (5.33), (5.30) and (5.6), this ratio becomes:

COP C,hefw — COP C,cimve COP Cof _ COP C.tef

0< = =
COPc jef w COP; ey COP_pef

<1,

wherefrom the ineqn. (5.43) holds true:
COP¢ pey > COPc r (5.43)
and Eq. (5.42) rewrites:

COPc e COPcof — COPC pef yw COPC tcf
COP C,c,mvc 0(0) c,hef COP C,c,mvc COP c,hef

COPC,hcf.rel.mvc = >0 (544)
The same result would be obtained if we had considered the ineqns. w, > 0 and
COPc pef,w > 0 within the frame of our particular case. The ineqn. (5.43) is con-
ditional upon the 2nd principle point of view, but not upon the 1st one, when
investigating the hybrid cycle effectiveness. Otherwise expressed, the ineqn.
(5.43) is a sufficient condition but not necessary for the hybrid cooling operation
be more effective than that of full mechanical vapor compression. In this respect,
not all results of the hybrid nontruncated and simple truncated cycles plotted in
Figs. 3.37a—f and 4.46a—f, respectively, are fulfilling ineqn. (5.43). Generally, the
simple truncated, but especially the nontruncated hybrid cycle, characterized by
small sources temperature gap, ATy = (20—30) °C, are verifying it for quite large
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Table 5.1 Comparative 1st and 2nd principle effectiveness cooling case for middle/northern

areas

Tpi COPc,hcf COP e COPw,th COPC,[cf COPC,c,mvc COPC,hc_f;w COPC,hcflrel.mvc %
Eq. (5.30) Eq. (3.108) Eq. (5.31) Eq. (5.6) Eq. (5.33) Eq.(5.39) Eq.(5.41) chef

—60 0.2968 1.297 1.676 0.1951  2.805 8.183 1.918 0.6573
—50 0.309 1.568 2.391 0.2358 3.381 14.28 3.224 0.7632
—40 0.3246 1.938 3.583 0.2915 4.163 40.83 8.806 0.898
—30 0.3451 2.475 5.473 0.3722  5.286 —67.16 —13.71 1.079

desorber Tp , values. Next, a study case is considering the hybrid simple truncated
cooling cycle of the Sect. 4.3.1, producing industrial and district cooling. The appli-
cation is located to middle and northern geographical zones (Staicovici 2007b)
which can supply the cycle during the whole year with sink/heat sources capable to
ensure the internal temperatures of Tro = 289.15K, Tgo = 310.15K (e.g. rivers
or sea water and thermal power station condensate heat, respectively). The results
are included in Table 5.1 for a cycle which uses vapor rectification.

As long as ineqn. (5.43) is fulfilled, Tp; = (—60) — (—40), the 2nd principle
shows that COPc jr,, is much higher than COPc ¢ myc. The relationship between
these two figures of merit is extended naturally, although to a different scale,
between the 1st principle COPy, j.r and COP e, too. However, when ineqn. (5.43)
is no more fulfilled, Tp; > —30, the 2nd principle information cannot be useful
any longer, but that according to the Ist one holds still true, proving the advantage
of the hybrid configuration use. Also, the big difference between COPc jr, and
COP,, ¢ shows that there is much room for the hybrid cycle be improved.

5.6 Hybrid Heating Fractal COP

First Principle COP

The COP estimate is done in relation to Fig. 4.44. Suppose a full truncated heating
fractal is equipped with a n stage truncation column. In our case, the hybrid heat-
ing fractal is provided with a truncation column, including j =i+ 1,i4+2,...,n
isobar stages, supplied by sink/heat sources. On account of simplicity, the desorption—
absorption processes of the nth isobar stage have been assimilated with the rest
of the generation—resorption processes. Suppose, also, the ith stage is non-isobar and
the compensation for the generated vapor pressure difference till the full column
pressure value is achieved with the help of a mechanical vapor compression unit
which is consuming the work w.. The cycle COP referring to the heat input and to
the cycle mechanical work consumption (compressor and pumps) are expressed by
Egs. (5.45) and (5.46), respectively:

-1

n -1
Tro,j Tro
COPwy =dqri-2| Y 46j <1 B TGOJ') <1 " Teo +463-4
J max

Jj=itl (5.45)
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qRr,1-2

n
Wt 3wy (5.46)
j=it1

COP,, i =

Second Principle COP

The energy balances on the jth generation—resorption (G; — R;) and generation—
resorption useful heatinng process (G3—4 —Rj_p) are ny=—2, and
qR1-2 = 4G3—4 +We + Y Wj, respectively. In order to assess the Carnot COP for
j=itl
the cycle at hand, it is considered first that the jth isobar (G; — R)) processes produce the
wj ideal maximum mechanical work, j =i+ 1,i+2,...,n, in such a way that:
Wi 4Gj — 4R

Y 4G, Tgo,

_ Tgo,

(5.47)

The total ideal work produced by the (G; — R;) processes, j =i+ 1,i+2,...,n,
becomes with Eq. (5.47) as:

dowi= D, CIGJ(l - RO") (5.48)

T .
=it j=it1 GO

Subsequently, an external minimum (ideal) mechanical vapor compression work,
W, 1s added to this total ideal work amount, Eq. (5.48). Together, they are power-
ing the inverted Carnot cycle in order to run the (G3_4,,~ — R1—2,i) processes and to
produce in the resorber the maximum heating effect, in such a way that:

-1
qRr.1-2 TGr3-4
COPC,h,mvc = = (1 - TRfO 1—2 + ATM},) (5.49)
wet 3w o ,
j=it1

Introducing Eq. (5.48) in Eq. (5.49) and solving it for w,, we obtain the positively
defined mvc work:

n

Tors. Tro.i
We = qR,1_2<1 - o34 > -y ch<1 — TRO”) >0 (5.50)

T, _ AT, i
Rf.01-2 1+ Ay o1 GO,j

Equation (5.50) right side first term can be written obviously as:

TG13-4 . - Tro,
ar1—2( 1 => W= aci{1-7"") (551
j=1 =1 GOJ

Trr01-2+ ATy

Introducing Eq. (5.51) in Eq. (5.50), it results that:

n

n n
we=Y wi— D Wiy w (5.52)
j=1 j=1

j=itl
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because Z}’zi 41 W = 0. Similarly to the hybrid cooling fractal, Eq. (5.52) shows
in an ideal manner that for the same heating effect the hybrid heating cycle at hand
consumes less mechanical vapor compression work than a heating Osenbriick
cycle, therefore consumes less high quality primary energy. Taking into account
Eq. (5.34), the ideal effectiveness of the hybrid cycle with respect to the external
work consumption is expressed by:

—1
n

R,1-2 TG13-4 1 Tro,
T -

c a Trr0,1—2 + ATm a qRr1-2 . a TGo,
(5.53)

Jj=i+1
Another way to express the hybrid ideal effectiveness is to take into account all the
energy input (mechanical vapor compression work + heat input). This figure of
merit is less meaningful, but for the sake of completeness, it is given below:

qR,1-2
COPC jhf wtq = 7
We+ Y. 4G +49G3-4
j=itl
-1

1 TG13—4 _

Trr,0,1-2 + ATy
B 1 1 Tro.i n
- Z QG,;'(I -7 L) — Z 4G, +4G,3-4
ar1-2 |, 57, GO, S

(5.54)

An important particular case consists in considering that Tro; = Tro = const.
and Tgoj = Tgo = const., j =1i,i+1,...,n. Taking into account this case and
Eq. (5.45) and bearing in mind that:

q4G3-4 TGr3-4

qri1—2  Tgro,1-2+ ATy
Equations (5.53) and (5.54) become:

-1
Tro —1 TG13-4 _1
COPC jif o = [ (COP - : - (COP — 1)
s Tco hhhf Trr01-2 + ATy hhhf
(5.55)
and
Tro 1 T613-4 !
COPCh e = [TGO (COPh’hhf - Trr01-2+ ATy p ! (530

respectively. Further on, we are looking for the existence conditions of COPc -
In this respect, the ineqns. COPc jpr v > 0 and COPc s w > COPC v are con-
sidered simultaneously, where:

COPC e = (1 - Too >_1 (5.57)
o Trr01-2 + ATy
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is the Carnot COP of the mechanical vapor compression heating cycle, our
hybrid heating coabsorbent cycle challenger, operating between 7Tgo and
Tgr,0,1—2 + ATy . Taking into account Egs. (5.55) and (5.57), it results that
COPy, pyy must fulfil the double inegns. (5.58) in order that COPc pyy ., be useful in
the ideal effectiveness assessment of the cycle at hand:

COPy, iy min < COPhpy < COPhpns max (5.58)
where
Tro — Tro
cop iy = T _2 + AT,
hohhf T To(Trr.0.1—2 + AT p) — TroTGr (Tar.0.-2 )
(5.59)
and
Tro — Tro
COPp pif max = (Trr.01-2 + ATwmp) (5.60)

T%, — TroTaGr

Next, a short study case having as object the hybrid simple truncated heating cycle of
Sect. 4.3.2 is presented. The heating application, Tgr,0,1—2 = (48—63) °C, is consid-
ered to take place in a cold region, with sink temperatures of Trp = (—40, —20) °C
and a heat sink source of Tgo = Ty = Tpo = +5 °C (see the dashed lines
in Fig. 4.48a, b). The results have been completed here with the ideal effec-
tiveness evaluation and are given in Table 5.2. The results show that as long as
COPy, pyy respects the ineqn. (5.58), that is when Tgo = —35 °C,...,—20 °C, the
COPc ppf,w values are considerable higher than those of COP,, ppy, which, to theirs
turn, are well above those of COPc j, myc. Another remark we can make is that there
is much room for improvements in the COP,, j5s effectiveness. When COPy, pyy is
outside the (COPh,hhf,min,COPh,hhf,max) interval, as in case of Tgro = —40°C,
the COPc ppr,w is negative, therefore cannot be applied, despite the fact that
COPy, ppy >> COPC e In this respect, similar in a way to the hybrid cooling frac-
tal, the ineqn. (5.58) express a sufficient condition but not necessary for the hybrid
heating operation be more effective than that of full mechanical vapor compression.

5.7 COP of Hybrid Cooling and Heating Fractals Cascades

As shown so far, the coabsorbent technology is capable to process alone free sink/
heat sources pairs in order to satisfy a cooling and/or heating task. There are, how-
ever, situations when the coupling of a coabsorbent cycle with a mechanical vapor
compression unit in a cascade might benefit additionally the effectiveness of a
heat pumping unit. The main objective of this section is to present simple algo-
rithms which can be used in the preliminary design phase for a quick effectiveness
estimate of these cascades COP, calculated with respect to the mechanical work
consumption and depending on subcycles COP’s, solely.
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Table 5.2 A few results of the 1st and 2nd principle effectiveness evaluation in case of the

hybrid simple truncated heating cycle, Sect. 4.3.2

COP, wymin  COPyjyy COPy iy COPC e COPCipy COPC ifavg

COPyymax  Eq.(545) Eg.(5.46) Eq.(549) Eg.(5.55) Eq.(5.56)

Egs.

(5.59)/(5.60)

—40 —32.7348.44  0.4333 0.4121 32.27 7.402 —51.91 0.4154
0.679

—35 =27.6 52.66  0.4054 0.4251 17.91 6.837 60.81 0.4222
0.6899

—30 —22.4756.61  0.3751 0.4324 12.19 6.389 22.51 0.4242
0.7032

—25 —17.3160.58  0.3412 0.4319  9.181 6.004 15.06 0.4199
0.7212

—20 —12.1962.93  0.3064 0.42 7.342 5.802 12.61 0.4065
0.7432

Tro Tcr Trroa-2

We analyze to the beginning the cooling cascade consisting in a first coab-
sorbent truncated cooling ccycle, Fig. 4.4, coupled with a second mechanical
vapor compression cooling cycle, Fig. 3.36a, b. In Fig. 5.1, this case is represented
by the configuration (a), for i = 0. Theirs heat balances can be written as:

n n
ZCIR,i-l-CIA = ZQG,i+QD+Wp (5.61)

i=1 i=1
and

qE +we = qc (5.62)

respectively. The cascade consists in thermally coupling the coabsorbent cycle
desorber with the mvc cycle condenser in such a way that:

qp = qc (5.63)

The effectiveness of the two cycles with respect to the mechanical work consump-
tion is given by Egs. (3.55) and (3.108), noted here as:

PR
c= Wy (5.64)
and
J =1
We (5.65)

respectively. The cascade COP is calculated by:

COPC,IJ — q—E
Wp + we (5.66)
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(a) Sink Heat
source source

Expansionvalvei Condenseri

. Truncated
Evaporatori | Compressori Desorber Sink :
= P source cooling fractal
MVC cooling unit i
(b) Heat Expansion valve i
source Resorber Evaporator i

Condenser i

Sink Heat  Truncated
source source heating fractal MVC heating uniti Compressori

(c) Expansion valve i

Evaporator i
Condenser i

MVC heating unit i Compressor i

Fig. 5.1 Three cascade configurations analyzed in Sect. 5.7: a cooling cascade consisting in
(1 + 1) mvce cooling units 4 a truncated cooling cycle; b heating cascade consisting in a trun-
cated heating cycle + (i + 1) mvc heating units; ¢ (i + 1) mvc cooling and/or heating units

which, with the help of Egs. (5.61)—(5.65), becomes:

COP,yy = —1eJe 5.6
M LI+ 1 (>.67)
Suppose now we have a heating cascade consisting of a first coabsorbent truncated
heating cycle, Fig. 4.5, coupled with a second mechanical vapor compression
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cycle, Fig. 3.36a, b. In Fig. 5.1, this case is represented by the configuration (b),
for i = 0. The heat balance of the coabsorbent heating cycle can be written as:

n n
Z qr.itqr1-2 = Z q6.i t49G63-4 +wp (5.68)
i=1 i=1

and that of the mvc heating cycle is given by Eq. (5.62). The cascade consists in
thermally coupling the coabsorbent cycle resorber with the mvc cycle evaporator
in such a way that:

qr.1-2 = 4E (5.69)

The effectiveness of the two cycles with respect to the mechanical work consump-
tion is given by Eq. (3.55), noted as:

I = 4qRrR.1-2
h Wy (5.70)
and Eq. (3.71):
qc
Jp=—
h we (5.71)
The cascade COP is calculated by:
qc
COPy 1y =
17 Wy + e (5.72)
which, with the help of Egs. (5.68)—(5.71), becomes:
InJy
COPhjyy= ———
h1J It —1 (5.73)

Equations (5.67) and (5.73) can be extended to three-subcycle cascades, if for
instance the “J” effectiveness resulted from a cascade having subcycles COP’s
equal to “K” and “L”. For the sake of consistency, the older noting is kept for the
three subcycles COP’s, that is “I””, “J” and “K”, where from the following three-
subcycle cascades COP’s hold true for cooling and heating:

IJ K,
IJe+JcKe +Kele +1c +Je + K+ 1

COP. jjx = (5.74)

and

InJp Ky
Indn + InKn + Knlpy — I — Jp — Kp + 17

respectively. Equations (5.67) and (5.73) on one side and Egs. (5.74) and (5.75)
on the other side, can be checked for correctness considering that one of the sub-
cycles COP is very high. In this case, equations. mentioned above should confirm
that the cascade subcycles number reduces practically by a unit. Indeed, supposing
for example that the “I” effectiveness is very high and dividing these equations
by its value, the terms having “I”’ as denominator can be neglected with respect to

COP, g =

(5.75)
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the others and Eqs. (5.74) and (5.75) become to the limit Eqgs. (5.67) and (5.73),
respectively, while the letters become Eq. (3.55). Important properties of the cas-
cades at hand is emphasized next. Let us note by COP_),; a cooling (c) or heating
(h) cascade effectiveness consisting of i € N, i = 1,2,...,m, subcycles, having
the cooling (heating) effectivnesses equal to Iop), Jehys - - - » Men), Tespectively. It
is easy to show from Egs. (5.67) to (5.73), (5.74) and (5.75) that two successive
cooling and heating cascades effectivenesses are characterized by the followings
recurrent equations:
COP,;

COPc,i + Lc,i+1 +1 (5'76)

COP;it1 =Lt

and

COPh’,'
COPp; + Lpjt1 — 1

respectively, where L. ;1 and Ly ;1 are the known effectivenesses of the (i 4 1)th
subcycle added to the ith cascade in order to construct the (i + 1)th cascade. As a
first cascades property, from Eqgs. (5.76) and (5.77) it results that a cascade effec-
tiveness is smaller than the effectiveness of each component subcycle. Indeed, this
results if we divided each member of Eqs. (5.76) and (5.77) by L. ;41 and Ly ;11,
respectively and then by COP.); effectivenesses and remarked that the right
member of each equation is each time smaller than unit. A second property is
emphasized as follows. To this extent, we consider that the L ;11 and Ly ;41 effec-
tivenesses are not known this time. Theirs values can be found from Egs. (5.76)
and (5.77) as functions of COP.; and COP,; + 1 on one side and of COP},; and
COPy, ;41 on the other side, respectively, considered to be known, resulting in:

COPpit1 = Lpit1 (5.77)

(1 + COPC,Z')COPC’H,]
COP.; — COP_

Leipi = (5.78)

and

(COPh,i - 1)COPh,i+1
COPj; — COPp ;11

Lhis1 = (5.79)

respectively. Bearing in mind that in each case L. jt+1,Lp i1 > O, it results that
COP.; — COP.i+1 > 0 and COPp; — COPy ;41 > 0, because ineqn. (5.79) the
ineqn COPj,; — 1 > 0 is obviously true, or:

COP.; > COP.;iy1 and COPy; > COPpit1,i=1,2,....m—1 (5.80)

Ineqns. (5.80) show the known fact, that the series of both cooling and heating
cascades effectiveness is strictly decreasing. A third property, is emphasized for
cascades consisting exclusively of mvc cooling and heating cycles, Fig. 5.1c.
Bearing in mind Eq. (1.65), from Eqgs. (5.65) and (5.71) it results in our case:

Jej+1=dnjj=1....i+1 (5.81)
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This known property of the mvc cooling and heating cycles, expressed by
Eq. (1.81), is translated further to the mvc cascades, as well. Indeed, from
Egs. (5.67), (5.81) and (5.73), it results:

IeJe e+ DUc+1) IpJp

COP,.;7+ 1= +1= = = COP,
el IefJe+1 T+ D40+ D1 I+dp—1 ot
(5.82)

Equation (5.82) is, obviously, valid for the higher order cascades, as well. Further
on, with the help of Egs. (5.81), (5.82), (5.76) and (5.77) can be rewritten as Egs.
(5.83) and (5.84)

Lcir1COP.;
COPjy = el
c,i+1 COPpi + Loint (5.83)
and L COP
hit1 hi
COPpiy) = 7 5.84
hitl COPp; + Lejv1 (>84)

respectively. Dividing Egs. (5.83) and (5.84) term by term, the following recurrent
equation results:

COPc,i+l _ Lc,i+1C0Pc,i

COPhit1 Lpis1COPy;’ (5.85)

We apply the recurrent equation in itself, in order to obtain:

i+1
L
COPcjit1 _ Leit1COPei Leip1LeiCOPci1  j=1 (5.86)
COPpit1 Lpi+1COPyi Ly i1 LpiCOPpi— o '
I1 La,
=1

where L. 1 = COP.1and L, = COPj1. In Eq. (5.86), we use Eq. (5.82), and this
becomes:

i+1

I Le;
j=1

i+1

1 Ln;
j=1

COPiy1 = (COP. i1 +1) (5.87)

Equation (5.87) is solved for COP, ;+1. Considering just an i cascade, instead of
i + 1, and taking into account Egs. (5.81) and (5.82), it results:

H L i !

=1 1
COPej = — — =111 (1 + L) -1 (5.88)
(Lej+1) =TT Ley L= “
j=1

1
J=1
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Alternatively, Eq. (5.86) is used in order to find COP, ;1. Again, working with i
instead of i 4+ 1, and introducing Eqgs. (5.81) and (5.82) results, this is expressed
by:

i
[T Ln, i !
j=1

1
COPy; = — i =|1— H <1 - Lh,;) (5.89)
[T Loy — 1 (Lnj— 1) =1
j=1 j=1

The ideal cascades effectiveness is obtained simply replacing in Eqgs. (5.88) and
(5.89) the effectivenesses L.; and Lyj, by the Carnot effectiveness, given by
Egs. (1.208) and (1.209), respectively. Performing this replacement, the ideal mvc
cooling and heating cascades effectiveness is calculated by:

—1

i

Tcj

COP.c; = H -1 (5.90)
i TEd
and
; —1
TEJ'
coPp ;=1 =TT 22
hCii ]1:[1 Tc, (5.91)

respectively. In the ideal cascade, the condensation and evaporation temperatures
of two adjacent mvc ideal cycles are characterized by the following relationship:

TCJ'_1=TEJ', j=2,...,i (5.92)

Introducing Egs. (5.92) in Eqgs. (5.90) and (5.91) and performing the products in
the brackets, the following results are obtained:

Tci -1
COP.c; = ( - 1) (5.93)
Tga

and

TE, !
COPyci=(1- (5.94)
Tc,

According to Egs. (1.208) and (1.209), Egs. (5.93) and (5.94) are nothing else but
the ideal cooling and heating effectivenesses of a single cycle operating within the

first cascade cycle evaporation temperature, 7 1, and the last cascade cycle conden-
sation temperature, T, respectively. In this way it has been proved the following:

Lemma The cooling and heating effectivenesses of an ideal cascade, consisting of i
ideal mvc cycles, numbered by 1, ..., j, ..., I, equal those of a single ideal equivalent
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Table 5.3 Results of the deep cooling cascade study case
COP,,  COP, COPpco I Eq.(5.95) J.Eq.(5.65) COP.;;Eq.(5.67) COP e
130.4 0.2375 17.0 3.920 4.674 1.910 1.260

mvce cycle operating within the evaporation and condensation temperatures of the
first and last cascade ideal cycles, respectively.

Equations (5.88) and (5.89) generate Eqs. (5.67), (5.73)—(5.75), and others simi-
lar, if effectivenesses oy, Je(ny, Kechys - - -, were considered those noted here by
Leay 1 Leny,2> Len),3, - - - » ete. Although Eq. (5.81) is not valid for absorption heat
pumping cycles, Egs. (5.88) and (5.89) can be used formally to calculate a cascade
effectiveness, including absorption cooling and heating cycles, as well. Additionally,
Eqgs. (5.88) and (5.89) confirm also clearly that if a cycle had high cooling or heating
effectiveness, it can be eliminated practically from the cascade effectiveness compu-
tation. The truncated cycles, analyzed in Chap. 4 and mentioned in Fig. 5.1, belong
to this category, enjoying the advantage of a small mechanical work consumption,
COPyy sef (ihfy ~ (102— 10° ) Two study cases, first of cooling and then of heating, will
be analyzed below as effective cascades capitalizing this absorption cycles advantage.

5.7.1 Deep Cooling Cascade Study Case

We consider a cascade consisting of a first cycle, of ammonia-water double trun-
cated cooling coabsorbent type, thermally coupled with an ammonia mvc cooling
second cycle in such a way that the desorber of the coabsorbent cycle is provid-
ing the condensing for the mvc cycle, that is gp = g¢, when Tp; = —20 °C and
Tc = —15 °C. A CO; mvc cooling cycle is a better option in our case, but was
not analyzed here. Additionally, the deep cooling useful effect is obtained in the
mvc evaporator at 7g = —50 °C, while the internal coabsorbent cycle sink and
heat sources temperatures are 7y, = 32 °C and Ty, = 70 °C, respectively. The
heat source is supplied by a Steam Rankine Cycle (SRC) through a heat and power
cogeneration process. This process penalizes the SRC power output, as already
known and discussed. This effect appears in our case as an “additional work™ con-
sumed by the first cycle for its operation. These aspects will be presented in Chap. 7
to follow. Here, we take them into account, calculating Eq. (5.64) with:
D B B L

I = m — (COPW1 + COP: lcoph,jg) (5.95)
In Eq. (5.95), Awggc is the “additional work” mentioned and COP,,, COP. and
COPj, e hold for Egs. (5.16), (5.15) and for the cogeneration effectiveness,
Eq. (7.17). The results are given in Table 5.3. They show that the deep cooling cas-
cade effectiveness, Eq. (5.67), is by more than 50 % higher than that of a system
where mvc is used exclusively (last column, the CO,—NH3 known cascade). Table 5.3.
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Table 5.4 The results of the cold region heating cascade study case, T¢c = 61 °C
Tro/Trr (°C) COPLEq. (5.7) InEq.(5.70) J,Eq.(5.71) COPp;Eq. (5.73) COPppmye
22.75/26.05 0.4627 195.1 6.738 6.545% 4.599°

4 No auxiliary pumping work has been taken into account
b Two-stage compression heat pump

Results confirm that /. > COP.j;y and J. > COP_ jj, but COP1; > COP¢ . The last
ineqn. is explained by the much lower internal work consumption of the coabsorbent
cycle, COP,, = 130.4, as compared to that of the mvc cycle, COP, ;. = 1.26.

5.7.2 Cold Region Heating Cascade Study Case

We consider a cold region heating cascade. Such regions most available free sink
heat sources are the ground water and the ground. These might ensure a coab-
sorbent cycle internal heat temperature of about Tjs; = +5 °C. The sink sources
are mainly the ambient air and the sky, characterized by negative values during up
to 68 months per year. This entitles us to rely on an internal cycle sink of about
Ty = —15 °C. The above sink/heat temperatures can ensure the operation of the
truncated cycles, but the heating effect level is not satisfactory, Tgro = (30 —40) °C,
and the resorber heat is delivered on a large temperature interval, Ty ;—Tgr0. The
coupling to a mvc heat pump [see Eq. (5.69)], having, on the contrary, a punctual
evaporation temperature, is therefore not well matched, so the more appropriate heat
transformer (condensing) cycle will be considered further on. The results are given
in Table 5.4, for an ammonia/water heat transformer and an ammonia heat pump.

The heat transformer resorber is preheating the heat pump working fluid from
T = 22.5 °C up to Tg; = 26 °C, diminishing in this way the mvc device burden
which, otherwise, would had been obliged to extract the heat from a well lower
temperature heat source, of Ty;; = +5 °C. The energetic solution of choosing a
cascade proves theoretically to be beneficial in this case, as COPy, 1j > COPj, pye.
Again, similar to the Sect. 5.7.1 study case, this result is possible because of the
low internal work consumption of the absorption cycle, I, = 195.1, as compared
to that of the mvce cycle, COPj, sy = 4.599.
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Chapter 6
External Coabsorbent Cycle Composition

The basic idea leading to the coabsorbent cycle elaboration can be extended to
other known or new cycles, more complex than the single-stage one, provided
that the thermodynamics principles be respected, and new cycle usefulness and
feasibility be had in view. The new, simplest cycles, obtained through an external
nontruncated cycle composition, are derived here by adding a convenient number
of pressure (Fig. 6.1a, b, c) or concentration (Fig. 6.1e, f) stages to a basic fractal.
The possible mixing points are noted by M and upset M for cooling and heating
fractals, respectively (Staicovici 2009a).

One of the external composition application is to transpose advanced (multi-
effect) cycles (Alefeld 1982) in coabsorbent technology (Figs. 6.2, 6.3, 6.4), made
according to the:

Rule of transposition in coabsorbent cycles (Staicovici 2006): A separate
absorbent condensing cycle of origin can be transposed in a coabsorbent cycle,
if the condensing cycle subcycles of the cascade were replaced each by a nontrun-
cated coabsorbent cycle (fractal), and then interconnected, more often than not
through their superposition, provided that at least a mixing point exists.

The transposition into coabsorbent cycles favors in certain conditions the absorp-
tion technology feasibility through COP increase and cycle complexity decrease [in
Figs. 6.2 and 6.4, the cycles (b) have only 6 main devices instead of 8 in (a)].

6.1 The Pressure-Stages Multi-Effect Coabsorbent Cooling
Cycle (PSMECCC) Thermal Analysis

Out of the advanced (multi-effect) cycles transposed into coabsorbent cycles, the
cooling cycle with pressure stages, Figs. 6.1a, b, ¢, and 6.2a, b, will be analyzed
here. It can operate with both broad and narrow solubility field working combi-
nations, has simpler flow (require one mixing point only), is less complex and is
efficient. The two last aspects will be analyzed in more detail next: (I) We consider

M.-D. Staicovici, Coabsorbent and Thermal Recovery Compression Heat Pumping 271
Technologies, Heat and Mass Transfer, DOI: 10.1007/978-3-642-54684-6_6,
© Springer-Verlag Berlin Heidelberg 2014



272 6 External Coabsorbent Cycle Composition
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Fig. 6.1 New coabsorbent cycles with double (a), triple (b) and quadruple (c) pressure stages
and with simple (e) and double (f) concentration stages, log(p) — 1/T diagram

(a)

logp ~

Fig. 6.2 Double-effect cycle with condenser heat recovery (a), transposed in coabsorbent
cycle (b)

the n pressure stages cooling cycle of origin, versus the transposed. The origin
advanced cycle COP has the expression:

n k
COPacc,cond = Z H nj (6.1)

i=k j=1
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Fig. 6.3 Double-effect cycle with absorber heat recovery (a), transposed in coabsorbent cycle (b)

(a) < (b)

Fig. 6.4 Triple-effect cycle with condenser and absorber heat recovery (a), transposed in coab-
sorbent cycle (b)

In Eq. (6.1), obtained first by Staicovici (1992) for up to triple-effect and extended
later for higher-order effect by Ziegler et al. (1993), n; are the cooling COP’s of
the cascade subcycles, which normally have different values, as the cycles work
with different parameters. Equation (6.1) shows that an investment for COP
increase, obtained by adding new effects to the cascade, has diminished thermal
returns, and the complexity increases. On the contrary, the transposed advanced
cycle shows that the investment for COP increase will have close to proportional
expected thermal returns, because, when replacing the condensing by resorption,
the rejected available heat is higher than the condensing heat, comparable to that
of its vapor coupled generation for symmetry factors sensibly equal to unit, that is
we shall have rather a linear expression in 7;,

n
COPacc,coabs = Z ni (6.2)
i=1

as cycle COP than that given by Eq. (6.1), where n;, i = 1, 2, ..., n, are the COP’s
of each cooling subcycle of the cascade; (II) The large temperature overlapping,
met to resorption/generation gax recovery use, enables the comparative heat source
temperature decrease and cycle exergy COP increase. This is why, a transposed
cycle can usually have one more added effect for the same maximum operating
temperature, as compared to its origin cycle (Staicovici 2007); (III) The complete
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elimination of the vapor rectification during the volatile absorbent working
combinations operation favours again the cycle COP, if the desorption with temper-
ature glide were allowed to a particular application; (IV) The transposed cycle has
less main component devices as its origin. Indeed, this time the same role and same
working parameters devices of different subcycles can be replaced by a single one
of equivalent capacity, without any absorbent inventory problem risk. For a nggec
cycle, out of the total of 4n.p..; main devices 2(nggecr — 1) have the same function
(absorbers and desorbers) and the same working parameters and can be replaced by
those belonging to the basic fractal with corresponding capacity, so 2(nefec; + 1)
main devices remain to be manufactured, only.

6.1.1 Basic Lemma of the Pressure-Stages Multi-Effect
Coabsorbent Cooling Cycle (PSMECCC) Computation

Next we shall go deeper into this cycle, proving a basic lemma, useful to its ther-
mal computation:

Lemma A pressure-stages coabsorbent cycle, resulted from the transposition
of a n-effect advanced absorption cycle recovering the condensing heat, has the
absorption and desorption absorbent flow factors equal to

n i—

1
a=Vi>_ gui]] ear 6.3)
i=1 J

P

and n i

-1
d=1V, Zrl’iHrg“xz/ (6.4)
i=1 j=1

respectively, and the same characteristic equation as that of the basic cooling
fractal, where rgqy;, i =1, ..., n — 1, is the gax factor of the (i + 1)th resorption
process yielding heat to the ith generation internal heat recovering process.

Proof Let us consider the coabsorbent cycle, plotted in the log(p) — 1/T diagram
in Fig. 6.5. Constructively, it results by overlapping and connecting through mass
and heat exchange i, i = 1, 2, ..., n, coabsorbent cycles, Fig. 3.2, in a cascade, so
that the(i 4+ 1)th subcycle resorber heat is recovered by the ith subcycle generator.
It works between pg and p,, pressures and yrp,1 and yGo,1 extreme concentrations,
with yys as mixing concentration. The whole resulting advanced cycle has a com-
mon bottom with the same desorber, externally heated by a source usefully cooled
and the same absorber, externally cooled, respectively. The first subcycle resorber,
R(i = 1), is externally cooled, producing useful heat. The nth cycle generator is
the only connected externally to a high temperature heat source. The absorbents
coming of the desorber and absorber are mixing up in the mixer M generating the
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Fig. 6.5 A n-effect cooling cycle with condenser heat recovery, transposed into a pressure-
stages multi-effect coabsorbent cooling cycle (PSMECCC)

absorbent of mean concentration. The y,; absorbent supplies further all the i pres-
sure stages generators and resorbers, i = 1, 2, ..., n. The absorbents coming of
generators and resorbers have the same yrp,1 and yGp,1 extreme concentrations.
They are collected from each pressure stage for supplying the absorber and des-
orber, respectively, and closing the cycle. Thermally, the cycle produces i cooling

effects, i = 2, ..., n, with a single heat input. The mass balances of absorption and
desorption processes, as well as the heat balance of the (i 4+ 1)th and ith pressure
stage gax heat exchange, i =1, ..., n — 1, results in:
n
a=> Vg 6.5)
i=1
and
n
d=>Y Vir, (6.6)
and
qR,i+1 = 4G, 6.7)

respectively, where V;, i = 1, ..., n — 1, is given by Eq. (4.6). Also, in Eq. (6.7) we
have:

qr,i = VG,iqRu,i (6.8)
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with
qrui = (Hei — hrii) + rii(hrri — hro.i) (6.9)
and
46, = VG,iqGui (6.10)
with
q6.ui = (Hei — hari) + 81,i(hco, — hat.i) (6.11)
From Egs. (6.7-6.11), we obtain:
Vit = Virgax (6.12)
where
P L qG,u,j
gaxj QRauj 1 (6.13)
is the gax factor of the (j 4+ 1)th resorption process yielding heat to the jth genera-
tion internal heat recovering process, j = 1, ..., n — 1. In the recurrent Eq. (6.12)
we make successively j = 1,2, ..., i — 1, in order to find:
i—1
V,-:V1Hrgaxd-,i=1,...,n—1 (6.14)
j=1

In Eq. (6.14) we choose V| and remark that V; < Vi41, i = 1, ..., n — 1, because
Teaxj > 1, for all j, where from it results that V| has the smallest value amongst all
other stages reduced vapor. With Eq. (6.14), Eqgs. (6.5) and (6.6) become Egs. (6.3)
and (6.4), and the first part of the lemma has been proved. In order to prove its sec-
ond part, it suffices to multiply and divide g1 ; in Eq. (6.3) by r; ;, and remark that

8L, 81,1 .
—r,i=—r,;=3S8r,; i=1...,n (6.15)
i 1

wherefrom, introducing this result in Eq. (6.3), we obtain

n i—

1
a=SViy rii [ rea=5d (6.16)
=1 j=I

or

o
4 (6.17)
which proofs the whole lemma (g.e.d.). The cycle first principle cooling COP is
given by

-1

n—1
qpD
COPpsccac = QT = | ViqG.un H Tgax.j qD
n

B (6.18)
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where ¢gp is given by Eq. (3.42). The ideal cooling effectiveness of a multi-effect coab-
sorbent cycle can be calculated with the help of a theorem, proved to the next section.

6.1.2 Carnot COP Theorem of the Pressure-Stages Multi-
Effect Coabsorbent Cooling Cycle (PSMECCC)

The n-effect cycle structure, Fig. 6.5, is completed by Fig. 6.6. Here are noted the tem-
peratures and the heats involved in our approach for the ith, i = 1, 2, ..., n, thermal
cascade subcycle. Next we shall obtain an internal Carnot COP expression of the cool-
ing cycle of Fig. 6.5, considering the internal temperatures, only (see the motivation of
Chap. 5 introductory part). The way to proceed in order to obtain the ideal effective-
ness is identical to that followed in Chap. 5, derived in two known steps and repeated
here for the sake of clarity. In the first step, it is evaluated the ideal work w; of the ith
cascade subcycle, i = 1, 2, ..., n. This is produced by a direct Carnot cycle, running
between the ith generator, which has the heat input gg; at Tgo,, and the ith resorber,
which rejects the heat gg; at Tro,i, Fig. 6.6. The ideal work w; is expressed by

Wi = 4G,ifw,i> (6.19)
where 6,,; is the mechanical work Carnot factor given by, (Kirilin et al. 1985):
Tro,i
Opi=1— ’
Wi Too. (6.20)
In the second step, the ideal work w; of the ith cascade subcycle, i = 1, 2, ..., n,

is utilized to extract the ideal heat gp; from the sink heat source. This is done by
a reverse Carnot cycle running between the ith desorber, which has the heat input
gp.i at Tpy;, and the ith absorber, which rejects the heat ga; at Txo,, Fig. 6.6. The
ideal heat gp; is expressed by
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qp,i = wiby,, (6.21)
where 6, is the heat Carnot factor given by, (Kirilin et al. 1985):
Tur - —1
O = ( A0 _ 1> : (6.22)
Tpr,

We note again that the desorber and absorber are common devices, for which Eq.
(6.23) holds true

Tpri = Tpr, Taoi = Tao, i=12,...,n (6.23)
therefore, Eq. (6.22) becomes:
Ts0 -
Opi=0,=22-1) . (6.24)
Tpr

The Carnot cooling COP of the ith absorption cycle, i = 1, 2, ..., n, is defined now
by:

qp.i _ 4D, Wi

COPc; = .
YT gei Wi qGi (6.25)
With Egs. (6.19)—(6.21) and (6.24), Eq. (6.25) becomes (Niebergall 1959):
Troi\ (T, -
COPc; = 0,6, = <1 - RO”) (AO - 1> . (6.26)
Tco,i/) \ Tpr

With this preliminary summarizing knowledge we can now formulate the following:

Theorem The Carnot COP of a n-effect pressure-stages coabsorbent cooling cycle
is given by:

Tro,1 Tao -
COPC,n—eﬁ‘ect = (1 - : > ( - 1> s (6.27)
TGon Tp;

where Tro1, Tcon Tao and Tpp hold for the outlet temperatures of the first
resorber; last generator and absorber and the desorber inlet temperature producing
the useful effect, respectively.
Proof We write the thermal balance of the (i + 1)th fractal
4G,i+1 tqD,i+1 = qRi+1 T qA,i+1 (6.28)
we divide it by gp i+ and take into account the thermal cascade condition
qR,i+1 = 4G, (6.29)

in order to obtain:
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4D,i+1 46, | 4Ai+1 .
t qG,i+1 B qG,i+1 * 4Gi+1 i=L2..n (6.30)
In Eq. (6.30) we note that
qD,i+1
4G,i+1

= COPC,i11 = Oyit10 (6.31)

and

46 4D, Owit1
q4G,i+1  qpi+1 Owi

(6.32)

We consider now the energy balance of the (i 4 1)th reverse Carnot cycle. This is
running with its (i 4+ 1)th desorber, having the heat input gp ;+1 at Tpzi+1, and the
(i + Dth absorber, rejecting the heat g ;+1 at Tx0,i+1. Dividing its energy balance
equation by ¢g,i+1, we obtain:

qAi+1 _ 4D,i+1 i Wi+l
q9G,i+1 q9G,i+1 4G+l

(6.33)

In Eq. (6.33), the right member first term is given by Eq. (6.31). Also, the last one
results from Eq. (6.19), wherefrom, Eq. (6.33) rewrites as:
qA,i+1
4G,i+1

We introduce Egs. (6.31), (6.32) and (6.34) in Eq. (6.30) and, simplifying, we
obtain the following useful iterative equation:

= COPciy1+0yit1. (6.34)

qp.i = qp.i+10ii+1, i=12,....,n—1 (6.35)
where:
0ii+1 = O, (9;, b= 1). (6.36)

We write Eq. (6.35) fori =1, 2, ..., n — 1 and multiply term by term the resulted
equations, obtaining

n—1 n
H qp,i = H qp,i¥i—1,, (6.37)
i=1 i=2

wherefrom, we have:

n
ap.1 = qpan | [ 0i-14- (6.38)
=2

Eq. (6.38) is introduced in Eq. (6.35) and, making successively i = 1,2, ...,n — 1,
we can write the desorber heats as:
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qp,i = qDn H 014, i=12,...,n—1 (6.39)
j=it1

Next we need to tot the desorber heats. With Eq. (6.39), this sum is written by:
qu—qm 1+Z H O-14 |- (6.40)
i=1 j=i+1

The 2-nd principle COP of the pressure-stage n-effect coabsorbent cooling cycle is
calculated by

COPC p—ceffect = (6.41)
or, with Eq. (6.40), Eq. (6.41) rewrites:
4 n—1 n n—1 n
COPC p—effect = S+ Z H 0i—1j | =COPc,| 1+ Z H 0i—1,
4Gn i=1 j=i+1 i=1 j=i+1
(6.42)

Further on we need to solve the bracket in Eq. (6.42). From Egs. (6.20) and (6.36)
we can write
T6oj—-1 — Troj—1 Tro,j

1 = . j=2,3,....n 4
Y TGo,j-1 To,j —Tro, (643)

Remarking that in our ideal cascade the heat exchange is characterized by
Troj = Tcoj-1, (6.44)
Eq. (6.43) becomes

TGoj—1 — Troj-1
Tcoj — Tro,

Oj-1j = : (6.45)

wherefrom, the bracket takes the form:

Tco,i — Tro,i Tcon — Tro,1
1+ 1= ’ L =0 ’ 6.46
IZ;] 1:[1 =l Z Tcon — Trow  TGon — TrRop (6.46)

Finally, bearing in mind that

COP¢,, =

T60n — Tron (TAO - 1) B (6.47)

Tcon Tp;



6.1 The Pressure-Stages Multi-Effect Coabsorbent Cooling Cycle 281

4 5 6 7 8 9101112131415161718192021
T E ]

-N Effect Pressure Staqes Fractai :
-Internalr Carnot Coollnq Ccop-—— -

i

22C? [, (COPC, +5)TC=27 c’ [

(COPC’ c)TC=32 c’ [

(COP, +10),

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Evaporator temperature, [C deg.]

Fig. 6.7 The Carnot efficiency of the n-effect pressure-stages condensing cooling cycle versus
evaporator temperature, Eq. (6.27)

we introduce Egs. (6.46) and (6.47) in Eq. (6.42) and hence Eq. (6.27) and the
theorem proof result (g.e.d.).

The theorem applies to the coabsorbent and particularly condensing cycles at
hand, run by four temperatures. Equation (6.27) was plotted in Fig. 6.7 in func-
tion of the 7o, and T¢ parameters. Here we considered the condensing advanced
cycle, with the resorber and absorber temperatures equal to the condensing tem-
perature, Tro.1 = Tao = T¢, and the desorber temperature equal to that of the
evaporator, Tp; = TE.

The theorem is completing a gap in the theory of the multi-effect cooling cycles
based on condensing/resorption heat recovery. It is proved for the first time here,
although attempts to disclose it publicly in this final form date several years back
(Staicovici 2009¢). In a past work (Herold et al. 1995), the authors, lacking the
results of this theorem, used the three temperature ideal effectiveness of the single
stage absorption cooling cycle (see Eq. 5.6) in order to assess the ideal effective-
ness of the similar type double-effect condensing cycle. Their result is numerically
correct, but the way to obtain it is not rigorous, thermodynamically.

The increase of the generation temperature benefits, on one side, the advanced
cycle quantitatively, that is its actual COP, calculated according to the 1st principle,
is significantly higher than that of the single-stage COP. This is shown for instance
by the next study case of a HoO-LiBr cycle. Indeed, operated as single-stage, by
Tc = 80 °C, Tc =32 °C and Tg = 5 °C, the cycle achieves a chilling figure of merit
of about COP, =~ (.72, while running as double-effect, by 7 =~ 140 °C and keep-
ing constant 7¢ and T, it achieves an effectiveness of up to COP, =~ 1.20. On the
other side, however, according to the 2nd principle, obtaining the same heat pumping
effect (Tg = 5 °C for T¢ = 32 °C) but at the expense of a higher generating tempera-
ture, is poorer qualitatively. In other words, the actual relative to Carnot double-effect
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COP is lower than that of the single-stage. The exergy analysis of Chap. 7 shows
that the relative to Carnot COP is equal essentially with the exergy efficiency of a
heat pumping cycle. The study case at hand confirms the smaller relative to Carnot
COP of the double-effect as compared to that of the single-stage cycle. Indeed,
the calculus of Egs. (5.6) and (6.27) reveals the ideal values of COPc = 140
and COPccp-effect = 2. 69 wherefrom COPf rel.Carnot = 1 40 = 0.51 and in Eq.
COPy_ffect ¢ rel.Carnot = 2 69 = 0.44 < 0.51 holds true. The decrease of the actual
relative to Carnot multi-effect COP with respect to that of the single-stage has been
analyzed previously in the same reference (Herold et al. 1995), too. However, the
actual COP short falling of the reversible value, motivated here by the irreversible
effects introduced by the cascade, is simplistic. In fact, the true explanation is given
by the use of the higher heat temperature, which increases the multi-effect source-
task mismatch and therefore the cycle exergy loss comparatively, according to
the 2nd principle. In this respect, in order to have a broader view about the influ-
ence which the heat temperature level is having on the relative to Carnot effective-
ness, as compared to that of the single-stage, the truncated cooling cycle, discussed
to Chap. 4, is mentioned in completion. This time, unlike multi-effect, its operation
is ensured by generation temperatures below those of the single-stage and, accord-
ing to the 1st and 2nd principles, it should have comparatively actual and relative to
Carnot COP’s with lower and higher values, respectively. The theoretical results of
Tables 4.2 and 4.3 and Figs. 4.36 and 4.37 already confirmed our assessment. In the
light of the above presented, the much better relative to Carnot COP and therefore
the higher exergy efficiency, is motivated in this case by the better source-task match
of the truncated cycle as compared to that of the single-stage one. Given the fact that
exergy loss costs money and that, according to the conclusion of our simple analysis,
the multi-effect cycle has a higher loss of exergy of as compared to that of a sin-
gle-stage cycle performing the same task, it is recommended to perform a feasibility
study prior each heat pumping application involving multi-effect cycles.

The pressure-stages condensing advanced cycles are mostly used today in the
air conditioning (e.g. the HpO-LiBr double- and treble-effect machines). The
favourable prerequisites show that their transposition into the coabsorbent technol-
ogy opens a practical way towards an increased COP in the future, analyzed to the
next section.

6.2 Use Analysis of Water-Lithium Bromide Pressure-
Stages Multi-Effect Coabsorbent Cycle (PSMECCC)
in Air Conditioning

The global warming strongly motivates an increased interest of the coabsorbent
technology (e.g. Staicovici 2006, 2009a, b, c, d) for a much more efficient air
conditioning supplied mainly by renewable sources (e.g. solar energy, biomass,
geothermal). Taking these into account and given preliminary results (Staicovici
2009a), this section is studying the possibility of integrating, from thermodynamic
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and heat transfer viewpoint, the pressure-stages multi-effect coabsorbent cool-
ing cycle (PSMECCC) in a classic air conditioning system (ACS), for its benefit
(Staicovici 2011). The operation of cycles of 4- and 5-effect type with HyO-LiBr
integrated in a common flow chart is modeled. The simulation results, accounting
for different fresh air fractions and typical dry-warm and humid—-warm climates,
are compared to those of air conditioning produced nowadays with H,O-LiBr
advanced absorption chillers working in condensation.

6.2.1 Structure and Heat Exchange Analysis of PSMECCC

The n-stage PSMECCC of Fig. 6.5 has been conceived in two variants, i.e. as just
absorption (Staicovici 2009b) and as hybrid absorption (Staicovici 2009¢c) cycle,
respectively. The hybrid operation has been chosen as a solution to increase the
cycle effectiveness, through the increase of the number of effects, n, for the same
heat/sink and cooling temperatures. This can be done by applying the hybrid
operation to the cycle bottom. In this case, the desorber and absorber become
non-isobar and a mechanical vapour compression means (e.g. compressor or
fan) can be used to transport the desorbed vapour from the lower pressure des-
orber to the higher pressure absorber (Staicovici 2009c). This solution cannot be
applied comfortably to the condensing advanced cycles, but in this case it could
be feasible. Indeed, unlike the separate evaporators and absorbers of a condens-
ing advanced cycle, here, as mentioned, the desorber and absorber are common
devices of all cascade subcycles (see cycle constructive details to the proof of
Sect. 6.1.1 basic lemma), so a single equivalent mechanical vapour compression
unit can be utilized, instead of n. The solution is depicted in the log(p) — 1/T dia-
gram of Fig. 6.8. The number of effects is increased, for the same temperature of
sources, by decreasing the distance between the mean concentration isostere and
that of the resorbers outlet in the hybrid cycle, as compared to the absorption one,
and this is possible introducing the non-isobar (hybrid) operation of desorber and
absorber in the cycle bottom. The constructive difference between the absorp-
tion and hybrid absorption variants is minimum. Here only the hybrid version is
depicted in the log(p) — 1/T diagram, Fig. 6.9. Briefly describing the operation,
the mean concentration yys absorbent 6, generated in the mixer 5 by mixing up
the absorbents coming of the absorber 4 and desorber 3, is pumped to each pres-
sure stage by the pumps 7; and valves 11, where the generators 9; and resorbers
10; are supplied, i = 1, 2, ..., n. The absorbents with concentrations yGo and ygo,
coming of the generators and resorbers, respectively, are expanded and gathered
in order to supply the absorber and desorber. The desorbed vapor is sucked by the
compressor 23, compressed from pp to pa, superheated in the HE 22 and absorbed
and the absorbent coming of desorber is pumped in the mixer, in order to close
the cycle. The absorbents coming of the (i + 1)th resorber and the ith generator
are subcooled in the HE 16; in order to preheat the absorbent supplying the ith
stage generator and resorber, and the (i 4+ 1)th resorber heat is transferred to the
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Fig. 6.9 PSMECCC hybrid cycle (see also effects number increase in the left upper corner figure)

ith generator by the gax loop 12;,i = 2, ..., n — 1. The desorber usefully cools the
source 3, the 1st resorber and the absorber are cooled by the sink source 1 and the
nth generator is heated by the heat source 18.
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Fig. 6.10 Typical 1st resorber thermal capability versus resorption temperature of a HyO-LiBr
PSMECCC

Bearing in mind the air conditioning application we analyze, a natural ques-
tion is put forward: is it possible to replace the classic condensing subcycle of a
pressure-stages cascade by a nontruncated coabsorbent subcycle? Two main issues
derive further from this question: (i) is it possible to replace the classic evaporator,
providing a single evaporation temperature value for water chilling (e.g. 7 °C), by
a desorber operating on a large desorption interval with gliding temperature (e.g.
7-23 °C) for same water chilling? and (ii) is it possible to supply the generator of
an inferior cascade subcycle with the heat delivered on a large gliding temperature
interval by the resorber of the adjacent superior cascade subcycle with the help of
a gax process instead of doing the same with a condenser characterized by a sin-
gle value condensing temperature? The (i) and (ii) questions answer implies first
a task-source match analysis from the heat exchange point of view and second, a
thermodynamic a analysis. Concerning the heat exchange analysis of both (i) and
(ii) questions, the answer is positive, there is a satisfactory task-source match in all
study cases considered, either we are referring to desorbtion, Fig. 3.18, and resorp-
tion processes, Fig. 6.10, or to a gax process, Fig. 6.11a, b, ¢ (Staicovici 2011).
The thermodynamic analysis is done to the Sect. 6.2.2.

6.2.2 PSMECCC-Classic Air Conditioning System Link

The H,O-LiBr PSMECCC cycle was integrated in a classic air conditioning system
(ACS), Fig. 6.12. The outdoor fresh air fraction f mixes up in an air mixer (AM)
with the depleted air fraction (1 — f). The air mixture is cooled in an air conditioning


http://dx.doi.org/10.1007/978-3-642-54684-6_3

286

45

40

35

Specific thermal capability, X, [kJ/kg K]

6 External Coabsorbent Cycle Composition

130 135 140 145 150 155 160 165

' H,O-LiBr 4-Effect Coabsorbent Chiller 45
S5 —— Resorber
o outlet - 40
—O— R 4 thermal capability [X(T)],
\ —@— H.t.f. heating process
L Therm. capab. is 435

\

for the middle

H.Lf. inlet of each AT=3.4 C

30 TDI=8 c; temperature interval - 30
T,,=26.14 C; Resorber

25| TM.C=32.4 C; inlet o5
Yu=60; N
Yeno=45;

20 F Yaio™Vu*3  H.td. outlet 120

| Heat flux - L

1 1 1 1
130 135 140 145 150 155 160 165
Resorber 4 and h.t.f. temperatures, T, [C], T, [C]

(b)

=)

_%: 1200 1?5 i 1?0 i 1(?5 i 14I10 i 1?5 i 1?0 1200

=, H,O-LiBr 4-Effect Coabsorbent Chiller

59- 1000 - R 4 - G 3 Heat Exchange, Via Heat Transfer Fluid | 1000

“_:\

T 800} 1800
A /

o

@ 600 | - 600

(&

®

2 a0} 4 400
S / e G3.qg

E —O—H.tf.

S 200t o 4200
7] -—

"dé; ) ™\ Heat flux ) ) ) )

g 125 130 135 140 145 150

o G 3 and h.t.f. temperatures, T, [C], T, [C]
©)

('5 120 130 140 150 160 170

= R 4 Outlet ' G 3 Outlet " H,O-LiBr 4-Effect Coabs. Chiller

S L utie Do R L. e |

= 1000 Q o7 R 4 - G 3 Direct Heat Exchange | '°%°
= i

o

< 800f ¢ G3.a; g

o« —O0—R4_q,

S 600 - 4600

(3]

(6]

S 400 4400
o

S

£ 200} +200
e R 4 Inlet

@

- . NS

= Or G 3 Inlet 1°

[} 1 1 1 1

g 120 130 140 150 160 170

(8]

G 3 and R 4 temperatures, T, [C], T, [C]

Fig. 6.11 Typical resorber-generator (gax) heat exchange of a H,O-LiBr PSMECCC: a and

b intermediary gax loop (

see position 12;, Fig. 6.9) using a heat transfer fluid (h.t.f.), which first

receives the resorber heat (a) and than it releases it to the generator (b); ¢ a direct heat transfer gax
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heat exchanger (ACHE), where a moisture amount is eliminated. Further, the con-
ditioned air is introduced in the air conditioned room (ACR). Finally, the resulting
depleted air is evacuated from the room, the depleted air fraction fis rejected in the
atmosphere (see “Outdoor”) and the remaining (1 — f) fraction joins the fresh air
fraction fin the air mixer, in order to close the open air conditioning cycle. The inlet
and outlet air and the moisture quantities and temperatures of each device are shown
in Fig. 6.12, as well. The air conditioning heat exchanger (ACHE) is cooled by the
PSMECCC cycle desorber (DHE) using an intermediary heat transfer fluid loop.
The temperature details of this heat transfer are given in Fig. 6.13. The system of
Fig. 6.12 was modeled and model details are given next.
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The model input data are the followings:

e The absolute humidities of the outdoor fresh, indoor cooling and indoor depleted
air: Wy, W . and W, 4, respectively, Fig. 6.12;

e The relative humidities of the outdoor fresh, indoor cooling and indoor depleted
air: RH, f, RH; . and RH, 4, respectively;

e The fresh air fraction, f, Fig. 6.12;

e The outdoor fresh, indoor cooling and indoor depleted air temperatures: T, s,
T; ¢, Ti.a, respectively, Figs. 6.12 and 6.13;

e The PSMECCC mixer and 1st resorber outlet temperatures: Ty, Tg10, respectively;

e The temperature pinch of the desorber inlet, desorber outlet, indoor cooling and
indoor mixing: dTpy, dTpo, dT; and dT; ,, respectively, Fig. 6.13;

e The pump and compressor effectivenesses: Mpump = 0.6 and Neoppress = 0.9,
respectively;

e The generators 9; degassing interval: ygo; — yer;i=3,i=1,2, ..., n;

The model output data are the followings:

e The indoor mixer temperature, 7; ,;

e The desorber inlet, desorber outlet and generator 9, outlet temperatures: Tpy,
Tpo and T p, respectively;

e The cooling, Eq. (6.65), heating, Eq. (6.66), with respect to mechanical work
consumption, Eq. (6.67), and with respect to the Carnot cycle effectivenesses:
COP., COPy,, COP,, and COPei.Carnor, respectively.

The model equations are given in Table 6.1 and explained next. From Fig. 6.13,
the temperature analysis shows that Eqs. (6.48) and (6.50) hold true, wherefrom
Egs. (6.49) and (6.51) result, respectively. In order to avoid the skin stress, the air
conditioning standard recommends Eq. (6.52) be respected (Harris et al. 1985).
The outdoor standard conditions typical temperature is given by Eq. (6.53) for a
humid-warm climate (Harris et al. 1985), wherefrom, with Eq. (6.52), a threshold
for the minimum air conditioned temperature is expressed by Eq. (6.54). The chill-
ers manufacturers do not respect it, in practice it is rather accepted Eq. (6.55) value
(Staicovici 2009d), adopted here as well. The standard recommendations for the
indoor dry bulb temperature, 7; . (Harris et al. 1985), are for the short-term and long-
term convenience given by Eqs. (6.56) and (6.57), respectively. The specific enthalp-
ies of the outdoor fresh, indoor depleted and indoor conditioned air are given by the
Eqgs. (6.58)—(6.60) (Kirilin et al. 1985), while the air mixer enthalpy, humidity, tem-
perature and specific cooling load are calculated by Eqs. (6.61)—(6.64), respectively.
The effectiveness of cooling, heating and with respect to the mechanical work con-
sumption are written by Eqgs. (6.65)—(6.67), respectively. As an important remark,
from Egs. (6.49) and (6.51) it results that decreasing the pinch temperatures (TP’s)
of the desorber, dTp; and dTpo, and of the air conditioning HE, dT; . and dT;,,, the
Tpr and Tpo temperatures will increase, Fig. 6.13 and therefore the COP,. is favored.
In case of the desorber, the TP’s can be decreased, here dTp; = dTpo = (2-3) °C,
because a small TP favors the heat transfer between water and HoO-LiBr mixture,
characterized by a coupled mass and heat transfer (Staicovici 2000). However,
decreasing the TP’s of ACHE doesn’t fully comply with its satisfactory operation,
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Table 6.3 H,O-LiBr PSMECCC air conditioning model

Items Dry-warm climate (Riyadh, Saudi Arabia)

Average ACHE TP’s Average-high ACHE TP’s
Inlet/outlet ACHE TP’s dT;./dT;,, =5°C dT;./dT;,, = 8°C
Desorber internal inlet temperature Tpr=11°C Tpr=8°C

T,r = 107.5°F (42°C); Twp,, = 25°C; RH, s =25%; T;, = 64.4°F (18°C);
RH; . = 50%; [T; 4] =g = 76°F (24.44°C): RH; g = 52%; yR10 = 46: dTpy /dTpo = (2-3) °C;
Trro =45°C; Ty =29.4°C; Tye = Twpo + 1 = 26°C; dTy; = dT40 =2°C

Study cases II-1III, dry-warm climate. Table bottom is listing the input data

because dT; . and dT;,, decrease favors Tpo increase, but the (air + water vapor) to
water heat transfer is diminished, even water vapor is condensing. This contradic-
tory situation can be solved by increasing the effects number for the same input data,
using the hybrid solution, Figs. 6.8 and 6.9.

The model results (Staicovici 2009d) were obtained for two climate types
(humid-warm and dry-warm) and three ACHE TP’s (small, average and average-
high). The PSMECCC cycles were considered those with 4-effect, 5-effect and
5-effect hybrid. The climate input data are included in Tables 6.2 and 6.3, while
the output data are given by Tables 6.4, 6.5, and 6.6. The COP, results, included
in Tables 6.4, 6.5, and 6.6, are plotted in Figs. 6.14, 6.15, and 6.16, respectively, in
order to enable one to analyze them at a glance.

Results comments follow: (I) ACHE TP’s are key parameters. The COP,
increases with TP’s decrease, from 8 °C (case III) to 2.5-3.0 °C (case I), for dimin-
ishing the heat exchange exergy loss increases the effectiveness. Practically, the
coabsorbent technology could be applied successfully keeping the TP’s within
5-8 °C. The H,O-LiBr 2- and 3-effect condensing cycles have the COP, = 1.24—
1.35 and COP. = 1.62 for similar input data (Yabase et al. 2005). Comparatively,
the PSMECCC COP, could be better by cca. 50-100 % (and more), provided the
desorber higher gliding temperature operation be promoted; (II) Fig. 6.17a shows a
nowadays typical ACS diagram with 2- and 3-effect condensing chiller (Staicovici
2009d). Figure 6.17b gives results obtained for case III modeled with the worst
working conditions (f < 0.3). Despite this, Fig. 6.17b results show that PSMECCC
could meet closely the actual air conditioning heat exchange conditions if integrated
in a classic ACS; (IIN) 7o, is less than 170 °C in all cases, so one of the heat sources
could be the solar energy, increasingly cheaper and environmentally friendly; (IV)
The PSMECCC-ACS yields warm water still useful (COP, = 0.9, Tgo = 48 °C).

6.2.3 PSMECCC (Heat Source) Energy Savings in Air
Conditioning

Figures 6.13 and 6.17b indicate that the coabsorbent technology presence makes the
ACS more flexible when 7;,, increases. Indeed, the 7;,, — d7;,, and Tpo + dTpo
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Fig. 6.14 Study case
I-small ACHE TP’s. Cooling
effectiveness of 4-, 5- and

5 hybrid-effect HoO-LiBr
PSMECCC cycles plotted
versus fresh air fraction, for
humid—warm climate

Fig. 6.15 Study case
II-average ACHE TP’s.
Cooling effectiveness of

5 hybrid-effect HoO-LiBr
PSMECCC cycles plotted
versus fresh air fraction, for
humid-warm and dry-warm
climate

Fig. 6.16 Study case
III-average ACHE TP’s.
Cooling effectiveness of

5 hybrid-effect HoO-LiBr
PSMECCC cycles plotted
versus fresh air fraction, for
humid-warm and dry-warm
climate
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Fig. 6.17 HO-LiBr air conditioning, Ty = (29.4-32.4) °C: a Thermax unit (f = 0.1;
COP, = 1.62-1.24); b PSMECCC unit (f = 0.15-0.27; COP. = 2.06-1.77)

Table 6.7 PSMECCC-ACS energy savings model

9p mi — 4p G,
COPc,min = qf),ml.l'l (6.68) cop. = qG.n (6.69) 4Gnrel = 1 n.
Gnmin 496G,n,min

= qD,relCOPc,rel (670)

= 4 6.71 COP. i (6.72
Dyrel 9pmin ( ) COP; o1 = 7COL’IIJmH ( )
C

temperatures are able to follow with a constant TP the 7;,, increase, keeping, unlike
classic ACS, a relative constant minimum exergy loss. This PSMECCC-ACS bet-
ter cooling source-task (cooling effect) match is translated in important heat source
energy savings, comparatively, evaluated next (see Table 6.7 model). The current
COP, increases with f'increase and covers the range COP in < COP. < COP_ nax
when f covers the interval fiyin < f < fmax- The COP_ i, is a minimum reference
value, depending on f,;, reference value, given by Eq. (6.68). The current COP, is
expressed by Eq. (6.69). The relative heat source input savings we look for are given
by Eq. (6.70) via Egs. (6.71) and (6.72). In Fig. 6.18a, b we plotted Egs. (6.68-6.72).
The qG el function is proportional to gp ; and COP, .. The gp e factor is direct
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proportional to fin both condensing and coabsorbent chiller cases, as Fig. 6.18 show,
while COP,. ,,; factor is the one which differentiates these two chiller cases. Indeed,
in case of a condensing chiller, COP,,,; is constant with respect to f increase,
COP, o1 = const. = 1.0, s0 qGnrer and gp e have the same trend, of increasing
with f increase. On the contrary, in case of PSMECCC, the COP, ;. factor is much
smaller, 0.5 < COP. . < 1.0, decreasing with f increase, as both Fig. 6.18 show.
Consequently, the COP,. ;. factor alters Eq. (6.70) right member value and succeeds
to counterbalance g, s heat input increase with the f increase, up to 60 %, in case
of the humid—-warm climate, Fig. 6.18a, and totally (>100 %), in case of the dry-
warm climate, Fig. 6.18b.
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Chapter 7
Coabsorbent Cycles Exergy Evaluation

In order to optimize an energy-process, the 1st principle has as main goal to reduce
the primary energy consumption, expressed in our case by its effectiveness maximi-
zation (see Egs. 3.53-3.56 of the COP., COPy, COP,,, etc.). The 1st principle rec-
ommendations for improving an energy-process relay mainly on the design which
affords the internal heat recovery [liquid-liquid (latent-gax and specific), vapor—lig-
uid (latent and specific)]. On the other side, the 2nd principle recommends the heat
exchange processes to take place with reduced temperature pinch, in order to reduce
the exergy loss and improve the energy-process COP. Diminishing the consump-
tion of the primary energy is a necessary condition for saving it, but not enough,
its quality, which should matter as well, is not accounted for by the 1st principle.
Moreover, the energy can be transformed, only, but not consumed, because it is
conservating itself, and from this point of view the Ist principle effectiveness def-
inition is ambiguous and its reliance on energy as a basic unit of measure is not
adequate (Kreith and Kreider 1978). There are a few applications for which the 1st
principle COP is an adequate tool for measuring the energy-process effectiveness,
such as those supplied by unique or free sources, or by sources identified as match-
ing a certain process task, etc. For the rest, however, implying the rank of different
nature and quality energy-processes and supplying sources with respect to a given
task, the 1st principle is no more effective. In this case, bearing in mind the previous
assertions and having in view especially the environment protection problems the
human activity is confronted with lately, and not only, a designer has the responsa-
bility to use more refined and effective investigation methods in order to minimize
the primary energy consumption. One of the most important to this extent is the
exergy method (Chartier et al. 1975; Alefeld 1988a, b; Baehr 1988; Bejan 1996),
based on the 2nd principle application. We remember that work is a unique form of
energy, with the highest quality (lowest entropy), and remark that, for this reason, it
could be used as an universal exchange currency, to measure the quality of all other
lower quality forms of energy, if appropriate energy-to-work conversion means
were used, furnished by thermodynamics and the 2nd principle. Following this idea,
the exergy method evaluates in a first step the potential of a real energy-process
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(cycle) to transform its every energy input and output in mechanical work, named
availability, or exergy. The reference temperature for this tranformation is the sink
source temperature (here considered T cooling OF simpler noted Tys,c). Out of the
maximum availability received from the heat and/or work supplying sources, the
process consumes an amount, in order to perform the task. We remark that, unlike
energy, the exergy can be consumed. In a second step, the remaining (minimum)
availability is assessed and compared to the maximum availability, calculating an
exergy (2nd principle) efficiency as the ratio of the sum of all retrievable
(useful) exergy outputs through the sum of all exergy inputs (see Eq. 7.31).
Actually, the exergy efficiency enables to rank different processes, checking the
approach of this figure of merit of the reversible (ideal) process efficiency, which
equals unit. Using practical terms, the better ranked process is characterized by a
better source-task match (or smaller heat exchange temperature pinch), which
means a process with a smaller availability consumption, comparatively. In this
way, the goal of an energy-process optimization is moved from the 1st principle
aim, of minimizing the primary energy consumption, to that based on the 2nd
principle and exergy method recommendations, of minimizing the availability
consumption (Kreith and Kreider 1978). This assertion shows that the availability
and primary energy consumptions are directly connected, because availability is
an extensive property, proportional to the mass of the primary energy (Kreith and
Kreider 1978). Another explanation of this direct link is proposed by the particu-
lar case of the coabsorbent heat pumping. Indeed, the increase of the 1st principle
effectiveness, Eqs. (3.53-3.56), will decrease correspondingly the specific primary
consumption. However, this increase is not possible but only when simultaneously
the 2nd principle exergy efficiency of the cooling and heating processes at hand (see
next equations) increases as well, in such a way that when Egs. (3.53-3.56) approach
and take the ideal values, given to Chap. 5, the exergy efficiency approaches and
equals unit (see Appendix 1 of this chapter). In this way we have shown again, in
a more analytical manner this time, that availability consumption and the primary
energy consumption move in the same direction and that the former consumption is
decisive for the latter.

The systems we are dealing with lay at the base of the cooling and heating
applications. These are closed cycles, involving in their interactions with sources
heat currents, only. In this case, unlike the open cycles, which, besides heat,
involve mass exchange with sources, as well, the exergy balance becomes sim-
pler, accounting for the availability of these heat currents, only (see Chap. 6 equa-
tion). The method is applied to coabsorbent and mechanical vapor compression
heat pumping cycles, and is extended to the tri- and cogeneration as well. When a
process heat source is cogenerated by a power station, the algorithm is completed
in order to account for the exergy loss generated by substituting the station con-
densation operation with that in counterpressure. Continuing this idea, the exergy
balance is extended on boundaries comprising not only the processes at hand, but
their different supplying sources of energy as well (the free and the low entropy
heat sources, solar, photovoltaic, wind and the hydro energies), in order to have
a better measure of a process availability consumption for a given task, hence a
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Fig. 7.1 Schematic of the thermal power plant working in cogeneration of power and heat (a)
and its Rankine cycle with vapor superheating (b)

better rank of different nature processes from this point of view. Out of the sources
mentioned above, some of them consume exergy for being produced (e.g. the
fossil fuels, hydro). However, keeping track of exergy consumption history is not
useful, as long as such sources are supplying simultaneously a large category of
energy-processes on middle and long term, including those at hand as well, and
for this reason it was skipped from the exergy balance boundary.

7.1 Simple Algorithm of the Heat Pumping Supplied
in Cogeneration

Finding the most effective operation conditions of a thermal power station producing
simultaneously electrical power and heat (cogeneration) was a permanent concern
of many energy involved authors (e.g. Gerz 1982; Gasparovic 1982; Alefeld 1988c).
A (SRC) thermal power plant working in counterpressure, 12 ¢¢ > 12 cond> has a
high quality heat input, Q1 ¢ (Tz’cg), and can deliver heat in cogeneration of electri-
cal power, W, of (T2,c, ), and heat, Qs (T2, ), Fig. 7.1a, b, sacrificing (consuming) an
amount of electrical power, calculated with respect to the condensing operation and
equal approximately to the difference between W, of (T2.cona) and We of (T2,cq ). From
this item point of view, a SRC is a heat pump, as known. The simple approach to
find the effectiveness of this heat producing process is given next for a SRC with
vapor superheating, shown in the T-s diagram in Fig. 7.1b:

1. SRC boiler theoretical heat input:
01 (T2,cond(cg,cbs)) =hy — hs (7.1)
2. SRC boiler effective heat input:

01 (T2,cond (cg.,chbs) )
Nboiler Nve

(7.2)

Ol.ef (T2,c0nd (cg.chs) ) =
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3. Condensing heat, or cogenerated heat or that supplying a coabsorbent plant:

QZ(TZ,cond(cg,cbs)) =hy —h3 (7.3)
4.  Thermal efficiency:

01—
Nthermal = 0, (7.4)

5. Turbine effective efficiency:
Nef turbine = MNthermallgenmech0,i (7.5)
6. Electrical power effective efficiency:
Nef SRC = Nef turbine Mboiler Nvt (7.6)

7.  Electrical effective power:
We,ef (T2,cond(cg,cbs)) = MNef ,SRC Ql,ef (TZ,cond(cg,cbs)) (7.7)

Equation (7.7) is not taking into account the auxiliary electrical power consumption,
which modern power plants of confine it to small values, W, 4x < (1 — 2) %. The
model considered the vapor superheating temperature as 71 = 550 °C = const. The
symbols in Egs. (7.1-7.7) are supposed to have constant values, 9; = 0.85 = const.,
Ngen = 0.98 = const.,  Nyecn = 0.97 = const.,  Npoiter = 0.91 = const.,  and
Ny = 0.99 = const. (Kirilin et al. 1985), holding for the turbine isentropic, electri-
cal generator, mechanical, boiler and vapor tubes efficiencies, respectively. The
SRC heat pump effect was assessed in relation to Eq. (7.8), using literature available
steam data:

O ( T2,cg )
4] (TZ,L'g)
01 (T2,cond )

COPpp e =

(7.8)

We.of (TZ,cond) — Weer (TZ,Cg)

Ql (T2,mnd)

The results of the COPy ¢, evaluation, Eq. (7.8), for one condensing tempera-
ture Ts cond = 39°C and Q3 (T2,cg), are given in Fig. 7.2, versus the cogeneration
temperature T, ... The SRC effectiveness exceeds much those of today heat
pumps, COPp, <4 — 6 K COPpp g, therefore primary energy saving reasons
require that this should be used in cogeneration mainly, to district heating, while
the large heat pumps extracting heat from depleted sources should be used just in a
complementary way (Radcenco et al. 1985).
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Fig. 7.2 SRC heat pump working mode assessment
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Fig. 7.3 Schematic of SRC-CBS-HP coupling for heat production

7.1.1 Steam Rankine Cycle-Coabsorbent Heat Pump Link

The coabsorbent heat pumps have the potential to achieve higher effectiveness
comparatively only, and this will be shown later in this chapter. On this pur-
pose, next we shall analyze the link between SRC and a coabsorbent heat pump,
CBS-HP, Fig. 7.3, with respect to its electrical consumption, delivered by SRC.
Here, the coabsorbent heat pump, supplied by SRC with the cogenerated heat
[0 (Tz’cbs) and the power W, cps(Tcps), provides the useful heat Qr(Tcps).

The effectiveness of Q5 (Tz,cbs) cogeneration is given by Eq. (7.9), calculated
for 02 (T2,cq) = Or(Teps) and T ¢ = T, similarly to Eq. (7.8) and Fig. 7.2.

[0, (Ta.chs)
o AWE’Ef Ql (T2,mnd)
O (T2,cbs )

L We,ef (T2,cond) % - We,ef (T2,cbs)

COPhp (c),cg,cbs =

(7.9)

Ql (TZ,cond)
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W, (T W, (1)
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Q:iu k.cbs Q[) (T[),m )

Fig. 7.4 Schematic of SRC-CBS-COOLING coupling for cooling production

Further on, we identify the CBS-HP intrinsic effectivenesses of delivering the useful
heat Qg (T.ps) with respect to the electrical (mechanical) work W, cps(T¢ps) and with the
cogenerated heat O (Tz,cb S) inputs, calculated by Egs. (3.55) and (3.54) and written as:

QR(chs)
coP, = ——— "7
We,cbs (Teps) (7.10)
and
cop, = 2RUch) o
(0)) (TZ,CbS)

respectively. Equation (7.11) can be further expressed, taking into account Eq. (7.9),
as follows:

COP, = Or(Tcps) (7.12)
AWe,ef COPhp(c),cg,cbs ’

The CBS-HP delivers the useful heat Qgr(Tps), Fig. 7.3, consuming the electrical
power We cps + AW, o, wherefrom, with Egs. (7.10) and (7.12), its effectiveness
we are looking for results in:

QR ( Teps )

COP =
hp-chs We,cbs + AWe,ef

—1
-1 -1 -1
= (CoPSt + COP;'COPyy cyrs)  (1.13)

7.1.2 Steam Rankine Cycle-Coabsorbent Cooling Cycle Link

Next, we shall analyze the link between SRC and a coabsorbent cooling cycle,
CBS-COOLING, Fig. 7.4, with respect to its electrical consumption. In this
case, the coabsorbent cooling cycle, supplied by SRC with the cogenerated heat
03 (T2,chs) and the power We cps(Teps), extracts the useful heat Op(Tpm). The
effectiveness of O, (TZ,cbs) cogeneration is given by Eq. (7.9), as well.

Further on, we remember the CBS-COOLING intrinsic effectivenesses
of extracting the useful heat QD(TD,m), with respect to the electrical work
We,chs (Teps) and with the cogenerated heat O (T,¢55 ) inputs, by:

Op(Tpm)

COP,, =
We,cbs (chs)

(7.14)
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EG(Q2(T2cbs), TGO, TMc, COPc) EWCBS(QD(TDm), COPw, COPc, COPccgcbs)
AN _4

Cooling Cycle
i

ED(QD(TDm), TDm, TMc)

Fig. 7.5 Balance of the most important exergy items of a coabsorbent cooling cycle

d
an COP, = QD (TD,m)
10 (TZ,cbs)

rewritting Eqs. (3.55) and (3.53), respectively. Equation (7.15) can be further
expressed, taking into account Eq. (7.9), as:

(7.15)

_ Op (TD,m )
AWe,ef cop hp(c),cg,cbs

COP. (7.16)

The CBS-COOLING extracts the useful heat Qp (Tp,n), Fig. 7.4, consuming the
electrical power W, cps + AW, or, Wherefrom, with Eqgs. (7.14) and (7.16), its
effectiveness we are looking for results in:

Op(Tpm)

1
__=P\Tbm)  _ (cop=! 4+ cop-'cop;] ) _
We,cbs + AWe,ef < w c hp(c),cg,cbs (7 17)

COoP c,cbs =

calculated for T cg = Teps.

7.2 Exergy Efficiency Algorithm of Coabsorbent
Cooling Cycles

The more general exergy balance of a coabsorbent cooling cycle, linked to a
cogeneration SRC which is providing its necessary electrical power and heat, is
depicted in Fig. 7.5. In this figure the legend is:

1. Eg (Qz(Tz,cbs), T60.Tm c» COPC) holds for the total exergy input of all cycle
generation stages;

2. ED(QD (TD,m), Tp.m, TM,C) holds for the useful exergy output of the cycle des-
orber; and

3. Ew,src(Qp(Tpm), COPyy, COPc, COP¢ cq i) accounts for the SRC exergy
input which enables the cooling cycle to be supplied with an amount of exergy
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equal to the total exergy input of all cycle mechanical work consumers (pumps,
compressor) and for the exergy destroy coming of the SRC heat cogeneration.

The exergy functions depend mainly on the parameters specified in brackets. From
the exergy balance it was eliminated the cumulated exergy of the resorption heat
output, as this is null, being rejected to the reference sink temperature, Ty .

The Eg exergy is calculated by:

EG = 02(T2.chs) G (7.18)

where Q) (Tz,c;,s) and 6,, ¢ hold for the cycle cumulated generation heat and the
heat-to-work Carnot efficiency factor, respectively. This factor is given here by:

TM,C TM,C

=1

O =1—
" Tco Ty

(7.19)
The cooling cycle exergy input with respect to the mechanical (electrical) work is
calculated using Eq. (7.17):

Ew = Weens + AWeey = O(To) (COP,! + COPL COPL Y, oy ) (120)

SRC supplies the cooling cycle with the Ew exergy, consuming an amount of
exergy input, noted by Ew src, Fig. 7.5. In order to find it, we bear in mind that
SRC consumed an amount of heat equal to EW’7e_l,ISRC kJ for each unit of work
(exergy) Ew produced for cycle supply, where 5, is the SRC electrical power effi-
ciency. Hence, the SRC exergy input, Ew sgc, which we are looking for, can be
calculated with Eq. (7.20), as:

~1
Ewsrc = (EWUeLSRc)Qw,SRC

. ) 1 1 (7.21)
= QD(TD»’”) (COPW + COPC COPhp(c),cg,cbs)HW’SRCnel,SRC
where 6y, src is the Carnot factor of the SRC, Fig. 7.1b, given by:
T cond
Owsre = 1 — =225 > o sre (7.22)

In Eq. (7.22), Ty is replaced by the fuel burning temperature, Tpyming, if Thurning <K T1.
From Eq. (7.21) it results also that the SRC exergy efficiency is:

Ew  MNesrc
Ewsrc  Owsrc

NESRC = (7.23)
known also as the relative to Carnot (electrical) SRC power efficiency. Actual val-
ues of ng src are for example ~0.4, 0.45-0.5, 0.45-0.65 and 0.65-0.7, holding true
for the Organic Rankine Cycle (ORC), Steam Rankine Cycle (SRC), Gas Turbine
Prime Movers (GTPM) and Combined Power Cycle (CPC), respectively.

Finally, the Ep exergy output is assessed as a positive amount. When the cool-
ing cycle produces the temperature Tp ;, = (Tp; + Tpo)/2 below its sink tempera-
ture Tz ¢, thatis Tp, < Ty, it is generating a sink source for an imaginary direct



7.2 Exergy Efficiency Algorithm of Coabsorbent Cooling Cycles 307

(power) ideal cycle. This could operate between the old sink temperature, Tz,
which now is becoming the heat temperature for the direct cycle and the new sink
temperature, Tp . The direct cycle is supplied by an amount of thermal energy
equal to (Qp(Tp,m) + wp) of temperature level equal to Ty, in order to produce
a mechanical work amount wp and to reject to the sink an amount of heat equal to
Op(Tpm). The maximum work output is calculated by:

wp = (Op(Tpm) +wp)Ow.0 (7.24)
where 6,, p is the direct ideal cycle heat-to-work Carnot efficiency (Kirilin 1985):
Tp m
Opp=1——
w.D Toie (7.25)

Combining Eqgs. (7.24) and (7.25), the direct ideal cycle work output results in:

wp = Op(Tp.m) (TM’C - 1) (7.26)

TD,m

Bearing in mind that we deal with reversible processes, the imagined direct ideal cycle
is the reverse cycle of an ideal cycle which extracts an amount of heat Qp(Tp ;) from
a cooled source having the temperature 7p ,, and delivers to the sink source of tem-
perature Ty an amount of thermal energy equal to (Qp(Tpm) + wc) with the help of
a work input equal to w,. This reverse cycle is nothing else but an ideal compression
cooling cycle, which the ideal compression work consumption of amounts to:

wel = Qp(Tpm)0; " (7.27)

In Eq. (7.27), 6. is the known Carnot effectiveness of the ideal compression cool-
ing cycle (e.g. Kirilin 1985), which here has the expression:

-1
0, = (TM’C - 1> (7.28)

TD,m

Of course, the two ideal cycles, direct and reverse, have equal works in absolute value:

wp = |wel (7.29)

This statement can be verified taking into account Eq. (7.26) on one side and
Eqgs. (7.27) and (7.28), on the other side. Returning now to the Ep exergy assessment,
this results from the above considerations as being equal to:

Ep = Op(Tpm)6," (7.30)
The cooling cycles exergy comparison is done calculating for each of them an
exergy efficiency, defined by (Chartier et al. 1975):

Retrievable_(useful)_exergy <1
= (7.31)

e = Input_exergy
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Equation (7.31) has the following particular form in our case (see Fig. 7.5):
 E + Ewskc

Equation (7.32) rewrites further introducing the exergy expressions given by
Egs. (7.18, 7.21, 7.23) and (7.30), as:

Op(Tpm)6;!
02 (Tct5) 00 + O (Tom) i S (COP' + COPT'COPL o o)
(7.33)

Equation (7.33) is rearranged, dividing it by QD(TD,,,,) and taking into account
Eq. (7.15), in order to obtain:

NE.c (7.32)

NE,c =

6!
6.GCOP:" + n s (COPS + cOPZ! coPy)

NE,c =
hp(c),cg,cbs

) (7.34)

Equation (7.34) fully expresses the exergy efficiency of the coabsorbent cooling
cycles linked to a SRC. Depending on the supplying sources nature, this can take
several particular forms, given next:

(1) The exergy efficiency of the pure mechanical vapor compression cooling cycle.
The topic was the concern of previous works (e.g. McGovern and Harte 1995).
Here, following a simplified way, the exergy efficiency of the mvc cooling cycle
is obtained from Eq. (7.34), considering that the cycle generation exergy input
vanishes Eg = 0 (see Fig. 7.5), therefore Q> (T2,cps) = 0. Bearing this in mind,
from Eq. (7.15) it results that COP. = oo, and further COPC’1 = 0, wherefrom
the exergy efficiency of the mvc cooling cycle has the following expression:

NE.c,mve = nE,SRCQC_ICOPw (7.35)

In Eq. (7.35), 6. is given by Eq. (7.28), written for the mvc cycle, that is:

-1
0, = (TC - 1) (7.36)

where indexes C and E hold for the evaporator and condenser.

(i) The coabsorbent cooling cycle is supplied by free heat sources. In this case,
SRC delivers to the cooling cycle electrical power, only, i.e. W, cps(Tcps) > O.
Consequently, the exergy destroy, caused by the heat cogeneration, is
null, AW, s =0 (see Fig. 7.4 and Eq. 7.9). Hence, the effectiveness of
the Q2(T2,ps) heat cogeneration becomes infinite, according to Eq. (7.9),
COPrp(c),cq.cbs = 00, and because COP,;}(C)’Cg’CbS = 0, Eq. (7.34) becomes:

6!
Ow.cCOP: " + 1 sp COPy!

NE cfree = (7.37)
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The supply with free heat sources is one of the best operation mode of the coab-
sorbent cooling cycle, as Eq. (7.37) takes satisfactory values and the results will
confirm this.

(iii) The coabsorbent cooling cycle is supplied by low entropy heat sources.
Here are included those (low entropy) heat sources of high temperature (e.g.
Tpurning = (800—1,200) °C), created by burning fuels like those which are
powering the ORC, SRC, GTPM, CPC, etc., thermal power plants (e.g. fossil
fuel, biomass). Using such sources to supply quite low temperature genera-
tors (e.g. Tg = (80—160) °C) is a common practice in the absorption refrig-
eration. However, the task-source is clearly mismatched and the global exergy
efficiency of the process at hand is penalized. Indeed, in such cases, the Eg
exergy in Eq. (7.32) writes:

Eg = na}ueﬂwﬁwz% (7.38)

where 1 fuer 1s the 1st principle heating effectiveness of the fuel fired generator
(e.g. 16 fuet = 0.8 —0.92) and 6y, s is the heat-to-work Carnot efficiency factor
written for the case of fuel fired heating:

it = 1 — — M 7.39
wfue Tburning (7.39)
Considering Eqs. (7.38) and (7.39), Eq. (7.37) rewrites:
6!
NE,c fuel = (7.40)

NG et fuet COPE " + 0 - COPy!

The penalization we have referred to results comparing Eqs. (7.37) and (7.40)
and showing that ngcfee > NE,cfuel- Indeed, from the obvious in equations
Ow fuel > Ow,c and NG e < 1, it results that in Eq. ng fuelew fuel > Oy.G holds true
so much more. Hence, the denominator of Eq. (7.40) exceeds that of Eq. (7.37),
wherefrom in Eq. ng ¢ free > NE,c fuer holds true.

(iv) The coabsorbent cooling cycle is supplied by solar energy. In this case, the
E¢ exergy in Eq. (7.32) writes:

Eg = Tg?yi,né,lsolarew,solarQG (7.41)

where T4, and nggo1ar hold for the Earth atmosphere transmittance, (e.g.
Tam = 0.15 — 0.70), and the Ist principle instantaneous or long-term solar col-
lecting effectiveness of the solar powered generator (e.g. 171G solar = 0.20 — 0.70),
(Kreith and Kreider 1978), respectively, and 6, 5014 15 the heat-to-work Carnot effi-
ciency factor written for the case of solar energy (heat) supply:

TM .
Tsun

(7.42)

ew,salar =1-
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where Ty, = 5,762 K (Duffie and Beckman 1974; Kreith and Kreider 1978).
Introducing Eq. (7.41) in Eq. (7.37), this rewrites:

6~ 1
;
NE,c.solar = —— 1

— — — - 7.43
TatmnG,lsolarQWymla’COP : + g srcCOP o (7:43)

The use of solar heating protects the environment, therefore is highly encouraged.
However, it is characterized by a high source-task temperature mismatch, because
the sun surface temperature is Ty,, = 5,762 K, while a cycle generator operates
mostly below 400 K. Hence, thermodynamically, this renders the exergy efficiency
of Eq. (7.43) be small (see model results), and economically, the solar absorption
cooling be marginal (Staicovici 1986, 1989).

(v) The coabsorbent cooling cycle is supplied by clean work (electricity) pro-
duced by concentrated solar irradiance. In this case, the solar irradiance is
highly concentrated, CR = 0.5 x 102 — 3 x 103 and more, in order to obtain
heat sources of elevated temperature, T¢one. = (600—1,250) K. The concen-
tration solar collectors can be build in different ways, chosen in function of
the required temperature level. It can be usually of parabolic or linear Fresnel
and of paraboloidal or Fresnel mirror (power tower) concepts, needing single-
axis or two-axis sun tracking, respectively (Duffie and Beckman 1974; Kreith
and Kreider 1978). These heat sources are supplying thermal power stations,
of SRC or CPC type, for electricity production (Angelino 2008). The maxi-
mum (ideal) availability of the solar exergy has been previously evaluated
(e.g. Press 1976; Parrott 1978; Izquierdo Millan et al. 1996). Here, we need
the actual value of the solar exergy availability. In order to find it, suppose
the sun is delivering an amount of radiative heat g. Its corresponding exergy,
considered as an input data, equals:

EW,sun = qew,solar (744)

where 6y, 5014 1S the Carnot efficiency factor given by Eq. (7.42). Out of the radia-
tive heat ¢, only a fraction reaches the receiver of the solar thermal power station:

qsr = 1N0q (7.45)

In Eq. (7.45), no < 1 accounts for the overall optical losses, which the beam sun
irradiance g is suffering until reaching the receiver. The optical losses depend on the
Earth atmosphere transmittance (clearness index) and on the solar collector type and
its physical and technical parameters, like mirror shape accuracy, mirror reflectance,
sun tracking accuracy and transparent covers transmittance and reflectance (Duffie and
Beckman 1974; Kreith and Kreider 1978). The ¢, irradiance is converted in electrical
power w, which is the power station exergy output. With Eq. (7.45), the 1st principle
efficiency, 1.7 src, of this conversion process is given as known by:

w w
Nel SRC = ——

qsr B ﬁ (7.46)
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The exergy efficiency which we are looking for is computed with Eq. (7.47):

w

NE.SRC solar_conc. = Evsmn (7.47)
or, with the help of Egs. (7.44) and (7.46), it results:
NE,SRC solar_conc. = Uonez,SRceinola, (7.48)

(vi)  The coabsorbent cooling cycle is supplied with clean work (electricity)
produced by solar photovoltaic (PV) panels. In case of the PV, the exergy
efficiency is:

-1
NE,PV = TatmNel,PVO,, sorar (7.49)

where 7,4, has been defined by Eq. (7.41), 5 py is the PV solar-to-electrical con-
version efficiency and 6y, 5014 is given by Eq. (7.42). The best actual PV solar
panels available for consumers have an 7, py efficiency of cca. 15.4-17.68 %
(SRoeCo Solar 2012), depending mainly on the PV cell type and solar irradi-
ance. When the sun light is concentrated onto the solar panel (CPV), the panel can
achieve up to 27.0-31.0 % efficiency (Amonix & NREL 2011; Soitec 2013).

(vii) The coabsorbent cooling cycle is supplied with clean work (electricity) pro-
duced by windmills. In case of a windmill, the input and output exergies are
of the same type, i.e. mechanical work, so the exergy efficiency is simply
the ratio between the useful wind turbine rotation energy output done per
unit of time P divided by the kinetic energy input per unit of time of the
fluid passing through the area swept by the windmill rotor with the velocity
Vs and the mass flow rate riz (Kreith and Kreider 1978), or:

NE windmill = (7.50)

1 .
Equation (7.50) gives at the same time the windmill 1st principle efficiency, or,
equally, that of the wind turbine, ng windmitt = Nt.windmin- The windmill exergy effi-
ciency depends mainly on the wind speed, propeller diameter, air density and wind
turbine type, g windmin = 0.0 — 0.50 (Kreith and Kreider 1978).

(viii) The coabsorbent cooling cycle is supplied with clean work (electricity) pro-
duced by hydro power stations. In case of a hydro power station, the input and
output exergies are again mechanical work. Hence, similar to the item (vii),
the exergy efficiency is the ratio between the turbine useful rotation energy
P divided by the turbine energy input per unit of time, equal to the hydraulic
dynamic head of the water mass flow rate passing through the turbine blades,
pghV, or equal to the potential energy, rmgh, of the water mass flow rate,
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m= ,oV, situated in amonte of the turbine and having the static head & with
respect to the turbine height:

P

NE hydro = ng

(7.51)
Equation (7.51) represents in fact the turbine dimensionless efficiency, 1 nydros
obtained by measuring the power output P, water density p, static head &, and the
volumetric flow rate V (g =9.81 ms~2 is the gravitational constant). The actual
turbine efficiency is high, ng pyaro = 11,nyar0 = 0.85 (ASME PTC 18, IEC 60041).
The conclusions formed to this item (viii) hold true for wave and tidal power
plants supplying with clean electrical energy a coabsorbent or mvc cooling cycle
as well. From the literature it results that this type of power plants is capable of
exergy efficiencies equal to N wavesidar = 0.25 — 0.85, depending mainly of the
type of sea converting equipment, period of the year and the distribution of the
power frequency (Kreith and Kreider 1978).

In Table 7.1 we have listed the mvc and coabsorbent cooling cycle exergy effi-
ciencies resulting from Eq. (7.34), considered without heat cogeneration and for
all exergy efficiencies of the heat (free, low entropy fuel and the solar) and elec-
tricity (SRC, SRC with solar concentration, PV, windmill and the hydro) sources,
involved in the (i—viii) items.

7.2.1 Exergy Efficiency Results of Coabsorbent and mvc
Cooling Cycles

Exergy efficiency results have been calculated with the algorithm given in
Tables 7.1 and 7.2 for cooling and heating applications. The computation didn’t
account for the auxiliary power consumption consumed (e.g. for pumping the
sources fluids). The first results were obtained for mvc cooling, Fig. 7.6, the chal-
lenger and comparison term of all bare and hybrid coabsorbent cooling cycles at
hand. In this figure, the exergy efficiency of mvc cooling cycle supplied by SRC,
SRC with solar concentration, PV, windmill and the hydro electrical power sources
(see Eqgs. 7.35, 7.52, 7.56, 7.60 and 7.64, respectively), is plotted against the mvc
COP,, cooling effectiveness, for two evaporator and condenser temperature study
cases, T = —50°C, T¢c = 32°C (solid line) and Tg = —25°C, T¢ = 35°C (dash
line), respectively. The lowest and higher COP,, values of each study case are the
actual and improved ones, as proposed for the future (see Chap. 8), respectively.
The same figure shows as well the exergy efficiency of the NH3 — H>O nontrun-
cated coabsorbent (NT) deep cooling cycle supplied in SRC cogeneration, marked
by the left bottom dash line. From Fig. 7.6 it results that both cases have the same
relative position with respect to different sources plotts, but of course, have dif-
ferent efficiency values. The highest and lowest efficiency values are due to the
hydro—CPC and SRC solar concentration-PV electrical supply, respectively,
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Table 7.1 Exergy efficiency of mvc and coabsorbent cooling cycle, operated by different heat
and electrical sources

Eq. no. Exergy efficiency
(7.35) NE.comve.SRC = NESRCO; ' COP,,
(7.37)

NE,cfree.SRC = 071 (QW,GCOP; '+ nE,}sRcCOP $1>

(7.40) NE.cfuelsrRC = 0" (ﬂ&}uelf)wfuelCOPZ '+ 15 src COP;, > 1

T soanshe = 0 (anh parsorar COPE 4 i o COPLT)

(7.52) NE c.mve,solar_cone. = NE,SRCsolar_conc.0p | COPy,

T3 e peesoar-cone. = 0 (60.6COPE + 1S ot cone COPTY)

79 NE.cfuetsolar_conc. = 00" (né}iwz@w,ﬁwlCOPZ "+ 1 SkC solar._cone. COPy 1) .

T3 sotarsotar_cone. = 0 (Tanh G bt Bosoar COPL 4 1S e cone. COP')
(7.56) NE.come,py = NEpvO: ' COP,,

(7.57) NEceery =0 (80.GCOPL ! + g py COPLY)

T3 cary =07 (16 ot COP 4 mglpy COPLY) ™

(7.59)

—1
— -1, -1 — —1 —
NE c,solar,PV = Oc ! (Tatm nc,mlarew,solarcopc ! + NEgpy COPWI>
(7.60) NE c,mve,windmill = nE,windmille,;_lcopw

7.61 B B B -
( ) NE c free,windmill = 00 ! (QW,GCOPC 1 + nE,ivindmillCOPwl)
7.62 B B B ~ -
( ) NE c fuel windmill = 9(. ! (nc}uelewfuelcopc 1 + nE,}«vindmill COPWI)
7.63 R e -
( ) NE.c.solar,windmill = 00 ! (TanilnG,}wlargw,mlarCOPc ! + 'IEivindmi,, COPWI)
(7.64) NE,c,mve,hydro = 7]E,hya'r,,9;1 COP,,
(7.65) ol . . e
NE ¢ free,hydro = 96 QW,GCOPC + nE,hydroCOPw
7.66 _ B B B -l
( ) NE ¢ fuel,hydro = GC 1 (nG,]fueIGW,fuel COPC 1 + nE,}zydmCOPwl)
(7.67)

—1( -1 -1 —1 -1 1)
NE c,solar,hydro = 0, (Tatm nG,SU[argw,salarCOPc + NE hydro CopP, )

while SRC and windmill electrical supply is ranked in the low-to-middle position.
Because all electrical suppliers we considered have a common source of energy,
the sun, from Fig. 7.6 it becomes clear that the higher the degree of concentra-
tion of sun energy on Earth, the better is ranked the cooling with respect to the
exergy efficiency. This assertion is valid for heating, as well, as it will be shown in
the next section. Further, it is shown also that, thermodynamically, supplying the
NT deep cooling in cogeneration is less effective than mvc supplied by the same
SRC with electrical power (g cnr = 0.1474 < 0.1959 = nEg cmve.SrRC). However,
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Table 7.2 Exergy efficiency of mvc and coabsorbent heating cycle, operated by different heat
and electrical sources

Eq. no. Exergy efficiency

(7.77) NE.cmve,SRC = UE,SRCQW_;}eCOP w

(.79 NE c free SRC = 91;,}1 (QW’GCOP 0 '+ ng,}S‘RCCOP “_’1>71

(7.80) NE ¢ fuel SRC = 9;',11e (n&}uglewaﬁlflCOP;I + nE,}SRCCOP;1>71

(7.81) NE.c,solar SRC = 9;,11? (Td?lilng,§<)laraw»50lurcop W+ TIE,ISRC cor;,’ ) R
(7.84) NE.c.anve.solar_cone. = NE.SRC.solar_conc.0py gCOPyy

(7.85) NE.cfree.solar_conc. = Oy <9w,GC0P i M5 SrC sotar_cone. COPy 1)7
(7.86) NE ¢ fuel solar_conc. = J,Ile (WE}uezew,ﬁwl copy e+ ”E,i?RC,wlatwn& COP;I) 7
(7.87) NE.c.solar solar_conc. = Oy (fa?r}l NG sotarOw.solar COPY ' 15 Spc sorar_cone. COP”;I) 7
(7.88) N emve,pv = NpvO, RCOP,

(7.89) NE.c free,PV = 9»:,11? (GW*G cop, '+ ”E,}DVCOP ;1> N

(7.90) NE.cfuel.Pv = Oy & <'75,1fue19wfuel copr; + nE},VCOP;l>_1

(7.91) NE.c.solar PV = 9»:',113 (TL;rlln(;,Lolarew’learCOP W+ "E,}’VCOPJI)A

(7.92) NE.comvewindmill = TE windmitiOy,, RCOP,,

(7.93) NE ¢ free windmill = 9;,1]e <9W’GC0P"_ L nE’IW""d’""” COP”;I)i1

(7.54) NE.c fucl windmill = Oy & (Ué}uezgw,fuel COP + 0 sinamin COP‘;I) )
(7.95) NE c.solar windmill = 9»:,11% (Ta?liln(;,la‘olargwsSOIarCOP i+ "Eyivindmi” COP‘;1>_
(7.96) NE.c.omveydro = NE hydroByy g COPyy

(7.97) NE.c freeydro = O (9W~GC0P i+ M dyaro COP ‘;1)71

(7.98) NE et pydro = O s (n(—;}uelaw,ﬁw, COP, " + 0}y COPy! ) -1

(7.99)

-1
1 1 -1 1, -1 -1
NE.¢.solar.hydro = O,y (fatm 16 solarOw,solar COPy, ™+ 4, COP, )

despite this power reason, the former system was prefered many times to the lat-
ter in deep cooling applications during the last century, because absorption offered
other advantages in operation, comparatively, such as lower upkeep, replacement
of large compressors sucking the low pressure-high specific volume refrigerant
by absorption and absorbent pumping, low noise and a better adaptation to higher
cooling capacity. Normally, a national electrical grid is supplied with electrical
power coming from power stations of different types, characterized by different
ne,i figures of merit, (i = 1,...,n). In this case, ng in Eqs. (7.35-7.67) should be
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Fig. 7.6 Exergy efficiency of mvc cooling cycle plotted for two evaporator/condenser tempera-
tures versus actual and future COP,, cooling effectiveness and six electrical sources as parameter

calculated as a weighted mean of the ng; values. In introduction we emphasized
the exergy method feature to enable the ranking of different nature energy-cycles
and supplying sources performing a same task. Here, it is used to compare the mvc
cooling results of Fig. 7.6 with those of Figs. 7.7 and 7.8, giving exergy efficiency
results of the coabsorbent cooling cycles studied in Chaps. 3 and 4 for different
heat supplying sources (T = 32 °C). As we can remark from Figs. 7.7 and 7.8,
the efficiency of coabsorbent cycles supplied by free heat sources is significantly
higher than the actual mvc efficiency in both study cases. However, improving the
mvc COP,, in the future is capable to challenge the coabsorbent technology, pro-
vided that mvc be supplied by high efficiency electrical stations, like hydro and
CPC. Referring now just to the results of Figs. 7.7 and 7.8, first, the cogeneration
heat supply penalizes much the efficiency of both types of coabsorbent cycles, as
compared to the free heat supply, and from this point of view, it should be avoided,
whenever possible. Second, the solar heat supply is ranked the last, with very low
values, while the fuel heat supply increases to some extent the efficiency, compara-
tively, but is still low, less than 8 and 17 % in Figs. 7.7 and 7.8, respectively, and
much below the efficiency of the cogeneration supply. In this respect, the cogen-
eration must be preferred always to fuel supply, from the power point of view. And
last, but not the least, it is important to clarify an important aspect concerning the
interpretation and credibility of the method at hand results. Indeed, the reader may
ask himself why the exergy method is considered so powerful, because in fact it
deals with an ideal concept, that of availability, which seemingly is far from the
reality. The things are not at all like this, the method is deeply anchored in reality
(see Appendix 2 of this chapter).
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cycles versus desorber temperature and four heat sources as parameter

7.3 Exergy Efficiency Algorithm of Coabsorbent
Heating Cycles

The more general exergy balance of a coabsorbent heating cycle, linked to a
cogeneration SRC which is providing its necessary electrical power and heat, is
depicted in Fig. 7.9. In this figure the legend is:
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EG(Q2(T2cbs), TGO, TMc, COPh) EWCBS(QR(Tcbs), COPw, COPh, COPhcgcbs)
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Fig. 7.9 Balance of the most important exergy items of a coabsorbent heating cycle

() Eg(02(Tachs). T6o. Tm,c, COPy )—see Sect. 7.2;

(i) Eg (QR(chs),TRf,O,TM,c) holds for the useful exergy output of the cycle
resorber; and

(iii) Ew,src (Or(Teps), COPyy, COPy, COP: g cps —see Sect. 7.2.

The Eg exergy is calculated in Sect. 7.2. The heating cycle exergy input with
respect to the mechanical (electrical) work is calculated using Eq. (7.17), updated
for the heating cycle:

Ew = Weans + AWeer = Or(Tupy) (COPS! + COP; ' COPLY ) o) (7.68)

The SRC exergy input, Ew src, is calculated similarly to Sect. 7.2, with Eq. (7. 68),
resulting in:

-1
Ewsrc = (EW"el,SRc> Ow.SRC

= Ok (Ta) (COP + COP COPLY ) wsienilsee 7

In Egs. (7.68) and (7.69), the COPpp ) cg,cbs function is given by Eq. (7.9), and the
COP,, and COPy, functions rewrite Egs. (3.55) and (3.54), respectively. These are
the CBS-HP intrinsic effectivenesses of delivering the useful heat Qgr(7ps), With
respect to the electrical work W, .45 (T¢ps) and with the cogenerated heat O» (T2,cbs)
inputs, and are given by:

QR(chs)
copP,, = —— 2 _
We,chs(Tebs) (7.70)
and
QR(chs)
COP), = =27
" s (Taens) (7.71)

respectively. Finally, the Er exergy output is assessed by:

Eg = QR(chs)ew,R (7.72)
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where Qr(T¢ps) and 6,, g hold for the cycle useful resorption heat and for the
heat-to-work Carnot efficiency factor, respectively. This factor is given here by
(see Sect. 5.2):

_ TM,C
Trro + ATy ’

The exergy efficiency of the heating cycle is found applying Eq. (7.31) (see
Fig. 7.9):

Owr =1 (7.73)

EG + Ew src

Equation (7.74) rewrites further introducing the exergy expressions given by
Egs. (7.18,7.72) and (7. 69), as:

NEh (7.74)

QR(Tchs)ew,R
02 (Tcts) 00 + Ok (Tens ) s (COPI + COP' COPL o )
(7.75)

Equation (7.75) is rearranged, dividing it by Qr(T.ps) and taking into account
Eq. 7.71), in order to obtain:

NER =

GW,R
0,GCOP; "+ e (COPTY + COPICOPLY ) (7T0)

NEh =

Equation (7.76) fully expresses the exergy efficiency of the coabsorbent heating
cycles linked to a SRC. Similar to Sect. 7.2, depending on the operation condi-
tions, this can take as well several particular forms, given next:

(1) The exergy efficiency of the pure mechanical vapor compression heating (heat
pump) cycle is obtained from Eq. (7.76), proceeding similarly to Sect. 7.2.
This time, for Eg = 0 and according to Eq. (7.71) Q2 (T2,chs) = O, it results
that COPy, = oo, and further COP,?1 = 0, wherefrom the exergy efficiency of
the mvc heating (heat pump) cycle has the following expression:

NE hmve = NE.SRCOw,RCOP,, (7.77)

In Eq. (7.77) 6,, r is given by Eq. (7.73), written for the mvc cycle, that is:

Tk
GW,R = GW,C = <1 - ) (778)

where indexes C and E hold for the evaporator and condenser.

(i) The coabsorbent heating cycle is supplied by free heat sources. This case has
been emphasized by Sect. 7.2, as well, and the searched exergy efficiency is:

GW,R
01 GCOP; " + ng pCOPy,'! (7.79)

NE hfree_h.s =
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(iii) The coabsorbent heating cycle is supplied by low entropy heat sources. The
case is similar to Sect. 7.2. The exergy efficiency results in:

NEh el = Ok (7.80)
Snjue .
GﬁelewfudCOP W+ ’7E srcCOPy!

(iv) The coabsorbent heating cycle is supplied by solar energy. Again, the case is
similar to Sect. 7.2 and the exergy efficiency results as:

GW,R

NEhsolar = —_7

- _ (7.81)
atm’?G solarOw.solar COPy, Ty g, SRCCOPwl

In our days, characterized by environmental problems due to energy production, an
important particular case is represented by the solar heating using just solar collec-
tors of flat-plate or low concentration types provided or not with selective surfaces
and evacuated tubes (Duffie and Beckman 1974; Kreith and Kreider 1978). These
can be utilized during the sunny days of a year directly for domestic warm water
preparation and house heating, without involving a coabsorbent heating cycle. In
this case, the collector own electrical consumption is zero (except that auxiliary
for the intermediary heat exchange fluid pumping), therefore COP,, = oo and
COP,, L' — 0, while COP;, = 1, so Eq. (7.82) becomes:

—1
NE,h,solar_coll. = Tatmr]G,mlargw’mlarew,R (7.82)

In Eq. (7.82), 6,, & has the expression:

T
R = (1 - T’”) (7.83)

solar_coll.

where Tioiar coir. 18 the collector usefully heated fluid or mean collecting plate
temperatures, etc. The expected ng s solar_coir. Values are small, below (6-8) %, for
domestic applications.

The items (v—viii) of Sect. 7.2. hold true in case of the heating cycles at hand
as well. Proceeding similarly to Sect. 7.2, in Table 7.2 we have listed the mvc
and coabsorbent heating cycle exergy efficiencies resulting from Eq. (7.76) and
involved in the (i—viii) items, considered without heat cogeneration and for all
exergy efficiencies of the heat and electricity sources as in Table 7.1.

7.3.1 Exergy Efficiency Results of Coabsorbent
and Mechanical Vapor Compression Heating Cycles

Similar to Sect. 7.2.1, the first results were obtained for the exergy efficiency of
mvc heating cycle, Fig. 7.10, supplied again by SRC, SRC with solar concentration,
PV, windmill and the hydro electrical power sources (see Eqs. 7.77, 7.84, 7.88, 7.92
and 7.96, respectively), and plotted against the mvc COP,, heating effectiveness, for
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Fig. 7.10 Exergy efficiency of mvc heating cycle plotted for two evaporator/condenser tempera-
tures versus actual and future COP,, heating effectiveness and six electrical sources as parameter

two evaporator and condenser temperature study cases, Tg = +5°C, Tc = 61 °C
(solid line) and Tg = +5°C, T¢ = 91 °C (dash line), respectively. The results of
Fig. 7.10, shown similarly to Fig. 7.6 for the lowest (actual) and the increased (see
Chap. 8 issues) COP,, values of each study case, prove that heating supplied by
electrical sources with higher degree of concentration of sun energy is again bet-
ter ranked with respect to the exergy efficiency, comparatively. Further results have
been obtained for the double and quadruple truncated heating cycles, Fig. 7.11, and
for the nontruncated and simple truncated hybrid heating cycles, Fig. 7.12a and b,
respectively, Chaps. 3 and 4. Comparing the results of Figs. 7.10 and 7.11, it results
that when supplied by free heat sources (SRC, Ty, = 37 °C), the truncated cycles
could operate more effectively as the actual mvc heating supplied by high effi-
ciency SRC power plants, at least to house heating and domestic hot water (dhw)
preparation applications. However, the future COP,, improvements could change
this situation in favor of the mvc heating cycle, especially when hydro and SRC are
the electrical suppliers. Concerning the nontruncated and simple truncated hybrid
heating cycles, Fig. 7.12a and b, the 2nd principle comparison with mvc heat-
ing, Fig. 7.10, done for a same internal heat temperature, Ty, = 5 °C, shows that
coabsorbent cycles are better ranked, comparatively. However, despite the savings
in electrical power which these cycles could bring, their practical application must
overcome a few technical difficulties, like the appropriate operation with low and
variable sink source temperatures.

The last part of this paragraph is devoted to a study case of the coabsorbent heat
pumps, which, according to Sect. 7.1, have the potential to achieve higher effec-
tiveness as compared to a SRC cogeneration. In Table 7.3 we give heating results
of the NH3—H;O double and quadruple truncated cycles operation supplied by free
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Fig. 7.11 Exergy efficiency of double and quadruple truncated coabsorbent heating cycles, supplied
by SRC free heat source, Ty, = 37 °C, and plotted versus the internal sink source temperature, T ¢

and low cogeneration heat sources, Ty, = 37 °C and Tyy, = 48 °C, respectively.
The results, obtained considering gax recovery, but not accounting for the auxil-
iary electrical power consumption, prove our assertion. Indeed, during the cold and
transition seasons, Ty = (5—15) °C, with free heat supply it is possible to pro-
duce heated fluids up to 63.84 and 77.42 °C (see Tgrr,0 = Teps = T2, functions)
with a relative to SRC heating effectiveness, COPpp cps/COPpp g, 0f 20.22 and
26.96, respectively, while in case of the cogeneration heat supply the heated fluids
can reach up to 92.78 and 91.3 °C with the relative effectiveness of 1.43 and 1.18,
respectively. The COPyp cps/ COPpp ¢ figure of merit shows that coabsorbent tech-
nology could bring important primary energy savings in district heating applica-
tions, when supplied by sources coming of SRC, either free or cogenerated. In our
case, the savings in electrical power are small, equal to 1/COPyp o — 1/COPpp cps,
but the environmental impact is high. The reader is encouraged to check the coab-
sorbent cycle feature, emphasized above, for the hybrid heating configuration, as
well. In this case, COPpp, cps could be similar to those of Table 7.3, because COPy,
decreases, but COPy, increases, comparatively (see Eq. 7.13).

7.4 Cogeneration and Trigeneration Exergy Efficiency
Algorithm of Coabsorbent Cooling and Heating Cycles

As already mentioned, thermodynamically, the main effect is decreased when a
cycle is producing a second and so much more a triple effect at the same time,
and the practice confirmed this behavior. However, when the cogeneration and
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Fig. 7.12 Exergy efficiency of hybrid nontruncated (a) and simple-truncated (b) coabsorbent
heating cycles, supplied by a free heat source, Tps, = 5°C, and plotted versus internal sink
source temperature, Tps .

trigeneration are keeping the main (first) effect effectiveness with acceptable val-
ues, these energy solutions are still interesting in many heat pumping applications
because of the equipment investment savings which these could bring (see Chap. 3
cogeneration and trigeneration). For the sake of completeness, next the trigenera-
tion exergy efficiency will be given for cooling and heating cycles. However, in
our approach the Q> (T ) heat supply of the SRC doesn’t make too much sense
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T;‘ble 7.3 Heating results Functions Coabsorbent heating cycles, Eq.

uncated cyelo operation Pe L. b

supplied by free and low Double Quadruple

. truncated truncated

cogeneration heat sources

versus SRC cogeneration Tu.c 5.0 5.0 5.0 15.0 -
Ty 37.0 48.0 37.0 48.0 -
Trr 79.0 137.0 140.0 1620 -
Trr0 = Teps = Toeg 63.84 9278 7742 913 -
T2 cbs 39.0 50.0 39.0 50.0 -
COPpp.cg.chs 00 5245 oo 5245  (7.9)
COP,, 4449 3409 4179 2789 (7.10)
COPy, 0.3248 0.3298 0.2798 0.2808 (7.12)
COPp.cbs 4449 1646 4179 1399 (7.13)
COPppcq 22.0 11.50 15.0 11.90 (7.8)
COPppcbs/COPpp g 2022 1.43 2696 1.18 -
YR1,0 0.45 0.60 -

(independent heat sources are more likely), so in the algorithm it is presented
we shall skip it, but the SRC electrical power supply will be preserved. Suppose
first, a cooling cycle produced additionally a heating effect exergy output equal to
ER = qrOy.r and a mechanical (electrical) work, equal to Woyupur = nwqc, Where
the n,, work efficiency is defined, according to Eq. (3.138), by:

Woutput
Nw=—"— (7.100)
qG
The trigeneration exergy efficiency is assessed by (see Eq. 7.31):
Ep + Eg + Woutput
NE,c+h+w = (7.101)

EG + Ew src

Taking into account Eq. (7.34) and completing it according to the new issues, the

trigeneration exergy efficiency (cooling + heating 4+ work) of a coabsorbent cool-

ing cycle, is given by:

0. + 6,,kRCOP-'COP), + 1,,COP.!
Ow.GCOP: " + ;o COPY!

NE,c+htw = (7.102)

In case of the remote trigeneration, the denominator term ngngC cor,! is
removed from Eq. (7.102), while W, work represents the net work output, after
all cycle work consumers (e.g. pumps, fans, compressors) have been subtracted, so
Eq. (7.102) rewrites this time:

NE c+h+w,remote = QMTIG (GJICOPC + 6,,.RCOP}, + nw) (7.103)

In practice, it is less likely that a heating cycle works in multi-generation mode.
However, in this case, we add to the heating cycle a cooling effect exergy
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Ep =qpb; I'and the work Woupur = nwqc- Proceeding similarly, the trigeneration

exergy efficiency (heating + cooling + work) of a coabsorbent heating cycle, is

given by:

Ok + 67 1COP.COP;" + n,,COP;!
Ow.cCOP, " + 1 spc COPy,!

NE htc+w = (7.104)

The cogeneration case can be derived easily from the trigeneration Eqgs. (7.100-7.104).
Also, all particular cases (i—iv) of Sects. 7.2 and 7.3 hold here true as well.

Appendix 1

Equation (7.34) is written as ideal (the boundary of the exergy balance is confined
just to the cycle itself, without including the sources), therefore

g1

— A7.1
6,,,GCOPZ! (A7.1)

NE,c =
Considering in Eqs. (A7.1, 7.20, 7.28) and the ideal COPc, Eq. (5.6), it results

T Toe) ! T, T, -1
NEc = ( Me _ 1) (1 - M‘) (1 - M’C)( Mc _ 1) =1 ged
Tpm Ty Ty Tpm

(A7.2)

Appendix 2

A simple, yet not simplistic, explanation of the relationship between exergy effi-
ciency and its economic impact is given next. A source is characterized by an
energy flux (energy per unit of time and area), @gyy,rce, Which is determining uni-
vocally its surface temperature, in such a way that the higher the energy flux, the
higher the associated temperature (see the black body emissive power and peak
temperature laws, Popa and Vintila 1977) and the higher the potential of the flux to
be transformed in availability (mechanical work), Esqrce,

Esource ~ Psource (A7.3)

Considering an end-user energy-process, according to the Lambert laws (Popa and
Vintila 1977), the process receives a fraction of the source flux, only,

qurocess =< Pyource (A7.4)

characterized by the process incoming flux and temperature which are proportion-
ally smaller. Bearing in mind the prior assertion, we conclude that:

Epmcess ~ (ppmcess (A7.5)
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and that the energy flux transfer has been done with an availability (exergy)
destroy,

Eprocess =< Esource (A7.6)

Suppose now we have to design an energy-process, taking into account the 1st
principle only, when choosing the supplying source. In this case, according to this
principle requirement, the source energy and process energy needed to perform a
certain task must be equal per unit of time, i.e.

(psaurceAsource = process(COPC,(h),(W))Aprocess (A77)

where A holds for energy exchange area (m?). Equation (A7.7) can be rearranged
and taking into account Egs. (A7.3) and (A7.5), it is obtained:

Dource _ Aprocess N Esource -1 -1
- - nE,source—process =

Pprocess (COPC,(h),(W)) Ajource Eprocess (A7.8)

Equation (A7.8) emphasizes the economical impact of the source-process exergy
destroy, or of the exergy efficiency. Indeed the exergy destroy, expressed by
Eprocess/Esource Tatio, which is nothing else but the source-process exergy effi-
ciency, costs money, because the energy transfer area ratio Aprocess/Asource
increases correspondingly.
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Chapter 8

A Thermodynamic Approach of Mechanical
Vapor Compression Refrigeration

and Heating COP Increase

8.1 Introduction

The mechanical vapour compression (mvc) technology is laying down the basis of
many important industrial, agricultural and household applications. Amongst these
we could mention the heat pumping (cooling and/or heating production), gases
compression, air liquefaction and separation and cryogenics (Stamatescu 1972;
Stamatescu et al. 1982). Next we shall deal mainly with the heat pumping applica-
tions. Besides mvc, the absorption technology is used as well widely on this purpose
(Niebergall 1959). The mvc and absorption channels have been always competing
through the years in order to supply heat pumping practice with feasible solutions,
as they have each advantages and disadvantages. On one side, the mvc needs for
operation only two thermal sources (sink and heat) and a power source (electrical
usually, or mechanical), satisfactorily available in almost all cases. Its main disad-
vantage is that it is suffering of a mismatch between the source it uses (electrical, of
low entropy) and the task it accomplishes (heat pumping, of high entropy), and for
this reason it is consuming an increased amount of primary energy (e.g. fossil fuel),
with negative environmental consequences (see also Chap. 7 results). On the other
hand, the absorption needs for operation three thermal sources (sink, low tempera-
ture heat and high temperature heat) and a very small pumping power consumption.
In this case, the source-task match is better, in accordance with the 2nd principle
recommendation, but it is however confronted with disadvantages as well, the high
heat temperature source is not always available in applications and it has a higher
investment cost and a longer starting period as compared to the mvc plants.

Lately, the coabsorbent technology has been introduced (Staicovici 2006, 2009a).
This has the potential of improving absorption relative position with respect to its
competitor, creating favorable pre-requisites for extending absorption channel effi-
cient use in the centralized and distributed energy production (Chicco and Mancarella
2009; Staicovici 2009a). On the contrary, in last period the mvc focussed attention
mainly on replacing the environmentally non-friendly working fluids with fluids or
fluid-blends (Cox et al. 2009), having small impact with respect to global warming
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effect and less for finding ways which could lead to a substantial improving of the
compression effectiveness and of the COP of heat pumping units using it. For the rea-
sons we showed here it is therefore the right time to think to a major improvement in
the mvc COP as well. To this extent, in this chapter we shall present two methods for
improving the compression process effectiveness in itself and the COP of refrigera-
tion and heating cycles based on it.

For the sake of clarity, first a known introductory reminding part will follow.
A gas compression process is performed with the help of a compressor device
(Stamatescu et al. 1982; Kirilin et al. 1985). The sucked gas, having an initial low
pressure and temperature, is compressed progressively in the compressor by a pis-
ton of various shapes, from inlet till outlet, with the help of a mechanical work
input acting the piston, or a piston shaft. The discharge gas leaving the compres-
sor has a high pressure (the useful effect we are looking for). Its magnitude with
respect to the initial low pressure value is expressed numerically by the compres-
sion ratio. During compression, the gas has a natural tendency to warm itself, trans-
forming an amount of the mechanical work input in heat. The generated heat is
caused by an irreversible normal process of exergy destruction. As a consequence,
the gas will increase its temperature. Depending on the way the generated heat is
released during the compression process, the discharge gas temperature is equal to
the initial one (total heat release, or no heat generated, therefore no exergy destruc-
tion takes place—ideal isothermic compression), it is reaching its maximum value
(no heat release, maximum exergy destruction takes place—adiabatic compres-
sion), or it is taking values between the initial and the maximum ones (partial heat
release, or partial exergy destruction it is happening—polytropic compression).
Given the above interpretation of the relation between mechanical work (exergy)
input and exergy destruction amount, it becomes clear that, for a same task, the iso-
thermic compression needs a minimum mechanical work input, the adiabatic one
needs the highest mechanical work input, and the polytropic one needs amounts of
mechanical work input situated between the two extreme values mentioned.

Our goal is to use a specific mechanical compression work having values as low
as possible, ideally equal to the isothermic work of each application. According to
the present thinking, decreasing the specific compression work consumption is intrin-
sically related to the technical possibility to evacuate the generated heat during the
compression process. Unfortunately, this heat release is critical in practice. Indeed,
at least three causes hamper a good heat rejection during compression: (a) due to
the high compressor speed, the gas staying time in the compressor is very short (less
50 ms); (b) the gas-cooling fluid heat exchange, via the compression chamber wall,
is poor, and (c) the heat exchange area is very limited. For these reasons, the com-
pression is only to a small extent polytropic, practically more often than not it can
be considered adiabatic. The compression is therefore confronted in operation with
the highest temperatures of the discharge gas and with the highest specific compres-
sion work. So far, limiting the discharge temperature of a compressor is a permanent
concern of a designer, especially when the compressor is oil lubricated, in order to
preserve the oil greasing quality as much as possible. Depending on the gas nature,
this will confine correspondingly the compression ratio of an application as well.
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A solution to decrease the discharge gas heating and still keeping the same compres-
sion ratio has been proposed, working with fluid blends (Cox et al. 2009). However,
this will decrease the gas temperature, but the application COP is diminished as well.
And last, but not the least, keeping the discharge temperature to nowadays accepted
values forces the compression based refrigeration cycles to adopt a poor internal heat
management (e.g. to renounce to the condensate subcooling by gas superheating, or
to consume an extra-compression work in multi-stage compression in order to keep
the sucked gas temperature at a low level). This compressor design policy is reflected
in a low COP values achievement in refrigeration applications (e.g. industrial) and
finally in a poor primary energy utilization.

8.2 Methods of Increasing the Refrigeration Effectiveness
and Theirs Ideal Thermodynamic Limits

First, we shall deal with the refrigeration cycles. Later, our conclusions will be
extended to heating cycles as well. Usually, the cycle cooling effectiveness is
expressed by [see also Eq. (3.108)]:

cop = 2= (8.1)

|a]
The COP, in Eq. (8.1) can be increased applying two major methods. First, the
discharge gas superheat of a polytropic or quasi-adiabatic mvc process is con-
verted into mechanical (electrical) work, All,|, which will diminish correspond-
ingly the compressor and implicitly the cycle work input (Staicovici 2011a). This
method and the cycle applying it will be identified hereinafter as thermal-to-work
recovery compression (TWRC). Equation (8.1) becomes in this case:

q

E
COP.twrc = —————F—
‘ o] — Allyl

> COP., Ally| >0 (8.2)
Second, the discharge gas superheat of the polytropic or quasi-adiabatic process is
converted into a cooling useful effect, Agg, which will increase correspondingly
the cycle cooling output (Staicovici 2011b, d). This second method and the cycle
applying it will be identified hereinafter as thermal-to-thermal recovery compres-
sion (TTRC). Equation (8.1) becomes in this case:

A
COPorpe = ET 29 o, Agp >0 (8.3)

|lal

8.2.1 TWRC Method

According to TWRC method, capitalizing the compressor discharge gas superheat
and transforming it into mechanical or electrical power is done with the help of a
recovering cycle. The recovering cycle can be supplied with heat directly by the
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Fig. 8.1 Different power cycles. a Full Rankine cycle; b dry and wet ORC and TFC

superheated discharge gas, or by using intermediate heat transfer fluids, such as oils,
with high normal boiling temperatures. The latter case leads obviously to a smaller
global mvc cooling or heating effectiveness, but has the advantage of modifying lit-
tle the classic mvc heat pumping cycle configuration and enabling to supply with
heat the generator of either TWRC or TTRC recovering cycles at convenience. In
this work, we have considered only the direct heat transfer with the recovery cycle.
Going further with the recovery cycle analysis, this could be of various types, e.g.
Rankine, Brayton, Stirling, Kalina, inverted Osenbriick, thermoelectric, Trilateral
Flash (Kirilin et al. 1985; Smith 1993; Smith and da Silva 1994; Bryson 2007). The
choice of the most adapted one to the particular task at hand must make the object
of a careful consideration, including in the analysis all input data (application type,
working fluid, safety requirements etc.). Except the thermoelectric conversion, once
the right recovery cycle has been chosen, a second mandatory step is the selection
of the most appropriate working fluid that covers it. The thermodynamic and the
constructive criteria must be applied on this purpose. Bearing this in mind, probably
ones of the best results are obtained if the recovering cycle were provided with the
same working fluid as that utilized in the compression cycle, because it has conveni-
ent thermodynamic properties, verified by the refrigeration cycle, and it is simpli-
fying the scheme. In this work, the mvc refrigeration and heating applications use
the ammonia. According to the author analysis, the closed Rankine cycle seems to
be the most recommended in our case, and has been considered in all applications
throughout the present work. The working fluid for the Rankine cycle is ammo-
nia too. Our choice is strengthened, presenting next a few technical proofs fur-
nished by the comparison of Rankine cycle with the Trilateral Flash Cycle (TFC).
Indeed, lately, considerable attention was paid to the TFC, thought a challenger of
the Rankine cycle. The TFC is used in waste heat recovery power applications with
two-phase screw expanders (Smith 1993, 1997; Smith and da Silva 1994; Bryson
2007). The TFC comes of a Rankine cycle with superheated vapor, Fig. 8.1a, T—s
diagram, which reduced gradually its area, therefore its efficiency, passing through
intermediary configurations, shown in Fig. 8.1b [(1-2-3-9—4-5-6-1)-dry Organic
Rankine Cycle (ORC) with turbine and (8-3-9-4-5-7-8)-wet ORC with screw
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expander], until reached the smallest area configuration (6-9-4-5-6)-TFC. As a
general remark, Fig. 8.1, the presumed higher cycle efficiency, the poorer the heat
source-cycle match (see for comparison the heat sources 10-11, 12-13 and 14-15
relative position with respect to the cycles they supply). Bearing the above in
mind, the interest in the TFC comes of its best heat source-cycle match out of all
cycles in Fig. 8.1, as it enables the heat interacting fluids to keep a quasi-constant
heat capacity ric, and a minimum heat exchange temperature pinch, which means
the least exergy loss. The most used TFC working fluids are the hydrocarbons,
belonging to the isopentane group. A Rankine cycle-TFC comparison from the
efficiency point of view follows. The ideal efficiencies of Rankine and TFC cycles
write: ne.crre = (1 — Te/Tepo) and necrre = (1 — Te/Tepo)/ (1 + Te/Tcpo)
(Bryson 2007, see also Appendix 1), respectively, and n.c.rrc > Ne.C.TFC-
However, the TFC works close to reversible conditions, given the good matches of
the heating transformation (see line 5-6, Fig. 8.1b) with the heat source, and of the
condensation transformation with the sink source, respectively, therefore its actual
efficiency may be close to the ideal one. On the contrary, the Rankine cycle is well
matched to its condensation transformation with the sink source, only, because the
heating transformation, with its sensible-latent-sensible heat supply needed char-
acteristic is not well matched with the discharge gas sensible superheat delivery
characteristic, therefore its actual efficiency may be quite far from the ideal one.
Concluding up to this point, the higher efficiency advantage of the Rankine cycle
over that of TFC has not been proved. However, despite the TFC favorable com-
ments done so far, next, a few comments follow, analyzing critically and explain
why we preferred the Rankine cycle to be the recovery cycle in our case, instead
of TFC: (i) A high liquid phase temperature glide approaching the isopentane criti-
cal point (or similar) modifies the heat capacity constancy, reducing the TFC-heat
source match; (ii) In our case, given that the ammonia critical point (p. = 113.3 bar,
T. = 132.3 °C) has a favorable intermediary position between the sink and dis-
charge gas temperatures, the heat source-NH3 interaction can be well matched,
conveniently establishing the two phase position, or even working with a transcriti-
cal NH3 cycle, instead of the Rankine one. In this case, the high pressure opera-
tion resembles to that of the high pressure transcritical CO; heat pump cycle, well
handled; (iii) The hydrocarbons used with the TFC are extremely flammable;
(iv) Utilizing different working fluids in the refrigeration and recovery cycles,
makes a TWRC to be manufactured difficultly in an unitary hermetic construction.

The calculations have been performed with a second choice, the water, as well.
The work is including the ammonia results only, but comments about the water
use are also given. Equally, the Rankine cycle can be of an open type, with water.
It is simpler constructively, but less efficient.

Schematically, the method is presented by the example given in Fig. 8.2. Here,
the dotted line indicates the Rankine Recovery Cycle (RRC), as everywhere
throughout the figures to follow. The compressor (1) produces the discharge gas
(4). It has the highest temperature and pressure and constitutes the heat source of
the RRC generator (3), which recovers its specific heat within a large temperature
glide (interval). The discharge gas (4) is cooled till a temperature close to the sink
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Fig. 8.2 One simple

schematic of TWRC for LEGEND
improving the effectiveness 1. Compressor
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4. RRC Heat Source
5. Cold Discharge Gas
6. RRC Turbine
7. RRC Condenser
8. RRC Sink Source
9. RRC Working Fluid
Tank
10. RRC Pump

value, becoming the cold discharge gas (5). At this stage, the cold discharge gas
(5) is ready for a new compression process, serially connected to the first (1) and
provided as well with a RRC, or it is obliged to cover further a refrigeration cycle,
etc. The RRC working fluid (2) changes phase through the boiling in the RRC
generator (3), it is generating vapor at a RRC high pressure, it is expanded in the
RRC turbine (6), mounted preferrably on the same shaft as the compressor (1),
it is producing a mechanical work amount which is being subtracted out of the
compression work, it is further condensed at the RRC low pressure in the RRC
condenser (7), provided with a RRC sink source (8), it is stored in a RRC working
fluid tank (9), and it is taken away by the RRC pump (10), mounted preferrably on
the same shaft as the compressor (1), and it is pumped from the low pressure to the
RRC high pressure in the RRC generator (3), in order to close the RRC cycle. For
a complete knowledge of the method, it is important to know its thermodynamic
limit. This is given by the following:

Theorem 1 The mechanical work of a polytropic or adiabatic theoretical com-
pression process, provided with an ideal thermodynamic recovery and conversion
means of its discharge gas superheat into work (TWRC), equals the isothermal
work of the considered compression.

Assumptions Next, we shall suppose the gas is suffering a theoretical mechani-
cal compression process and is a perfect gas. Practically, this is not confining the
generality of our results. First we deal with the adiabatic compression process. We
operate with the following functions:

1. The discharge gas heat g(f) is positively defined, g(f) > 0, as it supplies the
recovery system; it is a function of real variable, the temperature ¢, t € I C R,
1 =[T1,T5,], T1 < T4, q(¢) : I, and has real values ¢(t) € [q(Tl),q(Tza)] CR
; it is continuous and strictly decreasing on I, 0 < q(T7) > q(T>2,) = 0, and the
function dg () enjoys a limited variation in the Stieltjes integral meaning within
the I interval (Nicolescu 1977-1980);
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2. The work I(t), recovered through the ideal conversion of the gas heat g(¢), is
positively defined, /(f) > 0 as it is the yield of the recovery system; it is defined
and continuous on ¢ € I, I(¢) : I, and has real values I(¢) € [I;,1,] C R; the work
(1) is a strictly decreasing function on 7, 0 < I[(Ty) > I(T>,) = 0;

3. The Carnot efficiency is a real positive, continuous and strictly increasing function
onl,nc() : Lnc@) €[0,1,0 = n(T1) < n(T2a) > 0.

Proof
The maximum work amount dI(¢) is obtainable converting with Carnot efficiency
nc(t) the dg(t) gas heat amount, delivered in the ¢ € I point

di(t) = nc(r)dq(r) (8.4)
where (Kirilin et al. 1985):

net=1--! 85)

We integrate Eq. (8.4) on the 7 interval:

T T,
/MO=/%®@® (8.6)
Toq T2

The integration of the left member in Eq. (8.6) results in:

T,

/mm=mn—mm 87)

T2a

Equation (8.6) right member is a Stieltjes integral, fulfiling the existence condi-
tions (Nicolescu 1977-1980). Given the assumptions, we apply the first mean for-
mula of a Stieltjes integral (Nicolescu 1977-1980), and the right member of Eq.
(8.6) becomes:

Ty T,
/ﬁc(t)dq(l) =nc(§) /dCI(t) =nc ) [q(T1) — q(T2a)] (8.8)
T2 Toq

In Eq. (8.8), nc(?) is calculated in a point & € I. The nc(€) value is found applying
the mean formula of a Riemann integral to function n¢(¢) : I (Nicolescu 1977-1980).
Taking into account this and Eq. (8.5), it results:

T,
InT2a

1 T
nc@) = T — Ty / ne(dt =1— % _1 ] (8.9)
Toq !
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Fig. 8.3 Single-stage
compression process plotted T2p=const.
in the p — V diagram, T2i=const.
showing the isothermal,
polytropic and adiabatic lines
which characterize the gas

T2a=const.

T2i<T2p<T2a

possible evolutions during P2 - - 2
pressure increase from pj
to po PA
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For nc(€) of Eq. (8.9) an equivalent expression could be found, if the way shown
in Appendix 1 of Chap. 1 had been followed (see Appendix 1 of this chap-
ter). Continuing, we bear in mind that g(7>,) = 0 and [(T>,) = 0. Also, we note
q(T1) = qq and I[(T1) = I, and taking into account Eqs. (8.7) and (8.9), Eq. (8.6)

becomes:
lnTT—Z’l“
la,r =(1- Tl qa (810)

Equation (8.10) is expressing the ideal recovery of the discharge gas heat g, deliv-
ered in an adiabatic compression on the gliding temperature interval [T4, 1]
and converted into the work /, . In order to further evaluate Eq. (8.10), we have
in view the single-stage compression process, plotted in the p — V diagram of
Fig. 8.3. The compression works (isothermal, adiabatic, polytropic) and the dis-
charge gas superheat are negative quantities, as input and output quantities, respec-
tively, according to thermodynamics convention. Here we need their positive
values. The isothermal work can be calculated by the following equation:

Vai
= | [ pav 8.11)
1 T
The gas evolution along the isothermal 1-2i, Fig. 8.3, is characterized by equation:

pV = p1Vi = pa;Vai = const. (8.12)
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Using Eq. (8.12), and noting that py; = pag, Eq. (8.11) becomes (Kirilin et al. 1985):

Vai
dv i 2
1| = (const.) / v B2 = vy (8.13)
P Vv D1 D1
1

The adiabatic work along the line 1-2a, Fig. 8.3, is given by (Kirilin et al. 1985):

k=1
k P2a k
llal = =P 1{(1)1) ] (8.14)

The Poisson adiabatic equation, line 1-2a, Fig. 8.3, is given by (Kirilin et al. 1985):

pVE = p1VE = pr VA, (8.15)

The Clapeyron equation writes in points 1 and 2a for a mass of 1 kg, as follows,
Eq. (1.10) (Kirilin et al. 1985):

Vi =RTy (8.16)

and

P2aV2a = R, Ty, (8.17)

respectively. Utilizing Eqgs. (8.16) and (8.17) on one side, and Eq. (8.15), on the
other side, the ratio (V,/V1) can be eliminated, resulting in the known equation
(Kirilin et al. 1985):

k=1
Toa _ (”2"> ' (8.18)
T P1

We apply Eq. (8.18) to Eq.(8.9). In the result, Eqs. (8.13) and (8.14) can be identi-
fied, and Eq. (8.9) rewrites as:

In e i
nc(§)=<1—mi1>=l—|l;| (8.19)

T,

The discharged gas superheat g, can be calculated for a mass of 1 kg by:

lgal = Cp(TZa —12) (8.20)
We note in Eq. (8.20) that T»; = T. The specific heat at constant pressure is calcu-
lated by (Kirilin et al. 1985):

¢y =R —— (8.21)
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The Clapeyron equation is written in point 2i for a mass of 1 kg, Fig. 8.3, as:
p2iVai = R'Ty; (8.22)

We note that p; = pa,, Fig. 8.3, and using Eqgs. (8.12), (8.17), (8.21) and (8.22) in
Eq. (8.20), we obtain:

k V2a
= Vil— -1
|Gal Al <V2i ) (8.23)
From Egs. (8.12) and (8.15), the volume ratio in Eq. (8.23) results as:
v e
2a _ (”2“> (8.24)
Vai 4

We introduce Eq. (8.24) in Eq. (8.23), and then the result is compared to Eq.
(8.14), finding that (Kirilin et al. 1985):

k—1
k P2a k
= Vv — —1) =]l
|gal k_lpl 1<<p1 ) ) Zal (8.25)

Similar equations can be obtained in case of the polytropic compression as well.
We remember that |g,| and g, in Eqgs. (8.25) and (8.10), respectively, are both posi-
tive quantities, for the reason already explained, and taking into consideration Eqs.
(8.19) and (8.25), Eq. (8.10) becomes:

i
lay = (1 - ‘)|za| — |l] — 11 (8.26)
al

The compression work resulted from applying TWRC is simply the difference
between the adiabatic work, |/,|, and the recovered work given by Eq. (8.26), or:

|la,TWRC| = |la| - la,r = |lt| qed (827)

The polytropic compression case is demonstrated similarly, replacing the index
“a” by “p”, and “k” by “n” in Eqgs. (8.4)—(8.27), and hence the whole theorem is
proved.

The theorem has both theoretical and practical importance enabling to make a
rapid prediction about what it might be expected from TWRC application on each
compression stage, useful in a preliminary design phase. Indeed, suppose we knew
from the experience the practical efficiency relative to Carnot of converting the
discharge gas heat into work, expressed by

[n(é)]pmcn’ce =enc(é) (8.28)
where 0 < ¢ < 1. Taking into consideration Egs. (8.26) and (8.28), Eq. (8.10) becomes:

ln%
lay = e(l v 1) 1A (8.29)
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Fig. 8.4 Plot of Eq. (8.30): the compression work (adiabatic and polytropic) provided with
TWRC, relative to same work but without recovery, against discharge temperature, having the
relative to Carnot conversion efficiency ¢ as parameter

Further on, introducing Eq. (8.29) in Eq. (8.27), the following useful equation
results:

1,
\larwre| I—el1o Ine
|lal %,, -1

(8.30)

Next, two comments follow: (i) Eq. (8.30) allows one to predict the compression
work of each TWRC provided stage, relative to adiabatic (polytropic) work, when
the &, Toq, Top and Ty parameters are known. The TWRC benefits of ¢ values which
are by 20-30 % higher than those recorded by the Rankine steam electrical power
stations (see Sect. 7.1). Equation (8.30) was plotted in Fig. 8.4 for several normal
working parameters. The lines of constant ¢ have negative derivative with respect
to the discharge gas temperature variable. This shows that, thermodynamically, the
adiabatic operation at higher discharge gas temperatures is favouring the compres-
sion effectiveness improvement when applying TWRC, as compared to the poly-
tropic operation. Moreover, the natural refrigerants having intrinsic properties to
develop higher discharge gas temperatures for the same compression ratio [e.g.
high “k” CH4,CO;,NHs, air (Stamatescu 1972)] should be promoted so much
more in applications, according to Eq. (8.30). Of course, translating this conclu-
sion in practice should be carefully considered priorily, because the actual expe-
rience based on discharge gas temperature decrease (e.g. by refrigerant blends),
opposes to our point of view, emphasized here. Our put in work order proposal
requires the consideration of oil-free compressors or of those less sensitive to
higher temperature operation, like screw or scroll type and the use of temperature-
resistent materials (e.g. the high temperature greasing oils, ceramic); (ii) Let us
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analyze more thoroughly the TFC of Fig. 8.1, plotted in the 7-s diagram, con-
sidering it a reversible cycle. It consists of a heating transformation 5-6 of the
liquid working fluid (e.g. isopentane), an expansion (flash) transformation 6-9, a
condensation of the vapor generated by the liquid superheating and forming the
two-phase together with the liquid which has not been evaporated 94, and a lig-
uid pumping transformation 4-5. The heat source is obviously the discharge gas
superheat 14—15, which supplies with heat g, the cycle. It has a gliding tempera-
ture and suppose it matches perfectly with the liquid curve heat in such a way that
the heating transformation 5-6 is reversible (see Sect. 1.1.6.1). The sink source
(not shown in Fig. 8.1) receives the cycle rejected heat g; = |/;| (Popa and Vintila
1977), and is matching as well perfectly with the condensation transformation
9-4, therefore this is reversible too. The direct cycle produces the net output work
I, during the expansion transformation 6-9. The process by which TFC was made
reversible has been indicated in Fig. 1.4 of Sect. 1.1.6.2 This technique “works”
each time when we have to conceive a reversible cycle with given heat and sink
sources, like in our case. The method helps perfectly to find the ideal efficiency of
a reversible cycle and particularly of the TFC, in a few steps. Indeed, first the ele-
mentary work produced by each TFC infinite small Carnot cycle (see also Fig. 1.4)
is found with the help of Eq. (8.4). Then, the TFC work output /,, is found total-
izing the elementary work output, that is performing the integrals (8.8). The cycle
efficiency, Eq. (8.9), results finally from its definition, that is applying Eq. (1.62).
In our case, the efficiency can be further worked in order to obtain the known Eq.
(A8.6) of the ideal TFC efficiency (see Appendix 1):

Ty

T Trq — T
ncE)=1- =NCTFC = 7
% —1 T2a + T

(A8.6)

which is identical to that given by Eq. (8.9). The proof that TFC is a reversible
cycle in our ideal approach is included also in the Appendix 1.

8.2.2 TTRC Method

As TTRC recovering cycle we considered various types of absorption cooling
cycles, which are capable to produce cooling when powered by the discharge
gas heat source (e.g. HoO-LiBr air conditioning, NH3-H>O for negative tem-
peratures (Niebergall 1959). A TTRC method schematic is presented in Fig. 8.5,
as an example. The dotted contour shows a classic single-stage absorption cool-
ing cycle (ARC), described in detail e.g. in Niebergall (1959). The compressor
(1) produces the high temperature and pressure discharge gas, which is the ARC
generator (2) heat source. The discharge gas (3) is cooled till a temperature closer
to the sink value and is ready for a new compression process, serially connected
to the first (1) and provided as well with ARC, or covers further a refrigeration
cycle, etc.
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Fig. 8.5 One schematic of TTRC method. The dotted contour indicates a classic single-stage
absorption (cooling) recovery cycle

The TTRC thermodynamic limit is shown by the following:

Theorem 2 The cooling ideal (maximum) TTRC method effectiveness is higher
than that of the TWRC method and has as upper limit the effectiveness of the
mechanical vapor compression Carnot cooling cycle, only.

Proof The ideal cooling effectiveness of TWRC and TTRC methods are given by
Egs. (8.31) and (8.32). They rewrite Eqs. (8.2) and (8.3), taking into account the
theorem 1 conclusion and Egs. (8.19) and (8.25):

qdE
COPc1wrC,id = (8.31)
|£;]
and
E  AqEid E il Oc.cOw,clqal E
COP. rrreia = SE 4 ZdEid _ 9E T ZeCowClal _ 9E (1 _ o €)) + 6, cne (@)

|lal llal 1l Il |lal Ll

(8.32)

In Eq. (8.32), 6..c = (Th/TE — 1)_1 and 6,, c = nc(§) hold for the heat and work

Carnot factors which product of expresses the Carnot effectiveness of ARC. Both
theorem parts are proved because both in Eq. (8.33)

qE

(1= () + Oecne®) > COPewrcia = K
l

|£;]
(8.33)

Oc,c > COP; TTRC,id =

lead to the true statement (8.34), as 6, ¢ is the Carnot cooling effectiveness of the
mvc cycle, as well.

qE _

m <Oc=T/TE-1) ! q.e.d. (8.34)

1
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Taking into account the result of Theorem 2, we are able to formulate the following:

Corollary 1 The TTRC heat pumping method ideal application between two
sources with temperatures Tl and T2, T1 < T2, is the most effective one out of all
other existing heat pumping methods.

Proof Indeed, the corollary is true taking into account the above theorem which
states that the TTRC has as upper limit the Carnot heat pumping effectiveness of
an ideal cycle operating within the T1 and T2 temperature interval. The corol-
lary is useful in practice, as it helps a designer to eliminate all other possible time
consuming solutions aiming at maximizing the COP of a certain heat pumping
application.

8.3 Refrigeration Cycles Provided with TWRC

We analyze the single-stage (SSRC), two-stage (TSRC), three-stage (THSRC) and
multi-stage (MSRC) refrigeration TWRC cycles (Staicovici 2009b, 2011a). In the
most cases both compartments of these cycles (refrigeration + recovery) utilize a
common working fluid (CWF). This option leads to a simpler construction, with a
single common condenser cooled by the same sink source, and a common working
fluid tank. In some special applications, the TWRC cycle can have two different
condensers with two different sink source temperatures. It is the case of the heat
pumps, or of the combined cooling + heating (cogeneration) for instance, which
provide heat at a higher temperature level through the refrigeration condenser, but
condense the working fluid in the second condenser, of the recovery compartment,
cooled by a lower temperature sink source. Unlike known refrigeration cycles,
when applying TWRC it is possible and recommended to practice the refriger-
ant condensate subcooling through suction gas superheating (CSTSGS). Also, in
the TWRC-MSRC cycles the recovering turbines of each recovery cycle can be
joined, forming a single equivalent turbine. For making the construction simpler
and for avoiding excessive losses of useful work, all the recovering turbines (or the
single equivalent one), the compressor and the recovery pump should be mounted
on the same shaft. Many TWRC cycles can be elaborated, starting from these sim-
ple basic ideas. Hereinafter we shell present only the most important ones.

8.3.1 TWRC (SSRC, CWF)

This TWRC cycle type is plotted in the 7—s diagram in Fig. 8.6. Schematically it
is given in Fig. 8.7, which shows also Fig. 8.6 main equilibrium thermodynamic
states. It is the simplest, constructively. The known compression refrigeration
cycle, Fig. 8.6, is noted by a—b—c—d—e—f—-a and the RRC by k—d-e—g—h—i—j—k. The
refrigerant gas is compressed by an external power input (a—b) between pg and
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Fig. 8.6 The TWRC (SSRC,
CWEF) cycle represented in
the T—s diagram

Fig. 8.7 The TWRC (SSRC,

CWEF) cycle schematic LEGEND
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pc pressures (pc > pg), and reaches its highest discharge temperature in point b.
Subsequently, it is cooled internally on the p¢ isobar (b—c) in a recovering way, it
is cooled optionally further externally (c—d), it is condensed externally (d—e) at T,
it is expanded from p¢ to pg (e—f) and finally it is evaporated by external heat input
(f-a) producing useful cooling at Tg and pg, for closing the refrigeration cycle. In
the recovery cycle, the working fluid is pumped by an external power input from p¢
to pg pressure (e—g) (pg > pc), it is suffering a (liquid (heating + boiling) + vapor
superheating) process internally heated from T, to T}, T; < T} at pg (g-h—i—j), recov-
ering the discharge gas sensible superheat (b—c), the resulting vapor is expanded
from pg to pc, producing internal useful work (j—k) for decreasing the external
compression power input, and finally it is externally condensed (k—d—e) at T¢ and
pc, in order to close the recovery cycle. The TWRC (SSRC, CWF) model results
are given in Sect. 8.4.
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Fig. 8.8 The TWRC (SSRC,
CWEF, CSTSGS) schematic
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8.3.2 TWRC (SSRC, CWF, CSTSGS)

The TWRC (SSRC, CWF, CSTSGS) cycle flow chart is given in Fig. 8.8. This
cycle has all technical features of the TWRC (SSRC, CWF) cycle. Additionally,
it is provided with CSTSGS. The device responsible for subcooling/superheat-
ing function is the subcooler 6, Fig. 8.8. The vapor superheating will increase
the discharge gas temperature and, according to Eq. (8.30) and Fig. 8.4, the COP
will be favored through decreasing the compression work. The cycle benefits
also of the condensate subcooling, with positive effect on the refrigerant cooling
capacity.

8.3.3 TWRC (SSRC)

The TWRC (SSRC) cycle flow chart is given in Fig. 8.9. The refrigeration cycle
and the recovery one are completely separated here. This type of cycle can be
used for heat pump or combined cooling + heating (cogeneration) applications.
A TWRC cycle is unfavoured, to a small extent, in a heating application, as com-
pared to a known conventional one. Indeed, its discharge gas sensible heat is
converted in useful work, as we already have seen, and only its latent heat is deliv-
ered to the condenser heat sink for a useful heating effect. The heating COP of a
TWRC cycle can compete with that of the conventional heat pump if its compres-
sion work were decreased enough by the TWRC process in order to compensate
for the decrease of heat delivered to condenser. This is possible when the recovery
sink source (see position 14, Fig. 8.9) decreases below a certain threshold value.
The advantage of the TWRC (SSRC) cycle is more important in the cogeneration
applications. The model results of these two working modes will be given further
in Sect. 8.4.
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Fig. 8.9 The TWRC (SSRC)

schematic LEGEND
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8.3.4 TWRC (TSRC, CWF, CSTSGS)

The advantage of the TWRC method is fully demonstrated by the applications
with high temperature lift (more than 70 °C, for the sink at 30-35 °C). The exist-
ing mvc based equipment uses mainly the cascades of CO,—NHj3 or the two-stage
ammonia for producing industrial refrigeration (—40 to —50 °C) (Stamatescu
1972; Belozerov et al. 2007). Both cascade subcycles consume compression
work, but only the first produces the useful cooling effect, the second one gen-
erates the cooling source for making possible the first subcycle operation, only.
Thermodynamically, this means more exergy loss, therefore low effectiveness
(COP ~ 1.26 at —50 °C with condensation at 32 °C (Belozerov et al. 2007). On
the other side, a two stage compression needs stage intercooling below the sink
source temperature. This is done at the expense of an additional compression
work, in order to keep an acceptable discharge temperature in the last stage, which
again penalizes the COP. Also, these two technical solutions avoid the benefic
refrigerant condensate subcooling (CSTSGS). Taking into account the above con-
siderations, we can remark that nowadays thinking is depriving the industrial cool-
ing, and not only, of a better internal heat management and therefore of a much
higher effectiveness. The TWRC method comes with a new thinking in order to
eliminate the above mentioned drawbacks. Indeed, as it will be seen, the internal
heat management is this time natural, capitalizing the intrinsic ways of the COP
increase: (a) the cascade is avoided; (b) the two-stage compression is promoted
in such a way that the stage intercooling is performed as well, but in a recover-
ing mode, producing useful work through TWRC and decreasing the compression
work input, and (c) the CSTSGS becomes here mandatory. The model results of
the TWRC (TSRC, CWE, CSTSGS), promoting the (a)—(c) technical features,
prove the potential of our proposal for COP improvement. They will be given
further in Sect. 8.4.
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This cycle is represented in the p—h diagram in Fig. 8.10. Schematically it is
given in Fig. 8.11, which shows also Fig. 8.10 main equilibrium thermodynamic
states. The two-stage compression Refrigeration Cycle (RC), Fig. 8.10, is noted by
a—b—c—d—e—f—g—h—i—j—k—a. Each compression stage has its own Rankine Recovery
Cycle (RRC). The discharge gas heat of the first compression stage is recovered by
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the RRC noted by h-l-m-n—o—g—h. Similarly, the discharge gas heat of the sec-
ond compression stage is recovered by the RRC noted by h—l-m-n—p—g—h. The
RC and both RRC cycles have a common condensing process. The refrigerant
gas with superheated state (~ T, pg) is suffering the first compression between
pE and piy pressures, (pint > PE), using external power input (a—b) and reaches its
highest discharge temperature in point b (Tcpgl,pim). Subsequently, it is cooled
internally on the isobar pjy (b—c) in a recovering way, it is cooled optionally fur-
ther externally (c—d), (T¢, pint), is suffering the second compression between piy
and pc (pc > pint), using external power input (d—e), and reaches its highest dis-
charge temperature in point e (Tcpoz, pc). Subsequently, it is cooled internally
on the isobar pc (e—f) in a recovering way, it is condensed externally (f—g—h) at
(T¢c,pc), the condensate is subcooled in a recovering way at pc, it is expanded
from pc¢ to pg (ij), and finally it is evaporated by external heat input (j—k), pro-
ducing useful cooling at (Tg, pg) and the resulting gas is superheated in a recov-
ering way subcooling the condensate (k—a), in order to close the RC. In the first
compression stage recovery cycle h—l-m-n—o—g-h, the working fluid is pumped
by an external power input from pc¢ to pg pressure (h-1), (pg > pc), it is suffer-
ing a (liquid (heating 4 boiling) 4 vapor superheating) process internally heated
from T to Ty, T, < Tcpor at pg (I-m—n-o), recovering the first compression stage
discharge gas sensible heat (b—c), the resulting vapor is expanded from pg to pc,
producing internal useful work (o—g) for decreasing the external compression
power input, and finally it is externally condensed (g-h) at T¢ and p¢, in order to
close this first recovery cycle. In the second compression stage recovery cycle h—I—
m-n—p—g-h, the working fluid is pumped by an external power input from p¢ to
pc pressure (h-1), (pg > pc), it is suffering a (liquid (heating + boiling) + vapor
superheating) process internally heated from T} to T, T), < T¢po2 at pg (I-m-n—p),
recovering the second compression stage discharge gas sensible heat (e—f), the
resulting vapor is expanded from pg to pc, producing internal useful work (p—g)
for decreasing the external compression power input, and finally it is externally
condensed (g—h) at T¢ and pc, in order to close the second recovery cycle. The
TWRC (TSRC, CWF, CSTSGS) model results are given in Sect. 8.4.

8.3.5 TWRC (THSRC, CWF, CSTSGS) and TWRC (MSRC,
CWE, CSTSGS)

The TWRC (THSRC, CWF, CSTSGS) and TWRC (MSRC, CWF, CSTSGS)
cycles, have one, two, or more stages added to the TWRC (TSRC, CWF,
CSTSGS) configuration. A general schematic is given in Fig. 8.12. The Legend
of Fig. 8.11 can be adapted to hold true in Fig. 8.12 as well. A similar represen-
tation of the cycles at hand can be performed in the p—h diagram, as well. The
TWRC (THSRC, CWF, CSTSGS) cycles have been modeled for temperature lifts
of 77-107 °C (condensation at 32 °C) with ammonia. The model results are given
further in Sect. 8.4.
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Fig. 8.12 TWRC (THSRC, CWF, CSTSGS) and TWRC (MSRC, CWF, CSTSGS) cycles
schematic

8.3.6 Air Liquefaction and Separation Cycles Provided with
TWRC

The specific compression work input is quite high in case of the air liquefaction
and separation processes [(1.14-3.14) kWh/kg of liquid air (Stamatescu 1972)].
The TWRC could be applied to this type of applications, as well. In this case,
unlike the heat pumping, the air cycle is open and the recovery one is closed.
Besides this, the air critical point is low (Tk g = 132.6 K; pk 4ir = 38.4 bar),
so, normally, the air cannot be used as an working fluid in a Rankine-TWRC
cycle. For these reasons the two cycles must work with different nature fluids,
therefore be completely separated one from the other. These remarks hold true in
general, when air, or air-like fluids are compressed. In our case, the air is com-
pressed to high pressures (100-200 bar), so a multi-stage compressor must be uti-
lized. In Fig. 8.13, an air liquefaction schematic is shown. Here, the compression
and the recovery sections are constructively of MSRC type, similar to those out-
lined in Fig. 8.12. With the help of Eq. (8.30) and Fig. 8.4, we have estimated the
effect which the TWRC application might have in our case. Considering as input
data the following values, ¢ = 0.6, T>, = 523.2 K and T} = 305.2 K, it results that
the potential in compression work savings is about 18 % per each stage, therefore
per the whole air liquefaction unit.

The schematic given in Fig. 8.13 can be used for the achievement of very deep
cooling (200120 K) and criogenic temperature cooling (T < 120 K), as well, by
simple changes. The air is replaced in this case by an appropriate working fluid,
according to the task, the positions 5, 6 and 7 are replaced by an evaporator, and
the circuit is closed, joining the connections 8 and 9.
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Fig. 8.13 A schematic of an air liquefaction unit with a single expansion, provided with TWRC

8.4 Results of Refrigeration Cycles Provided with TWRC

The heat pumping cycles presented in Sect. 8.3 have been modeled. The model
main items are briefly given below. The extensive energy inputs or outputs, like
heat and work, are calculated for 1 kg of working fluid. Figure 8.6 is referred to
further for all notations.

The mass flow rate coefficient

The mass flow rate coefficient has been calculated by (Popa and Vintila 1977):
1

I3
mo=1—g (’E) — 1| (g0 = 0.025) (8.35)
PE

The pumping, turbine and compression efficiencies

The values of the pumping and the turbine internal efficiencies, 7, = 0.8 and
n; = 0.86 have been taken from the literature (Kirilin et al. 1985). The stage com-
pression efficiency was calculated by (Radcenco et al. 1985):

Ne = Tc (8.36)
The adiabatic compression work
hps —h,
By = hy + 25— (8.37)
Ne

|la| = |hb - ha| (8.38)
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Alternatively, the compression work can be calculated by Eq. (8.14). Equation (8.38)
gives higher, covering values as compared to Eq. (8.14) and was preferred in this work.

The pumping work
h h
hg = he + £—— (8.39)
Np
[lp| = |hg — el (8.40)
The turbine work
his—h
h = hy — =2 (8.41)
Nt
ly = hj — hy (8.42)
The evaporator heat
qE = hg — by (8.43)
The condenser heat
gc = ha — he (8.44)
The generator heat
qG = hj — hg (8.45)

The intermediary pressure in multi-stage compression

P =\/P Pl (8.46)

where i and j hold for the stages number and each stage current number, respec-
tively. In Appendix 1 it is shown that the intermediate pressures calculated in order
to ensure a minimum work consumption, known from the compression classic the-
ory, hold true in case of TWRC also.

The cooling COP

The cooling COP of the classic refrigeration cycle and of that provided with
TWRC are expressed by:

cop, = I£ (8.47)
4]
and
E
COP, = qia (8.48)

\la,Twre
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respectively.
The heating COP

Similarly, the heating COP of the classic refrigeration cycle and of that provided
with TWRC are expressed by:

qc
Ccopy = 0l (8.49)
a
and
qc
COPy, = )
hr |la,TWRC | (8.50)
respectively.

The cooling + heating (cogeneration) COP

The refrigeration 4 heating COP of the classic refrigeration cycle and of that pro-
vided with TWRC are expressed by:

qc + 9E
COP = ™ (8.51)
and
qc + gk
COPegr = T—7 (8.52)
|la,wrc|
respectively.

The comparison with the isothermal compression

The comparison of a TWRC cycle with an isentropic compression refrigeration
cycle can be made by the following ratio:
cop,,

COP i =
cr,rel,i COPC,Z'

(8.53)

8.4.1 TWRC (SSRC, CWF), TWRC (SSRC, CWF, CSTSGS)

The model results, Table 8.1, cover the cooling range of T = ((+5)—(—25)) °C
(Ist column) with wusual condensation temperatures (T¢ = 35—40)°C
(2nd column). The 3rd column gives the discharge gas temperatures
[Tcpo = (92.8—167.6) °C]. The 5th and the 6th columns give TWRC refrigera-
tion COP and that relative to the isothermal compression, COP., and COPy sy i,
respectively. The last but one column gives the relative increase of the refriger-
ation COP when the TWRC is applied, as compared to the classic compression
refrigeration cycle. The figures show here a relative improvement. The last col-
umn shows TWRC cycle generator pressure, pg. A comparison between TWRC
(SSRC, CWF) and TWRC (SSRC, CWF, CSTSGS) cycles is made in a single
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Table. 8.1 The model results of TWRC (SSRC, CWF) cycle, Fig. 8.6, with ammonia in both
RC and RRC cycles

Tg(K) Tc(K) Tepo(K) my (=)  COPer(—) COPcryeli(—) COPer/COP:(—) pg (bar)

2782 3132  366.0 0.9678 6.332 0.876 1.031 30
2732 3132 3775 0.9595 5.267 0.839 1.037 34
268.2 3082 3759 0.9571 5.171 0.825 1.039 31
263.2 3082 3895 0.9466 4.374 0.791 1.049 36
2582 3082 4047 0.9339 3.744 0.759 1.059 43
2532 308.2 4217 09184 3.234 0.727 1.070 52
2482 3082  440.8 0.8996 2.820 0.698 1.085 64
248.2% 308.2 546.2 0.8997 2.942 0.788 1.132 136

#Result for TWRC (SSRC, CWF, CSTSGS) cycle, Fig. 8.7

study case, given in the last two lines of Table 8.1. Both cycles have the same Tk
and T¢ values. As mentioned, the operation with CSTSGS benefits the COP,,, but
paying the tribute of an important increase of the Tcpp and pg values. As a conclu-
sion for this paragraph, the TWRC introduction has the potential to increase the
single-stage compression refrigeration effectiveness. The feasibility seems to be
reasonable in this case.

As we mentioned in Sect. 8.2.1, the cycle at hand has been run with water in
its recovery cycle, as well. The model results show COP., which are smaller than
those obtained for ammonia. Thermodynamically, in our case the discharge gas
temperature is quite low for being an adequate heat source of such a working fluid
in a Rankine cycle. Practically, given the low pressure of the steam until enough
high temperatures, the resulting recovery turbine will result with high diameters,
not acceptable. And last, but not the least, unlike ammonia, the water leakage in
the recovery system makes the whole TWRC system to be manufactured diffi-
cultly in a hermetic construction. Concluding, the water use in the recovery cycle
seems unfit, unpractical for heat pumping applications.

8.4.2 TWRC (SSRC)

The cogeneration of heat and cooling model results are given in Table 8.2. In this
study case, it is supposed that TWRC cycle, Fig. 8.9, extracts heat from a low
temperature heat source, T = 285.2 K (or lower), which could be for instance
the underground water, ground, or air conditioning return. This heat is upgraded
by the cycle in its condenser, which sink temperature of is increased to a higher
temperature level, for satisfying the heating needs, T¢ = 323.2 K (or higher).
The sink source temperature of the recovery cycle, T¢, (Ist column), is consid-
ered for instance the ambient air, which during the summer-winter period can
vary on a large domain (here considered T¢, = (323.2—223.2) K. The COP,,
increases constantly with respect to the classic refrigeration cycle (5th column),
due to the recovery cycle contribution already discussed. It is interesting that, in
case of TWRC (SSRC), this contribution can be so high (see 7th column), that the
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Table 8.2 NH; TWRC (SSRC) cogeneration of heat and cooling model results, Fig. 8.9. Input
data: Tg = 285.2 K; T¢ =323.2 K; Tgpo = 428.0 K; COP. = 5.206; COP);, = 6.206

COPq COP../COP.COP. | COPYCOP; rer i

Tcr (K) COPr (—) COPyr(—) (—) =) =) =) pg (bar)
3232 5.749 5.846 11.60 1.104 0.942 0.893 58.0
3132 5.872 5919 11.79 1.128 0.954 0.912 54.0
3032 6.048 6.014 12.06 1.162 0.969 0.940 52.0
2932 6.246 6.067 12.31 1.200 0.978 0.971 44.0
283.2  6.480 6.142 12.62 1.245 0.990 1.007 37.0
2732 6.752 6.227 12.98 1.297 1.003 1.049 30.0
263.2  6.816 6.321 13.14 1.309 1.018 1.059 24.0
2532  6.966 6.426 13.39 1.338 1.035 1.082 18.9
2432 7.070 6.513 13.58 1.358 1.049 1.099 14.1
2332 7.146 6.591 13.74 1.373 1.062 1.110 10.1
2232 7.766 7.275 15.04 1.492 1.172 1.207 20.0
2232 7.887 7.325 15.21 1.515 1.180 1.226 20.0

Table 8.3 NH3 model results of TWRC (TSRC, CWFE, CSTSGS) cycle, Fig. 8.11
T (K) Tc(K) Tepoi1 (K) Tepoa (K) myi (=) m2(=) COPyr (=) COPerreri(—) pg (bar)

2532 3132 4l11.1 404.9 0970 0971  3.235 0.865 25.0
2482 3132 426.6 416.8 0967 0965 2948 0.866 36.0
2432 308.2 4249 415.6 0965 0963 2918 0.868 48.0
2382 3082 4434 429.1 0.959 0957 2.636 0.855 55.0
2332  308.2 465.0 443.8 0954 0950 2.407 0.845 60.0
2282 3052 4752 450.5 0.949 0944 2302 0.839 66.0
2232 3052 503.7 467.5 0.942 0935 2.147 0.836 78.0
2232 3052 5149 467.5 0.943 0935 2.198 0.841 79.0
2182 3052 5383 486.2 0935 0924 2.045 0.840 94.0
2132 3032 5653 499.6 0928 0914 1.996 0.844 101.0

total compression work consumption can be decreased well below the isothermal
one (here for T¢, < 283.2 K). Concerning the heating effect (see Sect. 8.3.3), the
results confirm the existence of a threshold value (here T¢, ~ 273.2 K). Above the
threshold, COPy, are relatively smaller as compared to COPj, (see 6th column) and
become interesting energetically for T, values below it, only.

8.4.3 TWRC (TSRC, CWF, CSTSGS)

The model results of TWRC (TSRC, CWE, CSTSGS) cycle, Fig. 8.11, are given
in Table 8.3. The evaporator temperature covers the normal and industrial refrig-
eration, Tg = ((—20)—(—60)) °C (Ist column), with condenser temperatures of
Tc = (30—40) °C (2nd column). The discharge gas temperatures of each compres-
sion stage are included in the 3rd and 4th columns. The refrigeration effectiveness,
COP,,, is shown in the 7th column. The figures indicate an important improvement
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Table 8.4 NH;3 model results of the TWRC (THSRC, CWF, CSTSGS) cycle, Fig. 8.12
Tepor  Tepor  Tepos vt m2 N3 COP.;  COP¢yreri

Tg (K) Tc(K) (K) (K) (K) (=) (=) (-) (—) (—) pg (bar)
228.2 3052 418.0 3933 3940 0974 0970 0970 2455 0.895 36.0
2232 305.2 4387 4029 403.0 0971 0966 0966 2284 0.889 40.0
218.2 3052 4646 4132 4144 0969 0961 0961 2.170 0.891 445
2132 3052 4973 4243 4260 0.967 0956 0956 2.115 0902 50.5
208.2 305.2 5127 4363 4385 0.963 0950 0950 1980 0903 57.0
203.2 3052 537.5 4493 4522 0959 0943 0943 1900 0909 65.0
198.2 3052 5513 4633 467.1 0953 0935 0935 1.778 0911 750

when TWRC is applied. This is obvious especially for the industrial refrigeration
(Tg < —40 °C), where the rough COP increase is by 50-100 % as compared to the
classic two-stage and cascade compression. Probably, the two-stage TWRC is the
most attractive and worth to be translated in practice, for its relative low complexity
and its great COP improvement. For this reason, the two-stage TWRC seems to be
the most feasible for normal and industrial refrigeration production.

8.4.4 TWRC (THSRC, CWF, CSTSGS)

The model results of TWRC (THSRC, CWF, CSTSGS) cycle, Fig. 8.12, are
given in Table 8.4. The evaporator temperature covers industrial refrigeration,
T = ((—40)—(—75)) °C (Ist column), with condenser temperature of 7¢ = 32 °C
(2nd column). The discharge gas temperatures of each compression stage are
included in the 3rd, 4th and 5th columns. The refrigeration effectiveness, COP,,, is
shown in the 9th column. The figures show an improvement as compared to the two-
stage TWRC cycle, as we expected. Besides the two-stage, the three-stage TWRC
cycle seems to be feasible as well in the industrial refrigeration.

As a general conclusion, the results of TWRC emphasize a reasonable feasibil-
ity of single-stage compression, while the three-stage and especially the two-stage
compression are the most feasible, enjoying a great potential in refrigeration COP
increase, and therefore in the primary energy savings and carbon footprint reduc-
tion (~50-100 % and more). Motivated by these encouraging issues, in the next
section we shall go deeper with our analysis concerning theoretical and practical
aspects of the TWRC application and feasibility.

8.5 Further Results Concerning TWRC Feasibility

The main problems related to TWRC successful application are at least two:
(a) can a future compressor be adapted to operate satisfactorily with the high
discharge gas temperatures resulting from applying the new concept?, and
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Fig. 8.14 TWRC generator schematic used in the model

(b) is it reliable and feasible to use the Rankine recovery cycle, which genera-
tor of could result with too high heat exchange surfaces, given the heat transfer
with a gas (here discharge gas), considered in the literature to have low values?
Referring to the first problem, it is basic for a compressor manufacturer. Its solv-
ing has favorable pre-requisites, using either oil free compressors, or high tem-
perature lubricants etc., and will not be discussed here more. Concerning the
second problem, we have performed a study case of a RRC generator, which
operation of has been modeled and the results thereof will be presented next
(Staicovici 2011d). As RRC generator we have considered the set of HE’s
depicted in Fig. 8.14, based on a tube-in-shell compact geometry. The heating
fluid (discharge gas, refrigeration circuit) flows between tubes and shell and the
fluid of the recovery circuit, changing the phase, flows in tubes. Despite the par-
allel arrangement of the three shells, both circuits, refrigeration and recovery,
are serially connected each, in order to maximize fluids velocity. In this way,
Re numbers characteristic to turbulent flow have been obtained, which maximize
the heat exchange. Care has been paid also to minimize the pressure loss of the
discharge gas, that is to minimize the additional consumption of compressor
work. This is why we considered that the discharge gas must have a larger flow
section, wherefrom must occupy the space between tubes and shell. The pressure
loss in the recovery circuit was considered as being less important and can be
compensated for, anyway, by the Rankine cycle pump, which is a much smaller
power consumer, as compared to the compressor. The criteria equations gov-
erning the heat exchange in both circuits are included in Table 8.5. The model
results for a single-stage TWRC, Figs. 8.6 and 8.8, are included in Table 8.6.
The model results for a two-stage TWRC, Figs. 8.10 and 8.11, are included in
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Table 8.5 Governing equations of the generator heat exchange

Outside tube-refrigera-

Recovery circuit phase Inside tube-recovery circuit tion circuit
Liquid (“I”) (8.54) Nu = 0.024 Re"2* Pr937 (Kraussold), ~ Nu = 0.027 Pe%78  (8.57)
Nieberball (1959) Niebergall (1959)

Gas-liquid (“g-1") (8.55 _ 0.27 1
as—liquid (“g-1") (8.55) o = (1‘2pred n (2.5_,_ m)pm)
o = apq"; g < 20 kW/m?, Kotthoff

and Gorenflo (2008)
Pred = P/Pc; n=0.9 — 0-317‘;5%
Gas (“g") (8.56) Nu = 0.027Pe%78 (Kraussold),
Niebergall (1959)

Table 8.7. Out of these data, two are particularly important in Table 8.6 (see
figures in bold): the COP./COP. and the specific generator area, S;. They show
the COP,, can be reasonably high as compared to the baseline case, the lower
Tk, the higher this increase. Also, the S; area has reasonable values, because the
global heat exchange coefficients are quite high for a gas phase implied in a heat
transfer. Such figures indicate a relative short payback period of TWRC addi-
tional investment as compared to that of the baseline (2-3 years, according to
the author estimate).

And last, but not the least, in our model we succeeded to keep the pressure
losses of both HE sides with reasonable low values, especially to the refrigera-
tion side, the most important in this respect as it was already mentioned priorly.
Concerning the results of Table 8.7, they suggest the real benefit of introducing
the TWRC. Same comments could be done here, similar to Table 8.6 as well.
However, this time the COP,, are higher by 50-100 %, as compared to the base-
line case.

Two previous works enable to make a quantitative comparison with an already
operating deep cooling equipment. Indeed, a CO,/NH3 cascade has to Tg = —50 °C
and Tc = 32 °C a cooling effectiveness of COP, = 1.26 (Belozerov et al. 2007,
Prosper de Mulder 2004). According to our model, a TWRC two-stage cycle could
have COP., = 2.10, for same input data (see Table 8.7), which is by 67 % higher.
The two-stage TWRC investment payback is estimated to 1-3 years.

The final model results refer to the influence which RRC mass flow rate mg
has on the COP,, and S;. In Table 8.8 we give the output data of these func-
tions for two study cases of the two-stage configuration, when mg covers a
range between the zero value and a maximum one. In Fig. 8.15 is plotted the
Tr = —30 °C and T¢ = 35 °C case. We remark that COP,, increases slowly lin-
early (but importantly), while the S; increases exponentially. In order to find
an optimal cycle structure with respect to the effectiveness and investment
value, a thermo-economical computation is necessary. It is worth mentioning
that in case of mg = 0, we find a TWRC structure without the discharge gas
heat recovery at all. For instance, considering the two-stage cycle in Fig. 8.10,
only the cycle plotted by the (a—b—c—d—e—f—g—h—i—j—k—a) contour works. Its
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Fig. 8.15 myg influence on S; and COP,, functions

effectiveness [COP.-(mg = 0) = 1.80, Table 8.8], it still much higher than
that of the CO,/NHj3, because a better internal heat recovery was applied
(CSTSGS).

8.6 Refrigeration Cycles Provided with TTRC

The models of both TWRC and TTRC methods affording the assessment of mvc cooling
and heating effectiveness will be given in detail in the next Sect. 8.7. Here, just a few
TTRC refrigeration results are presented, obtained for a deep cooling 2-stage NH3, with
Tg = —50 °C, Tc = 32 °C (Staicovici 2011d). This cycle provides the discharge gas
heat at 7>, = 250 °C for the coupling with: (a) an air conditioning HyO-LiBr cycle,
T =+47°C, Tc =32 °C, and (b) a deep cooling coabsorbent truncated NH3—-H,O
cycle, Tpr = —50 °C, Ty = 32 °C, Fig. 4.4. The effectiveness can be calculated sim-
pler by: COP. 11rc = COP.r(mg = 0) 4 (k1 + k2) COP arc, ki < 1. For the study
case (a): COP.(mg = 0) = 1.688 and (k1 + k2)COP. arc ~ 0.84 x 0.73 = 0.613,
so COP.rrrc = 2.301. For the study case (b): COP. (mg =0) = 1.688 and
(k1 + k2)COPprc ~ 0.775 * 0.2274 = 0.176, so COP. rrrc = 1.864. We remark
that in the study case (b), 1.864 = COP. rrrc < COP.1wrc = 2.10 (see Table 8.7),
although the Theorem 2 allows that COP. rrrc > COP. twrc. The explanation is given
by the higher source-task mismatch of the TTRC as compared to TWRC. The Carnot
COP is 2.72, showing there is further room to find the most effective ARC cycle. The
TTRC joins the ARC and the compression refrigeration units without changing much
their standard construction and it is more flexible, therefore it is more feasible as com-
pared to the TWRC.
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Fig. 8.16 A standard heat
pump schematic

la(p)

8.7 TWRC and TTRC Heat Pumping Theory
and Recent Results

As we mentioned in Sect. 8.2, the TWRC and TTRC apply to both refrigeration
and heating applications. The reason to introduce TWRC and TTRC in mvc refrig-
eration is easy to explain. Indeed, instead to loose the discharge gas superheat
exergy in a low temperature condenser, or in an intercooler, it is wise to partially
recover and transform it in useful exergy, either mechanical work, or of cooling.
On the contrary, the reason to introduce TWRC and TTRC in case of a mvc heat
pump is not that obvious, because one might think that the discharge gas superheat
is anyway added to the condenser latent heat for increasing the heat pump effect.
Our research has shown that even in this case the TWRC and TTRC introduction
benefits the mvc heat pump effectiveness. Qualitatively, the 2nd thermodynamics
principle proves this issue by the better match of the discharge gas source with the
RRC and ARC generators than with the heat pump condenser. Indeed, the RRC
and ARC generators operate to higher temperatures than the heat pump condenser,
so the discharge gas looses less exergy in its heat exchange with RRC(ARC) gen-
erator than with the heat pump condenser, where the TWRC and TTRC use ben-
efit comes of. The present section extends the research at hand to the cooling and
combined cooling and heating, providing the theory of TWRC and TTRC. Further,
these are modeled with this theory and results thereof are given.

8.7.1 TWRC and TTRC Heat Pumping Theory

A standard heat pump is depicted in Fig. 8.16. The heat pump extracts from heat
sink in evaporator the lower temperature heat, gg > 0, has an adiabatic or poly-
tropic mechanical work input, I, < 0, /, < 0, and rejects to condenser the heat,
qc < 0, of the required higher temperature level. The adiabatic and polytropic
cases are similar, so next only the first will be analysed. The first principle of ther-
modynamics writes simply:

lgcl = gE + la] (8.58)
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/|
k*(qa-la,r)

thermal-to-work
recovery cycle

T

Fig. 8.17 TWRC cycle schematic

As a known result, [, equals numerically the discharge gas superheat, g, < 0 (e.g.
Popa and Vintila 1977; Kirilin et al. 1985; Staicovici 2011a):

llal = |94l (8.59)
The standard heat pump COP is defined by:

+ |1
lacl _ e +1lal _ 4z _ cop 1 (8.60)

COPy, = = =
|l Ia] \lal

Equation (8.60) shows the relationship existing between COP’s of the two stand-
ard heat pumping cooling and heating cycles, i.e. COP. and COP), respectively,
referred to hereinafter. The TWRC and TTRC effectivenesses are characterized by
the following basic:

Lemma 1 Providing a standard mechanical vapor compression single-stage heat
pumping cycle with TWRC or TTRC preserves the relationship between its heating
and cooling COP’s and increases theirs values, comparatively.

Proof Let us consider first a TWRC cycle, schematically shown in Fig. 8.17. In
this case, the heat pump condenser (see Fig. 8.17 left side picture) receives only
the (1 — k)qq, 0 < k < 1, discharge gas superheat fraction out of the g, total. The
rest of kq, is used by the thermal-to-work recovery cycle (see Fig. 8.17 right side
picture) in order to produce the work kl,, > 0 and to deliver to the same con-
denser an additional amount of heat k(qa - la,r). According to TWRC method,
the kl,, work diminishes the I, input. We rewrite Eq. (8.60) taking into account
Fig. 8.17, and with Eq. (8.59) we obtain successively:

g + (1 = k)|qal +k(|Qa| - la,r) g+ |gal — klar
|la| - kla,r |la| - kla,r
_ QE+|la|_kla,r _ qE +1
[lal — kg [lal — Koy (8.61)

COPyrwrc =
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k*(gR,ARC#+
gA,ARC)

thermal-to-thermal
recovery cycle (ARC)

=k*ga
ﬂ& qE ﬂ& k*qE,ARC

Fig. 8.18 TTRC cycle schematic

KIp,ARC
=]

In Eq. (8.61), the first term of the right hand last equality is identified as the effec-
tiveness of a mvc cooling cycle provided with TWRC (Staicovici 2011a, b, c, d):

4E qE
———— = COP JTWRC > COP, = —
lal — Kl ‘ 7l (8.62)
Taking into account Eq. (8.62), Eq. (8.61) rewrites:
COPprwre = COPcrwre + 1 (8.63)

and the comparison with Eq. (8.60) leads to the proof of the first lemma part for
TWRC. The second lemma part is proved for TWRC introducing in Eq. (8.62)
result in Eq. (8.63):

COPp.rwrc = COP. Twrc + 1> COP.+ 1= COPy, (8.64)

Second, we consider the TTRC heat pumping cycle, schematically shown in
Fig. 8.18. As recovery cycle we have chosen an absorption cycle, noted by ARC
(see Fig. 8.18 right side picture), probably the most indicated in our case, as it
belongs to the very common, mature and successful heat pumping absorption tech-
nology powered by a heat source. The ARC unit must be of cooling type only. This
might contradict some readers intuition, as the ARC is used here to produce mainly
heating and therefore it should be a cycle of heating type. Proving that only a cool-
ing cycle matches to our task in this case, is left to the reader. Referring to Fig. 8.18
notations, the ARC unit receives to its generator the high (discharge gas) tempera-
ture heat input kgg arc = kq, > 0, extracts from the heat sink the kgr arc > 0 low
temperature heat, consumes the pumping work kl, arc < 0 and delivers the useful
heat k(qR ARC + A ARC) < 0, rejected by the cycle resorber(s) and absorber and
having the required temperature level, equal theoretically to that of the mvc heat
pump condenser. From Fig. 8.18, the TTRC cycle effectiveness results as following:

g + (1 — b)lqal + k(|grarc| + |9a4rC|)
Ll +k|lp,ARC|

COPp11RC = (8.65)

We bear in mind the heat balance of the ARC cycle:

k(|grarc| + |aaarc|) = k(qearc + acarc + |lparc|) (8.66)
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and introducing Eqgs. (8.59) and (8.66) in Eq. (8.65), after re-arranging the terms it
results:

il KT
COP — %
hTTRC = 1 4 g e |1p,ARC| (8.67)
We apply Eq. (8.59) in Eq. (8.67) and its different ratios are identified as:
4 _ 4E
—_— = COP,
ol ~ 14al (8.6%)
E,ARC E,ARC
TEARC _ GEARC _ COPcarc (8.69)
|Lal |Gal
q
llparc| _ “Tal- _ COPearc 5.70)
~ 4EARC .
|la| m cop w,ARC
Introducing Eqgs. (8.68)—(8.70) in Eq. (8.67), this becomes:
COP. + kCOP  Arc
COPprrre = COP. 1 (8.71)
1+ kCop, nc
The cooling effectiveness of TTRC writes, Fig. 8.18:
4E + kqE ARC
COP.rrpc = ————— )
‘ lal + K|lparc] (8.72)

After re-arranging its terms and taking into account Egs. (8.68)—(8.70), Eq. (8.72)
becomes as:

COP; + kCOP. src

COP,. (8.73)
U+ kcoriame

COP.r1rCc =

Equation (8.73) is nothing else but the first term of Eq. (8.71), therefore the fol-
lowing result holds true:

COPprrrc = COP. 17RC + 1 (8.74)

This proves the lemma first part in case of TTRC. In order to prove the lemma sec-
ond part of TTRC case, we remark that:

COP. Arc

<<1
COPyyarc (8.75)
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and make the approximation:

1 ~q COP. arc
R e COPy arc (8.76)

Introducing Eq. (8.76) in Eq. (8.73) and arranging the terms, it results:

2
COP, ) _ 2 COPL ke -

COP, = COP. + kCOP 1—
¢, TTRC c c,ARC ( COPW,ARC COPW,ARC

Equation (8.77) last term is of second order, j2 COP? 4rc ~0.00] and can
be neglected as compared to the rest of terms and WRE-hGcket is positive, as

CcoP, o
COPyarc << 1, so Eq. (8.77) can be written:

COP,

COP = COP, + kCOP, 1——
c,TTRC c c,ARC < COPW,ARC

) > COP,  (8.78)

Finally, we introduce this result in Eq. (8.74) for obtaining:
COPy.1r1RCc = COP.717RC + 1 > COP. + 1 = COP;, q.e.d. (8.79)

and to prove in this way the whole lemma. The lemma results can be extended by
the following:

Corollary 2 A n-stage standard mechanical vapor compression heat pumping
cycle, n € N, provided with a TWRC or TTRC method application to each stage
preserves the relationship between its heating and cooling COP’s and increases
theirs values, comparatively.

The corollary can be easily obtained considering the n-stage case of the
TWRC and TTRC cycles given schematically in Figs. 8.17 and 8.18, respectively.
Referring first to the TWRC, Eqgs. (8.63) and (8.64) hold true for the n-stage case
as well and the cooling COP is given by the following equation:

qE
(|lﬂ,i| - kila,r,i) (880)

COP.twrC,n =

N

i=1
where 0 < k; < 1. Referring now to the TTRC, Egs. (8.74) and (8.79) hold true for
the n-stage case as well and the cooling COP is given by the following equation:

n
COP, + Z kiriCOPc,ARC,i
i=1

n
.. COP  ARc.i
I+ 2:1 kiri COP,, ARC.i
=

COP.rTRCH = (8.81)
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Equation (8.81) is valid generally, when each stage uses a different ARC unit, with
different operating parameters, that is COP ) arc,i # COPcw) ARCj» | #J, 1, ] €N.
In Eq. (8.81), the ; ratio is the fraction of the adiabatic work of the of the i-th stage, out
of the total compression work input, and is given by:

|la,i’ .
ri:iﬂ . l=1,...,n (882)
> [la '
j=1
The r; ratios, i = 1, ..., n, enjoy the following obvious property:

n

d =1 (8.83)

i=1

If COPcwy ARC,i = COP ) arcj = COPcwy ARC for alli #j, i,j € N, Eq. (8.81)
becomes:

n
COP. + COP. src Z kir;
COP.11RCH = — = (8.84)
1 g S

Finally, if Tcpo,i = Tcpo = const. for alli € N, then k; = k = const. for alli € N,
and taking into account Eqgs. (8.83) and (8.84) becomes Eq. (8.73), valid for
n=1

Corollary 3 A single-stage standard mechanical vapor compression heat pump-
ing cycle provided with the TTRC method applied serially m times, m € N, pre-
serves the relationship between its heating and cooling COP’s and increases
theirs values, comparatively.

The corollary can be easily obtained considering the TTRC cycle provided with
m ARC units serially connected on a single stage, given schematically in Fig. 8.18.
The cooling effectiveness is obtained from Eq. (8.73):

m—1
COP,. + Z kiCOP: ARC,i
COP.11rc = = . i=1...,m (8.85)

COPARc.i
I+ Z ki CoPyarc.

In Eq. (8.85), k; represents the fraction of heat delivered to the ith ARC unit, out of
the total available discharge gas superheat, equal to h(Tcpo) —h(T¢):

ki = MTos) ~hTarit) ;) (8.86)
h(Tcpo) —h(Tc) T i




8.7 TWRC and TTRC Heat Pumping Theory and Recent Results 367

In Eq. (8.86), and h(Tgr,1) = h(Tcpo). h(Term) > h(Tc), h(Terme1) = h(Tc)
and

h(Te1m) h(TC)+Z’< .

(Tepo) = hTo) (8.87)

or

$h - M10) ~h(Tov)

W(Tepo) — h(Tc) (8.88)

i=1

Combining the Corollaries 2 and 3, it is obtained the most general case, of a
n-stage compression provided with m ARC units serially connected on each stage:

n m
COP, + Z i Z k,‘jCOPC,ARC’ij
=1 j=1

COPC,TTRC,nm = (8~89)

1
n m
COPc ARCij
1+ 2:1 ti zjl k’f COPyy ARC jij
J

h(Terij) — h(Terij+1) . .
k..z - : ) =17"" > =15"" 8.90
1 W (Tepos) — hTearp))” ™ mo 890

where  h(Tgri1) = h(Tcpo,i) M(Torim) > M(Tsar i), h(TGrim+1) = h(Tsar(pi),
Tsat(pn) = TC and

h(Tcpo.i) = h(Terim)
kij = ]
Z h(Tcpo,i) — M(Tsar (pi)) = (8.91)

In Sect. 8.2.2, the basic Theorem 2 showing the thermodynamic cooling COP
limits of TTRC with respect to the ideal mvc and TWRC has been proved. The
conclusions of this theorem can be extended to the heating cycles, as well, by a
theorem which is proved next.

Theorem 3 The heat pump ideal (maximum) TTRC method effectiveness is higher
than that of the TWRC method and has as upper limit the effectiveness of the
mechanical vapor compression Carnot heat pump cycle, only.

Proof Let us consider Eqgs. (8.63) and (8.74) of the lemma proved above and let us
express the cooling COP’s with respect to the heating COP’s. Theirs ideal values
become Eqgs. (8.92) and (8.93), respectively:

COP. 1wrc,ia = COPp1wRC,ia — 1 (8.92)

COP¢ 11RC,id = COPpTTRC g — 1 (8.93)
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We proceed similarly with Eq. (8.60), consider its ideal value form and express the
cooling COP with respect to the heating one, in order to obtain:
COP. g = COPyig — 1 (8.94)
We bear in mind the result of Theorem 2 and rewrite it as:
COP.iqa > COP.11RCid > COPCTWRC.id (8.95)
and use it here, introducing Egs. (8.92)—(8.94) in Eq. (8.95):
COPpig — 1 > COPp11RCid — 1 > COPhTWRC.id — 1 (8.96)
The theorem is now proved because the following result holds true from Eq. (8.96):
COPypiq > COPy11RCid > COPRTWRC.d  q-€.d. (8.97)
Another fundamental theorem regarding the TWRC and TTRC methods applica-

tion is given next:

Theorem 4 A TWRC heat pumping cycle COP is favoured by the increase of its
discharge gas superheating temperature, while a TTRC one is favored, on the con-
trary, by the decrease of this temperature value.

Proof Indeed, let us consider first the TWRC cycle. Using the already known
Eq. (8.30), we can write:

Ty,
CoP, |la,rwre| Inge
o _ S Y [ pp— (8.98)
¢, TWRC 1Zal 71

In order to prove the first part of the theorem it is enough to show that the members of
Eq. (8.98) decrease when the internal heat source temperature 7>, increases for constant
values of the relative to Carnot efficiency, ¢ = const., and of the internal sink source
temperature, 71 = const. Equally, we shall show this next, working with a new variable:
Ty,

y= T y € (1,00), T\ = const. (8.99)
Mathematically, we have to prove that the derivative of Eq. (8.98) with respect to
the y variable is negative.

|la.rwrce| 1

d 1a, L WRE | —_ L

(llal):d(l_g(l_’"@>>):81y”’(”<o (8.100)
dy dy y—1 o-1?2

or, 1
;+mw>1 (8.101)

The y variable is written in the following form:
I +x

1—x (8.102)

y:
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wherefrom,
X = )y:i (8.103)
Bearing in mind that y € (1, 00), Eq. (8.99), from Eq. (8.103) it results that:
xe (0,1 (8.104)
Using Eq. (8.102) in Eq. (8.101), this becomes:
A . S (8.105)
l—x 1+4x

The two members of the left side in Eq. (8.105) can be rewritten using series of
functions expressed by series of powers (Gaina et al. 1966), as:

ll+x—2§:x2n eEN, xe(=1,1)
nl—x_ xn_02"+1’ n , X ) (8.100)
and
2x i non
T =2x2(—1)x , neN, xe0,00) (8.107)
X n=0
Introducing Eqgs. (8.106) and (8.107) in Eq. (8.105), it results:
o0
n—+1
X1 = x| >0
; ( - ) (8.108)

In order to prove the first theorem part it is enough to show that the series of func-
tions (8.108) has a strictly positive general term:

n+1
1 — 0
X ( n+2x) > (8.109)
Indeed, the Eq. (8.109) leads to the true result (8.110):
-t 8.110
> <

because % < 1 and x < 1, according to Eq. (8.104), so the first theorem part is

proved. Regarding a TTRC cycle, all equations given above in the lemma and the
corollaries show the COP. rrrc and COPy, rrrc direct proportionality with COP..
Bearing in mind that COP, increases with 7>, decrease, the theorem second part is
also proved, hence the whole theorem is proved, q.e.d. (Note: A simpler proof of
this theorem first part is outlined in Appendix 1 of this chapter).
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8.7.2 TWRC and TTRC Heat Pumping Recent Results

The modeled TWRC single- and two-stage heat pumping cycles are shown in
Figs. 8.6, 8.8, 8.10, and 8.11, respectively. The model of TTRC considered as ARC
units belonging to coabsorbent technology (Staicovici 2009a), namely the cooling
nontruncated and double truncated, plotted in Fig. 3.2, 4.4, and 4.12, respectively.
The modeled single- and two-stage heat pumping TTRCare shown in Figs. 8.19a,
b, respectively (see also Table 4.1). In case of the two-stage, both TWRC and
TTRC are provided mandatorily with CSTSGS. Also, in the two-stage TTRCcase,
each of its stages can be provided with one or several serially connected ARC, as
mentioned to Corollaries 2 and 3, but it is possible to join the each stage ARC's
units in a single equivalent one, too. A special attention has been paid to the ARC s
units using the gax, operating to high temperatures, with NH3—-H;O. The results
of a study case are presented in this respect in Figs. 8.20, 8.21, 8.22, showing an
excellent resorber-generator thermal match.

The model of TWRC and TTRC cooling and heating cycles is a par-
ticular form of the theory of Sect. 8.7.1, and the results thereof are given in
(Staicovici 2012). The NH3; TWRC single- and double-stage cooling results
are plotted versus evaporator and desorber inlet temperatures in Figs. 8.23a,
b, respectively [see also Staicovici (2011d)]. The ARC's have been run by
NH3; — H>O provided with vapor rectification and gax. The model results show
that, essentially, the TWRC and TTRC single-stage refrigeration COP, is bet-
ter by 6-12 % than a standard configuration cycle (dash line), for condenser
temperature T¢c = 35 °C and evaporator temperature Tr = ((—5)—(—25)) °C.
In case of the TWRC and TTRC two-stage refrigeration, the COP, is roughly
better by 7-18 % than a two-stage cycle, plotted in Figs. 8.10, 8.11, but by
50-80 % better than the present-day cycles, for T¢ = (35—30) °C and
Te = ((—30)—(—60)) °C (see e.g. the CO,—NHj3 cascade, with T¢ =32 °C,
T = —50°C and COP, = 1.26). Figure 8.23b shows also that TWRC per-
forms better than TTRC for all cooling temperatures, contrary to theirs ideal
limits, which indicate the opposite. It is therefore enough room for improving
the ARC COP, and its match with the discharge gas heat source in the future.
However, even with the actual ARC technical limits, its comparative advan-
tages brought in operation such, no additional noise, no moving parts and flex-
ibility, makes the TTRC be a serious challenger of TWRC.

The heating applications results of the cycles given in Figs. 8.6, 8.8 and
Figs. 8.10, 8.11, have been obtained for a cogeneration operation of heating,
T. = (51-91) °C, and cooling, Tg = ((—10)—(4+10)) °C. The single-stage
heating COPj, are plotted for TWRC and TTRC in Fig. 8.24a, b, respec-
tively, for 7T,=51°C and T,=61°C, while those of cogeneration,
COPogen = COP. + COPy, are given in Fig. 8.25. From these figures it results
that, as foreseen, both TWRC and TTRC methods applied to the standard heat
pump configuration increase its effectiveness, here by ~2—5 %, but perform almost
equally when compared one another.


http://dx.doi.org/10.1007/978-3-642-54684-6_3
http://dx.doi.org/10.1007/978-3-642-54684-6_4
http://dx.doi.org/10.1007/978-3-642-54684-6_4
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Fig. 8.19 TTRC cooling and/or heating cycles: a single-stage chart; b two-stage chart

PL | p.[bar] | T,[°Cl |y, []
1 4.952 5.0 0.9562
2 4.952 85.0 0.2607
2 3 4.952 96.45 0.2101
# 4 14.81 130.35 0.2607
5 14.81 142.0 0.2101
6 19.01 142.0 0.2607
7 19.01 126.35 0.3166
8 44.05 142.0 0.4708
9 44.05 129.75 0.5349
5 10 | 44.05 85.0 0.9562
11 | 19.01 96.25 0.4708
: 4 12 ] 19.01 85.0 0.5349
TDI TMcooling \ - TMheating 13 | 1481 8.0 04708
2 3 14 | 14.81 100.25 0.3993

15 Rl,gax'GZ,gax gax heat

exchange

Fig. 8.20 Full gax process study case of the double truncated cooling ARC typical of high tem-
perature TTRC heating process and the joined data table

The two-stage heating results are plotted for TWRC and TTRC in Figs. 8.26a, b,
respectively, for 7, = (61—91) °C, while those of cogeneration are given in
Fig. 8.27. Again, it results that both TWRC and TTRC methods applied to the
standard heat pump configuration increase its effectiveness, but to a higher
extent in this case, i.e. by ~5-30 %, as Figs. 8.26a, b show. Also, from Figs. 8.26
it results that this time TWRC performs slightly better than TTRC, therefore its
COPogen is higher, comparatively, as Fig. 8.27 indicates. However, the TTRC
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Fig. 8.22 X-plot high temperature gax recovery, Fig. 8.20 study case

effectiveness can be improved further. For the sake of completeness, in Figs. 8.28
and 8.29 are plotted the theoretical discharge gas temperatures of the single-stage
and double-stage TWRC and TTRC heating and cooling, respectively, versus the
evaporator and desorber temperatures.
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Fig. 8.23 a TWRC and TTRC ammonia single-stage cooling model results, b TWRC and TTRC
ammonia two-stage cooling model results

Appendix 1

(1) First, we shall derive an equivalent expression of nc(&), Eq. (8.9), following
the way covered in Appendix 1. In our case, Eqs. (Al.1) and (A1.2) become:

T 1
lﬁzln R
1 1—x

(A8.1)
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Fig. 8.24 Single-stage cogeneration model results: a TWRC; b TTRC

and
_Dham o), x < (A8.2)
Tza + Tl b b b . .
respectively. Bearing in mind Eq. (A1.7), Eq. (A1.8) becomes in this case:
Tq Iy —Th
h—=2"——F
T, T+ T (A8.3)

and Eq. (8.9) is rewritten in an equivalent form as follows:
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Fig. 8.25 Single-stage TWRC and TTRC cogeneration model results
or
p—
nerre =1 = o (A8.5)
2
Equation (A8.5) can be arranged also as:
n o= T (A8.6)
CTFC = 7 .
Too +T1

which is nothing else but the ideal thermal efficiency of the motor (direct) cycle
named Trilateral Flash Cycle (TFC) (see Sect. 8.2.1).

(i1) Second, let us consider the ideal TFC, which recovers from the heat source
the discharge gas superheat g,, rejects to the sink source the amount of heat
—|gil = —|l;| (Popa and Vintila 1977, p. 373, Table 15.3) and produces the
work I, = |l| — |li], Eq. (8.26). Combining Eq. (8.10), written as:

lay = nc.1rCqa (A8.9)
with Eqgs. (A8.5) and (8.26), it results:

T
(1 - m)% = |lg| — |l (A8.10)
2
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Fig. 8.26 Two-stage heating model results: a TWRC; b TTRC
Taking into account that |/,| = |q.|, Eq. (8.25), and that —|g;| = —|/;| (see
above), Eq. (A8.10) becomes:
do_ 1l A8.11
Tl-ETzu Tl ( . )

which proves that TFC entropy variation is null when is completely covered,
As = s, — sy = 0, therefore the considered TFC is reversible [see Eqs. (1.86) and
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Fig. 8.28 TWRC and TTRC single-stage discharge gas temperatures

(1.88) as well]. From Eq. (A8.11) it results also that the heat source delivers in
an equivalent way the heat g, to the arithmetical mean temperature %, as we

expected.
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Fig. 8.29 TWRC and TTRC two-stage discharge gas temperatures

(iii) Third, in order to proof simpler the Theorem 4 of this chapter, Eq. (8.98) is
rewritten in the new form with Eq. (A8.12) as:

COP, |la.Twre | Ty
= > :1—87]6‘(%—):1_8 1__ :f(TlsTZ)
COPrwrc Il Tuthy ‘
(A8.12)
and it suffices to show that % = _8377%12;&1) < 0. Indeed, performing
the last derivative, it results that:
anc(T1, Taq) 0 2T, 2T,
—& =¢ =—¢———> <0qed
0T, 0724 \T2a +T (T2 +Th)
(A8.13)

(iv) The classic compression saves input work, practicing staged compression
with interstage cooling of the discharge gas (Popa and Vintila 1977). In
Fig. 8.30 we plotted a compression process benefiting of two stages, with
intermediary cooling, instead of a single one. The intermediary pressure
Pxs P1 < Px < p21is established according to the known relation:

Px = /P1P2, (A8.14)

which ensures the minimum work consumption in two-stage compression
(Popa and Vintila 1977). The single-stage compression is the adiabatic trans-
formation, represented in Fig. 8.30 by the adiabat 71 — T2,. In case of the
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Fig. 8.30 Single-stage
versus two-stage compression
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two-stage compression, the first and second stage compressions are the adi-
abatic transformations 77 — T,y and Tj, — Ty, respectively. The work sav-
ings is that corresponding to the Tyx — Tjx — T2qx — T24 — T4y area comprised
between the two adiabats T,y — T7,, and T;, — T2, and the two isobar py and
p2 in the p — V diagram. The relationship (A8.14) is valid for the compres-
sion practiced so far, without TWRC. The next lemma will prove that Eq.
(A8.14) remains valid even in case of TWRC.

Lemma 2 A two-stage adiabatic mechanical vapor compression process, pro-
vided with TWRC and operating between the initial and final pressures p1 and p,
respectively, has the same value of the intermediary pressure ensuring the mini-
mum work consumption as that of the compression process without TWRC, that is

Px = /P1P2, P1 < Px < P2.

Proof From considering Eqgs. (8.27)—(8.30), the work of the single-stage compres-
sion provided with TWRC results in:

In L
mmmd=uab—s(u—uf;>} (A8.15)

T,

where |/,|is given by Eq. (8.14):

k—1
__k P\t _
m|—k_1mvw(pl) @ (A8.16)

Combining the two Egs. (A8.15) and (A8.16), it is obtained:

b In 22
(’ﬁ>k—1 T Pp—
P LTy (A8.17)

I} _ K %
|larwre| = =P
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The single-stage TWRC provided compression work of Eq. (A8.17) is written in
case of the first and second TWRC provided stages works as follows:

k I k;*l lnT‘”‘
p —ax
larwre.| = —P1V1 (") - 1] [1 —8(1 — >
| \P1 * —1
_ - ,
k P2\ F Intex
larwre.ar| = Vi <“> 1l l1=¢l1= #
k—1 Px T = 1

respectively. In Eq. (AS8.19), the product p;V; was used instead of p,Vi,
because the points (71,p1) and (Tiy,px) belong to the same isothermal curve
T1 = Tix = Ty; = const., and along of which we have p;V; = p,V;,, Fig. 8.30.
The ratios of temperatures in Eqs. (A8.18) and (A8.19) are written with the help of
Eq. (8.18), valid along of an adiabat:

and

(A8.19)

k—1
K
Tax _ <px) (A8.20)
Ty p1
and
T &
2ax _ (”2“) (A8.21)
Tix Px

respectively. Introducing Eqs. (A8.20) and (A8.21) in Egs. (A8.18) and (A8.19), it
is obtained;

) DPx
Wi y yin( =
laTwre 1| = sl [(Z‘) - 1] l—e|l- M (A8.22)

y (&)y _
P1

and

P2a
% 20\ yln ( x)
LoTWRC.I1 :pr‘l) —1] l—e|1- —22 || (A823)
y Px (1@) -1
Px
where k;—l =y. Further, Eqs. (A8.22) and (A8.23) are added term by term,
resulting:

larwreavi| = |[larwrer| + |larwre.n|

PIVI DPx Y P2a
y {(1 )Km) +(Px>:|+ ey }(A823)
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The searched value of py is found solving equation below:

d
e |la.rwre.1411| =0 (A8.24)
X
or,
d d px Y P2a Y
— lawrC 1411| = —— K—) + | — =0 A8.25
dpx "™ 1 dpx [\ p1 Px (48.25)
Performing the derivation in Eq. (A8.25), it results:
y—1 1 y—1
y(&) 1_ y<@) Pa _g (A8.26)
pl pl p)C px

wherefrom the lemma is proved, (p2, = p2):

pe = /P1P2, qed. (A8.27)

Bearing in mind that both mechanical vapor compression processes, without
and with TTRC method application, have the same work input [see Eq. (8.3)], and
taking into account the lemma 2 result, it is concluded that:

Corollary 4 Both TWRC and TTRC methods preserve the same relationship of
the intermediary pressure calculus, in two-stage mechanical vapor compression,
Eq. (A8.27), in order to minimize the work input.
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Chapter 9

A Non-equilibrium Phenomenological
Two-Point Theory of Mass and Heat
Transfer in Physical and Chemical
Interactions

In this chapter, absorption and related phenomena will be analyzed with the help of
a non-equilibrium phenomenological theory of mass and heat transfer, elaborated
and published in past works by the author (Staicovici 1998a, b, 2000a, b, ¢, 2002).

9.1 Application to NH3~-H>0 and Other Working Systems

The NH3-H>O system is the most common working combination in the thermal
absorption technology. Although there is quite a comprehensive theoretical and
practical experience in the use of such combination, the gas—liquid interaction in
this medium is, most surprisingly, still dealt with empirically. The analogy with
heat transfer is commonly used for the calculation of interface mass transfer,

N =kA (9.1)

In Eq. (9.1), N is the mass flow transferred as a result of the action of the motive
force A. The motive force is equal to the deviation from the equilibrium condi-
tions. The proportionality factor & is the mass transfer coefficient. According to the
well known concept of the “two films” (Lewis and Whitman 1924), N is propor-
tional to the difference of the concentrations of the gas or liquid phases and to the
global mass transfer coefficients of the phases:

N =Koy — ") = Kia — x*) 92)

In Eq. (9.2), x" and y" are the concentrations of the liquid and gas phases in equi-
librium with the gas phase of concentration y and the liquid phase of concentration
x, respectively. The coefficients K, and K; are expressed as functions of the global
resistance to mass transfer, which have additive properties to the partial resistance of
the phases, similar to the heat transfer. More often than not it is considered that the
mass transfer is controlled by the phase with the greatest partial resistance. In order
to decrease the global resistance, the dispersion of the process controlling a phase
is usually used. That is why, according to the classic interpretation, it is implicitly
admitted that the NH3—-H0 gas—liquid interaction is a surface phenomenon.
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The literature referring to mass transfer has mainly dealt with the dependence
of transfer coefficients on molecular diffusivity. This approach includes “the two
films” concept referred to above, as well as the theory of penetration (Higbie
1935), and renewal (Danckwerts 1954). The specialized literature has paid less
attention to the relation between the absorption rate and the hydrodynamic condi-
tions. So far it is experimentally proved that in certain given conditions there is a
Reynolds analogy in case of the mass transfer

Sh = a, RePm Scm 9.3)

and

Nu = aj, Relr prén (9.4)

in the case of heat transfer, in two-phase gas—liquid flow in pipes (Hobler 1966;
Ciborowski and Richlicki 1971). Equation (9.3) does not hold, for instance, when
shear stresses exist at the gas—liquid interface, but successfully applies for the gas
phase controlled mass transfer in wetted-wall columns.

Several authors have studied the heat and mass transfer in the NH3-H,O system
(e.g. Ciborowski and Richlicki 1971; Anderson et al. 1964; Heuss et al. 1965;
Chadzidakis 1971; Hera 1987; Chiriac et al. 1995; Mihaila et al. 1995). Most of
them express their results by means of correlations similar to Eqs. (9.3) and (9.4).
A detailed study was conducted by Keizer (1982) for two-phase NH3—H,O flow of
the slug type in vertical pipe absorbers. For the purpose of evaluating mass transfer,
first he made use of prediction correlations of partial coefficient k;, which are due
to past works by others (e.g. Banerjee et al. 1969, 1970; Gregory and Scott 1969;
Jepsen 1970; Jagota et al. 1973; Kulic and Rhodes 1974; Kasturi and Stepanek
1974). Comparing his experimental data with the ones predicted and finding that
they sensibly differ, sometimes even by an order of magnitude, Keizer places under
a question mark the applicability of the correlations of the authors referred to above
to the prediction of mass transfer in the case of the NH3/H,O system and comes
to the conclusion that it cannot be precisely determined whose partial resistance,
respectively that of the liquid phase or that of the gas phase, controls the NH3-H,0O
absorption process. Finally his correlations are satisfactory by adapting Eq. (9.3).

In an attempt to find a more accurate method of prediction of NH3-H,O
gas-liquid interactions, the theory at hand will take into consideration the
non-equilibrium thermodynamics (de Groot and Mazur 1964). Although it seems
to be a natural direction of investigation, it has not been used in the analysis of the
NH3-H,O0 system so far.

Herein below a simple experiment made by the author will be described, an
experiment which strengthen the conviction that the method of approaching
the interactions which form the main object of this study should be reviewed.
The experiment consists in injecting a single gaseous ammonia bubble into the
NH3-H>0 small molar fractions solution at normal pressure and ambient tem-
perature. Based upon the numerous observations recorded, it has been found out
that, according to the gas phase feeding rate, the evolution of the bubble may be
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characterized as follows: (i) at low and moderate feeding rates (10-8-10~7 kg/s),
the dynamics of the bubble takes place in two distinct stages: (a) growth, when
the bubble progressively expands its volume up to a maximum value, concur-
rently with gas absorption, followed by (b) collapse, when the bubble is rapidly
absorbed, reducing its volume up to zero, although it continues to be fed with
gas through the injection nozzle; throughout its evolution the bubble does not
detach itself from the nozzle and has an almost spherical shape; in the case of
a continuous gas feeding, the phenomenon becomes quasi-periodical; the fre-
quency of complete evolution grows up with the increase of the flow rate; the
duration of the growth stage is much longer than the one of the collapse stage;
(ii) at high flow rates, the collapse does no longer occur, but a phenomenon of
oscillation of the bubble volume between two values, a maximum and a mini-
mum one, is noticed; the bubble is no longer spherical but elongates in the
direction of the nozzle axis and has an irregular contour. The study of the bub-
ble in its complete growth-collapse evolution gives rise to two questions which
are difficult to answer by means of the current theory of interface mass trans-
fer and absorption as a surface phenomenon, synthesized by Eqgs. (9.1) and
(9.2) (the problem of the ammonia bubble absorption, Staicovici 1998a): (i) if
during the growth phase, as the bubble increases its volume, the molar fraction
x of the interface approaches the saturation point so that the difference in the
concentration of phases (x* — x) and implicitly the current absorbed decrease
(see Eq. 9.2), then how could be explained the occurrence of the collapse
phase, which, quite on the contrary, assumes a continuous increase of the cur-
rent absorbed in order to exceed the relatively constant value of the feeding flow
rate? (ii) if absorption is considered to be a surface phenomenon, then, yet again,
how could collapse be explained, a process during which the current absorbed,
proportional to the gas—liquid contact area, decreases by the radius second
power, instead of increasing as noted in the first question above? As it will be
further demonstrated, these questions may be accurately answered by applying a
non-equilibrium phenomenological theory, outlined in this chapter, to the inter-
face of the subject interactions. The theory is not contradictory with respect to
the classic equilibrium phenomenological approach, but it completes it, high-
lighting new important features of the mass and heat transport near an equilib-
rium state, like the ideal point approaching effect, analyzed further in this work.

9.1.1 A Non-equilibrium Phenomenological Approach
of the Coupled Mass and Heat Transfer in Physical
Mono-, Bi- and Particular Polycomponent Gas-liquid
Interactions

In the general case, the interacting polycomponent, biphase evolution phenom-
ena, of gas—liquid, solid-liquid, solid—gas or gas—gas, liquid-liquid type, may be
considered. For the sake of clarity, here we shall use the notation for the binary
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physical interactions of gas—liquid type. The liquid phase may additionally contain
other dissolved non-volatile components. The state parameters characterizing the
interface, i.e. temperature, pressure and molar fraction, marked as T, pe and y
for gas and as T}, p; and x for liquid, are time functions. At interface, the surface
tension forces, given by Laplace equation., or in a new approach by equality (9.5)
(see Chap. 10, Staicovici 1998b)

dive = Ap (9.5)

where ¢ is a normal positive vector to the surface and equal to the surface ten-
sion of the liquid, are generated. The two-phase system is considered to be open.
It evolves towards the state of equilibrium through a finite sequence of stationary
states. It is equally assumed that the total energy of the system is approximately
equal to its internal energy, that is its macroscopic kinetic energy, the external
fields of any nature which act on it as well as its internal tensions are negligible.
Under these circumstances, when the mechanical work exchanged by the sys-
tem with the exterior is negligible, the heat exchanged between the system and
environment and between its various areas is sensibly equal to the total enthalpy
exchange. Here a coupled mass and heat transfer process means a process involv-
ing the existence of (a) a phase (nature) change of components (reactants), (b) an
interaction heat and (c) simultaneous mass and heat currents influencing each
other. The gas—liquid interaction involves the simultaneous existence of coupled
mass and heat currents “/”, noted by indices and respectively “q”, of gas and
liquid, marked by indices “g” and, respectively, “I”, which get in and out of the
system, marked as prime (') and respectively secondary (”). The coupled currents
are vectors, but here they will be treated as scalars, without loss of much informa-
tion. Additionally, because energy is carried by the mass currents, they are con-
sidered the coupling currents and those of energy (heat etc.) are the coupled ones.
Finally, the classic notion of “equilibrium” point (state) will be referred to as ideal
point (state).

The entropy source, S, shows the contribution of the currents to the global
entropy yield. In a stationary regime this is written (see Eq. (1.145), Chartier et al.
1975):

[
1

. . iy
So- (i) - <Z;, S AT

where E is the exergy dissipation velocity and T is the temperature of the infinite
reservoir. Dimensionally j; and jé are expressed in mol/s or kg/s and in W, respec-
tively. Equation (9.6) is particularized to two opposed elementary processes which
are permanently encountered in the heat absorption technology: (i) the gas inter-
acts with the liquid, resulting in a liquid with new properties (absorption); (ii) the
liquid decomposes in liquid and gas with new properties (generation). Taking the
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above mentioned remarks into account, as well as the common conventional signs
in thermodynamics, Eq. (9.6) can be rewritten for case (i) as

. 1 1 1
5= _(j/’ +Se T it 1 _j/'/l'S;/> = Vg 77 Thgr 7 — (j//l +fq> T
ig " Pg TJi i 9.8 Tgl qs Tl/ qs Tl//

9.7)

where j, is a heat current, considered as an excess element resulting out of the

deviation from the ideal state of the mixture. The following currents balances are
considered in the system process heat:

Jog Figi=Jgi+ig 9.8)
total mass:
Jig T =1i] (9.9)
mass for one of the species:
Yiig T Xl = X+ 8% i) (9.10)

In Eq. (9.10) 8x is the finite variation of molar fraction, suffered by the liquid as a
result of its interaction with the gas phase. The heat flows are extensive elements.
Taking into account the previous observation concerning the calculation of the
heat exchange by means of total enthalpy, they can be written as:

j:J,g Zjl/',g ‘ hfg
Jgi=Jis M (9.11)
A N/
Jgr =Jig "y
Taking into consideration Egs. (9.9) and (9.10), the first bracket of Eq. (9.7) can be
written as:
o

. . . . s/ —s
(st si= st = =7 (s =)~ 00 o

It is noted that the first bracket of Eq. (9.7) represents the contribution of the
mass currents to the entropy source only, therefore the ratio in the right side of

Eq. (9.12) becomes:
s =5 ~ (9si
8x  \ dx »T ©.13)



388 9 A Non-equilibrium Phenomenological Two-Point Theory of Mass and Heat

The temperature T is related to the finite variation of liquid temperature due to
the deviation from the ideal state ST = T} — T by:

1 1 _1 8T+ ST\ ? ©.14
T T;(1+5T—T/) T T T '
1

Following simple calculations by means of Eqs. (9.14) and (9.8)—(9.11) the second
bracket of Eq. (9.7) may be written as:

_ ./ i + -/ i _ -/ + . L
]q,g T/ ]q,l Tl/ ]q,l ]q Tl//

g
1 1 1 W, 6T
=—Jied | 77— 7 h;+/(h/g—h§+.l) ©.15)
Iy T, T; Jr Tl’(l + %)
where
j/.
jr="2 (9.16)
Jij

is the reduced mass current of gas (mol. mol~'), involved in interaction. The ratio

f%T is calculated by means of the liquid specific heat equation at constant pressure:
1

ohy
1= | —
pi T ), (9.17)
resulting in:
ST _ Shj A ©.18)
T oo |

where the non-dimensional factor A in Eq. (9.18), herein called “reduced excess
heat” is obtained with Eqgs. (9.9), (9.10) and (9.16) and has the expression:

Aty )(ahg> 1
= — X — .
ox »T Tl/ . Cp,l (9.19)

Equations (9.12)—(9.19) are introduced in Eq. (9.7) and the entropy source is
written as:

§=Jiy(—X) 9.20)
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X =- { l(sé - SE) —O0= <gj‘i)ﬂ]

1 1 A
| — — = ———— |k, — hy) - jr+ A 9.21
' g(% Ti>+T;<1+Ajr>[( o) ’}} o

Equation (9.20) points out the proportionality of the entropy source with the
coupling gas mass current j{’g and with factor (—X), identified as a thermodynamic
force and named here non-equilibrium (natural) thermodynamic force. This force
differs from the forces governing the coupled heat and mass transfer in continuous
media, originating from Fourier’s and Fick’s laws, respectively and established
with equilibrium thermodynamics tools. It only depends on the entry values of
the system, a reason for which the marking primary (') is hereinafter given up to.
Because it depends only to the interface p, 7, x and y state parameters, the force is a
way independent function, therefore a state function. According to Egs. (9.8)-(9.11),
the coupled heat current j,; has the expression

where

Jg=lJig-C (9.22)

where C is the local thermal capacity (availability) of the binary mixture
(Staicovici 1995), obtained from Egs. (9.8) to (9.11):

ah!
c:(h;—h;)—(y—x)<axl>ﬂ (9.23)

This theory is confined to considering that the currents involved are linear
functions of the thermodynamical forces. Later on, this consideration will be
justified. Hence, the phenomenological equations are reduced to the simplest
linear expression:

Jig =L (=X) (9.24)

where L is the strictly positive phenomenological coefficient of proportionality,
having the dimension of mol?> KJ~! s~!. In a first approximation L is considered
to be constant, independent of X. With Eq. (9.24), the entropy source [Eq. (9.20)],
acquires the definite positive form [see also Eq. (1.145)]

S =Lx> (9.25)

for all interface p, 7, x and y values, except the ideal points, given by
[Egs. (1.202)—(1.205)]:

Pl = DPg = Pe
=T, =T,
M12),l = K1(2).g
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where it is not defined, according to the non-equilibrium phenomenological approach
outlined in this theory. It is useful to further proceed to the non-dimensioning of
equations referred to above. In order to do this, the following reduced elements are
considered

I _ Ly X —X'S _ S
ll’r_<j:-:l>, r—R9 r_RJl/fl
R
h (9.26)
h, = ﬁ; ¢pr =Cp/R; s =5/R
p T
Pr b r T,

In Eq. (9.26), R, pp and T}, are the gas constant, a reduction pressure and an absolute
reduction temperature, respectively. As to the above mentioned, the previously
deduced equations can be re-written in a reduced form (index “r”’) as follows

Sy =jr(=Xp) = Lii, - X7 (9.27)
Jr =L (=Xy) 9.28)
X, ( ) (y ) 8sl,r N N 1 1
= Ky — _ . 1
r 8,r Lr % T, g.r Tg’r Tl’r
A
F T A,y e =) 9.29)
T+ A, gy LUter = o) dr + ]
A, = <ahl,r) y—x
r 3X Ty Tl,r . Cp,l,r (930)
Jar =Jr - Cr 9.31)
where
oy,
X/ pet,

The partial reduced thermodynamical force of a purely mass nature, given by the
first square bracket of the right side of Eq. (9.29) is marked as X

sy
Xir = (sgr —s10) — (v — ) 5 (9.33)
X prTr

We have to remark here the similitude of Eqgs. (9.32) and (9.33). Taking into
account that Ljj, must be in a first approximation independent of X,, from
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Egs. (9.28) to (9.29) the reduced natural thermodynamical force is expressed in an
implicit form as (Staicovici 1998a):

. R S Ay
_Xl’r + hg’r ( Tg,r TL’ ) + Tl,r[1 +ArL1 l,r(_Xr)]

Ar (hg,r_hl,r)
U+ Tt ity M (Prese)

_Xr —

(9.34)

where M(p;., x.) is a new function discussed later in this chapter. It may be derived
solving Eq. (9.34) with respect to —X,, by means of a simple iterative method
(Dodescu 1979), or as a second degree algebraic equation (see Appendix of this
chapter). The set of ideal points separates the strictly positive forces (—X; > 0), char-
acterized by absorption currents, j > 0, from the strictly negative ones (—X; < 0), a
fact which gives rise to generating currents, j < 0. The force is useful in approach-
ing interaction mass and heat currents of mono-, bi- and particular polycompo-
nent gas—liquid interactions with non-ideal mixture, coupling it with Egs. (9.28)
and (9.31) and the classic hydro-gaso-dynamics. For instance, the two last types
of interactions are encountered to the binary systems NH3-H,O, H,O-LiBr, NH3—
LiNO3, NH3-NaSCN, CH3NH»-H;O etc., or to the ternary ones, such as NH3—
H,0O-LiBr, CH3NH,-H,O-LiBr etc.

The case of pure component interactions is important and it is worth paying a
little bit more attention to. Indeed, Eq. (9.34) holds here too, simply considering
that x and y take close values to 0, or 1. However, the reduced excess heat A, and the

term (y — x) (as,,,> Tin Eq. (9.33) are vanishing when x and y approach O or 1,
Pridyr

ax

so that Eq. (9.34) simplifies in case of pure components, namely:

X (s s ) h < ! ! > 935
—Arp = —\Sgr —S8Lr) —Ngr\ 7 T 5~ .
r.p g r s\ T,y Tiy (9.35)

In Eq. (9.35), the two terms of the right member have different signs, but —X; ), is
strictly negative and holds for vaporization:

- Xr,p,v = _Xr,p 6
: 9.3
Jry = Lll,r(_Xr,p,v) ( )
In case of condensation, the currents are changing the sign, therefore:
—Xrpe=—(—X
r.pic ( r,p) 9.37)

jr,c = Lll,r(_Xr,p,c)

When the system approaches an ideal point, the second term in the right side of

Eq. (9.35) vanishes and the force takes maximum absolute values, according to a

postulate to follow. The fourth paragraph includes case studies for binary and pure
component interactions.

The phenomenological coefficient may be theoretically estimated by mak-

ing a simple imaginary experiment. Let us consider an isolated gaseous mixture
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bubble, of volume V(?), at pressure pg(¢) and temperature T, which interacts with
the liquid phase surrounding it. For convenience, it is assumed that the bubble has
an isotherm adiabatic evolution in the liquid. According to the first principle of
thermodynamics, the variation of its internal energy within the time unit is equal
to the power exchanged between the gas and its environment, namely

Ug = pgVy
or,
—erl’Vg‘”g =peVe (9.38)

where u, = ¢, (T is the gas specific internal energy. Upon absorption Vg < 0, and

upon generation Vg > 0 and Eq. (9.38) is simplified to the expression:
Dg

plcv,ng

Jr==% (9.39)
Equation (9.39) shows that positive reduced currents are obtained in absorption,
and negative ones in generation processes, as previously mentioned herein. This
equation is valid when the homobaricity condition in the bubble is met (see
further explanation in this chapter). Physically, the above condition is met where
the pressure from the wall is sensibly equal to the pressure in the rest of the gas
volume and has a known value. In this case the mass currents have low values
and anticipating the further expressed conclusions, are far from the state of equi-
librium. The determination of the phenomenological coefficient is not affected by
the position of the system relative to the point of equilibrium in respect to which
it has been assumed that L;; , is independent of X;. L;; , is calculated by means
of Eq. (9.28):
Jr

Ly, = X,

(9.40)

where j. and X, are determined through an iterative process from Egs. (9.39) and
respectively (9.34) (Staicovici 1998a). A similar result is obtained if, instead of the
energy equation, the mass balance in the bubble is written,

—jrp| \% | = pg \% (9.41)
resulting in:
. Pg
— 42
Jr P (9.42)

For an ideal gas, Eq. (9.43) holds true:

_ Pe
P = R, (9.43)
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wherefrom, the reduced mass flow acquires the form:

Pg
PIRT, (9.44)

jrzi

which is equally valid and useful in homobaricity conditions.

9.1.2 A Non-equilibrium Phenomenological Approach
of the Coupled Mass and Heat Transfer
in Chemical Interactions

As soon as a chemical reaction was identified, much of a chemical problem involves
coupled mass and heat transfer. The entropy source of a chemical interaction is
expressed in a classic way by means of the chemical affinity, A, (Chartier et al.
1975; Vilcu and Dobrescu 1982). The linear form of equations is confined to cases
having the ratio (A/RT) much less than unity. For our non-equilibrium approach, let
us consider the general case of an independent stoichiometric chemical interaction:

VIA] + VAL + -+ AL & VA VAL + AL (9.45)

In the conventional Eq. (9.45) we shall consider the direct reaction, where the
reactants, A;, i=1,..., n/, marked as prime (), are to the left and the produces of
reaction, A7, i = 1,...,n", marked as secondary ("), are to the right. The symbols
v; and v’ stand for the stoichiometric coefficients of the reactants and produces of
reaction, respectively. The inverse reaction has inverted prime and secondary supe-
rior index. Equation (9.45) implies the following mass and heat balances:

n/ n//

N EDI (9.46)

i=1

i=1

and

n/ n//
D g =da+ Y il (9.47)
i=1 i=1

respectively. The mass currents j; and j;' are given by
ji= AU;MA;, i=1,...,1n (9.48)

and
jl/./ = },]}{’MA;/, i = 1, PN n”, (949)

respectively, where 4 € (0,1) is the degree of chemical reaction (interaction)
progress, according to Zemansky (1968), De Donder (1936) and Murgulescu and
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Valcu (1982). The heat flows, coupled with the mass ones, are extensive elements
here too. Similarly to the physical interactions, they can be written as:

./ e/ . /!

Jig =hiji’, i=1,...,n
1 (9.50)

jl"q” = hi”j,‘”, = 1, R ()
Next, it is supposed that all reactants and produces of reaction have the same
pressure, equal to that of equilibrium, p,.. Additionally, the reactants have the tem-
peratures Ti’ , i=1,...,n, which can have different values, in a general case,
but the produces of reaction have the same pre-established (controlled) tempera-
ture, equal to that of equilibrium, 7,. The state parameters may be time dependent
or not. For given external conditions, an independent chemical reaction is a fixed,
unique combination, where each j; mass current of the reactants is dependent of the
other n — 1 only through the number vy, k = 1,...,n’, k # i, of moles involved
in reaction, and the same applies to mass currents of the produces of reaction. In
this case, the interaction behaves like having a single degree of freedom, for exam-
ple that of a coupling mass current of one of the reactants, coupled with its corre-
sponding heat current. Let us suppose that this current is j|. Using the current j, we
define the following reduced mass currents of reactants and of produces of reaction:

-/

j;,,:%', i=1,....n (9.51)
g "
L=t =l 9.52)
where from it results:
Ji=Jigy i=1...0 (9.53)
il =jlffrj’1, i=1,...,n" (9.54)

The entropy source is expressed again with Eq. (9.6), considering the same
hypothesis as in the previous section. Further, taking into account Egs. (9.46),
(9.47), (9.50), (9.53) and (9.54) the entropy source can be written as:

$=j(=X) (9.55)
where (—X) will be termed non-equilibrium (natural) thermodynamical force of
an independent chemical interaction. It is a function of p, T/, i = 1,...,n" and T,,

and is given by Staicovici (2000b):

n/ n//
: 11 .
x =S rn(g )| - ese
i i ¢ i=1

The force exhibits a same important property as that of the physical interactions,
namely it is a function of state. The entropy and enthalpy in Eq. (9.56) must be
evaluated on the basis of an absolute zero reference state, if the right measure



9.1 Application to NH3-HO and Other Working Systems 395

of the interaction is desired to be obtained. The mass currents and reaction heat
current are calculated by:

Ji =L (=X) (9.57)

Ji=Luji,(=X), i=2,....n (9.58)

and

]q _]1 Z hIJl r Zh”-]z//r (959)

respectively. Next, we shall consider the chemical interaction (9.45) at equilib-
rium. Its constant of equilibrium is given by Murgulescu and Valcu (1982) and
Kirilin et al. (1985):

n” mvi
K, = w (9.60)

[T, [A7]"

In Eq. (9.60), the molar concentrations of the reactants and of the produces of
reaction are calculated by Murgulescu and Valcu (1982):

ny . — AoVl
A/- _ i 0,i i |
[A]] ST o Judv 9.61)

and

"
. LV,
tl n_
Do My — AeAv

(9.62)

respectively. In Egs. (9.61) and (9.62), n6 i=1,...,1, & and Av hold for the
initial number of moles of the reactants, the Value of the degr/ee of chemical reaction
progress at equilibrium and the difference Zl L vi'—=>"1 Vi, respectively. The
constant of equilibrium K, can be determined through various known methods (e.g.
experimentally, or can be calculated with the help of the chemical affinity, A etc.,
depending on the chemical reaction type). From Egs. (9.60) to (9.62), the degree
of chemical reaction progress at equilibrium, A., is assessed. With this value, the
phenomenological coefficient of a chemical interaction, L., can be found, writing

Eq. (9.24) for the case at hand at equilibrium:

AeViMar = Lite(=X1 ) (9.63)
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wherefrom:

(9.64)

In Eq. (9.64), the natural force is written at equilibrium as:

Xle - Z]lr i Z]l”r ;/ (965)

As mentioned, the phenomenological coefficient L, is thought to be essentially
constant along the entire reaction, that is:

Li1e =~ Ly ~ const. (9.66)
where
}VV{MA/
L = ! 9.67
11 =9 (9.67)

is the current interaction phenomenological coefficient and (—X{) is given by
Eq. (9.56). Considering Eqgs. (9.64), (9.66) and (9.67) together, the current degree
of chemical reaction progress A acquires the form:

X/
)= ( l) /le

)

The chemical literature asserts that A = 0 unconditionally to the beginning of a
chemical interaction (e.g. Murgulescu and Valcu 1982). Phenomenologically,
Eq. (9.68) shows that this is not true, but in case of two special circumstances,
only. Indeed, the right member of Eq. (9.68) approaches zero value when: (a) the
reactants temperature approaches zero absolute temperature, 7; — 0K, and entro-
pies and enthalpies vanish, and (b) the direct reaction is very poor, that is A, — 0,
therefore A, > A — 0.

(9.68)

9.2 Non-equilibrium Phenomenological Theory
Applications. Case Studies of NH3-H,0, NH3, H>O
and Other Working Pairs Gas-Liquid Interactions:
Case Study of a Chemical Interaction Force

The thermal factors involved in the calculation of the natural thermodynamic
force [Eq. (9.34)] have been expressed analytically in case of the ammonia-water
system (Staicovici 1998a), by means of state equation, found by Ziegler and Trepp
(1984). From experience, the process at hand is nonlinear and the assumption
of a linear set of phenomenological equations needs to be justified. Indeed, the
currents are linear with respect only to the force. In fact, they are strong non-linear
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with respect to all interface variables through the thermal factors s,, &, A, and
C, intervening in the calculation of the thermodynamical force (Ziegler and
Trepp 1984). The phenomenological coefficient has been estimated by means
of Egs. (9.40), (9.39) and (9.34), resulting in Lyj, = ﬁ = ﬁ. Before starting
the application, a special attention was paid to the consistency of the force with
respect to the equilibrium thermodynamics, regarding the ideal points calculation
of a gas-liquid system and particularly of the ammonia-water mixtures. As it will
be further mentioned, the force is not defined in an ideal point and never cancels.
Practically, such a point is determined by progressively restricting the interval of
definition throughout which the function has finite values, of equal absolute value
and contrary signs, up to the desired level of accuracy (here usually obtained up
to the sixth decimal). In principle, the two thermodynamical approaches, the equi-
librium and the non-equilibrium phenomenological ones, are equivalent, as far as
the determination of the ideal point is concerned. However, although in both cases
the same state equation for the binary mixture under study has been used, the non-
equilibrium phenomenological calculus has lead to sensibly different results in
some parts of the solubility field because Ziegler and Trepp equation has an arbi-
trarily chosen zero reference of state. First attempts to approach the results of the
two methods failed when a non-linear dependence of the mass current with respect
to the natural force was considered. This explains why we used just only a linear
dependence of the mass current with respect to the force [Eq. (9.24)]. Best results
were obtained amplifying the second term of the denominator in Eq. (9.34) by a
match function M(p; ., x.), already mentioned in Sect. 9.1.1. Several values of the
match function are given in Fig. 9.1 for five reduced ideal pressures and five ideal
solution mass fractions. These values were well correlated by a four-order double
polynomial expansion:

4
M (pre.xe) =exp | > Aijp} A (9.69)
ij=0

The coefficients A;j are given below:

Ago = —1.55107 x 10%; Ag; = 4.30114 x 10°; Agp = —2.50709 x 10;
Aoz = 5.14562 x 10'; Ags = 3.53064 x 10';

Ao = 220458 x 10'; A|; = —3.43605 x 10%; A1 = 2.15534 x 10°;
A3 = —5.56704 x 10%; Ayy = 4.87992 x 10°;

Azy = —5.72617 x 10'; Ay = 9.54441 x 10%; Ay = —6.00841 x 10%;
Azz = 154652 x 10%; Ayy = —1.35339 x 10%;

Azp = 5.53949 x 10'; A3; = —9.34452 x 10%; A3, = 5.88969 x 10°;
Asz = —1.51448 x 10*: Az4 = 1.32402 x 10*;

Ago = —1.74164 x 10'; Ag; = 2.94977 x 10%; A4 = —1.86140 x 10°;
Ag3 = 4.78901 x 10°; Agy = —4.18852 x 10%;
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Fig. 9.1 Several values of the match function in Eq. (9.34) for ammonia/water gas—liquid mix-
tures (pp = 10 bar; T, = 100 K)

The relative differences (%) in the approximation of equilibrium mass fraction of
the mixture solution with Eq. (9.34), are plotted in Fig. 9.2. The differences could
come also from the different units used for x,, namely mass fraction in the ~—x dia-
gram, respectively molar fraction in equation of state of Ziegler and Trepp, and the
use of an unique computing value for the phenomenological coefficient. M(p,. ., x.)
compensates the arbitrarily chosen zero reference state of a system entropy and
enthalpy. To this extent, considering the absolute zero temperature as zero ref-
erence state of an interacting system enthalpy and entropy can be a goal for the
future non-equilibrium phenomenological approach applications, because in this
case M(py.e, x.) is no more needed and the computation simplifies. However, in
our case, before to use Eq. (9.34) in an evolution process assessment, we need the
“nearest” ideal point which the system evolves to, in order to calculate the match
function. Here it is helpful the Prigogine theorem, relative to the minimization
of the entropy source in an irreversible stationary process, and the computation
becomes an iterative one. However, practically with a good initial guess of the
nearest ideal point, the use of this theorem would be not necessary and the cal-
culus is correspondingly simplified (see further comments). For our application,
Eq. (9.34) covers an usual domain for refrigeration purposes with the NH3-H>O
system, namely of 1.0 < p < 15.0 bar, 0.1 <x <0.45and 0.5 <y < 0.998.
Equations (9.27), (9.28), (9.31) and (9.34) have been represented for exempli-
fication as partial functions of the reduced state parameters x, 7, y and t, , respec-
tively in Figs. 9.3, 9.4, 9.5, 9.6 and 9.7. At interface, the gas and the liquid are in
mechanical equilibrium, p; & pg, and no pressure partial functions exist in fact.
For completeness, the natural thermodynamic force of pure components water and
ammonia is given in two study cases in Fig. 9.8. The curves are different in shape,
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Fig. 9.2 The relative differences % in the approximation of equilibrium mass fraction of ammo-
nia/water solutions with Eq. (9.34)

depending upon the variable used in the abscissa and the nature of the system.
The partial functions which depend on the parameters of the same phase have
the same absorption or generation monotonous variation. According to the pos-
tulate (see next section) and its consequence, the diagrams show the continuous
increase of force, Figs. 9.3b, 9.5b, 9.6b and 9.7b, entropy source, Figs. 9.3a, 9.5a,
9.6a and 9.7a, and of the coupled mass and heat currents, Fig. 9.4a, b, respec-
tively, approaching an ideal state. In case of currents, an ideal point approaching
(i.p.a) effect is emphasized: depending on how strong the currents coupling is, the
approach to an ideal state determines an increase effect of the absolute value of
the function by several percentages (in case of pure components), to several hun-
dred times (for the binary system), as compared to the states which are far from
the same ideal point. In this way, referring to currents, the term of “far from equi-
librium state” changes here its classical meaning and corresponds to its opposite,
namely to the low interaction. The i.p.a. effect has been brought to light also in
case of other working combinations, namely NH3—-LiNO3 and NH3-NaSCN,
Figs. 9.9 and 9.10, respectively (see also further on the same for the HyO-LiBr
working pair). An ip.a. effect behavior has been observed also calculating
Eq. (9.56) for an independent chemical reaction. For the moment, we present a
case study concerning the natural force of ammonia synthesis from nitrogen and
hydrogen. The results are given in Fig. 9.11, where force [Eq. (9.56)] is plotted
against several values of the reactants temperature (T{ = Té) and several pres-
sures. The equilibrium temperature is equal to 600 K. The direct reaction, between
hydrogen and nitrogen to form ammonia, has negative forces and currents and
takes place until the temperature of reactants hydrogen and nitrogen is smaller
than that of equilibrium. The inverse reaction, when ammonia decomposes to form
hydrogen and nitrogen, has positive forces and currents and takes place as long as



400 9 A Non-equilibrium Phenomenological Two-Point Theory of Mass and Heat

(a) 0.0 0.2 0.4 06 0.8 1.0
100 1 1 : 1 1 1 1 100
2 2
o 80 9 Ammonia / Water - 80
s —st— Absorption
o X .
2 & 60 —o— Generation - 60
L Ideal state
8 g 40 p,=1bar;T _=293K - 40
= 3 x,=0.3396;y,=0.987
'g 20 - M(p, .,x,)=0.7292 L 20
o ; L, =1/8314
04 = un&éo o)
0.0 0.2 0.4 0.6 0.8 1.0
Solution mass fraction, x(kgkg™")
(b) 0.0 0.2 0.4 0.6 0.8 1.0
X 800 - 8 Ammonia / Water - 800
Rel —s— Absorption
2 8 400 - ¢ —o— Generation L 400
c O ‘é ........... Ideal state
el h
2 o] = a0 o o Lo
§ o ] p.=1bar; T ,=293K
2 > S — Sy =
=% 0] f x,=0.3396; y,=0.987 L 400
£ E T M(p, .,x,)=0.7292
gs x  L,=18314
= 8001 ¥ fmax,abs=535;fmax,gen=78 800
0.0 0.2 0.4 0.6 0.8 1.0

Solution mass fraction, x(kgkg™)

Fig. 9.3 The i.p.a. effect behaviour for the reduced entropy source (a) and natural thermody-
namic force (b) as functions of solution mass fraction

the temperature of the reactant ammonia is higher than that of equilibrium. The
mass and heat currents assessment is not included here.

The i.p.a. effect may be ranked, in case of a single interaction type, by a figure
of merit, “f”, equal to the ratio of two same type function values (e.g. absorp-
tion/condensation or generation/vaporization), corresponding to the states closer,
respectively farther to the ideal state. Figures 9.3, 9.4, 9.5, 9.6, 9.7, 9.8, 9.9, 9.10
and 9.11 include also estimates of the maximal “f” values for the chosen exam-
ples. Besides a “f” evaluation, our phenomenological approach creates also the
opportunity to compare the intensity of different interaction types, comparing the
(reduced) values of natural forces calculated with Egs. (9.34)—(9.37) and (9.56) for
same interaction p, T, x and y state parameters. Obviously, the calculus must be
performed in this case with entropy and enthalpy functions of state having a same
zero reference state.
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Fig. 9.4 The i.p.a. effect behaviour for the reduced mass (a) and heat current (b) as functions of
solution mass fraction

The specialized literature does not contain systematic theoretical or experimental
accounts of the non-equilibrium interaction in the NH3-H,O system, in order
to compare them with the results obtained here. The only confirmation of such
results is given by their compliance with a few experimental works which are
in agreement with the graphs shown in Figs. 9.3, 9.4, 9.5, 9.6, 9.7, 9.8, 9.9 and
9.10, proving the increase of the gaseous mass flow driven as a two-phase binary
system is approaching a state of saturation. To this effect, some mention should
be made of the experimental work of (Hui and Thome 1985), who investigated
the boiling of binary azeotropic ethanol-water and ethanol-benzene mixtures and
ascertained the increase of the number of vaporization points, until it became
impossible for such points to be individually distinguished, as the molar frac-
tion of the mixtures approached the saturation value. Another work of NH3-H,O
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Fig. 9.5 The i.p.a. effect behaviour for the reduced entropy source (a) and natural thermody-
namic force (b) as functions of solution temperature

falling film absorption in plate heat exchangers, done by Kang et al. (1998), has
found experimental absorption data near equilibrium point which now the author
can regard as a proof of the i.p.a. existence.

The importance of the currents coupling is worth to be mentioned. Indeed, let us
consider the mathematical form of the chemical interactions given in Sect. 9.1.2 and
particularize it for processes involving separate or simultaneous but non-coupled
mass and heat transfer, characterized by the following features:

/ "

n=n

Jl/ =Jl//’ 1= 1, . ,}’l/ (970)
Jg=0

vi=v, i=1,....n
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Fig. 9.6 The i.p.a. effect behaviour for the reduced entropy source (a) and natural thermodynamic
force (b) as functions of gas mass fraction

In this case, the force of a non-coupled mass and heat transfer process is
expressed with Egs. (9.57) and (9.70) by:

n/
, 11
-X==>ji, [(S§ —si) + hE(; - ;)} 9.71)
i=1 i ¢

For a system referred to above, approaching an ideal point, we have T/ — T, and
si— s/, i =1, .., n, therefore —X — 0, which means that the i.p.a. effect is
rather a coupling effect .

At this point it is possible to give a satisfactory qualitative explanation to the
problem of the ammonia bubble absorption, raised in the introduction of this
chapter. Indeed, during the growth phase the absorbed mass flow j, increases con-
tinuously as the state of the interface approaches an equilibrium point, according
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Fig. 9.7 The i.p.a. effect behaviour for the reduced entropy source (a) and natural thermodynamic
force (b) as functions of gas reduced temperature

to the diagram shown in Fig. 9.3b plotted with p, T, x and y values close to the
experimental conditions. At a certain moment, this increase exceeds the value
of the feeding flow rate, causing the collapse of the bubble, and continues after
the starting of the collapse at an even higher speed, up to the total absorption
of the bubble. This further explains why the collapse duration is much shorter
than the duration of the growth. Moreover, the non-equilibrium phenomenological
qualitative explanation of the bubble collapse leads to the conclusion that: (i) the
currents depend directly only to the interface variables and not to the interface
magnitude, therefore absorption in the NH3—HO system should not be a surface
process, as it is usually considered and consequently (ii) the use of the mass trans-
fer coefficients K, and K as surface factors [Eq. (9.2)] is improper, at least in case
of the NH3-H,O system and (iii) the estimation of the interface mass transfer by
analogy with heat transfer is improper too, because the force in Eq. (9.2) tends to
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zero approaching an ideal point, which, from the non-equilibrium phenomenological
point of view, is not true. A quantitative estimate of the evolution of the NH3—H>O
gaseous mixture bubble in the NH3—H»O liquid absorber is given further in this
chapter.

9.3 Non-equilibrium (Natural) and Equilibrium
(Ideal) Thermodynamical Forces

Some readers may consider our results contradictory with respect to the classic
approach of the mass and heat transfer. This is because the known thermodynamical
forces governing coupled heat and mass transfer in continuous or discontinuous
(interface) media, like VI/T2 and Vu/T or AT and Ax, are vanishing in an ideal
point, and the same applies to chemical forces, expressed with the help of chemical
affinity (de Groot and Mazur 1964; Chartier et al. 1975; Vilcu and Dobrescu 1982),
but the natural forces, given by Egs. (9.34) and (9.56), are not. In order to distin-
guish between the two types of forces, the classic ones, involved in the coupled
mass and heat transfer, will be referred to as equilibrium (ideal) thermodynamical
forces. The difference between the natural and ideal forces comes from the different
tools which they were obtained with, non-equilibrium and equilibrium, respectively.
The natural forces describe the evolution of an interacting system, towards an ideal
point, without to know if an equilibrium will be reached or no (this depends on the
future external conditions of the interaction), while the ideal ones regard the same
evolution supposing a priori that equilibrium already exists. The two approaches,
natural and ideal, lead to same results and can be coupled in order to assess a mass
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Fig. 9.9 The i.p.a. effect behaviour for partial natural thermodynamical forces of liquid mass
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and heat transfer process. A first successful example is shown further by the model
of the ammonia bubble absorption in ammonia-water mixtures and its prove by
experiment.

The non-equilibrium thermodynamical forces of physical and chemical inter-
actions enjoy several important properties. First, as already mentioned, the force
[Eq. (9.34)] applies also to physical interactions of solid—liquid, solid—gas or
gas—gas, liquid-liquid type, provided that appropriate indexes be used (e.g. for a
liquid—solid interaction with a solid final phase, the indices g and 1 change in 1,
respectively s). Unlike the ideal forces of Fourier and Fick type, which can not be
applied to discontinuous media because V is not defined in points of discontinuity
(such those of an interface) the natural force is valid for both continuous or dis-
continuous media. Obviously, the currents assessment needs to determine
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Fig. 9.10 The i.p.a. effect behaviour for partial natural thermodynamical forces of liquid mass
fraction (a) and liquid temperature (b) in case of the NH3—NaSCN system

analytically the right phenomenological coefficients, which often is a difficult
task. The second property is related to the natural force behaviour close to an ideal
point. This force being essentially new, the specialized literature does not point out
this aspect and refers only to the total entropy increase to maximum values when
the system approaches such a point, causing the source strictly positive definition.
This is not enough to describe its behaviour near such a point. According to previ-
ous works (Chartier et al. 1975; Vilcu and Dobrescu 1982), the ideal forces are
governing the coupled heat and mass transfer processes and the same is valid for
the non-equilibrium (natural) thermodynamical forces, which evaluate the natural
tendency of the real systems making for equilibrium. This essential feature shows
that constant (zero included also) value forces or those with decreasing absolute
value are not acceptable for systems approaching an ideal point. Hence, the only
acceptable force behaviour remains the one expressed by the following:
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Postulate The non-equilibrium (natural) thermodynamical force of a closed or
open evolution system, involving coupled mass and heat transfer, continuously
increases in absolute value to maximal finite values approaching an ideal point.

The phenomenological factors, proportional to the force (entropy source, currents),
must have the same force feature. The postulate and its consequence are verified by
all study cases synthesized in Figs. 9.3, 9.4, 9.5, 9.6, 9.7, 9.8, 9.9, 9.10 and 9.11,
including the physical interactions of pure components with ideal mixture, and binary
with non-ideal mixture, as well as a chemical one. Third, we have the following:

Lemma A natural thermodynamical force is an odd function at least in close
proximity of an ideal point, z, = ze(Pi.es Tie» Xe» Pg,er Tg,er Ye):

(=X)(ze +8) = —(=X)(ze — 9).

This property results by integrating the force on a closed way, symmetrical
with respect to the ideal point. Because (—X) is a function of state, the integral
is zero and making § — 0, the lemma is demonstrated. Fourth, the force must not
be defined in an ideal point, because, according to the lemma, it should take at the
same time and with same probability two opposite values, corresponding to the
elementary processes adjacent to an ideal point with opposite signs of the homo-
logues currents, which is impossible, therefore we have the following

Corollary A natural thermodynamical force is not defined in an ideal point.
Here are included both the double ideal points [e.g. absorption (condensation)

and generation (vaporization)] and the triple ones. This property extends to the
currents and to the entropy source, not defined in an ideal point as well.
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9.4 Modeling of the NH3-H,O Bubble Absorption,
Analytical Study of Absorption and Experiments

For a more accurate evaluation of the NH3;-H>O gas-liquid interactions, a
combination of classic equilibrium and non-equilibrium phenomenological theories
of coupled mass and heat transfer will be applied here in order to model absorption of
the ammonia bubble. The resulting model is a non-empirical linear Phenomenological
Hydro-Gaso-Dynamical (PhHGD) tool. By doing so, an attempt is made to find an
appropriate local solution of the transport in the NH3-H>O medium, which might
lead to its correct global evaluation, applicable in the calculation of the absorption
installations.

9.4.1 Model of the Bubble Absorption Applying
the PhHGD Tool

The solution of the problem at hand was faced from the very beginning with the fol-
lowing difficulties: (a) there are only a few papers in the specialized literature which
deal with a thorough analysis of bubble absorption/generation in multi-component
media; (b) although the process is in evolution, none of the selected papers approach
it with non-equilibrium phenomenological tools, all the authors preferring to con-
sider a priori that an interface thermodynamical equilibrium exists, and (c) so far, the
PhHGD method results may be only compared with experiment. The papers falling
into the category mentioned above are due to Merrill and Perez-Blanco (1997), who
analyzed the bubble absorption in binary solutions, accompanied by combined mass
and heat transfer and to Miyatake et al. (1997), who give a simple universal equation
for the bubble growth in pure liquids and in solutions with non-volatile solute. Also,
Sivagnanam et al. (1994) have developed correlations for the subcooled convection
of binary mixtures during boiling, by using data for acetone-water, isopropanol-water
and n-butanol-water, and Cooper and Stone (1981) have reported experiments where
vapor bubbles are grown on a flat wall in a binary liquid which is initially stagnant and
isothermal (hexane and octane in various proportions). Additionally, a lot of papers
deal with the bubble dynamics in the context of boiling/condensation processes in
pure liquids. For completion, some of them will be quoted hereinafter. Al-Hayes and
Winterton (1981) have obtained experimental results for the mass transfer in air bub-
bles adhering to the wall of a pipe in which the fluid (water, water with surfactants
and ethylene glycol) has a supersaturated history. Nigmatulin et al. (1981) examine
a non-linear aspect of thermal and dynamic oscillating mass interaction, between a
spherical vapor and gas bubble in a liquid, taking into account a non-uniform tempera-
ture in the bubble and the reciprocal diffusion in the gas—liquid mixture. Auracher and
Maier (1983) find a correlation for experimental data of vapor bubble condensation in
slightly subcooled pure liquids (R11, R113, and C3HgO) governed by a heat transfer
mechanism. Klausner et al. (1993) determine the detachment time of vapor bubbles
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Fig. 9.12 Bubble generator scheme

in forced convection boiling. In a two part paper, Zeng et al. (1993a, b) suggest a new
model of prediction for the detachment diameters of vapor bubbles in the saturated
stagnant liquid and in the flowing liquid upon boiling. Brujan (1994) analyzes the
question of the collapse of a spherical cavity bubble containing non-condensable gases
and vapors in an infinite volume of non-newtonian liquid. Lee and Merte (1996a, b)
have examined the growth of the bubble in uniformly superheated liquids and under
microgravity conditions.

The bubble evolution in the NH3-H,O gas—liquid interaction has been modeled
in relation to the bubble generator scheme, shown in Fig. 9.12. This scheme rep-
resents a portion of a vertical pipe absorber. The gaseous mixture, coming from
a reservoir of liquid NH3—H»O at pressure 1.2—1.5 bar and temperature 540 °C,
is expanded up to the value of the normal pressure and allowed to penetrate at
flow rate ¢, in a pressure-equalizing tube, which, in the case of vertical absorbers,
has the role of a collector. The gas in the tube has pressure py, temperature Ty and
volume V. From here, the gas passes through a calibrated nozzle and diameter dy,
and penetrates into the absorbing liquid mixture at the flow rate . The parameters
of the gas injected in the liquid are pg, Ty and y. At the gas-liquid interface and at
infinity the liquid has the parameters pj, Tj and x, respectively poo, Too, and Xec.

9.4.1.1 Governing Equations
The model is based upon the following assumptions, which are generally those

formulated by Rayleigh (1917) for the dynamics of a single bubble, namely
a spherical symmetry flow and uniformity of the gas pressure in the bubble
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(homobaricity). When the bubble radius varies monotonously (growth or collapse),
the homobaricity condition is written as (R/ C)2 « 1, where R and C are the
bubble radius velocity, and respectively the sound velocity in gas (Nigmatulin
et al. 1981). During the bubble oscillations, homobaricity prevails if wR < C,
where @ = 27f is the annular frequency (f). Moreover, the following assumptions
are considered for the liquid and gas medium: (a) the liquid gravitational forces
are neglected; liquid is newtonian, viscous and incompressible; its physical and
thermo-physical properties are constant in time (A, v, ¢p, o1, 0, Dx); (b) the gas has
an ideal behaviour and has an isothermal adiabatic evolution, both in the tube and
in the bubble; the flow in the tube assumes negligible charge losses; the gas—liquid
interaction is an evolutional phenomenon, deemed to be an open system from the
thermodynamical point of view; the molar fraction as well as the specific heat at a
constant pressure are constant.

9.4.1.2 Liquid Phase Equations

The liquid motion is governed by the following equations (Landau and Lifschitz 1971):
global continuity

a -
£ + div (pv) =0 (9.72)
continuity of a species
& ani=0 973
— i= .
Py T 9.73)
laminar flow (Navier-Stokes)
dv do
S —_V ik F: )
Py p+aZk+Z i (9.74)
general coupled mass and heat transfer (thermodiffusion)
ds A . (> = 2
o Ta = Uika - le(‘] - Ml) —iVu (9.75)

where (Staicovici 1998a):

ds 1dTr <8,u> dx

—~ =¢ - 9.76
oT ), di ©-76)

d  "Tdr
9.4.1.3 Interface Equations

At interface, the equations governing interaction are the following:

motion

20

PLr=R =DPg — & + pg(Ve = Vr=r) (Vg = R) (9.77)
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where vy is the gas velocity, and R=0R /0t;
gas mass balance

JrolV + pg(ve —R)S =0 (9.78)

where S is the interface area, V = 47 R2R is the time derivative of the bubble
volume, and j; is the reduced mass current involved in interaction (Staicovici
1998a, 2000c¢);

liquid mass balance

Jrol| V] + 1=kl oS = pi| V| 9.79)

mass balance for a species
JrolV]y + o V](1 = j)x + aDy VS = pi| V] (x + %) (9.80)

where §x is the actual increase of the molar fraction x.
energy

o1 V]epi8Ti = jrpi|V|C + AVTiS (9.81)

where §T; is the actual increase of the liquid temperature at interface, and C is the
local thermal capacity (Staicovici 1995).

9.4.1.4 Gas Phase Equations

The gas phase is governed by the following equations:
1st principle of thermodynamics, for the gas in the tube

(g —m)hg = pg Vi (9.82)

where ¢, m and V¢ are the gas flow rate at which the tube is fed, the bubble and
respectively the tube volume.

Bernoulli equation (stationary), applied to the flow in the tube (the flow rate
through the orifice, Ionescu 1977)

i =asz,/pg( Peu —pg‘ (9.83)

where a is the Coriolis coefficient of the kinetic energy, and 2 is the nozzle flow
section.
mass balance in the bubble

i —jrm|V| = pgV (9.84)
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9.4.1.5 Model Equations Initial and Boundary Conditions

The governing equations will be written herein below in a form which allows for
the application of the known mathematical methods of numerical solution. To this
effect, we shall firstly revert to the liquid phase equation. A special analysis of the
mass, i, and heat, ¢ — ui, flows in Eq. (9.75), derived from the entropy source
equation of thermodiffusion, showed that off-diagonal effects Soret and Dufour
are small in case of our application (Staicovici 1998a). Hence, the currents may
not be coupled, resulting in pure diffusion and pure conduction:

i=—pDyVx (9.85)

-

G—pi=—AVT (9.86)

respectively. The thermodiffusion Eq. (9.75) is further simplified, noting that terms
T(0u/oT)px and iV may be neglected, as they are second-order terms, and the
viscous tensor Gi,k is canceled in case of the spherical symmetry contraction (i = k)
and of incompressible Newtonian liquid (Landau et Lifschitz 1971). Equally, the
integration of Eq. (9.72), written on spherical coordinates, leads to

r2 v = RZR = const (9.87)

. /[R\?
v=R(> (9.88)

T

where from

At interface, from Eqs. (9.78) and (9.79) it results that

pe( Ve = R) = —jroR (9.89)

and

. /R\?
Vi=R = R(r> (I —=j» (9.90)

respectively, so that the equation of motion is re-written as:

20 . . 2 1 1
Plr=k =Pg = & + (jroIR) o 9.91)

Finally, the flow Eq. (9.74) written in spherical coordinates and without the
viscous term (see the remark above) is integrated in relation to the radial
coordinate r, between R and oo. Using Eq. (9.89) it results that:

RR+ B2 40| (1 =) — kR = L~ )
e (9.92)
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The second term of the left side of equation. is a second-order term and may be
neglected. Considering the above, modeling the bubble absorption/generation
leads to the solving of the following system of nonlinear ordinary differential
equations and with partial derivatives (Staicovici 1998a, c)

N T 5 TR/ I,
= (Pt — 55— —Poc— & | — =1 0.
w222, " R )pi " pg R(1 — jr)

b = [ar =] Gt (9.94)
t

ox (R Tox _ 20x 0% ©.95)

at r) or \ror o ’
oM oK o _ ) (20T LT ©.96)

ot r) or - CT\rar o ’

where

= pgV +jrpi|V| 9.97)

Equations (9.93)—(9.97) serve to determine the first four unknowp factors, R, pg,
x and respectively Tj. In the next step the bubble radius velocity, R, and the bubble
radius acceleration, R, as well as the first time derivative of the gas pressure in the
tube, pg, are determined. In order to determine the gas pressure in bubble, p,, and
the liquid velocity, the equation
r'nZ
Pg =Pgr F ngg (9.98)

and Eqgs. (9.88) and (9.90), respectively, are used.
The initial and boundary conditions that ensure the uniqueness of the solution
are as follows:

t=0;r>R: R0)=Rp; R(0) = v;=r(0) = 0; Ty(0,r) = T ; x(0,7) = Xog
20

20
R APsi Pg(0) =poo + == P1(0,7) = peo
0

pg,t(O) =Poo t+ R,

and

R Pl

t>0: pt,00) = poo; Ti(t,00) = T X(F,00) = X0

. Vx 1 /(. AVT
t>0; r=R:8x={—X)jr +Dx——; 61 = — | j;,C+ ——
c

respectively.
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9.4.1.6 Numerical Integration

The mathematical model presented in Sects. 9.3.1.1 and 9.3.1.2 has been
numerically integrated by means of a Runge-Kutta-Gauss code of solving non-
linear ordinary differential equation. systems applied to motion equations and by
using an explicit scheme with finite differences for equations with partial deriva-
tives. The forward time and the centered space have been used in the scheme with
finite differences. The necessary thermodynamic factors (jr, hg, etc.) have been cal-
culated at each time step by using the Ziegler and Trepp (1984) state equation.
In order to provide greater accuracy of the simulation, the mass diffusitivity coef-
ficient, which is very important for the flow, has been adjusted at every time step
according to equation

Dy = (B3x+2) x 107 (9.99)

(where the mass fraction x has a value calculated at the previous time step) without
affecting the linearity of the equation with partial derivatives. Equation (9.99) is
valid within the range 0.0 < x < (0.7 and has been determined by linear interpolation
of the results obtained by Kojima and Kashiwagi (1995).

9.4.1.7 Model Results of the Ammonia Bubble Absorption

The model solving needs firstly to find the nearest ideal point which the system
evolves to, in order to calculate the match function M(p,,, x.) intervening in the
natural force computation. This has been found applying a practical method (see
Sect. 9.2), based on the remark that most systems have state parameters with
quasi-constant values all along the evolution period, coming out of their connec-
tion with the infinite reservoirs or by fulfiling other engineering purposes etc.
Depending on the system variance, these parameters partially or completely define
the nearest ideal point. In our case, the ammonia/water system is biphase and
bicomponent, so it suffice to have two such parameters, but the type of the parame-
ters may change upon the specific application. For instance, for the absorption pro-
cess of a closed system absorption refrigeration plant, these parameters are the rich
solution final temperature, close to the sink source temperature and the absorbed
gas molar fraction, but for the generation process, they change to the final poor
solution temperature, close to the warm source temperature and the condensing
pressure. In our case, of the bubble absorption, the near ideal point is defined by
the quasi-constant absorption pressure (p; = pg) and gas molar fraction y.

The absorption takes place between gas and the subcooled absorbent, when
forces and currents are positive. The set of entry data corresponds to the absorption
of the ammonia bubble (y = 0.992) in water (xoo = 10™%), at normal pressure
(Poo = 1.001 bar) and environment temperature (7o, = 293 K). The solution of the
motion equation is shown in Fig. 9.13. Figure 9.14 elucidates the problem of ammo-
nia bubble absorption. Indeed, the reduced absorbed mass current j, and the actual one

Jte=Jrm|V| (9.100)
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Fig. 9.14 Numerical phenomenological elucidation of the ammonia bubble absorption problem

continuously increase during bubble growth time, causing the bubble pressure
decrease, Fig. 9.15. At a certain moment, the actual current equals the bubble mass
feeding rate m and the collapse starts. The cumulated absorbed mass current

t
Jiga® = / Jig(@dz (9.101)

and the corresponding coupled heat current jg,l,a are plotted against the bubble
growth time in Fig. 9.16. The liquid mass fraction and temperature distributions
are given in Figs. 9.17, and 9.18, respectively, against the same bubble growth
time and the radial depth in liquid, measured from the interface. We note that the



9.4 Modeling of the NH3—H>O Bubble Absorption

417
1E-4 1E-3 0.01 0.1
1.006 - @’w@'“’@% - 1.006

3 %  —+— Bubble pressure, Py

3 ) \+\ \ —o— Tube pressure, p,,

o8 Ly o,

S 2 i \

S @ 1.004 T - 1.004

c o 1 \

© 5 It

o2 \ b

g 9 ++~+Qm%<

2 < g

0o 1.002 - 2 90mmm [ 1.002
|
+

1E-4 1E-3 0.01 0.1
Bubble growth time, t[s]
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Fig. 9.16 Numerical solution of the cumulated absorbed mass and coupled heat currents during
ammonia bubble absorption

liquid mass fraction and temperature almost linearly decrease with the radial depth
during a complete evolution, and both ammonia and the thermal field diffuse over
a distance of about 1.0 x 1073 m.

The phenomenological modeling of the bubble absorption may be a valuable
lesson for a future advanced thermal absorption technology. Next, we syn-
thesize what is to be learned from it. First, the absorption process in ammonia/
water medium is a mass phenomenon and not a surface one, as pointed out also by
Eq. (9.100). Second, the absorption can be improved in an intensive way, seeking
not the remoteness from the ideal point (see the classical point of view), but the
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Fig. 9.17 Numerical
solution of the liquid mass
fraction evolution generated
by the ammonia bubble
absorption

Fig. 9.18 Numerical
solution of the liquid
temperature evolution
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nearness to it, when the currents naturally increase up to very high values without
any additional technical improvements (see figure of merit f = 740.7 in Fig. 9.14).
The tendency manifested in the construction of NH3-H;O absorbers of increasing
the gas—liquid contact area through the dispersion of one of the phases in order to
increase the absorption efficiency may not result in the anticipated effect. Quite on
the contrary, by extending the contact area the more rapid evolution of the interface
towards the equilibrium parameters is delayed (the mass fraction x of the liquid at
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interface decreases with the increase of the contact area, at the same gas feeding
flow rate) and absorption decreases, as compared to the one achieved in a less
dispersed phase. Moreover, the auxiliary pumping energy consumption is also
increased. Thus, in the light of the above, the increase of the contact area is merely
an extensive technical solution which helps to compensate the absorption decrease
caused by an artificial remoteness from the ideal point, offering in exchange a more
stable functioning of the absorbing device. In addition to the above, it is noted that
quasi-spherical bubbles with a minimum contact area for the same volume stands
for the greatest chances to achieve the best mass and heat transfer through i.p.a.
effect appearance. This gives rise to the idea of constructing an NH3-H;O bub-
ble flow absorber (Staicovici 1998a). It should be a flat plate and mounted hori-
zontally. In comparison with a present NH3—H»O absorber with vertical pipes or
with liquid phase dispersion, the bubble absorber offers the following advantages:
(1) maximum absorption efficiency; (ii) minimum pressure loss on gas side; (iii) it
is suited to a modern compact plate construction; (iv) minimum auxiliary energy
consumption.

9.4.2 Analytical Study of NH3—H >0 Absorption

The use of PhAHGD code was extended to an analytical study of ammonia/water
absorption (Staicovici 1998a). The modeled scheme in Fig. 9.12 is not provided
with a cooling system, the absorption heat being naturally dissipated in the vessel
with large heat capacity absorbent. Hence, from this point of view our results may
differ to some extent to those which could be obtained on a better cooled absorber.
However, they preserve the intrinsic important features of absorption, independ-
ent of the flow type, and constitute at the same time a first data base for the bubble
absorber proposed in Sect. 9.3.1.4. The absorption is appreciated by the cumulated
absorbed mass current jl/-’g,a and a specific jg,g’a, which is defined by the integral
mean where 7 is

) 1 [T, 1,
Jigas = - / Jig(dt = ;Jﬁ,g,a(r) (9.102)
[0

the bubble life time. The quantity expressed by Eq. (9.102) is a measure
of absorption efficiency and is termed as average indicator of absorption.
Additionally, the results include also information about the coupled heat currents
j;”l’a and j;”l’a’s, defined similarly to theirs mass homologues. The results presen-
tation is confined here only to show the influence on the absorption of the initial
liquid temperature, absorption pressure, gas temperature and gas mass fraction,
plotted respectively in Figs. 9.19, 9.20, 9.21 and 9.22. Figure 9.19 recommends that
the liquid initial temperature should not overcome to much the ideal point tempera-
ture, because the average absorption indicator decreases and its increase at higher
temperatures is accompanied by important departures of liquid mass fraction x
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Fig. 9.20 Numerical study case of absorption pressure influence on mass and coupled heat
currents

from the ideal value x,. The absorption pressure shows considerable influence on
absorption efficiency, the average indicator decreasing about three times when
pressure increases from 0.2 to 2.9 bar, which is very surprising, Fig. 9.20. Working
with as much as low absorption pressures is therefore desirable, but obviously this
must also be correlated with the other design parameters of a plant. Figure 9.21
shows little influence of the gas temperature on absorption. However, low gas
temperatures should be avoided and on this purpose gas superheating, a common
practice with absorption refrigeration plants, has from the mass/heat transfer point



9.4 Modeling of the NH3—H>O Bubble Absorption 421
240 260 280 300 320 340
20 1 1 1 1 1 20
— P "
Q — ° J iga @ J ig,as o—7"1
) -
= E 161 T lqa ® Jgas " 16
© o - =]
e r x(t=0)=10"y,=0.987;
"a g 124 p=1.001bar; L 12
2 T|(t=0)=293K;
'E"’ =) 8- I—gp @ #—8—8—8—B—— 5 [ g
e NO
© T,
% 44 -4
e S
— —0o—0 8 @ o ® @ @ ®
0 T T T T T 0
240 260 280 300 320 340

Gas temperature, Tg [K]

Fig. 9.21 Numerical study case of gas temperature influence on mass and coupled heat currents
in ammonia bubble absorption

0.5 0.6 0.7 0.8 0.9 1.0
1 1 1 1 1 1
'a‘ o
-
mg E 102+ 0] ga T j igas L 102
o
F T e
;s T ,(t=0)=293
== x(t=0)=10"*
g «,2 10" p.=1.001bar L 10"
o
°r oo P
=t — e e e
* % _?_ %78”'3>0<8\: : : 0\;
- T~ =3 8 B g_—"C o
100 e T o D/s\“‘\{‘” £ 10°
T T T T T EI
0.5 0.6 0.7 0.8 0.9 1.0

Gas mass fraction, y

Fig. 9.22 Numerical study case of gas mass fraction influence on mass and coupled heat
currents in ammonia bubble absorption

of view a second good reason. The last Fig. 9.22 shows a considerable influence
which, this time, the gas mass fraction employed up on absorption efficiency. The
cumulated absorbed mass current increases very much with y approaching unit.
On the contrary, absorption efficiency decreases about twice from maximal val-
ues for same y variation, which is again very surprising. Bearing in mind the high
energy consumption of the vapor rectification, also commonly used in absorption
plants, this time there is an additional reason to avoid it, that of decreasing the mass
and heat transfer in absorption processes. To this extent, on the opposite side, the
resorption plants gain twice eliminating rectification and the coabsorbent technol-
ogy, intrinsically related to the resorption cycle, is favored, besides a better thermal
effectiveness, also by a better mass and heat transfer.
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9.4.3 Experimental

Experiments of ammonia bubble (y = 0.970-0.991) absorption in distilled
water (x(t = 0) < 5.0 x 10™%), at normal pressure (p; = pg = 1.001 bar) and
temperatures of the gaseous and liquid phases of (5.1-9.4) °C and respec-
tively(1.2-17.0) °C, were accomplished. The testing scheme is given in Fig. 9.9.
The temperatures of gas and liquid were measured by making use of 0.1 °C pre-
cision thermometers. The tube feeding mass flow rate, g;, and the cumulated
absorbed mass current j/l,g, , were gravimetrically estimated, with a microbalance

(precision of 1.0 x 1077 kg), weighting the mass of ammonia absorbed in the
vessel containing the liquid absorbent during a timed period of time which
corresponds to a pre-established number of injected bubbles. The time measure-
ments were carried out by means of a chronometer with a precision of 0.1 s. The
gas mass fraction was assessed from readings of pressure and temperature of the
ammonia/water solution contained in the reservoir and using current equilibrium
data of ammonia/water combination. The mean experimental results are given in
Table 9.1. It contains the cumulated absorbed mass currents, calculated by means
of Eq. (9.101), which are compared with the experimental entry data. Although the
experiments are in a reduced number, their good agreement, within =15 % confi-
dence limits with the model results, validate the proposed combined non-equilibrium
and equilibrium phenomenological approach for mass and heat transfer local pro-
cesses in ammonia/water mixtures.

9.5 A Non-equilibrium Phenomenological (Two-Point)
Theory of Mass and Heat Transfer: Forces,
System-Source Interactions and Thermodynamic
Cycle Applications

In the classic theory, the heat and mass transfer are evaluated in conjuncture
with an equilibrium state, where the equilibrium point, thought in a dynamical
sense, plays a crucial role. To this extent, more often than not the same mean-
ing is given to this point when a system interaction is taking place, e.g., with
phase change in an isolated system, reaching equilibrium, or it occurs in an open
system in the presence of a source (infinite reservoir) and finish attaining equi-
librium with that, without changing the phase. Mathematically, an equilibrium
point (marked by index “e”) is expressed by equations of the following type
[Egs. (1.202)—(1.205)]:

Pl = Pg = Pe
I=T,=T. (9.103)
P12).l = P1Q2).¢
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In Eq. (9.103), we have chosen, as example, the particular case of a two-phase
gas/liquid and bi-component system. According to the classic assessment, heat
and mass transfer are proportional to the system departure from the equilib-
rium point, which plays the role of a driving force. When this departure is
null, the heat and mass currents become zero. As a corollary, the classic heat
and mass transfer assessment bases on a ‘“single-point” (equilibrium point)
theory (SPT).

In Sects. 9.2 and 9.3, a good part of the non-equilibrium phenomenological
theory of mass and heat transfer (NEPhTMHT) was presented. This section
will set forth new theoretical and practical aspects of this theory. In the frame
of NEPhTMHT, the mass currents are considered the coupling currents and
those of heat, the coupled ones, therefore, when writing about the coupled
processes at hand, we shall use the expression mass and heat transfer, rather
than heat and mass transfer. As it will be further shown, unlike classic point of
view, the NEPhTMHT is a “two-point” theory (TPT) (preferred abbreviation
next). Accordingly, the forces governing the mass and heat transfer will have
different properties as compared to the classic driving forces, depending on the
type of point involved in interaction. Finally, a few words for a better under-
standing of the TPT role: while the two theories, SPT and TPT, are not contra-
dictory but can reciprocally complete, the letter is capable to explain processes
which are difficult to be explained by SPT, like the problem of the ammonia
bubble absorption, or the heat transfer mechanism in heat pipes, outlined in
this section.

9.5.1 Natural Forces of the Coupled and Non-coupled
Mass and Heat Transfer

First we shall give a detailed explanation of the physical system, main principle
and nomenclature of the TPT.

Basic hypothesis. The interactions at hand are considered to take place in a
global system which has as constitutive parts one, two, or more systems and
sources (infinite reservoirs). The systems can be mono-, bi-, or poly-component
and can behave as isolated, adiabatic, closed, or open, when exchange amongst
them and/or with sources mass, heat and mechanical work. The internal mechani-
cal work annuls reciprocally among systems. The sources being of constant
parameters, only systems evolution is searched. This theory is based upon the
hypothesis according to which the total energy of the systems is considerably
equal to their internal energy, that is their macroscopic kinetic energy, and the
external fields of any nature that act upon them, as well as their internal tensions
are negligible (simple global system at rest). Under the circumstances, the heat
exchanged by the global system among its various constitutive parts is based upon
the exchange of total enthalpy.
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Coupled/non-coupled mass and heat transfer. A coupled mass and heat transfer
is a process characterized by:

(a) the change of phase (nature) of the reacting systems;
(b) the presence of a reaction (latent) heat; and
(c) mass and heat currents that influence each other.

On the contrary, a non-coupled transfer does not involve reaction heat, and the
systems do not modify their number and initial phase (nature) during interaction.

Mixed transfer of mass and heat. The transfer between systems and sources,
simultaneously taking place by coupled and non-coupled mass and heat currents,
will be referred to hereinafter as mixed transfer.

Interaction type. In the general case, n' constitutive parts A}, i = 1,...,n/, of the
global system interact amongst them by coupled and/or non-coupled mass and heat
transfer, giving rise to n” constitutive parts A7, i = 1,...,n". Additionally, only the
interactions through an intermediary system between two or more sources have sense.

Natural forces. The thermodynamic non-equilibrium (natural) forces govern the
coupled/non-coupled mass and heat transfer. They differ from the classic thermody-
namic ones (driving forces), here called equilibrium (ideal) forces (see Sect. 9.3).
The natural forces are vector dimensions, that is two mass and heat transfer pro-
cesses serially connected, occurring between states A and B, and B and C,

respectively, have the same resulting natural force (—)?)AB + (—i)BC as that

of mass and heat transfer process taking place from state A directly to state C,

—X , or
AC

(_;})AB n (_S()BC - (—)?)AC (9.104)

The same vector dimension exhibit also the mass and heat currents, proportional to
the natural forces. Throughout this section, the transfer is deemed to be axial and the
forces to be mainly scalar dimensions, without losing any useful information.

Basic points of interactions. The TPT makes distinction between two kinds of
points towards which systems could “evolve”. These points are defined by the state
parameters (p, 7, x, y,...) of the interacting constitutive parts. If such parameters
define a source of constant parameters (p, 7, x, y,...) = const., then the respec-
tive point will be called equilibrium (absolute) point. Such point will be marked
here with the index “ep”. The terms ‘“equilibrium” and “absolute” are under-
stood herein in the static sense, i.e. which does not depend on the searched sys-
tem and does not alter unless the parameters of the source alter. The natural forces
are defined in an equilibrium point, where take the value zero. As specified in
Sects. 9.2 and 9.3 and as it is going to be further shown, the points of a second
type are the ideal (relative) points. Such points will be marked in this chapter with
the index “ip”. A point in this category is found in the interactions with coupled
transfer. Depending on their nature, the systems can have different coupled trans-
fers (e.g., condensation (absorption), vaporization (generation), solidification,
melting, sublimation, de-sublimation). For this reason, the ideal points will be
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called ideal points of condensation, vaporization, etc. The ideal point is an equilib-
rium point in the classic dynamic (statistical) sense (Kirilin et al. 1985) where the
static equilibrium cannot be reached, for which reason it has been called “ideal”.
The ideal point is defined by equations similar to those given in Eq. (9.103).
A natural force is not defined in an ideal point (see Sect. 9.3). Depending on the
interacting system, the ideal point has also been called “relative”, in order to dif-
ferentiate it even further from the absolute equilibrium point. The isolated sys-
tems with coupled transfer evolve towards an ideal point under the action of
natural forces which comply with the postulate, lemma and corollary of Sect. 9.3.
In a mixed transfer process, the ideal points also intervene, but their aspect is influ-
enced by the interaction with the source. For this reason, in such points the nat-
ural force complies only partially with the lemma of Sect. 9.3, in the sense that
the signs of the forces adjacent to the point are different, but their absolute value
differs.

Entropy source, currents, natural forces and phenomenological coefficients.
The stationary mass and heat transfer is studied within the frame of TPT by means
of the entropy source, given by

E

S — TO (Z]/s/+ Z]// //)

[see Eq. (9.6)], where j and j, are mass and heat currents, respectively, marked as
prime (') and second ("), before and after interaction, respectively. The summation
in Eq. (9.105) is done over all systems of the global system. Here sources were not
included simply because the corresponding terms in the entropy source equation,
which shows their contribution to the global increase of entropy, are annulled.
Equation (9.105) can be also written as follows:

S =ji(=X) (9.106)

where j} is one of the coupling mass currents (herein chosen the first), and (—X) is
the natural force. In its turn, the mass current is proportional to the force (—X) and
to a phenomenological coefficient, L;, according to the equation below:

Jj1=Li(—=X) (9.107)

In its general form, according to the working hypothesis of the theory the force
has the expression:

(=X) = (Z]t rsz + ij rsk) <Z]t r T/ + Z T//]q) (9.108)

where j;, =ji/jiand ji . =ji/j1, i=1....n", k=1,...,n", jg is the reaction,

mass

- (Z +) T,,) (9.105)

heat

latent or sensible heat resulting from interactions, and h' and h'are the specific

enthalpies of the interacting constitutive parts before and after interaction,
respectively.
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Natural forces of the coupled transfer. The coupled transfer is dealt with in
detail in Sect. 9.2. It occurs in case of the physical or chemical interactions.

1. Mono-, bi- and particularly poly-component systems with physical interaction
in non-ideal mixture.

. 1 _ 1 __ AW
(X) = (= ) + A o100
o) = RIS . 9:109)
T[[l +Achl(_chl)]

where
381
Xi=(sg—s1) — (0 —x) o (9.110)
X p,T
and
A 0= <3hl>
= Tre\ax ), 9.111)

Equation (9.109) was written for the interactions of gas—liquid generation/
absorption type, but if adequate indices are used it is also valid for the other
types of solid-liquid or solid—gas two-phase two-component physical
interactions where the phase is changing. The sign of the force (—X) was
established so as to have a physical sense: in case of absorption the currents
and forces are positive, therefore (—X)cpraps > 0, and in case of generation they
are negative, therefore (—X)¢p;gen < 0. The typical aspect of a force described
by Eq. (9.109) is shown in Fig. 9.23, for the NH3—-H;O system with physical
absorption/generation interaction. For the case study, the ideal point (state) is at
Xjp = 0.3396 (marked by the dotted vertical line). The gas mixture absorption
and generation take place for x < x;, and x > x;, liquid mass fractions, respec-
tively. The partial forces (—X)epraps > 0 and (—X)epigen < 0, and the currents as
well, respect the natural force postulate. The figure of merit, “f”, ranking the
i.p.a. effect, equals here the values fiax abs = 535 and finax,gen = 78.

2. Interaction of pure component systems which change the phase.

1 1
(—X)epip = — (5" — 5"") — max (1, n") (T’ - T”) 9.112)

Equation (9.112) was obtained from Eq. (9.108), considering n=n"=1and
the thermal balance to the level of the system for the direct and reverse inter-
action ' = h" + Jg» Where j, is in this case the latent heat of phase change.
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Fig. 9.23 Typical force behavior in case of a physical coupled interaction

Particularizing Eq. (9.112) for condensation or solidification processes, it
results that:

X epteisy = —(=X)epip > 0 (9.113)
while, for vaporization or melting, it results that:
(_X)cpl,v(m) = (_X)cpl,p <0 9.114)

Typical behavior of force governing an interaction between pure component
systems which change the phase is shown in Fig. 9.24 for nitrogen and oxy-
gen vaporization/condensation. Again, the ideal points position is marked
by dotted vertical lines and the forces respect the natural force postulate.
However, while the interactions considered are once more of a physical type,
the i.p.a. effect is this time much less pronounced, as compared to that of bi-
component system interactions, Fig. 9.23.

Independent chemical interaction. The force of an independent chemical
interaction is given in detail in Sect. 9.4. Its expression follows:

n/ n//
. 1o _
(X)epcn = =1 D_Jir [sé + max (k. hf) (T - T)] =il 0115
i=1 i ¢ i=1

As previously mentioned, the summation in Eq. (9.115) is over all reactants
and produces of reaction. In case of the direct and reverse chemical reactions
the next equations are valid:

(=X eprend = (X epich (9.116)
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9.117)

respectively. A typical natural force graph of an independent chemical inter-
action is shown in Fig. 9.25 (see also Fig. 9.11). The case study analyses the
natural force behavior around an ideal point (7;, = 973.15 K) for three con-
stant reaction pressures (7;, and pressures are chosen at random), when meth-
ane interacts in the direct sense at temperatures T < T;, with the oxygen to
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form carbon dioxide and water, and in the reverse sense the carbon dioxide
interacts at temperatures 7' > T;, with water to form methane and oxygen.
Here the chemical interaction also benefits of an i.p.a. effect. Its figure of
merit is higher than that of the pure component interactions, but is still much
less than the f~value of bi-component systems (see Sect. 9.2).

Natural forces of non-coupled transfer. Non-coupled interactions are charac-
terized by:

(9.118)

i=1,....n

While involved mass and heat currents are non-null, as it can be remarked
from Eqgs. (9.117) in case of the non-coupled interactions we do not expect to
have mass transfer, but only heat and/or mechanical work transfer.

Heat exchange based interaction. The natural force of an isobar heat
exchange based non-coupled interaction is obtained from Eq. (9.115), by
applying Eq. (9.118). Such force is deemed to be negative or positive, whether
the processes are of cooling, or of heating, respectively, and is given by (see
also Eq. 9.71):

1 1
(= X)ncpl - Z]1r|: S - S” +max(h;,h;/) <T/ - T>:| (9.119)
i ep

In case of interactions without sources, the unknown factor of the problem
(the final equilibrium temperature 7, or one of the currents) is calculated out
of a simple thermal balance of the system in equilibrium given by Eq. (9.120):

n
> irepi(Tep = T)) =0 (9.120)

Referring to interactions with a source, Eq. (9.119) holds true again and, as
previously mentioned, the summation is over all systems interacting with that
source through non-coupled transfer. If 7 is the source constant temperature,
then in Eq. (9.119) we must consider T, = T.

As previously mentioned, the natural forces have a vector additive property.

By using this property, the natural force of a non-coupled isobar interaction
may be expressed in a simpler form by means of Eq. (9.121) (see Appendix):

"R\ (h
(X neplsp =ZJ§,rl<T) - <T> ] 9.121)
i=1 i ep,i p
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Fig. 9.26 Typical force behavior for a non-coupled interaction. Case study of nitrogen-source
interaction

It can be easily demonstrated that Eq. (9.121) is also valid for n’ = 1 in case
of the forces of coupled isobaric interactions with pure component systems
[Eq. (9.112)]. It is noted that the state function (h/T) = s, acquires a special
significance in this context. For this reason, it will be referred to hereinafter
as isobar (mass and heat) transfer entropy. The natural force of an isocore
heat exchange based non-coupled interaction is obtained from Eq. (9.121),
replacing enthalpy, &, by the internal energy, u:

o= () - (), ] 0122
i=1 v

In Eq. (9.122) the new thermodynamic function (u/T) = s, is termed isocore
(mass and heat) transfer entropy (see Appendix).

The typical forces aspect of such non-coupled transfer is the one shown in
Figs. 9.26 and 9.27. For the sake of simplicity, in Eq. (9.122) we considered
n' = 1. The two case studies refer to isobar interactions of nitrogen and carbon
dioxide with a constant temperature source, respectively. In this case the heat
transfer is the classical conductive or convective one, proportional to the tem-
perature difference of the systems in a reasonable broad vicinity of the equi-
librium point. The forces have a monotonous variation in the cooling 7' > T,
and heating T < T, processes and take value zero in the equilibrium points.

Mechanical work (power) exchange based interaction. Finally, the natural
force of an adiabatic non-coupled interaction with a source will be estab-
lished, that is the force whereby the systems of the global system exchange
mechanical work (power) with a source. This force results from Eq. (9.106),
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Fig. 9.27 Typical force behavior in case of a non-coupled interaction. Case study of carbondioxide-
source interaction

assuming j, = 0, given that the mechanical work is obtained by the consump-
tion of the internal energy of the systems interacting with the source, having
as parameters (Pep, Tpp):

n'—1
(_X)ncpl,w = ij{,r (e; - e;,) (9.123)
i=1
where P
e=s+ (9.124)

3. Coupled/non-coupled transfer general characteristics. Because, accord-
ing to the postulate and its consequence (i.p.a. effect), the forces and
currents continuously increase in absolute value to maximal finite values
approaching an ideal point, the coupled transfer of mass and heat is a fast
(“accelerated”) transfer. Unlike these systems, the non-coupled interaction
systems evolve towards an equilibrium point under the action of natural
forces that tend to zero and have the value zero in this point. The resulting
mass and heat currents preserve the characteristic of the force and do not
benefit by the i.p.a. effect. That is why the non-coupled transfer is a slow
(“decelerated”) transfer.

9.5.2 System-Source Interactions

Given that the non-coupled transfer is slow, it is preferable to be avoided in
power installations. The extents to which this can be achieved and the relation
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between the two types of transfer referred to above when a system and a source, as
constitutive parts of the global system, interact one to the other, are presented here-
inafter. To the beginning, the following first basic theorem will be demonstrated.

Theorem (Of the equilibrium (absolute) point)A monocomponent or poly-compo-
nent system and a source (infinite reservoir) of constant parameters may evolve and
reach equilibrium together only by a non-coupled mass and heat transfer:

Proof Tt will be first demonstrated by means of the reductio ad absurdum method
that the system and the source cannot be in equilibrium by a coupled transfer.
Basically, the sources are considered to preserve unaltered their physical state and
parameters during any interaction with systems. For the sake of clarity only, here
we shall consider that our source is an infinite heat reservoir of constant tempera-
ture 7. It is assumed that the system is in equilibrium with the source by a coupled
transfer. In this case, their interaction results in either a change of phase (nature) of
the source, which is absurd, or it follows that the source, according to the corollary
of Sect. 9.3, is not defined in ¢t = 7, but fluctuates at equilibrium between 7' — AT
and T+ AT, where AT is a finite difference of temperature, which is again absurd,
contradicting the hypothesis according to which 7 is constant and thus the first
part of the theorem is demonstrated. A first conclusion which can be drawn out
of the above is that at equilibrium the force and the currents of this interaction are
annulled. In order to demonstrate that the system and the force not even cannot
evolve together towards equilibrium by coupled transfer, it is sufficient to remind
that, according to the postulate, the system would tend towards equilibrium with
the source by forces and currents continuously increasing towards maximum finite
absolute values, which are not annulled in the ideal point. This is absurd, as it con-
tradicts the conclusion of the first part of the demonstration, and thus the theorem
is demonstrated (q.e.d.).

The theorem is also valid in the event that the system evolving towards equi-
librium with the source goes through various phases where coupled transfer also
occurs. Let us assume, for instance, a gaseous system which is isobar cooled in
its interaction with a sink source Ts(= T;,) from temperature 7 to temperature
T(= Tip — ¢), at which temperature it condenses, and the condensate is sub-
cooled up to Ty, when reaches the equilibrium. The temperatures involved in this
process are, as it can be noticed, in the relation Ty > T;, > T; > T. The coupled
transfer of gas (cooling + condensation) and mixed [gas (cooling + conden-
sation) + liquid sub-cooling] are described by the natural forces given by
Eq. (9.112)

1 1
(—X)cpl,c = (sg — sl) + hg(Fg — Tl) > 0,

TIZT,'I,—E

(9.125)
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and

1

1
(=X mired.c = (Sg — Sep) + hg ( - ) >0 (9.126)
Ty T

respectively. If Eq. (9.126) is subtracted from Eq. (9.125), the result is a force of
Eq. (9.119) type:

1 1
( )ncpl,c (Sl Sep) g <Tl Tep> < (9.127)

which is just the force of the non-coupled transfer process stipulated by the theo-
rem. The non-coupled transfer is adjacent to the source and interposes between
the source and the coupled process described by Eq. (9.112). This configuration
of transfer with a source is general. It always appears whenever a mixed trans-
fer process takes place. Developing the given example for the reversed pro-
cess, of vaporization, the liquid warms isobar as a result of the interaction with
a warm source Ty(= Tp), from temperature 7; to temperature To(= T;, + €). At
this temperature it vaporizes, and the resulting vapor is superheated up to 7, when
reaches the equilibrium. The temperatures involved in the process are in the rela-
tion 7; < Tj, < Ty < T. The homologous equations to Eqs. (9.125)—(9.127) are the
following:

1 1
(—=X) =—(sg—s —h(—):—(—X) <0,
cply ( g l) g Tg Tl cpl,c (9128)
T,=Tp+e

1 1

(=X mixedy = —(Sep — 51) — hg 7, )< 0 (9.129)
and

1 1

(XD nepty = — (g — Sep) — hg 777 0 (9.130)

respectively. From Eqgs. (9.125)—(9.127) or (9.128)—(9.130) and in accordance with
Eq. (9.104), it is noted that the force of the mixed transfer has additive properties
as compared to the partial forces of the coupled, respectively, non-coupled trans-
fer. Generalizing, the following vector equation is obtained:

(_)?)mmd - (_’?)C,,, B (_’})nc,,l (9.131)

which is valid for all two-phase interactions with mixed transfer where the coupled
transfer results from a physical or a chemical interaction [Egs. (9.109)—(9.117)].
Coming back to the previous examples, for a certain chosen gas and preestablished
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Fig. 9.29 Study case of natural forces of a mixed transfer in water [gas (cooling + condensa-
tion) + liquid sub-cooling]

temperatures T, or 7; and T, the (—f() force has a determined value. A
mixed

simple analysis of the two terms of the right member of Eq. (9.131) shows that
forces have contrary signs (see also Figs. 9.28 and 9.29), but the non-coupled and
coupled transfers do not have contrary effects. This observation precedes the mak-
ing evident of a more general property of the mixed transfer. In order to identify
such property, the following second basic theorem must be first demonstrated:

Theorem (Concerning the existence and uniqueness of the ideal (relative) point) If a
system interacts with a source (infinite reservoir) by mixed stationary mass and heat
transfer, then the constitutive isobar processes, of coupled and non-coupled transfer,
respectively, are always separated by an ideal (relative) point which is unique.
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Proof The reductio ad absurdum method will be used. We assume a system which
interacts with a source by mixed transfer. In order to demonstrate the existence of
the ideal point, we assume, contrary to all reason, that there is no ideal (relative)
point separating the coupled transfer from the non-coupled one in the interaction
of the system with the source. Then, the only point controlling the interaction is the
equilibrium (absolute) point, established by the source, and in accordance with the
theorem of the equilibrium point, the transfer is not mixed, but only non-coupled,
which contradicts the hypothesis and therefore the existence of the ideal point is
demonstrated. The reciprocal statement is evidently true. In order to demonstrate
the uniqueness of the ideal point, it is assumed that beside the first ideal point
identified, there is also a second. Then, according to the reciprocal of the exist-
ence of the ideal point, it follows that after outrunning the first ideal point, the sys-
tem evolves again towards the equilibrium point by a mixed transfer, so that its
natural force moves from the first ideal point to the second by having continuously
increasing values in absolute value, according to the postulate of the natural force
of the coupled transfer, set forth in Sect. 9.3. We will now imagine that the system
evolves in the reverse direction. This leads to the conclusion that the coupled trans-
fer process which takes place from the second ideal point to the first is character-
ized by natural forces continuously decreasing in absolute value, which is absurd,
contradicting the postulate of the natural force referred to above. Thus the unique-
ness of the ideal point, as well as the entire theorem, are demonstrated (q.e.d.).

It follows that a system with mixed transfer cannot contain two or more
coupled transfers in series. Indeed, as we already know from the experimental
physics, this means that if a system is subjected to a mixed transfer where the
distance between the ideal point and the equilibrium point is sufficiently large so
that the system is forced to undergo more than a change of phase, then it passes
directly from the first phase to the last one, which corresponds to the equilibrium
with the source, without going through the intermediary phase changes (e.g., the
mixed transfer by sublimation or de-sublimation).

As a conclusion of the foregoing, it can be stated that the non-coupled transfer
systems may reach equilibrium with sources by reversible transformations round
the equilibrium point, to which, according to Eq. (9.105), the null velocities
of exergy destruction (E (zep) = O) correspond. On the contrary, the coupled
transfer systems can never reach equilibrium with sources and that is why their
transformations are irreversible, far from equilibrium, and reach maximum values
of exergy destruction in the vicinity of the ideal points. In other words, equilib-
rium is not possible but only with the sources.

Now, taking into consideration the above theorem and the lemma demonstrated
in Sect. 9.3, the following corollary could be formulated:

Corollary If a system evolves towards the equilibrium dictated by a source
through a mixed mass and heat transfer, then the natural forces of the partial cou-
pled and non-coupled transfers composing it have always contrary signs.
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The above examples will be particularized to a case study of two mixed trans-
fers in water at normal pressure: (i) (liquid heating + vaporization), Fig. 9.28, and
(ii) (condensation + liquid cooling), Fig. 9.29. The natural forces describe them
subject to the temperatures of the liquid and gas. In Fig. 9.28, the source equilib-
rium point is 7, = 440 K. The system evolves towards this point through a cou-
pled transfer of liquid heating and vaporization at T, = Tj(= 372.8115 K) + ¢
[see (—Xcpp], and non-coupled of gas superheating, whereby, in accordance
with the equilibrium point theorem, it reaches equilibrium at 7y = T;, = 440 K
[see (—X)ucpil. Approaching T, and Tjp, the force of the entire process (—X)mixved
increases in absolute value (see (—X)ixeq at Top = 393.15 K and 7, = 440 K). To
the limit, when T;, = Tj, + &, we have the greatest absolute value of the mixed
force (—X)mixea = (—X)¢pi- It is noted that, in accordance with the ideal point the-
orem corollary and Eq. (9.114), the forces have contrary signs (—X)cp,y < 0 and
(=X)nept > 0, and the two transfers are separated by an ideal vaporization point with
unequal branches, around which |(_X)Cpl| > (—=X)pcpi- Proceeding similarly as
to the i.p.a. effect evaluation, in case of the mixed transfer a merit factor which
emphasizes the difference between the forces adjacent to an ideal point could also
be introduced,

(=X)epi (zip £ €)
(_X)ncpl (Zip + 8)

(9.132)

fmixed = ‘

Here finixea,y = 7.94 and and for the i.p.a. effect, f, = 1.126. Equation (9.132) pre-
figures the advantage of using the coupled transfer in transport phenomena, as
compared to the noncoupled transfer (conductive or convective) [see the heat pipe
(Stefan 1995; Bilegan 1982)].

In Fig. 9.29, the source has 7,, = 310.15 K. The system evolves towards
this point by a coupled transfer of gas cooling and condensation at
T) = Tp(= 3728115 K) — € [see (—X)] and a non-coupled of liquid sub-
cooling, up to equilibrium at 7; = T,y(= 310.15 K) [see (—X)uepl. Approaching
Tip and T, then again (—X)yixeq increases, approaching (—X)ep [see (—X)mivea at
T,p = 310.15 K and T;, = 353.15 K]. To the limit, when 7, = T;, — 0.0, we have
the greatest mixed force (—X)mivea = (—X)ep. The forces signs are different here
100 (—=X)epre > 0 and (—X)uep < 0, and the two transfers are separated by an ideal
vaporization point with unequal branches, where |(—X)ep| 3> (=X)epi 50 that
Jmixede = 8.92 [Eq. (9.132)] and f. = 1.156.

9.5.3 Phenomenological Coefficients of Mixed Transfer
and the Theorem Concerning the Maximization Thereof

The mass and heat currents are calculated from the phenomenological point of
view by means of equations (see Sect. 9.2):

(7")phenom = L(-X) (9.133)
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and

(}q>phen0m - (}i)phenomc =L <_i> ¢ (9.134)

respectively, which are valid for the coupled, non-coupled or mixed transfer. In
Eq. (9.134), C stands for the thermal capacity. In case of a bi-component system
physically interacting with one source only, C is given by [see also Eq. (9.23)]:

on
C=(H@—-h@)— -2 ( B(Z)> (9.135)
X p.T

In case of a system interacting with different sources between two states the forces
are modified accordingly and C = /(z).

According to the phenomenological equilibrium theory, the phenomenological
forces and coefficients are deemed to be weakly dependent on each other. The rela-
tion between the natural force and the phenomenological coefficient is maintained
here too. The phenomenological coefficient depends on the thermal properties
and the dynamics of the interacting elements. The phenomenological coefficients
involved in a mixed transfer will be established in this section. For the sake of
clarity, the calculation will be particularized to the mixed transfer of [gas (cool-
ing + condensation) + liquid sub-cooling], without diminishing the generality of the
results. Indeed, Eqgs. (9.133)—(9.135) are taken into account and the mass and heat
currents of the transfer are written in accordance with Eq. (9.131), which leads to:

-

Lmixed (_i) X = chl (_i) - anpl (_X> (9136)
mixed cpl nepl

and

Liixed (_i) (hg - hep) = chl (_52> el (hg - hl) - anpl (_i) nepl (hl - hep)
(9.137)

respectively. Equations (9.136) and (9.137) are solved together with Eqgs. (9.131) and
(9.132), assuming that the forces (—X),; and (—X),,¢pr are collinear and we obtain:

mixed

anpl = _chlfmixed rp <0 (9.138)
and
fmixed
Lyixed = Lepi———— (1 —rp) > 0
mixed cpl 1 +fmixed( ) (9.139)
where

min|h(zep) — h(zip £ ¢)|
max|/'(z) — h(zp £ ¢)|

>0 (9.140)

Equations (9.138) and (9.139) are valid for all interactions with mixed trans-
fer. The phenomenological coefficient of the coupled transfer of a physical or
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chemical nature, L., must be established prior to calculating Ly and Lyjxeq. In
the case of (ideal) ()-liquid (") (ideal) gas (')-solid () and liquid (")-solid (")
interactions, this coefficient has the expression:

jr N
Lepr = Ji
cp (_X)cpl i (9.141)
where
p/
S
Jr P T (9.142)
or
,0/
Jr= iﬁ (9.143)

and ji' = p” |V’ ‘ is established for phenomenological and dynamic reasons (see
Sect. 9.4). The above results allow us to highlight the characteristics of the mixed
transfer itself and in comparison with the non-coupled transfer. Indeed, let us to
establish the ratio of the mass and heat currents of mixed and noncoupled transfer
involved in the interaction with the source previously used:

o= ji,mixed _ Lmixed(_X)mixed
i = =
Jincpl chl (_X)cpl

(9.144)

and
_ jq,mixed _ Lmixed(_X )mixed (hg - hep)
jq,ncpl LCPI(_X)cpl (hl - hep)

respectively. If Egs. (9.138)—(9.140) are taken into consideration, then Egs. (9.144)
and (9.145) are written as follows:

(9.145)

Tq

1—ry
ri = (9.146)
Th
and
1 - r,zl
fq=—"3 (9.147)
T'h
respectively. Given that:
wm rh =0 (9.148)

it follows that the ratios r; and r, are maximized for z,, — zj. Figure 9.30 shows
the effect of the initial temperature of the liquid and of the distance between the
ideal point and the equilibrium point on 7, in case of the water vaporization at
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distance on the ratio r, in case of water at normal pressure

normal pressure. On the other hand, taking into account Egs. (9.133), (9.134),
(9.138), (9.141) and (9.148), it is noted that

Ze}}iglzipﬁ,ncpl =0 (9.149)
and
o S Janert =0 (9.150)

so that, based upon the consequence of the natural force postulate:

max ji,mixed = lim ji,mixed =ji,cpl (Zip + 8) 1
Jm ©.151)
and
max .q,mixed = lim jq,mixed =jq,cpl (Zip + 8) 152
Zep—Zip (9 )

Thus, the following theorem has been demonstrated:

Theorem (Concerning the maximization of the mixed transfer) If a system inter-
acts with a source by mixed transfer, the mass and heat currents are maximized in
absolute value and in relation with the non-coupled currents when the equilibrium
point tends towards the ideal point.

Bearing in mind the problem raised at the beginning of Sect. 9.5, the theorem
of the equilibrium point shows that, although it is slow, the non-coupled transfer
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is unavoidable in a power installation connected to sources. However, wherever
possible, the theorem of the mixed transfer maximization indicates that this draw-
back could be diminished by conveniently replacing the non-coupled transfer with
a mixed one. Efficient energetic plants already apply it, although this arises more
from a valuable empirical experience than from a rigorous proof.

Equation (9.145) demonstrates that the i.p.a. effect is the main responsible
for the increase of heat exchange with a source in case of the mixed transfer. Its
highlighting seems to be the key of clarifying the coupled (mixed) mass and heat
transfer phenomena which are difficult to be explained by the classic heat and mass
transfer approach. This is the case of the refrigerating agent—absorbent systems
interactions (e.g., ammonia-water, Sect. 9.2), or of the heat transfer mechanism
in heat pipes, as it will be shown in the next work section, as a first application of
the TPT.

9.5.4 Application of TPT to the Thermodynamic Cycles

9.5.4.1 Theoretical Aspects

The TPT may contribute to the analysis and optimization of the thermodynamic
cycles. A cycle has a certain number of meaningful points (p, T, x, v,...)1, ...,
», T, x, y,...), (degrees of freedom) characterizing the inlets/outlets and the evolu-
tion of a mono-, bi-, or poly-component/phase working fluid. The working fluid
covers the cycle component devices where undergoes mass, heat, and work trans-
fer processes. The processes are considered to be of non-coupled and/or mixed
nature. Each device houses a global system where the working fluid materializes
the multitude of systems interacting one to each other and with sources, connected
to devices. While many times, not all, sources interact in fact indirectly with the
working fluid through appropriate parts of the devices, here in our applications
a direct contact fluid-source will be considered. Taking advantage of these state-
ments, the following balances on the working fluid will be written in a cycle:

e property of conservation of the natural force (—X), as a state function, Sect. 9.2

]4 d(=X) =0 ©.153)

e mass conservation law

fd(L(—X)) =0 (9.154)

e [st principle of thermodynamics

7{ d(LC(—X)) =0 (9.155)
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Equations (9.153)—(9.155) are valid for any type of natural forces presented in the
second section of this chapter, which describe physical, chemical, work etc. inter-
actions. If the cycle energy exchanged with the source is explicitly expressed in
Eq. (9.155), the following expression is obtained

/ Le=x =w (9.156)

cycle

Equation (9.153) was applied in Sect. 9.3 to demonstrate the lemma for an iso-
lated system. Here, if separate mixed and non-coupled transfers occur in the cycle,
Eq. (9.153) is rewritten under the particular form as

j{d[(_x)mixed - (_X)ncpl] =0 (9.157)

When, besides the non-coupled forces, the coupled natural forces also intervene,
the cyclic evolution of the working fluid requires that

7{ d(=X)ep =0 (9.158)

Combining Egs. (9.157) and (9.158) and bearing in mind Eq. (9.131), it follows
that

7( d(=X)epr = 0 (9.159)

Equations (9.153)—(9.155) can be useful in the first steps of a certain cycle design.
Suppose a cycle to be conceived, thermodynamically speaking, Egs. (9.155)-(9.156),
already applied in their classic form, reduce the degree of freedom of the cycle. The
phenomenological Eqgs. (9.153)—(9.154) show that the degree of freedom of the cycle
connected to sources must be further reduced, provided that no other additional con-
straints exist.

Next we shall apply the TPT to two simple study cases. As we will remark, at
this stage of development this new theory will confine to reveal only some of its
main qualities in the study of cycle basic thermodynamic properties and suggest
which type of applications could be used in the future to.

9.5.4.2 Application to a Heat Pipe Type Cycle

The heat pipes are largely used today in energetic installations (Bilegan 1982).
The literature presenting their detailed thermohydrodynamic modeling and experi-
mental work is also very rich, where from some recent papers are cited (Zhu and
Vafai 1999; Wang and Vafai 2000a, b). However, while the benefic role of the
working fluid vapor as a rapid energy carrier between evaporator and condenser is
well understood so far, not yet the evaporator/condenser heat transfers taking place
with intrinsic high values are satisfactorily explained when the internal heat pipe
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heat transfer is discussed. Indeed, keeping our notations, the heat transfer is clas-
sically assessed in a mixed interaction of vaporization/condensation type by the
empiric equation (Leontiev 1985; Hell 1982; Bejan 1996):

(jQ)classic = ()[S| (TiP + 8) - Te[’| (9.160)

where « and S are a coefficient of heat transfer and the transfer area, respectively.
In principle, Eq. (9.160) may not be useful in the prediction of the transferred
power from the heat pipe evaporator to condenser, simply because « is an empiric
dimension. On the contrary, Eq. (9.160) is utilized to determine the « value in
a second step through a current method which in the first step experimentally
finds the transferred heat power and the working fluid temperature differences.
Moreover, from the TPT point of view, Eq. (9.160) also lacks the physical sup-
port in order to assess a mixed transfer, because (jy)ciassic — 0 when T, — T;, and
thus it contradicts the mixed transfer maximization theorem. Moreover, it can be
noticed that, as expected, the distance max ‘(T,-p +e) — Tep| is not factorable in
the phenomenological Eqgs. (9.126) and (9.129), describing the mixed transfer for
pure components. In the frame of the TPT, the only transfer where this distance is
factorable is the pure non-coupled one. Indeed, in this case Tj, & ¢ becomes the
temperature of the heated (cooled) fluid up to nearly 7, without a change of phase
and if this temperature is further written down as 7y, from Egs. (9.119) to (9.133),
for sufficiently small 7;, — Trdistances it results that:

(jq)phenom = (aS)phenom (Te - Tf) (9.161)

where

(aS)phenom =LC

( as > max(h’, h”) ©.162)
oT),  T;Te ‘

Reverting to the problem at hand, given the remarks outlined above, in the follow-
ings we shall use the TPT to explain the real basic thermodynamic reason of the
high heat transfer capability of a heat pipe type cycle. To do this, a simple math-
ematical apparatus will be used, applying Eqgs. (9.153)—(9.157) to a case study of
mass and heat transfer of a pure component, water, in a cyclic evolution between
two sources, characterized by the equilibrium point of vaporization z,, = Tgp,
and of condensation zp . = T¢p ¢, respectively. The heat pipe cycle exchanges heat
with the two sources by mixed transfer, it produces a small amount of mechani-
cal work, used internally exclusively in order to overcome the pressure losses of
the working fluid operating between evaporator and condenser, Apj,ss, and uses
the capillary forces to overcome the evaporator—condenser pressure difference
APcapiliary = Pepy — Pep,c. Under the circumstances, the forces are only mixed, so
Eq. (9.157) is written as follows:

(_X)mixed,v + (_X)mixed,c =0 (9.163)
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or, considering Egs. (9.129) and (9.126),

{_ [$(Tep) = 5(Tipe = )] = h(Tips +¢) <1 - >}

Tepy  Tipe—¢€

+{[S(Tip,v+8)—s(Tep,c)]+h(Tl-p,v+S)< L 1)}:0

Tipy+¢  Tepe

(9.164)

A second equation of the case study is obtained if Egs. (9.163) and (9.154) were
taken into consideration, resulting in:

Liixedy — Limixedc =0 (9.165)
Further, accounting for Eqgs. (9.157)—(9.159), the following equations hold true:
(=X)epty + (=X)epre =0 (9.166)
and
(=Xnepry + (=Xnepre = 0 (9.167)

In our case, because of the mass conservation property, we have
(ri!), + (ri}), = 0 and further, with the help of Egs. (9.141) and (9.166), the
following result is obtained: Lepiy — Lepre = 0. Also, from Eqgs. (9.166) and
(9.167), it results that fiived.v = fmired.c. Introducing the last results in Eq. (9.165)
this becomes:

rn)y — (rp)e =0 (9.168)

The final form of Eq. (9.168) is obtained, if here Eq. (9.140) were taken into account,
resulting in,

[1(Tepw) = h(Tipw + )], = [1(Tipc — &) = h(Tepe)]. =0 (9.169)

In Egs. (9.164) and (9.169), T, and T, . are input data, and iy, = Tipy(Pep,v)
and Tjpc = Tjp (pep,c) are the vaporization and condensation ideal points tempera-
tures, respectively. The latters are calculated from the water equilibrium data, pro-
vided that the pressure values satisfying equation Apjoss = Apcapitiary Were known.
In our study case, it is not needed to know these pressures, it suffices to find the
unknowns Tjp,, + € and T;, . — ¢ from the implicit algebraic system made up by
Eqgs. (9.164) and (9.169). Before solving this system, it is noted that, generally, an
always strictly positive distance between the equilibrium point and the ideal point
characterizes a system connected to a source by mixed transfer

llzep = zip|| > O (9.170)

for any zep € D, with (—=X)mixeq:D, because zj, ¢ D, according to the lemma of
Sect. 9.3. Equally ()¢ > 0, ¢ = 0.0, so that:

min||zep — (zip £ €)|| > 0 (9.171)
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From Egs. (9.170) to (9.171), it results therefore that temperatures of the ideal and
equilibrium points must fulfil in equations below:

Tep,c < Tip,c —¢&=< Tip,v +e< Tep,v

It can be noted from the above relationship that the isothermal transfer
(Tepe = Tepy) is impossible. To this extent, the isothermal defect, equal to
Topy — Type and considered so far a consequence of the imperfect heat pipe
achievement in practice (Bilegan 1982), is in fact one of its intrinsic properties. It
is difficult to analytically solve the system made up of Eqgs. (9.164) and (9.169). In
order to obtain the solution, a trial-and-error method and a commercial code suit-
able for the calculation of the thermodynamic functions of state and of algebraic
solution (EES 1992), have been used. The results obtained as unique solutions with
absolute errors below 3 % for various domains of water temperatures and various
distances between equilibrium points, are shown in Table 9.2. Strictly depend-
ing on T, and T, and on the nature of the fluid, they reveal the basic heat
pipe cycle property explaining its high heat transfer: while the distances between
the equilibrium points are up to one order of magnitude higher, the distances
min||z,, — (zjp & €)|| are very small, which according to the mixed transfer maxi-
mization theorem leads to a very good mixed transfer (see Table 9.2 7, ( = 74,)
values). Our explanation remains valid if real heat pipes are considered, where
the distances min||ze, — (zjp £ €)l|, resulting from the solving of the system will
be altered, getting higher due to the intervention of additional non-coupled forces
(e.g., those governing the transfer through walls and liquid working fluid + its
transporting capillary structure) or forces of a different nature, such as Laplace,
gravitational, etc., resulting in a reduction of the mass and heat transfer (lower
rq.c(= 14,) values). We can remark that the i.p.a. effect again lays down the basis of
explaining a mixed transfer based process, which this time is the high heat transfer
of the heat pipe. A previous work (Stefan 1995) thoroughly studying the evapo-
rative heat transfer in capillary grooved heat pipes, is confirming this statement.
Indeed, although the result passed not remarked by the author, it follows from this
work that the vaporization heat current reaches its maximum at the minimum 7;,
temperatures of the evaporator wall, that is the temperatures which are the closest
to Tjp, in good agreement with the mixed transfer maximization theorem.

9.5.4.3 Role of the Natural Forces Conservation Equation
Application to the CAN Theory

A second application emphasizes the importance of Eq. (9.153). Its introduction
is beneficial as it completes the application of the second principle of thermody-
namics in the thermodynamics of cycles. It is more general than the wellknown
equation

7( ds = 0 ©.172)
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Fig. 9.31 The irreversible T ‘

Carnot cycle connected to

sources by non-coupled Tep.w

transfer and used in the Tfw 1 2

phenomenological CAN
theory assessment

Tf.s 4 3
Tep,s

which is valid for reversible cycles, only (Kirilin et al. 1985, see also Eqgs. [1.88] and
[1.89]). Equation (9.153) proves to be useful especially in the calculation of the irrevers-
ible cyclic transfer, where the Clausius integral (Kirilin et al. 1985, see also Eq. (1.97)),

%— 0 9.17
<
T (9.173)

cannot be practically used. Hereinafter Eq. (9.153) will be used for a brief phe-
nomenological assessment of the Curson—Ahlborn—Novikov (CAN) theory (Bejan
1996; Ares de Parga et al. 1999; Ishida 1999; Gyftopoulos 1999; Sieniutycz 1998,
2001; Grazzini 1991). Originally, the CAN theory aimed at the power maximi-
zation of the Carnot cycle, subject to optimization of its finite-time heat transfer
with sources. Later, the basic idea of this theory extended also to other cycles of
work or heat pumping type (Bejan 1996). First of all, phenomenologically, only
the pure non-coupled transfer with sources should be considered from the CAN’s
theory point of view in a cycle including both mixed and noncoupled transfer with
sources, because, according to the results outlined in Sect. 9.5.3, in case of the
mixed transfer, the cycle carnotization and finite-time heat transfer maximization
occur simultaneously, when the working fluid temperatures approach those of
the sources (see third theorem). Next, we assume the Carnot 1-2-3—4—1 cycle in
Fig. 9.31, used in the CAN theory, represented by two isotherms 1-2 and 3—4 and
two isentropics 2-3 and 4-1. The cycle receives the heat flow ¢,, from the warm
source of temperature T, = const., yields the heat flow g, to the sink source of
temperature T, s = const., and produces the mechanical power w. Following the
interaction with the warm and sink sources, the working fluid reaches the tempera-
tures Ty, = const. < Top,, and Tyy = const. > T,p ¢ by non-coupled transfer of the
convective and radiative type. The CAN theory aims at the maximization of the
power of cycle 1-2-3-4—1, which is considered endoreversible, by equation:

vy O

Ty Tps (9.174)
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In Eq. (9.174), obtained by the integration and derivation of Eq. (9.172) in relation
to time, the heat flows ¢,, and g, are assessed by means of Eq. (9.160). The calcu-
lation is made together with the power balance equation:

Gw+qs=w (9.175)

The cycle delivers the maximum power when Ty, and Tf,, have the optimal ratio
(Bejan 1996):

Tf s Tep s
— = - 9.176
Ty w Tepw ( )

In the phenomenological theory, Eq. (9.174) is replaced by the stationary Eq. (9.153).
Hereinafter it will be demonstrated that it is in fact a Clausius integral, at least in
the case of the cycle under study. Indeed, the application of Eq. (9.153) to the cycle
1-2-3-4—1 leads to the following balance of natural forces:

(X nepr2 = X nepa |+ (X neptwr—3 + [(Xnepra — (=X nepi 3]

+ (= Xneptwa—1 =0 ©.177)
where, according to Eqs. (9.119), (9.121) and (9.122),
(_X)ncllz_ (Sl—Se 1)+h 1<1_ 1 ):|
pl, | P PENTL Topu
- 1 1
(_X)ncpl,Z =- _(Sz - Sep,w,Z) T hep,w,Z (T2 B Tep,w>:|
[ hy h3
(_X)ncpl,w,2—3 = <S2 + T) B <S3 + T>:|
) 3
: e (9.178)
(_X)ncpl,3 = _(S3 - Se”’s’?’) + hf,s,3 (T3 B Tep,S>:|
(—Xnepra = = | (54 = Sepsa) +hf54<1 -7 )]
K I ) ™ T4 Tep,s
(=X neplwa—1=— <S4 + h4) B (sl * hlﬂ
pLw, Ty T}

Account is taken of the fact that:
T, =T, = Tf,w
T3 =Ty =Ty

(9.179)
§2 = 83 = Sep,w,2 = Sep,s,3

§1 = 84 = Sep,w,1 = Sep,s.4

and together with Eq. (9.178), Eq. (9.177) becomes:
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hy —hy n hy — hy
Tf,w Tf’s

1 1
+ (hep,w,Z - hep,w,l) ( )

Tf W Tep,w

1 1
+ (hrsa—h o
( f 5.4 f,s,3) (Tf,s Tep,s) (9.180)

The equation of the Ist principle of thermodynamics is written under the form

dg = dh —vdp (9.181)

and is integrated between states 1 and 2 and then between states 3 and 4, obtaining:

2
qw = (2 — h1) — /vdp (9.182)
1
and
4
gs = (hg — h3) — /vdp (9.183)
3

Equations (9.182) and (9.183) are introduced in Eq. (9.180), obtaining:

%JFT(Z =d, <0 (9.184)
where the quantity:
4
dr = — L/vdp—i—i vdp +(hepw2—hepw1)(1— ! )
I J Ty J Y TN\ T Tepw

1 1
+ (hf,s,4 - hf,s,3) Ty - <0
K

Tep.s (9.185)

is referred to herein as reversibility defect (of the Carnot cycle considered). It is
easy to demonstrate that the reversibility defect is zero only if, simultaneously
(i) the working fluid is an ideal gas, in which case the first term is annulled, and
(i1) Ty — Top,w and Trs — Top s, in which case the last two terms are annulled.
Obviously, in our case we have d, < 0. Thus it has been demonstrated that
Eq. (9.153) is the Clausius integral for the irreversible Carnot cycle 1-2-3—4-1,
according to Eq. (9.184). It further follows that, from the phenomenological point
of view, the endoreversibility is an unrealistic simplification, at least to the case
at hand, and the CAN theory based thereon, appears to be simplistic, and insuf-
ficiently substantiated. This theory weak point is emphasized in a good part of
past works by others (Ishida 1999; Gyftopoulos 1999), but is still neglected in
many other advanced studies (Sieniutycz 1998; Sieniutycz 2001). Parallel stud-
ies were also accomplished to optimize the power output of irreversible cycles
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Fig. 9.32 Power diagram of the irreversible Carnot cycle against working fluid temperatures. Code
inlet data: (1) Working fluid: CO; gas; (2) Top,w = 1,275 K; Tpp s = 310 K; (3) 51 = 54 = s(t = Top s
p = 240 bar) = const.; s, = 53 = 5(t = Tp,y; p = 60 bar) = const.

for various scenarios of irreversibility [e.g., for the irreversible Carnot cycle
(Grazzini 1991)]. The phenomenological approach of the problem at hand is
hereinafter considered for a case study of the irreversible Carnot cycle shown
in (Fig. 9.31), which operates with CO; gas. For this application the set of input
data, mentioned in the explanatory notes of Fig. 9.32, were chosen at random.
The power of the cycle was assessed by solving the algebraic system consisting
of Egs. (9.180) and (9.175), phenomenologically expressed by Eq. (9.186) below:

(w2 (=X nepi2 = Bpavd (=X nepi1 ]

W
+ [hf,s,4(_X)ncpl,4 - hf,s,3(_X)ncpl,3] + z =0 (9.186)

The phenomenological coefficients of pure non-coupled interactions are not
available yet and further theoretical studies are necessary to obtain them.
However, in Eq. (9.186), for the sake of simplicity, we considered them as
constant (L = const.), without to change the main results of our presentation. The
result of the calculation carried out by means of the same commercial code (EES
1992) is presented in the chart shown in Fig. 9.32, for various values of temper-
atures Try and Ty, ranging from T, and T, ,. The surface (/L) has a maxi-
mum value at the optimum temperatures (7F,,)opr = 1195 K and (Tf5)opr = 315 K,
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in agreement with the CAN theory, but the optimum values do not comply with
Eq. (9.176). The optimum coordinates may be obtained directly, analytically, by
searching for the extreme values of the (W/L) (Tf,s, Tf,w) function. This approach
is difficult and has been avoided even in the present case, which is one of the sim-
plest. Although here the phenomenological methods and CAN differ from the
value point of view, the fact that they are concordant from the point of view of
the prediction of a maximum power existence is encouraging. For this reason it
should be assumed that a coupling of these two theories could be beneficial in a
more realistic preliminary calculation of the optimization of the power cycle, heat
pump, etc. To this effect, however, it will be necessary to conduct more thorough
studies in future, which studies are beyond the framework of this chapter.

Appendix 1
The natural thermodynamical force may be given also explicitly, solving the

second degree algebraic equation in —X, obtained from Eq. (9.34)

d(=X)? 4+ (1 —ad+c)(—X,) — (a+b) =0 (A9.1)

where

1 1
=X h -
a ir T gy <Tg,r Tl,r)

b Avhy,
Ty, (A9.2)
o= Ay (hg,r - hl,r)M(Pr,e,xe)
T,
d = ArLll,r

Absorption processes occur when 1 —ad + ¢ < 0 and d < 0 and the force is given
by

_ _ _ 2
(X — 11 —ad+c|—/ (1 2;zd+c) + 4|d|(a + b) (A9.3)

Generation processes take place when 1 —ad 4+ ¢ > 0 and d > 0 and the force is
expressed by

11 — _ 2
X — 11 ad+c|+\/(12dad+c) +Adl@+D) gy

or by Eq. (A9.3), when 1 — ad 4+ ¢ > 0, but d < 0. From the above it can be
remarked that the use of the explicit form of the force is no simpler than that of
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Eq. (9.34), which the author always preferred in computations although the values
obtained with it are comparatively smaller up to maximum 1.5 %.

Appendix 2

Using the vector additive property of the natural force, an isobaric interaction
with a source [Eq. (9.15)] can be brought to a simpler form. In order to proof
Eq. (9.16), it is enough to consider a system-source interaction. We shall start
from an elementary interaction between T' =T + dT and T, =T. Withn' =1,
Eq. (9.15) leads to the elementary force

d(_X)ncpl,s,p = (A9.5)

1 1
S(T +dT) — s(T) +h(T+dT)(T+dT _ T)
P

or, developing in Taylor series and keeping the linear form terms only, we obtain:

h
d(_X)ncpl,s,p = - (ds — TZdT) (A96)
p

We take into account the equation of the 2nd principle of thermodynamics for iso-

bar processes in Eq. (A9.6)
dh
ds=| —
s ( T >p (A9.7)

where from the elementary force rewrites:

h
d(—=X)peprsp = —d (T) (A9.8)
P

The force between two states, initial 7" and T, is obtained integrating Eq. (A9.8)

4

(X peplsp = — /Td<;f>p =— [(;ﬁ) (1) - (;f) (Tep)} (A9.9)

Tep

where the state thermodynamic function (%) = sp,s is termed here (mass and

.p .
heat) isobar transfer entropy. In case of isocore processes, the enthalpy / in
Eq. (A9.9) is replaced by the internal energy u, which leads to the new thermody-
namic function (%)v = $,,;, termed here (mass and heat) isocore transfer entropy.
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Chapter 10

A New Wording of the Laplace Equation:
Variational Numerical and Analytical
Approach of the Liquid Capillary

Rise Effect

10.1 Introduction

This chapter focuses on the computational aspects involved in the liquid capillary
rise effect. It is well known that in the neighbourhood of continuous media inter-
faces the molecular interaction generates surface tension forces. When a liquid,
in equilibrium with its vapor, interacts with the walls of the vessel containing it,
the free surface of the liquid will curve near the wall. Due to the surface tension,
here arise complementary (Laplace) forces of pressure. If the vessel has capillary
dimensions (comparable to the curvature radii) these forces are governing, in grav-
ity field, the shape of the interface and liquid rise, and further strongly influence
the micro- and macro-scale operation of devices using capillary effects [e.g. heat
pipes (Stephan 1995)].

First, we shall consider the Laplace equation and further the variational calcu-
lus will guide us in order to get a numerical and analytical approach of the prob-
lem at hand (Staicovici 1998b).

10.2 A New Wording of the Laplace Equation

So far, its derivation involved infinitesimal force and energy balances, and elemen-
tary differential geometry (Kirilin 1985; Leontiev 1985; Kikoine 1979; Landau
1971). In our attempt, for the sake of completeness, we shall adopt a particular
framework of our problem, without loss of generality.

Let us consider a circular cylindrical capillary tube, of radius r, in a rectangu-
lar xoy coordinate system, Fig. 10.1. The oy axis is the capillary symmetry axis.
The capillary is partially plunged in vertical position in a liquid of an infinite res-
ervoir, of level y = 0. Depending on whether the liquid/solid forces are attractive
or repulsive, the liquid wets or not the walls and the capillary rise will be positive

M.-D. Staicovici, Coabsorbent and Thermal Recovery Compression Heat Pumping 457
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Fig. 10.1 Scheme of the capillary effect in a circular cylindric structure

(pointed towards the positive y values in Fig. 10.1), or negative. According to the
most applications, suppose the liquid wets the capillary wall (contact angle is
0 < 0 < 7/2). It elevates in tube till y(0) = yo, the capillary head. At equilibrium,
the differential form of the 1st principle of thermodynamics reads:

dg = du + pdv + dl, + dl. (10.1)

In Eq. (10.1), dl; < 0 and dl. > O stand for the elementary works of interface
forces, received by the liquid interacting with the tube walls, and for the kinetic
work done by the liquid, respectively. Measurements of various wick combina-
tions showed that the maximum height the working fluid will attain may be
slightly different for the same structure, according to whether the film was rais-
ing or falling. In Eq. (10.1) we neglected the secondary effect responsible for
this behavior (e.g. friction losses). In the simplest case, liquid/solid conjugation
conditions are adiabatic (dg = 0), isothermal (du = ¢, dT = 0) and isochoric
(dv = 0). For this type of interaction, met for example in liquid surface tension
assessment, Eq. (10.1) becomes dl, + dl. = 0. If [, is approximated by the grav-
ity potential energy, /. = [,, which the liquid gains during the process and inte-
grate, we obtain:

lo1—2 + l1—2 = const. (10.2)

The isothermal and isochoric interactions suggest the use of the free energy ther-
modynamic potential, which at equilibrium has the form:

df = d(u— Ts) = —sdT — pdv + dl, + dl, (10.3)

For T = const. and v = const., the free energy has a minimum value related to
Eq. (10.2) by:

fi-a =lo1—2 + lp1—2 = lg1-2 + lc1—2 = const. = min. (10.4)

Other interactions may occur at quasi-constant temperature and constant pressure.
This is the case of the heat pipe applications. Such interactions suggest the use of
the free enthalpy potential, which at equilibrium is given by:

do = —sdT + vdp + dly + dl, (10.5)
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For T = const. and p = const., this time the free enthalpy has a minimum:
12 =dls12 +dly1 2 = const. = min. (10.6)

Equations of (10.4) and (10.6) type, further on referred to as energy equations, could be
obtained, also, for other potentials appropriately describing the various solid/liquid con-
jugation conditions. However, commonly they all lead to the same extremum problems.

Apart from the energy equations, an optional tool in capillary investigations is
the force equation, obtained from the balance of surface and gravity forces acting
on the liquid at equilibrium:

Fot+Fyg=0 (10.7)

Let V be a cylindrical bounded volume of liquid in the capillary, whose boundary
is a piecewise smooth orientable interface A, including the top, the bottom at y = 0
and the cylindrical surface. The interface work and the gravity potential energy
have the expressions:

lo1-2 = _/3‘”‘ (10.8)
A
and
Ip1—2 = / ApdV (10.9)
\%

respectively. The vector o has a double aspect, referred to as a specific force,
[Nm~2], or as a surface specific energy, |Jm =2 In Eq. (10.8), & is considered as a
specific interface free energy, pointed towards the interface normal. According to
the Antonoff rule (Murgulescu 1979), |G| equals the difference of the two media
surface tensions. The vector ¢ would be different from zero on the interface, only
(see position 1 in Fig. 10.1). Also, in Eq. (10.9), Ap stands for the bottom pressure
difference after and before liquid rise, Ap = pa — p1. The use of the Gauss diver-
gence theorem for Eq. (10.8) yields:

—/odA = —/divadv (10.10)

A v

The introduction of Egs. (10.8) and (10.10) in Eq. (10.2) gives:

/ (—dive + Ap)dV = const. 10.11)
14

The total differentiation of Eq. (10.11) with respect to V settels the integrand to
zero, whence the capillary pressure equation (Staicovici 1998b):

dive = Ap (10.12)
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Equation (10.12) is the new wording for the known Laplace equation:

(1 1
— 4 —)=A
0<R1+R2) P (10.13)

where R and R, are the interface main curvature radii. Equations (10.13, 10.12) is
more general, including as a particular case the Laplace equation. It states that the
pressure forces of the surface tension, pointed along the surface gradient (towards
its curvature centre) are equal to the liquid hydrostatic pressure at every point.
This new pressure equation may be checked, for instance, for the spherical menis-
cus, where dive = (1/R*)(3(R*c)/dR) = 20 /R = Ap, or, for the cylindrical
one, where dive = (1/R)(3(Ro)/dR) = 0 /R = Ap. The last equalities of each
case are already known.

The pressure equation may be an alternative tool in capillary assessment. In
order to simplify it, suppose that the second medium is air. Its pressure can be
considered constant at every point of the liquid meniscus (p2) = const. and from
Egs. (10.12) or (10.13) it results (Landau 1971):

1 n 1 Pr ,
S 5 - const. (10.14)

Mathematically, the energy, force and pressure equations are, obviously, equiv-
alent. This will be checked in text at the right moment. They apply to both
positive and negative capillary heads and to all structures. However, the sym-
metrical structures, like those of cylindrical or parallel walls type, simplify the
computation. In the following, for the sake of clarity, we deal with these simpler
structures.

10.3 Variational Numerical Approach

Let us consider the liquid rise in the capillary tube of Fig. 10.1. Its modelling
means the determination of the bottom interface equation. In our case, this reduces
to a single function y = y(x), x € [0, r.]. The Egs. (10.8) and (10.9) become:
re
Iy1—2 :2na/x\/1+y’2dx—arrr62 (10.15)
0
and
re
1 2
lp1—2 = 5271)/1 xy“dx (10.16)
0

respectively. The introduction of Eqs. (10.15) and (10.16) in Eq. (10.4), leads to a
variational problem of extremum for the functional:
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re

F(y)z/f(x,y,y’) :/x(l?m+y2>dx=min~ (10.17)
0

0
where

le =4 — (10.18)
Vi

is the capillary length, dependent on the liquid nature, only. At extremum point,
the functional argument y(x) must satisfy the Euler equation (Silov 1989):

0 daN_,
o " aay f T (10.19)

From Eqgs. (10.17) and (10.19), we deduce that the searched extremal is a solution
of the second-order nonlinear differential equation:

ALY A (10.20)
lg 2 (1+y/2)3/2 x1/1 _|_y/2 .
satisfying some boundary conditions, e.g.:

y©0) =yo; Y(0)=0; y(rc)=ctand (10.21)

The meniscus shape is the result of superposition of two effects, as it can be seen
from Eq. (10.20), that of the interface curving near a straight wall, described by
the first term in the bracket, and that one due to the wall curving, described by
the second term in bracket. Moreover, Eq. (10.20) is nothing else but Eq. (10.14),
where the constant is zero. It describes the surface mean curvature with terms in
the bracket equal to the surface main curvatures. The extremal cannot be expressed
in terms of elementary functions, therefore we used a numerical approach. To this
purpose, Eq. (10.20) was first solved for y”, obtaining:

"o 2 1+/2_X/ (1+/2)
y'= lgy\/ yE- y (10.22)

Secondly, we investigated the existence and uniqueness of the solution, of the
Cauchy problem [Eq. (10.21)] for Eq. (10.22). We found that the Lipschitz con-
dition from the theorem of existence and uniqueness is not fulfilled, therefore
several solutions could exist. That means that apart from the first two boundary
conditions, the third must be taken into account, as well, in order to single out a
solution for the given parameters yg, 7. and /.. Sometimes it is suggested that a
supplementary condition to an extremum problem in capillary would be:

/dV = const. (10.23)
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expressing the constancy of the total volume of working fluid. We avoided it here,
as being actually difficult to use. The numerical solution was obtained by the
Runge-Kutta method. Prior to start the integration, we solved the limit at zero of
the ratio (y/ /x) which appears in Eq. (10.22). Using the Cauchy conditions (10.21)
and assuming that Eq. (10.22) holds true at x = 0 too, we found:

/
lim — = — (10.24)

The results of the numerical integration are given in Fig. 10.2a—d, where the capillary
length is plotted against the capillary height, /. = I.(yg), in a double logarithmic scale.
The families of curves depend on two parameters, 7. and 6 and are almost straight
lines in this plot, enabling easy extrapolation. It is possible to eliminate one out of the
two parameters more difficult to be measured in practice, 6, or o, if the solution y(x),
obtained from the numerical integration, is constrained to satisfy one of equations of
the thermodynamic potentials which appropriately describe the liquid/solid capillary
interaction. In case of the free energy potential, y(x) must satisfy equation:

Te
ny;/x[lg<\/1+y'2—1> +y2]dx:f:h—pv—Ts (10.25)
0

In Eq. (10.25) the free energy minimum is computed with available working fluid
p, v, T data, in an iterative way. A similar equation can be obtained for the free
enthalpy potential, as well.

As previously mentioned, the energy and force equations are mathematically,
equivalent. This is simple to check in this case if one projects Eq. (10.7) on the oy
axis, at some radius x. We have:

X

&®=—hw/@@& (10.26)
0
and
y/
Fy(x) =2nxo TyQ (10.27)

where from, with Egs. (10.7) and (10.18), it follows the integral-differential equation:
X

L, Y
/zy(z)dz = ExlcTy/z (10.28)
0

Its total differentiation with respect to x gives exactly Eq. (10.20). If Eq. (10.28)
were considered at x = r., together with the y'(r.) = ctanf boundary condition of
Eq. (10.21), then the refined version of the Jurin-Borelli law yo = 20cosf/y;r,
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Fig. 10.2 Numerical approach of the cylindrical tube capillary rise, with contact angle
= (30 — 75)° and capillary radius r, = (1.4 — 1.0 % 10_3) % 10~3m as parameters. a 6 = 30°, b
0=45°¢6=060°d6="75°

(an approximation of the capillary rise effect often used in practice), is obtained.
The case of the capillary infinite parallel walls is briefly presented in the Appendix.

10.4 Analytical Approach

As already mentioned, we could not find a closed form solution of Eq. (10.20).
However, besides its numerical integration, we also paid attention to report here
an analytical approach. On this purpose, we investigated first a direct variational
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method (Ritz). Secondly, we followed the successive approximation method
(Krasnov 1977), transforming the energy and forces equations in integral equa-
tions. Both ways proved to be unsatisfactory, because the gain in solution accuracy
is done at the cost of a too much complexity increase of the integral computation.
Our attempt was successful using the Taylor-Mac Laurin series expansion of func-
tion y(x) in the vicinity of x = 0:
(i) " i
L
Y@ =30+ vy 0sx<re (10.29)

i=1

The derivatives yg))) may be calculated step by step, passing to the limit at x — 0 in
Eq. (10.22) and its higher order derivatives. Thus, we obtained:

y(0) = yo,
@ _ Yo
Y(o)—lj,
c
@ _ 3y |1l )’
Yo=sp T\ 2) | (10.30)
2 4
© _dyo|3 Y0 Y0
=220 2 1 222 45622 |,
Y0 =67 zﬁ*ﬂ(zz) " (zz)]
and
Yt =0, n=0,12,... (10.31)

In case of the circular cylindrical tube capillary rise, the analytical expression of
the liquid meniscus shape results now from Egs. (10.29)—(10.31) in the form:

2 271 .4 2 47 .6

yox© 3y |1 Yo x* Syo|3 63 /(y Yo x

—y 0T 2N (20 | 202 B9 (V0 (Y0 T
Yy y°+132!+2zg{13+ (l})}4!+6l§{l;‘+l§ z) TNE) e

(10.32)

Equation (10.32) must be supplemented with:
y'(re) = ctanf (10.33)

where Y (7¢) is the first derivative of Eq. (10.32) at x = r, [see Eq. (10.21)]. If
necessary, higher-order terms can be added to the expansion (10.32) using formal
differentiation codes, applied to (10.22). This series converges quite slowly. For
example, in case of water, the terms decreasing rate is approximately 10 times.
However, despite this, Eq. (10.32), completed with Eq. (10.33), has the same accu-
racy as the numerical solving used to obtain the results plotted in Fig. 10.2a—d,
and additionally is much simpler mathematically and more rapid.



10.4  Analytical Approach 465

Frequently, not always, the liquid meniscus shape of the cylindrical tube
is assimilated with a spherical one. How accurate is this approximation, can be
appreciated by writing the circle equation describing the assimilated spherical
interface in the xoy coordinate system, Fig. 10.1, and comparing it with the true
surface given by Eq. (10.32). If r is the circle radius and y the capillary head, we
have:

Ysph(X) =yo+r—Vrr—=x2, |x|<r (10.34)

or, using the binomial series expansion:
1 x? 1 x* 3 x0

= ——t =+ 10.35
e P TR T R TR T (1039

The identity of Egs. (10.32) and (10.35) implies that:

I;

Yo

r =

(10.36)

for the first two terms, but this holds not true for those of higher-order. For this
reason the assimilation with a spherical meniscus is not recommended normally.

Appendix

Let us consider two parallel infinitely-long walls symmetrical with respect to the
yoz plane and separated by the capillary distance 2s, Fig. 10.A.1 The assumptions
made for the cylindrical tube hold here true, too. The meniscus would be obtained
via Egs. (10.8), (10.9) and (10.4), minimizing the functional (Staicovici 1998b):

F(y)=/f(y,y/)dx=/<lf~\/1+y/2+y2>dx=min-
0 0

(10.A.1)
The Euler equation for integrand ! (y Y /) has the form (Silov 1989):

f=Yfy =C = const. (10.A.2)
and the extremals are found solving the first order nonlinear differential equation:

l c-y 10.A.3
—F— =0 A.
/1 + y/2 ( )
provided that:
y(0) =yo; ¥'(0)=0; y(s)=ctand (10.A.4)
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Fig. 10.A.1 Scheme of the
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The solution of Eq. (10.A.3) is expressed by the elliptic integral (Landau 1971):

x(y) = / % (10.A.5)
12
12

A=5=1+ ) (10.A.6)

where

and y € |yg,l.+/A —sinf |
The projection of force, Eq. (10.7), on the oy axis gives the integral-differential
equation:

X
/

1 y
0

Differentiating it totally with respect to x yields the second-order differential
equation:

/!

y___y
l% 2(1 +y’2)3/2 (10.A.8)

Equation (10.A.8) is exactly Eq. (10.14) for const. = 0. The right-hand member
represents the mean curvature of the surface. Multiplying it by y’ and integrating
once, Eq. (10.A.3) is obtained, checking the equivalence of energy, force and pres-
sure equations, in this case, also.

The application of the successive differentiation method, mentioned in
Sect. 10.4., to Eq. (10.A.3) for Cauchy initial conditions (10.A.4), gives the fol-
lowing analytical expression of the liquid meniscus shape in case of the infinite
parallel walls capillary:



Appendix 467

near a straight wall in an

Fig. 10.A.2 Capillary effect A
y
infinite liquid reservoir

2

Y0 x2 6

YW =30 +25 5 +4%§ 112 +6(§§)2} % —1—8%) {’2 + %(%’)2 + 180(%})4 % +oe
(10.A.9)

where, 0 < x < 5. Equation (10.A.9) must be supplemented with:
y'(s) = ctanf (10.A.10)

Identifying the true meniscus shape given by Eq. (10.A.9) with an assimilated
circular cylindrical surface, described by Eq. (10.35), implies that the curvature
radius would be r = lf /(2yp) for the two first terms, but this holds not true for
the higher-order terms. For this reason, the assimilation with a circular cylindrical
meniscus is not recommended.

Finally, the functional (10.A.1) describes, also, the conditions of equilibrium
of the liquid contained in an infinite reservoir and curved near a straight wall,
Fig. 10.A.2. Here, Eq. (10.A.3) must be solved together with the new boundary
conditions (the origin of the xoy coordinate system is moved at the wall):

y'(0) = —ctanf;  y(oo) =y'(00) =0 (10.A.11)
This time A from Eq. (10.A.6) equals unit, A = 1, and Eq. (10.A.5) has the

primitive:
x(y):—l—car tan l—l Y 2—|—\/212— 24 x (10.A.12)

where the integration constant xy is found for x =0 and y = [./1 — sin 6.
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Chapter 11

Marangoni Convection Basic Mechanism
Explanation, Pseudo-Marangoni Cells
Model and Absorption-Desorption Mass
and Heat Exchangers Model Application

11.1 Introduction

The Marangoni convection stimulation is a practical method used by the thermal
absorption technology in the past decades in order that the absorption processes
be significantly improved. The literature devoted to this effect is rich, including
theoretical and experimental studies on various working fluid-absorbent-surfactant
combinations (e.g. Rie and Kashiwagi 1991; Hihara and Saito 1994; Nordgren
and Setterwall 1996; Moller and Knoche 1996; Kim et al. 1996; Hoffmann et al.
1996; Beutler et al. 1996; Kang et al. 1999; Ha 2002; Boyadjiev and Halatchev
1998; Velde et al. 2001; Ganzevles and van der Geld 1998; Yao et al. 1996;
Li et al. 2002; Daiguji et al. 1997; Kumar et al. 2003; Bahloul et al. 2003). Besides
this, attempts have been made also on explaining its nature. So far, a connection
between the absorbent surface tension gradient and induced convection onset and
stability is established, but its true mechanism is still not well known.

In previous papers (Staicovici and Isvoranu 2003, 2004; Isvoranu and Staicovici
2004), the basic mechanism of the Marangoni effect is explained, using the two-
point theory (TPT) of mass and heat transfer (see Chap. 9) and a new wording
of the Laplace equation (Staicovici 1998, see also Chap. 10). The results of this
approach are applied to an ammonia-water absorption process in a Marangoni cell.

11.2 True Marangoni Effect Mechanism

The common way of inducing Marangoni convection is by obtaining interfacial ten-
sion gradients. In mono-component and multi-component media, this is achieved by
creating surface temperature gradients (“‘thermo-capillarity””) and both temperature
and working fluid (dissolved surfactant) concentration gradients (“distill-capillarity™),
respectively. Several models are proposed to explain distill-capillarity, out of which
it can be mentioned that of the surfactant droplet (Kashiwagi 1988), or that of the
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“salting (radical)-out” (Hozawa et al. 1991), depending on whether the surfactant
exceeds the solubility limit in the absorbent or not. Supposing the surface tension
depends on temperature T and working fluid concentration ¢, o = o (7T, ¢), than, the
interfacial tension gradient along a direction x writes

do 00 T 9o dc

ox _ 9T ox | dc ox
In case of bi-component and bi-phase interactions, the system is bi-variant and
if absorption pressure were established, the temperature T and mass fraction c in
Eq. (11.1) depend one another. Usually, authors assess distill-capillarity confining
to simply evaluate the sign of Eq. (11.1), only. Additionally, in papers modeling
the Marangoni convection (e.g. Rie and Kashiwagi 1991; Boyadjiev and Halatchev
1998; Bahloul et al. 2003), surface tension gradient equals the shear stress tensor t
when considering Navier-Stokes equations.

(11.1)

do
Tz = ale (11.2)
where z;, zj, i, j = 1, 2, 3 are local coordinates for each control volume node at
the free surface. As a general remark, the basic factor that brings about the fluid
motion in Marangoni convection is not mentioned in any topic published work.
For this reason, next we shall give the simple explanation of its true mechanism.
First, in case of a liquid—gas interface, the liquidcgas interface pressure differ-
ence in a certain point of the fluid free surface, Ap = p; — p,, and surface tension
are related by Laplace equation:

1 1
Ap_af(Rl +R2) (11.3)
In Eq. (11.3), oy is the module of the surface tension vector 6y considered as a spe-
cific force, (N/m), acting in the interface tangent plane. If the interface normal 7
were pointed in order to get out of the liquid, then the curvature radii are negative
or positive with respect to 7 and from Eq. (11.3), Ap becomes positive or negative
for convex and concave interfaces, respectively, as a classic result. Now, taking
into account the other aspect of the surface tension, which equally might be con-
sidered as an interface specific mean free energy, (J/m?), the new wording for the
Laplace equation writes here (see Chap. 10):

dive, = Ap (11.4)

In Eq. (11.4), Ap has the same meaning and values as in Eq. (11.3) and the vector &,
(J/m?) has the same module as that of vector 8f (N/m) in Eq. (11.3), 0, = 07 = 0.
It is directed towards the interface normal (see comment above), or towards the oppo-
site direction, in case of concave or convex surfaces, respectively, and acts in good
agreement with the known principle of surface free energy minimization tendency
through the interface area minimization. Equation (11.4) is more general than
Eq. (11.3). In order to proof this statement, it is enough to apply the two equa-
tions to the particular case of an horizontal free surface of a Marangoni cell in a
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rectangular xy coordinate system, having the normal parallel to the coordinate y,
and a non-constant tension gradient with respect to the coordinate, x, %—‘; % ct in
point (x, 0). The results would be different. Indeed, taking into account that

do, _ doy

dy  ox
Eq. (11.4) emphasizes the generation of a non-zero fluid pressure gradient with
respect to coordinate x, according to (p, = ct.)

ap 9 (9o, doy %o

ox 8x<8y> 8x(8x> 0x2 70 (11.6)
while Eq. (11.3) does not, because for Ry and Ry — oo, it results that % =0 for
any o variation (Staicovici and Isvoranu 2003).

Moreover this result is in good agreement with the “le Chatelier” principle, the
system acting in order to counteract the effect of the ~ # 0 appearance at interface
(Staicovici and Isvoranu 2004). Indeed, considering a ﬁmte interface control volume
as in Fig. 11.1, Eq. (11.6) shows that when the surface free energy is decreasing in
order that 3;; < 0, or increasing in order that 5 oo o7 > 0, then the pressure of the east-
west control volume faces will be different w1th respect to coordinate x, expressed

Ll Ll . .
by vp = % <0orVp= % > 0 and a fluid movement will be generated

(11.5)

towards positive or negative x coordinate, in order to increase or decrease its surface
free energy, respectively, and preserve its initial specific minimum free energy (see
Fig. 11.3). Further on, taking advantage of Eqgs. (11.4) and (11.5), the fluid motion
governed by interfacial tension gradients might be characterized by the following
more general property:

grad(p) = grad(divo) (11.7)

This mechanism—grad(diva) — grad(p) — fluid movement—is shown schemat-
ically for the salting-out effect (Hozawa 1991), and for the Marangoni convection
in binary drops in air (Ganzevles and van der Geld 1998), in Fig. 11.2a, b, respec-
tively. In case of the ammonia-water system during absorption without additive,
Fig. 11.2a, the crest region of free surface wave becomes ammonia richer, causing
surface tension decrease, consequently p, — p,, < 0, so fluid moves downward. In
the wave trough, the reverse happens and fluid moves upward. The two opposite
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(a)
ammonia rich xT,?E-i,p¢ radical rich x_, T,a—a‘ TpT
ax ax
—H G Z; —p
: dc
waterrich x Jf, —_ T,p T racical poor x ., J,, a_ﬂ- l,’p .L
Ox Ox
Without additive With additive
(b) o s -
Thermo-capillarity Distill-capillarity

Fig. 11.2 Surface tension gradient variation — pressure variation — fluid movement mecha-
nism for: a salting-out effect; b Marangoni convection in binary droplets in air

flows combine, resulting in the counter horizontal flow. During the absorption with
additives, the radical reverses the effect of ammonia in solution, causing coun-
terclockwise fluid movement. Finally, Fig. 11.2b present the so-called thermo-
capillary and distill-capillary effects in mono-component and binary drops in air,
condensed on a cool base. The upper figures give an incomplete explanation of the
fluid movement (Ganzevles and van der Geld 1998). This work completes it. In
case of the thermo-capillarity, Fig. 11.2a without additives applies. In case of the
distill-capillarity, the lower-temperature evaporating component plays the role of
additive, and Fig. 11.2a with additives applies.

In the next section we shall assess a Marangoni convection from a quantitative
point of view, modeling an ammonia-water absorption process in a Marangoni
cell. However, prior to do so, first we shall give a simpler mathematical for-
mulation of the induced fluid movement, helpful in our complete understanding
of the Marangoni convection and further modeling. We consider the cell in
Fig. 11.3 during absorption for an ideal fluid and write equation of Bernoulli in its
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differential form for the top fluid steady-state moving along the free surface and
integrate it between two certain points 1 and x:

X X
/ a2 [
2 )= P (11.8)
1 1
For the sake of simplicity, we note that v(1) = 0 and p =~ ct. Taking into account
Eq. (11.4) we obtain

2| 0o do
v(x) =:|:\/:I: {(x)—(l)} (11.9)
p | ou ou

For a reduced form (index “r”’), we put v, = v% (L-characteristic length, v-cinematic
viscosity) and Eq. (11.9) becomes:
vr(x) = £1/£2[Mg(x) — Mg(1)] (11.10)

Equation (11.10) emphasizes a reduced velocity dependence of a Marangoni number:

L? 9o

— 11.11
vZp 0z ( )

Mg =

The common applications have ‘ %—‘;‘ ~ 100 — 107, L~ 1072, v ~ 107%, p &~ 103,

so that [Mg| ~ 10° — 10* Equation (11.9) enables an analysis of the interfacial ten-
sion gradient in order to get a certain induced fluid velocity. To this extent, Eq. (11.1)
was considered for o = o (c(x)) only. The analysis of several % shapes (linear, poly-
nomial and exponential) revealed that the exponential form got velocities with values
met in current applications (v ~ 10_2), only. This simple approach suggests an i.p.a.
behavior, showing that i.p.a. effects accompany Marangoni cells working (Staicovici
2000a, b, c; Staicovici and Isvoranu 2004). The modeling presented in the next sec-
tion will show this.

Now, taking into account the ideas outlined above, we are able to formulate
the Marangoni convection true explanation (Staicovici and Isvoranu 2003, 2004).
Indeed, Egs. (11.1), (11.4-11.6) and (11.9) can be considered the key of our prob-
lem: the Marangoni convection is generated by non-constant interfacial tension
gradients, which create parallel fluid non-zero pressure gradients, and consequently
fluid motion, tending, according to the “le Chatelier” principle, to counteract in this
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way the interfacial specific free energy variation. In multi-component media, this
convection is amplified due to the presence of adjacent surface zones with opposite
i.p.a. effects, of generation <> absorption, which brings about high local non-zero
interfacial tension gradients, and further high pressure gradients and fluid motion.
A schematic of the interface Marangoni convection basic mechanism explanation is
given in Fig. 11.4. Here, Fig. 11.4a, b show the counter and parallel flow formation.
They emphasize also the effect of 33—‘; variation, mathematically expressed by:

80 ou

— <0=> — >0; 11.12

0x2 ox ( )
and

80 0= ou 0

— > — < 0.

0x2 dx
The mechanism of flow deviation is explained next, in Fig. 11.4c, d. As they indi-
cate, the main flow is deviated by an opposite, secondary flow, towards the bottom
of the cell. Obviously, the stronger the secondary flow, the higher the main flow
deviation is. The main flow deviation lays to the basis of the eddy formation.

11.3 Pseudo-Marangoni Ammonia—Water Cell Modeling

Induced convection in a pseudo-Marangoni cell, Fig. 11.3, was modeled with the
ammonia-water system. The modeling uses known hydrodynamic, energy and spe-
cies transport equations for interface and bulk fluid of the cell. The modeling used
the TPT for absorption/generation processes at interface (Staicovici 2000a, b, c).
Its first purpose is to analyze with known theoretical tools the Marangoni effect
and compare it with the explanation outlined in paper second section. Pseudo-
Marangoni cell comes from the fact that no additive effects were accounted for
in the convection simulation, meaning that, when absorption starts, the fluid mix-
ture surface located below the “drop” is free of gas absorption, has the same sur-
face tension as that of a gas—liquid interface, and absorbing mixture equilibrium is
described by its pure ammonia-water equation of state (Ziegler and Trepp 1984).

Physical model

The governing system of equations comprises Cartesian bi-dimensional equation
of continuity, Navier-Stokes equations, energy and species transport equations:

9 - -
Continuity: a—'(; +poV-(V)=0

W - - .. -
Navier-Stokes: ,05 +pV-V(V)=—-Vp+ V. -II+ pg(BAT + yAc) + F,
9T L 1. . (11.13)
Energy: p— 4+ pV - V(T) = —V - (UVT)
at Cp

9 .- - -
Species: ,oa—j + pV -V(c) =V - (pDVc)
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Fig. 114 Schematic of2 the interface Marangoni convection basic mechanism e)z(planation. a Counter
fluid flow formation ‘37‘; > 0=V, > 0, b Parallel fluid flow formation %9 0= V, <0.¢

9x2
Parallel fluid flow deviation and clock wise eddy formation. d Counter fluid flow deviation and

clock wise eddy formation
Numerical model

The system of four partial differential equations. was solved numerically, with the
help of a CAFFA code (Computer Aided Fluid Flow Analysis), incorporating the
Finite Volume Method. In order to solve the pressure, the SIMPLE algorithm was
used. The calculus domain was discretized by an enough large number of cells in
order that the computing accuracy be satifactory. We choosed a rectangular mesh
of 96 x 96 volumes of control. The numerical method is segregated, non-stag-
gered, semi-implicite in space and explicite (Euler) in time, based on a hybride
scheme. It applies to the primitive variables velocity, temperature and concentra-
tion. Writing the transport equations in the general form
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0 aJ,
909 | Wk
at Xy

=S, (11.14)

where Jy 1 is the convective and diffusive flux of the searched function ¢ along the
direction xi

dg

Jok = purp — FthTCk

(11.15)

and integrating over the control volume AV, we obtain:
n n—1_n—1 AV -q
(oo = o1 0n™ ) S Jehe = T Juhn = i = S, AV (11L16)

The e, w, n and s indexes hold for the positions of the cell walls, while the uppercase
localize the mesh knots. Putting flux Jy, ¢ in a discretized form, we obtain a linear
algebraic system as

appp = ap@E + awew + angy + asys + bp, (11.17)

solved by an iterative semi-implicit procedure (SIP).
The boundary and initial conditions, which have made the subject of a thorough
analysis, are given next:

oT dc
l.y=h andx € (0,d): u=0,v=0, — =0, — =0;
dy dy
9
2.y=0andx € (0,): u=0,v=0, T =293K, zTCZO (11.18)
y
T
3= Oandx—=1:u=0 2L —¢ 2 _
0x ox

The temperature 7, the concentration ¢ and the u velocity component can be found
at interface, y = h and x € (d, [), writing the transport equations for the interface
control volume (Fig. 11.1) in the discrete form:

. At At . . . .
Ul')'“r1 =Up(l — Am mAV) VN (méué — i ul 4 msud — méuf)
P

Sy At Ar Sy W At do
— — — 73’ -
(hh=rl)5 2 opav + pgAv > (=) oAV \dx ),
C At At A oT A oT
1 .
T =T = iyt AV 2 K 9 ) (a) }
(CI’)P PP cp Ox cpdx ),

_ A g (40T (11.19)
pp AV cp Oy

At At S ac dc
m+1 m __ (.8 _ .m\;g Ly D— _ D—
= = (A= )y v 2 Kp 8x>e (p ax)vj

At g Dac
sV \"ay )
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where C is the absorption heat and

d”;’l = _jr[max(o» ’/he) + maX(O, _’/hw) + maX(O, _’hs)]

g — 8 — w8 — 8 — — p8 g —
uw_ue_o’ mw_me_o’pw_pw Mn—O,

ppt! — o

mé = —j, [max (rhi,O) + max(—n’aiv,O) + max(—mﬁ,O)}, (11.20)

). (&)=

c
TRAm+ Y T = i}

i=ew,n,s (CP)P
cpam+ Y = (- cp)ms
i=e,w,n,s

is the interface gas mass flow rate calculated according to TPT in relation with
the reduced absorbed/generated mass flow rate j, (kg gas/kg absorbent mixture)
(Staicovici 2000a, b, c¢; Staicovici and Isvoranu 2004), and the flow rates travers-
ing faces e, w and s. Also, in equations above we neglected the diffuzive terms for
the north face in case of 7 and ¢, and forces equilibrium at interface results in:

r)fy:.[)?y-’_a' (11.21)
Unlike all previous works (e.g. Rie 1991), considering the gas-liquid equilib-
rium conditions at interface, here for the first time the whole system is sup-
posed to evolve in the cell in a non-equilibrium state, between an initial state,
chosen at random (vapor concentration and temperature are ¢, = 0.987 and
T, = 293.15 K, respectively, solution initial conditions are ¢ = 0.3, 7= 293.15 K
and the pressure is p; = p = 1 bar) and a final one, of an ideal state, established
by the equilibrium points value of sources, chosen again at random and given by
pg =p =1bar;cg =0.987;¢c=034; T, =T =293.15K. Using the reduced
form, the mass current absorbed or generated depends, according to TPT, on the
natural force (—X,) and phenomenological coefficient L;; , by:

jr = Lll,r(_Xr)

The reduced natural force, governing the system evolution towards the ideal point and
emphasizing the i.p.a. effect, is plotted in Fig. 9.23 with respect to solution mass frac-
tion. The thermo-physical and dynamical properties were adjusted every step of time
and grid. Next we shall give some information regarding these properties. The surface
tension of the ammonia-water mixture was considered linear with respect to the liquid
phase mass fraction of pure components (NH3—H;O, IIR 1994), according to

ONH;/H,0 = €oNH; + (1 — ¢)on,0 (11.22)
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where pure component surface tension are functions of temperature, #(K) (Geana
et al. 1993), given by

n
tC,NH3(H20) —t ) 1,NH3(H,0)

ONH3(H,0) = O1,NH3(H,0)
fe,NH;(H,0) — 1

(11.23)

In Eq. (11.23), o1 NH;(H,0) 1S a certain surface tension value, calculated for the
temperature f1 NH;(H,0) (K), and 7 NH;H,0) (K) and n1 NH;H,0) hold for the criti-
cal temperatures and a certain corresponding exponent value of the pure com-
ponents, respectively. The thermal conductivity of the liquid phase mixture was
assessed according to Geana et al. (1993)

ANH3/H,0 = ¢ANH; + (1 — ©) 21,0 — 0.72¢(1 — ¢) (Am,0 — ANH;) (11.24)

where pure components thermal conductivity is function of liquid temperature,
t (°C), given by

INH3(H0) = [1.NH3(H,0) + D.NH;(H,0)f + 3.NH;(H,0) 1 (11.25)

and /;NH;H,0),1 = 1,2,3, are coefficients given in Geana et al. (1993). The
dynamic viscosity was assessed in relation with the liquid mass fraction ¢ and
temperature, ¢ (°C), determining the coefficients B;j,i =0,...,6,j =0,...,30f a
double polynomial fit of the known viscosity plot (Chiriac 1972):

3 6
BNk 0 = Y P Y Bijd (11.26)
j=0 i=0

Additionally, the other thermo-physical and dynamical properties of the ammonia-
water mixture (density(p), enthalpy, specific heat capacity and expansion coefficients
(B,y)) were calculated the from mixture equation of state (Ziegler and Trepp
1984). The mass diffusivity coefficient D was considered a function of the liquid
mass fraction ¢, and has been calculated according to the following equation:

D= (3c+2)*107° (11.27)

Equation (11.27) is valid within the range 0.0 < ¢ < 0.7 and has been obtained by
the linear interpolation of a previous work results (Kojima and Kashiwagi 1995).

11.4 Pseudo-Marangoni Ammonia—Water Cell Modeling
Results

The results were obtained for cell parameters / = & = 0.05 and d = 0.0125,
Fig. 11.3. A selection is given in Figs. 11.5, 11.6, 11.7, 11.8, 11.9 and 11.10.
Figure 11.5 shows the film of the modeled Marangoni convection for velocity
vectors (1(x,y) + v(x,y)), from the first absorption moments, ¢ = 0.23 s, till the
end of the process, r > 240 s. The cell mean ammonia mass fraction evolution is
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Fig. 11.5 Marangoni convection film for (i(x,y) + V(x,y)). The top arrows t — and ¢ |, indi-
cate the time increase in every row and from row to row, respectively. The time can be calcu-
lated for each figure in seconds from equations #;_y = 0.23 + (n — 1)*0.24, n = 1,...,25 and
tyr = 6.0 4+ 10*0.24*m, m = 1,...,4 for the first five rows and for the sixth, respectively. The two
last figures characterize fluid movement for the rest of process, t ~ 15.6 — 240 s

plotted in Fig. 11.6. In the first minute, the absorption rate is high, and the smaller
whirlpools, formed in the beginning, are gradually replaced by a big central one,
driving almost all cell fluid. Then, absorption increases little, the ammonia mass
fraction asymptotically approaches its ideal point value (¢ = 0.34), and the big
central whirlpool dominates the whole fluid movement. When absorption starts, an
ammonia mass fraction and temperature difference appears between fluid surfaces
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Fig. 11.6 Ammonia mass fraction evolution during absorption in the modeled ammonia-water
pseudo-Marangoni cell convection
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Fig. 11.7 First moments of absorption modeling (t = 0.23 s): a 3"(") and u(x, h); b aa(x) and j(x)

located under the “drop” and the adjacent absorbing free surface (see pseudo-
Marangoni cell explanation, given in Sect. 11.3), causing unbalanced surface ten-
sion gradients and top fluid movement release. First moments of absorption and
fluid movement are described by Fig. 11.7. The velocity u(x, h) rigorously obeys
inequalities (11.12) with respect to 3( %)
by the j(x) variation, Fig. 11.7b. Figures 11.8, 11 9 and 11 10 obtained for three
different absorption times (corresponding to absorption begmmng, middle and
end of process) and noted each with (a) to (f), represent functions ”(x) and u(x,h),
aa(x) and j(x), (u(x,y) + v(x,y)), p(x,y), ¢ (x,y) and T(x, y), respectlvely An inter-
pretatlon of the plotted results follows, with emphasis of Marangoni convection
explanation, given in Sect. 11.2:

1. j{(x) plots reveal the occurrence of ip.a. effects, characterized by figures of
merit having magnitude order of fp gen & 10! — 10%;
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2. Surprisingly for an absorption cell, its free surface suffers not only absorption
processes, j, > 0, but generation ones also, j, < 0; both processes occur either
simultaneously in adjacent places, or in same place but different times; the
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generation process diminishes absorption efficiency, but this is the prize paid by
the Marangoni cell for producing fluid mechanical work (convection); from this
point of view, bubble flow based absorbers stimulate more absorption the i.p.a.
effect appearance, receive mechanical work and for this reason they might be
more efficient;

3. Generally, a%ix) > 0 for j, > 0 and % < 0 for j» < 0; although this is not rigor-
ously verified, the reduced mass current j. fundamentally influences d‘gix) variation
and consequently fluid movement;

4. The high surface tension gradients play the most important role in Marangoni
convection;

5. The Marangoni basic mechanism, outlined in Fig. 11.4a—d and by inequalities
(11.12), is rigorously verified for all results. This can be checked in Figs. 11.8a,
11.9a, 11.10a, and 11.8c, 11.9¢, 11.10c, including here the eddy formation
process. Additionally, this mechanism is also confirmed without ambiguity by
a recent experimental and numerical study of Marangoni-natural convection
obtained only by “thermo-capillarity” in shallow liquid layers (Tan 2004).

From the above it results that TPT is a powerful, essential tool in refined quali-
tative/quantitative binary bi-phase local interaction analysis. Also, the results
suggest that Marangoni convection could be obtained without surfactant use,
not only in absorption processes, as we already showed through the present
modeling, but also in generation of binary processes, if adequate cells were
constructed, which stimulate by their geometry an initial surface tension gra-
dient appearance, because, once started, the Marangoni convection is capable
to evolve by itself (to be self maintained). Being independent of the refriger-
ant/absorbent working combination, of whether a surfactant is dissolved or
not in an absorbent, of whether the processes are of thermo-capillarity or of
distill-capillarity, the Marangoni convection basic mechanism explanation, out-
lined in the previous papers (Staicovici and Isvoranu 2003, 2004; Isvoranu and
Staicovici 2004), is general.

11.5 Pseudo-Marangoni Water-Lithiumbromide
Cell Modeling and Modeling Results

11.5.1 TPT Application to the Water-Lithiumbromide Case

11.5.1.1 Natural Force

The reduced natural force (—X,) of a binary two-phase mixture, given in Chap. 9,
has been expressed in our case by means of the p, T, x, s and & known, verified,
gas-liquid phase equilibrium data, which are used by the most part of HoO-LiBr
absorption community (McNeely Lowell 1974).


http://dx.doi.org/10.1007/978-3-642-54684-6_9
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11.5.1.2 Phenomenological Coefficient

The reduced phenomenological coefficient L1, preserves the value considered for
the ammonia-water system:

Lii, =R (11.28)

Indeed, let us consider the phenomenological equation, giving the gas interaction
mass current:

Jig = L11(=X) (11.29)

and remember the reduced values of the mass current, Eq. (9.16), phenomenological
coefficient and of the natural force, Eq. (9.26), respectively, as:

o i Ly (=X)
Jjr=—3 Liu,=— and (—=X,) = —— 11.30
A N T TR (1130

From Eq. (11.29), with Egs. (11.30), (9.28) results:
jr =L11,r(_Xr) (11.31)

Equation (11.28) results from considering Eq. (11.31) and bearing in mind that far
from equilibrium the natural force equals the lost exergy during gas—liquid interaction,
therefore the quantity:

(_Xr)
Jr

is a specific interaction energy, proportional to the gas constant. This result has
been verified in several particular cases, analyzing force and phenomenological
coefficient dependence, and choosing the domain where this would be week. Figure
(11.11) plots this dependence for two case studies, of water-lithium bromide and
ammonia-water systems, respectively. For natural force computation we used mass
fraction values ¢ not too close to that of the ideal point. As it may be remarked,
in both cases the phenomenological coefficient becomes quasi-independent with

respect to the force variation for values close to 1.0 x 10~*, which roughly is |R| ™!
(Staicovici 2005b).

~R (11.32)

11.5.1.3 Ideal Point Approaching (i.p.a.) Effect

For our model, we have chosen as ideal point, a point from the water-lithiumbromide
usual absorption domain, having the following values of state parameters:

p1 =pg = 1.275kPa

T =T, = 314.15K (11.33)
ce = 45.0; y = 100.0


http://dx.doi.org/10.1007/978-3-642-54684-6_9
http://dx.doi.org/10.1007/978-3-642-54684-6_9
http://dx.doi.org/10.1007/978-3-642-54684-6_9
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Fig. 11.12 Case of the HoO-LiBr system: natural force partial function plotted against liquid
mass fraction, showing an i.p.a. effect behaviour

Figures 11.12, 11.13 and 11.14 plot the reduced values of natural force, Eq. (9.34),
mass current, Eq. (9.28) and entropy source, Eq. (9.27), as partial functions of
liquid phase refrigerant mass fraction, x. As we can remark, the force and mass
current respect the natural force postulate (see Sect. 9.3.), in case of water-lithium
bromide too, showing an i.p.a. effect behavior when the liquid mass fraction gets
closer to the ideal value, x, = 45.0.


http://dx.doi.org/10.1007/978-3-642-54684-6_9
http://dx.doi.org/10.1007/978-3-642-54684-6_9
http://dx.doi.org/10.1007/978-3-642-54684-6_9
http://dx.doi.org/10.1007/978-3-642-54684-6_9
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Fig. 11.13 Case of the HoO-LiBr system: mass current partial function plotted against liquid
mass fraction, showing an i.p.a. effect behavior
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11.5.2 Pseudo-Marangoni Water—Lithiumbromide
Cell Modeling

The induced convection in a pseudo-Marangoni cell, Fig. 11.3, was modelled with
the water-lithium bromide system. The model is similar to that used to the ammonia-
water cell, Sect. 11.3. Similarly to Sect. 11.3 (Staicovici and Isvoranu 2003, 2004;
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Isvoranu and Staicovici 2004), the whole system is supposed to evolve in the cell
in a non-equilibrium state, between an initial state (vapour concentration and tem-
perature are y = 100.0 and T, = 314.15 K, respectively, solution initial conditions
are ¢ = 40.0, T = 314.15 K and the pressure is p, = p = 1.275 kPa) and a final
one, of an ideal state, established here by the equilibrium point values given by
Eq. (11.33). The thermo-physical and dynamical properties were adjusted every
step of time and grid. Next, we shall give some information regarding the liquid sur-
face tension o (N/m), thermal conductivity A (W/mK), dynamic viscosity u (Pa*s)
and density p (kg/m?) of the water-lithiumbromide mixture. These were assessed in
relation with the liquid mass fraction, ¢, and temperature, t, by determining coeffi-
cients a;j of the double polynomials fitted with the literature known data, as follows:

Surface tension

5 4
om,0/Lir = 1.0°1072 Z c Z aij¢ (11.34)
=0 j=0

where ¢ (kg LiBr/kg mixture) and ¢ (°C) (Chiriac and Cartas 1972).

Thermal conductivity

1

2
Mo/ =Y > at (11.35)

i=0  j=0

where ¢ (kg LiBr/kg mixture) and 7 (°C) (Klein and Alvarado 1992).

Dynamic viscosity

2 2
HUH,0/LiBr = €xp Z t a;jc (11.36)
i=0 j=0

where ¢ (kg LiBr/kg mixture) and 7 (°C) (Klein and Alvarado 1992).
Density

I
pr0/Lisr = 1.0°10° Y > " apt (11.37)
i=0  j=0

where ¢ (kg water/kg mixture) and ¢ (K) (Klein and Alvarado 1992). Additionally, the
other necessary thermo-physical and dynamical properties of the water/lithium bro-
mide mixture (entropy, specific heat capacity, expansion coefficients (8, y) etc.) were
calculated from mixture equation of state (McNeely Lowell 1974). The mass diffu-
sivity coefficient is almost constant for ¢ = 0.40—0.45, thatis D = 1.0 x 10 9m? /s
(Kashiwagi et al. 2012).
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Fig. 11.15 Flow patterns in a square Marangoni cell with absorption in the Water-
Lithiumbromide medium, AR = 1.0 (h = 5.0/l = 5.0/b = 1.25) (cm/cm/cm). Absorption times
are given sequentially from the left to the right in each row, for the first, second and third row
respectively, as: 1.275; 3.095; 5.37; 7.645; 9.92; 12.2; 11.47; 16.75; 19.02; 21.3; 23.57; 28.12;
46.32;91.82;228.3 — 453.7 s

11.5.3 Pseudo-Marangoni Water—Lithiumbromide Cell
Modeling Results

The results were obtained for cell parameters A/l = 2.5/10.0, h/l = 5.0/5.0,
A/l = 10.0/2.5, and d/l = 0.25 (cm/cm). Figure 11.15 shows the flow patterns for
velocity vectors (i(x,y) + v(x,y)), in a square Marangoni cell with absorption in
the Water-Lithiumbromide medium (h =5.0// =5.0/d = 1.25) (cm/cm/cm),
from the first moments, t = 1.275 s, till the end of the process, t > 453.7 s. Similar
to the ammonia-water case, in the first period, the absorption rate is higher, and
the smaller whirlpools, formed in the beginning, are gradually replaced by a big
central one, driving almost all cell fluid. Then, absorption increases little, the water
mass fraction asymptotically approaches its ideal point value (¢ = 45.0), and the
big central whirlpool dominates the whole fluid movement. The cell mean water
mass fraction evolution is plotted in Fig. 11.20, dashed line.

Besides ammonia-water, the Marangoni convection basic mechanism explana-
tion has been verified in case of the water-lithiumbromide medium, too. For exam-
ple, Fig. 11.16 shows 3%)(:{), u(x, h) and j(x) variation, plotted against the mixture
mass fraction of the square cell. The velocity u(x, i) rigorously obeys inequalities
(11.12), with respect to 3033) variation, left Fig. 11.16, strictly determined by the
Jr(x) variation, right Fig. 11.16. A same explanation, synthesized by inequalities
(11.12), can be found in an excellent, clear-cut plot obtained for the long water-
lithiumbromide Marangoni cell, 4/l = 2.5/10.0, given in Fig. 11.17.
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Fig. 11.18 Pseudo-Marangoni ammonia-water absorption cell, one-minute absorption: mean
volumetric mass fraction against absorption time, for different /[ and d/I ratios

The absorption efficiency has been analysed with TPT model tool for the ammo-
nia-water and water-lithiumbromide systems. Concerning the ammonia-water,
Fig. 11.18 shows the cell mean ammonia mass fraction with respect to absorption
time, for various A/l and b/l ratios. For the same absorption type, here materialized
by the Marangoni convection cell, Fig. 11.18 proves that, globally speaking, the
absorption is a surface phenomenon, because the higher the absorbing surface is
(increasing with aspect ratio %/l decrease), the higher the absorption is, that is the
higher the cell mean mass fraction is for same absorption time. However, the local
absorption type is most important, and as it was emphasized to Chap. 9, the i.p.a.
effect appearance stimulation is the most effective way to improve an absorption
process. If we defined a quantity in order to measure the absorption efficiency by:

C — (i

&= Co—c; (11.38)
where ¢, ¢; and ¢, hold for refrigerant mass fractions corresponding to a certain
period of absorption, initial and final state, respectively, then we can compare dif-
ferent Marangoni cell geometries, for a same absorption time. Figure 11.19 plots
the absorption efficiency against the A/l ratio, for the same d// values. Our compu-
tation followed also to determine a certain drop dimension, or d/I value for each h/l
configuration, corresponding to a maximal absorption efficiency, which normally
should exist between two quasi-similar states, of near zero absorption (pure diffu-
sion absorption, without Marangoni convection stimulation, when d = 0.0), and no


http://dx.doi.org/10.1007/978-3-642-54684-6_9
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Fig. 11.20 Pseudo-Marangoni absorption cell, Water/Lithium-Bromide system: mean volumetric
mass fraction against absorption time, for different 4/l and d/I ratios

absorption at all, for d = [, respectively. This d/I optimal value was found in case of
the square cell configuration, only, as Fig. 11.19 shows (d/D)oprimar = 0.18.

The results of absorption efficiency analysis in case of the water-lithiumbro-
mide system are given in Fig. 11.20. This plotts the cell mean water mass fraction
against the absorption time for three A// values and same b/I ratio. The absorption
efficiency is plotted in Fig. 11.21 against the aspect ratio, for same b/ ratio and
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absorption time. The absorption increase with absorption surface increase is con-
firmed in case of the water-lithiumbromide system too. As we can remark, com-
paring Figs. 11.19 and 11.21 for approximately the same efficiencies and cell
configuration, the water-lithiumbromide absorption time is roughly 6-7 times
higher than that of the ammonia-water system.

11.6 Inclined Surface Marangoni Convection Cell
Evaluation. Ammonia-Water Absorption—-Desorption
Mass and Heat Exchangers TPT Model Application

11.6.1 Introduction

The absorption technology feasibility depends to a good extent on efficiency
of absorption/desorption mass and heat transfer processes. For this reason the
improvement of these processes has been its continuous concern. One practical
way to improve the transfer is, as already mentioned, the Marangoni convection
stimulation. By doing this, an increase of mass and heat transfer by a factor of
2 to 6 is possible for instance in absorption devices. The technical literature is
very rich in presenting this topic (see Sect. 11.1). The absorbent flow is more
often than not of falling film type with or without surfactant on plane or tubu-
lar surfaces in horizontal or vertical mounting (multi-tube & shell). Usually, the
mass and heat transfer takes place on external part of exchange surfaces, while
the heat/sink sources flow on internal parts. The falling film based devices have
global heat transfer coefficients with values ranging from 400 to 600 W/m? K in
horizontal mounting, up to 3,000-4,000 W/m? K in vertical mounting (Niebergall
1959; Fujita 1993; Kang et al. 1999).

Besides qualities, a falling film is confronted, however, with a few problems:
(a) its transfer properties are sensitive to mounting position deviation; (b) dry-out
phenomena may occur during operation, when the transfer falls down suddenly
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much; (c) the flow plane position has an important influence on Marangoni con-
vection. This section aims at giving a possible solution to these problems, still
keeping the thin films advantages (Staicovici 2008c). The main tools used for
investigating the mass and heat transfer is in our case the hydrodynamics applied
to an ammonia-water Marangoni cell and the TPT.

11.6.2 Marangoni-Gravity Forces Dimensionless Criterion

The Marangoni convection appearance in a certain volume of fluid is conditioned
by the interaction of Marangoni forces with other different forces acting on this
volume of fluid, like those of viscosity, gravity, surface tension etc. Out of these,
the Marangoni-gravity forces interaction is independent of the others ones and can
be treated separately. To this extent, let us consider a certain inclined Marangoni
convection gas-liquid interface, Fig. 11.22. Here, an interface finite element
of volume is acted by the gravity force upon the vertical direction and by the
Marangoni convection force upon a certain direction belonging to the interface.
The two directions make the ungle « (rad). A dimensionless local criterion can be
introduced:

Volume_Local_Marangoni_Force

CMg/mg = - (1139)

Volume_Gravity_Force
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It shows the relative magnitude of the two specific (volume) forces (N/m3). In
Eq. (11.39) we consider that the gravity force is projected on the Marangoni force
direction and has always an opposite direction to this force:

Volume_Gravity_Force = y cosa (11.40)

where y (N/m?) is the interface fluid (thin film) volume element specific weight.
Concerning the Marangoni force, this can be expressed making use of the Laplace
Eq. (10.12), which in this case has the form:

Ap = div (11.41)

where Ap (Pa)] and o (J / mz) hold for pressure difference acting the element of vol-
ume opposite faces and surface tension, expressed as interface free energy variation,
respectively, both considered along the x coordinate. Applying grad in Eq. (11.41)
along the Marangoni force coordinate x direction, we get, Eq. (11.6):
_ 3 3o
Volume_Local_Marangoni_Force = — (Ap) = — (11.42)
0x 0x2

Introducing Eqs. (11.40) and (11.42) in Eq. (11.39), we obtain (Staicovici 2008c):
9%c

9x2
ycoso

CMg/mg = - (11.43)

The thin film flows having criterion |CMg/mg‘ > 1.0 favour Marangoni convec-
tion. On the contrary, those with }CMg/mg| < 1.0 hinder it. The assessment of
this criterion in case of the ammonia-water and water-lithiumbromide media,
using results obtained in Staicovici and Isvoranu (2004), Staicovici (2005b)
and Isvoranu and Staicovici (2004), show clearly that for thin film vertical flow,
a =0.0, CMg/mg| = 0.2 — 0.5 < 1.0 holds true, therefore the gravity force hin-
ders much Marangoni convection full development. Starting from this result, we
remark that flows must be horizontalized in case of the above two mentioned
working combinations, in order to have an efficient Marangoni convection in
absorption/desorption processes (Staicovici 2008c).

11.6.3 Proposed Mass and Heat Exchanger

Bearing in mind the result obtained in the last paragraph, we propose here a
new mass and heat exchanger (Staicovici 2008c). The key exchange element,
Fig. 11.23, is of tube & fin type. The Heat/sink sources flow in tube and the absor-
bent thin film flows on the fin upper part, provided with small vertical edge walls
which establish the film thickness. The whole mass and heat exchanger can be


http://dx.doi.org/10.1007/978-3-642-54684-6_10

496 11 Marangoni Convection Basic Mechanism Explanation

E

Fig. 11.23 Tube & fin key exchange element

v 3

L

1-Sink Source Inlet; 2-Sink Source Qutlet
3-Poor Solution Inlet; 4-Refrigerant Gas
Inlet; 5-Rich Solution Outlet

Fig. 11.24 Proposed multi-tube & fin & shell mass and heat exchanger

build with this element, mounted horizontally, resulting for example in a multi-
tube & fin & shell type, Fig. 11.24. Its manufacture is within actual common tech-
nological limits.

11.6.4 Mass and Heat Exchange Model

For our model, the exchange element in Fig. 11.23 was considered the place
where many Marangoni convection cells are formed simultaneously during absor-
bent flow with random values of surfactant floating drop length and cell length.
The schematic of a single Marangoni cell, which was statically modeled (cell
doesn’t move on fin) for absorption and desorption processes and which it is show-
ing surfactant floating drop semi-length d and cell semi-length / and height 4, is
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depicted in Fig. 11.3. The model governing equations and numerical solving details
are included in Sect. 11.3. Amongst other functions, the model enables the heat
exchange calculation of cell side between cell fluid and cell bottom and of the sink
or heat source side between source and element tube wall for different Re numbers.

11.6.5 Model Results

The cell side model results are given in Fig. 11.25 for absorption (a—d) and des-
orption (e-h) (generation) processes respectively. They represent a tempo-
ral (#) evolution of the ammonia mean mass fraction (cvmed, red colour), (kg/
kg), in the whole cell, fluid-cell bottom (cell side) global heat transfer (alfa,
green colour), (W/m? K), and the heat exchange through cell bottom (heat,
blue colour), (W). The following input values have been used: [ = 0.012 m;
[ = 0.006 m; h = 0.003 m; d = I/4 m. Also, the thermodynamic parameters were
Teooting = 291.15 K Teooling = 293.15 K Xiniriar = 0.3; y = 0.989; p = 1 bar,
for absorption, and Theating = 293.15 K; Theating = 295.15 K Xipiriat = 0.38;
p = 0.88, for desorption. The ideal points which the system evolves to in absorp-
tion and generation are characterized by the following parameters: Tj, qps = 295 K,
Xip.abs = 0.34, Pip.abs = 1 bar (¥jp aps = 0.9865) and Tjp, gen = 291 K, Xip gen = 0.345,
Dip.gen = 0.88 bar, respectively. The fin efficiency has been considered in all applica-
tions equal to unit. From the diagrams it results that cell semi-length “I” decrease
sensibly increases “alfa”, but cell bottom temperature “7T” variation doesn’t alter
it. In this respect, it is worth mentioning that, under the assumptions made, the
systems are capable to operate both in absorption and generation with low tem-
perature difference between the sources and the ideal points, i.e. (2—4) °C. This
explains why in Chap. 6, the air conditioning applications have been considered
dTpr/dTpo = 2.0°C (see e.g. Table 6.2). Also, it is worthwile to mention that
time “7” for absorbent cell to reach the ideal points conditions in absorption or
desorption is less 1 s, the parameter responsible for that being cell height “A”. The
cell side (bottom) global heat transfer coefficients “alfa” are higher in absorp-
tion (2,500-3,500 W/m? K), and lower in desorption (1,700-2,500 W/m? K).
Improvement of these figures is possible.

The global heat transfer of the sink/heat source sides has been modeled in
cojuncture with the hybrid coabsorbent heat pump, having a capacity of 24 kW
(see Sect. 3.2.5.3). The global heat transfer (Marangoni cell-+fin+tube source
fluid) has been assessed next for a turbulent flow regime in tube. The results
are given in Tables 11.1 and 11.2, for absorption and desorption respectively. In
these Tables, “alfa Mg” is the cell side global heat transfer, “alfa global” is the
exchanger device global heat transfer, V,, is the number of fin & tube elements and
Agor 18 the total heat transfer area, (mz). The calculus has considered the follow-
ing input data: (a) absorber load Q, = 24 kW; (b) desorber load, Qg = 25,46 kW,
(c) tube inner diameter, d;, = 0.004 m; (d) breadth/length of the Marangoni con-
vection active element, 0.020/1.2 m/m and 0.025/1.2 m/m; (e) absorbent absorber
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Fig. 11.25 Temporal evolution of absorption (a—d) and desorption (e—f) Marangoni cell several
parameters
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Table 11.1 Absorption global heat transfer results simulation for a Marangoni convection multi-tube
& fin & shell mass and heat exchanger

Absorbtion
“alfa Mg” (W/m?K) 3,450 3,400 2,663 2,646
“alfa global” (W/m2K) 2,783 2,744 2,173 2,160
Ny 120 121 153 154
Ajpr (m?) 2.88 2.92 3.68 3.70

Table 11.2 Desorption global heat transfer results simulation for a Marangoni convection multi-tube
& fin & shell mass and heat exchanger

Desorbtion
“alfa Mg” (W/m2K) 2,525 2,396 1,842 1,752
“alfa global” (W/m?K) 1,997 2,185 1,681 1,601
Ny 138 140 147 177
Ajpr (m?) 3.8 3.98 5.05 5.3

flow rate 0.1146 kg/s; (f) idem (e) desorber, 0.112 kg/s; (g) mean logarithmic tem-
perature difference, 3 °C; (h) source temperature variation for a single pass, 1 °C;
(i) maximum pressure decrease for source single pass, max 1,7 bar.

Comparing our results with older literature for ammonia-water without sur-
factants (e.g. Niebergall 1959), our proposal could benefit of higher global heat
transfer coefficients by 3-6 times as in tower falling film absorbers and by 2-3
times as in tower or horizontal falling film desorbers. Concerning recent results
for ammonia-water, measured heat transfer coefficients range from 1,000 to 2,200
W/m? K (Kang et al. 1999), in absorption experiments of falling films on horizon-
tal tube bundles, which are below those presented here. Also, Kang et al. (1999),
absorption tests with vertical surfaces falling films show experimental heat transfer
coefficients ranging from 500 to 4,500 W/m? K, for various working conditions,
which proof experimentally the existence of the ideal point approaching (i.p.a.)
effect, theoretically discovered in 1997 (Staicovici 2000a, b, c, 2002).

Concluding, the results obtained here encourage a second phase of a labora-
tory model achievement and test. This conclusion is even more motivated, bearing
in mind that our model considered a static Marangoni convection cell only, while
including cell movement on fin it is very likely that heat transfer be increased
comparatively.
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