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Preface

The main aim of the book is to present development in heat air engines. We attempt
to apply an idea of external heating to the piston engine manufactured with well
known technology for internal combustion engines. External heating, i.e., delivery
of energy from outside in order to create mechanical energy inside the engine, is an
extensively developed range of engineering applications, especially in the light of a
possibility to use a much wider scope of potential “fuels” than those which can only
be burnt inside the engine cylinder. In fact, we intend to use any kind of heat from
solar, through burning different fuels to heat generated in the nuclear process.
On the other hand, externally heated engines still developing since 1800s exhibit a
very complicated and difficult mechanical construction in exploitation, with many
wear problems. We propose to employ the standard internal combustion piston
engine design which is fed with heat from an external heater to warm up the
working fluid which, in turn, employs simple thermodynamic laws interchanging its
potential energy into the mechanical one. As in internal combustion piston engines,
the working fluid expanding over the moving piston triggers mechanical rotations
with torque in the rotating crankshaft, providing thus drive for any machinery.

The idea of air engine which originates from the original Stirling design is
entirely different from it. It combines the proven technology of internal combustion
engines together with their lubrication system and can be an effective solution not
only in the future when most mineral fuels run out but even nowadays as it
eliminates problems with lubrication of the mechanism, the main disadvantage of
present solutions. Additionally, it can use the cheapest working fluid, the atmo-
spheric air, instead of costly helium or hydrogen. Stability of the heat generation
process outside the engine is another advantage of the proposed engine. The work is
generated by expansion of hot and compressed air in a cylinder located between
two heat exchangers, having extreme temperature and pressure values.
A compression ratio considered is about 1:10 although higher values can be
reached.

The idea comes back to 1995 and was invented by Lech Brzeski and Zbyszko
Kazimierski. An engine, in both 2-stroke and 4-stroke cycles, working in a closed
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heat cycle is in some way equivalent to internal combustion engines as energy is
generated in similar working loops although heat cycles are different. The idea was
confirmed by an experimental model in early 2000s when further development of
another prototype stopped due to a lack of financial support. Thus, all our efforts
were directed to increase theoretically the heat exchange level which was the main
problem detected during tests. We present some ideas which can increase
dramatically an amount of heat delivered to the working fluid in the work cycle. In
parallel, we have also developed new versions of the engine which have yielded
even higher performance characteristics in our simulations and remain within
feasible engineering solutions even if some devices are added.

The 4-stroke version of the engine appears to be a very attractive proposition as
it applies only a single cylinder. Even such a solution is able to realize a complete
thermodynamic cycle. When expanded to a multicylinder design, the advantages
are obvious. All proposed 2-stroke versions apply either 2 separate cylinders or a
design with double-action pistons. The simulation results show impressive numbers
of the power and efficiency generated by the engine — it can reach 50 kW per 1 liter
of the working volume at the efficiency equal to about 40 %.

Therefore, we compare these numbers with those available for other, effectively
working externally heated engines, where a choice of installations of modern
Stirling devices is obvious. The results are promising, especially if air and not
helium is applied.

We can expect many possible applications of such a source of mechanical
energy worldwide and not only, as space applications are possible as well. In the
future, when availability of mineral fuels is limited, such engines can replace
internal combustion solutions.

Lodz Zbyszko Kazimierski
November 2015 Jerzy Wojewoda
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Chapter 1
Introduction

The Externally Heated Valve Engine, further on referred to as the EHVE, and its con-
tinuous development are described here. External heating, i.e., when heat energy is
delivered from outside, was an important task in designing machines able to generate
mechanical energy in different applications. The idea of the EHVE aims at a possi-
ble use of any kind of heat coming from, e.g., burning fuels or wastes through solar
to nuclear energy. Additionally, as most of historical and present devices applying
external heating are technologically complicated, we have decided to apply a typical,
well developed piston engine with internal combustion in the EHVE design, which
may result in easier implementation of the EHVE. Such a technology involving a
piston-cylinder set in connection with a standard crankshaft does not need to resign
from typical oil lubrication, which is the main disadvantage of other machines using
external heating.

Historically, the very first engine employing external heating was built by Robert
Stirling in 1816. He was a Scottish minister who invented the first working closed-
cycle air engine. It gave the beginning to a class of engines using hot air, further on
developed by other designers. Later, in 1884 Fleeming Jenkin proposed that all such
engines should therefore generically be referred to as Stirling engines. The idea has
been developed till now with many successful applications [1, 2].

There are numerous works in which experimental results on Stirling or similar
externally heated engines using different fuels or even alternative sources of energy
are published, e.g., [3-20]. Depending on the particular design, they were intended
to reach very different performance levels. The presented applications include some
demonstration devices [14], waste heat recovery [21-25], general purpose installa-
tions [7, 26], solar heated engines [27], marine applicable [5, 28] and even projects
potentially possible to work in the outer space like [29]. Examples of reviews of many
published elsewhere solutions can be found in [27, 30, 31]. An interesting summary
of the performance of some existing machines is presented in [32]. There are also
some experimental results, e.g., [33], which provide a foundation for comparisons
to other engines with external heating.
© Springer International Publishing Switzerland 2016 1
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2 1 Introduction

Air-powered engines like the EHVE, which works in a modified Joule cycle, are
still developed theoretically, see [34], or practically, e.g., [35].

The working fluid in most modern Stirling engines is helium due to their heat
transfer properties, although they are usually very expensive both in manufacturing
and maintenance. Their crankshafts have very complex designs and heat regenerators
have to be used. Application of internal heat exchangers makes lubrication inside the
engine practically impossible. Typical Stirling engines use the pressure ratio of the
value approximately equal to 2, whereas the maximal pressure is higher than in the
EHVE as it does not need any regenerator.

An early design of the EHVE comes from 1995 and is described in [36], with
its later developments reported in [37] and [38]. The working fluid in the EHVE
is the cheapest gas available — atmospheric air. All of the EHVE designs allow the
ratio of applied pressures, i.e., maximal to minimal values, to be approximately 10,
like for internal combustion engines. The maximal pressure designed for the EHVE
is approximately 100 bar but along with improvement in the sealing system, it can
become higher. Any exchange or replenishment of such a fluid is easy.

Heat energy is delivered to the engine through its heaters, the mechanical energy
is produced when the hot fluid expands under high pressure in a cylinder called an
expander. Then, it is transferred to the engine cooler for cooling at low pressure. In
very early versions of the EHVE, two small heaters were applied, later versions used
a larger, single heater with blowers forcing the flow through it. Both the heater and
the cooler are heat exchangers that are the outside parts of the EHVE. Taking into
account this fact, we assume that the latter are counter-current devices. A simple
calculation method where all unknown values are time-dependent only is presented
later in this book.

The engines discussed in [36, 37] are similar to that described by Kovacs [39].
The similarity arose by chance, in fact both ideas were developed independently with
no knowledge on the other work. However, there are no data or even a type of applied
heaters in [39]. For this reason, this engine has not been considered here.

The valve control and the flow of the working fluid inside the EHVE use the well-
known technology of internal combustion engines. The first design involving a piston
located in a single cylinder is presented in Chap. 2. The engine is composed of four
essential parts: an expander, a compressor, a heater and a cooler. The heater in this
version consists of two small devices, the cooler uses water as a cooling fluid. This
is a 2-stroke engine. The expander is placed over the piston, whereas the compressor
— below it. Two of four engine valves are of self-acting type.

Let us remind the main advantage of the EHVE which is the fact that it uses
air as the working fluid, a conventional crankshaft and a standard oil lubrication
system. The method of general calculations is explained in detail in Chap.2. The
experiments were performed on this version of the EHVE, but its construction was
changed slightly. A compact, but difficult to manufacture engine cylinder was altered
to a 2-cylinder design given in Chap. 3. The main conclusion that followed from the
experimental results was a low level of heat amount delivered to the prototype.
Theoretically, the heat transfer coefficient can be calculated for the main assumption
of continuous work of the engine. As appeared in the experiment, it was not fully
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achieved. Then, the majority of our efforts has been directed to increase a level of heat
exchange which is critical for successful operation of the engine. Such a requirement
can be fulfilled if some additional devices are applied in the early version of the
EHVE. These are a blower and distributors [40]. Another solution to this problem is
given in Chap. 4. This is the first step to improve the EHVE.

The next step in developing the EHVE is described in Chaps. 5 and 7. The changes
introduced in the engine design were as follows:

e inlet and outlet collectors were added to the numerical model of both heat exchang-
ers and two blowers were introduced,

e anew kind of valve was designed,

e anew, more detailed calculation method was developed as the basis for computer
simulations,

e numerical calculations according to the new method were performed for 2- and
4-stroke versions of the EHVE.

The heater was also changed, i.e., a typical design, easy for manufacturing, was
applied. All versions of the engine worked in a closed thermodynamic cycle.

A 2-stroke version, which has two blowers, is presented in Chap. 5. It consists of
a single heater and a single cooler. Again, this is a typical piston-crankshaft engine.
Both the heater and the cooler have some additional volumes, considered here as
collectors, which are taken into account. The collector design can be complicated as
each of them does not have to influence the flow coming from both the engine and
the blowers. This version uses a standard oil lubrication system. The working fluid
is air and the cooling fluid is water. The engine was investigated numerically.

The algorithm based on standard numerical integration procedures was applied
to a set of differential equations describing the behaviour of individual parts of
the engine model. It was supplied with the conditions controlling flows between
them. Most of the simulations started from a set of the assumed initial conditions
representing initially loaded volumes and constant rotational speed and continued
until a stable solution was achieved. More realistic versions of the software covered
dynamical behaviour of the numerical model from the start from the zero rotation
and an application of a starter. Those calculations continued after reaching the steady
rotational speed and all thermodynamic variables stabilization. All equations were
written for averaged conditions in particular model elements, treating the problem
as time-dependent only.

The type of heat exchangers was simulated as counter-current devices, where the
temperature drops remain almost constant along their lengths. The exchangers are
treated as time-dependent only, assuming that all important changes are the same
and considering each of them in a single plane only. It is situated at the outlet of the
exchanger tubes, in both the heater and the cooler, respectively. This approximate
approach allows for applying maximal and minimal temperatures of the exchanger
walls in the discussed case. The heat volume delivered to and subtracted from the
EHVE in the heater and the cooler are estimated accordingly.
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Some attempts were made to conduct a more detailed analysis of the heat exchange
process taking place inside the exchangers, dividing them into a number of sub-
volumes, which was a time-space dependence modelling.

There were attempts aimed at stabilization of the flow inside the exchangers.
This included separate settling chambers. A corresponding design of the EHVE is
presented in Chap.6. The way the separated settling chambers are built up is an
engineering task, not considered in this book. The main results of the simulations
conducted for this design are the values of power and efficiency which are not less
than those obtained in the non-steady solution, see Chap. 5.

A 4-stroke version is described in Chap. 7. The experiment involving such a struc-
ture of the EHVE is foreseen. Two counter-current heat exchangers, a cooler and a
heater, are applied in the engine. Blowers are used in order to increase the volume
of heat exchange when the EHVE valves are closed. A disadvantage of this variant
of the EHVE is a short period of full opening of the valves from the heater to the
expander and from the compressor to the heater.

The valves should have possibilities to fulfil their tasks thanks to some new engi-
neering solutions like rotary valves. The 4-stroke EHVE is an attractive proposition
because it applies only one cylinder cover completely the full thermodynamic cycle,
similar to internal combustion engines. This fact may be attractive in building multi-
cylinder devices.

In order to provide the Reader with a view locating the idea of the EHVE among
other modern externally heated engines, a comparison of its expected performance
to similar, in terms of volume, Stirling engines, is presented in Chap. 8. As a measure
of similarity, maximal pressures of the cycle are assumed and power and efficiency
of both types of engines are presented. All data for Stirling installations have been
taken from the experimental results.

The EHVE applications can vary broadly, i.e., they can be used at any places
located close to sources of heat like dumps of garbage, cooling systems of nuclear
reactors in submarines, on ships or yachts, even in the outer space when solar heat
is employed. The externally heated engine is an invention to be employed when
the existing sources of mineral fuels are exhausted. Prognostics when it happens
are different but these fuels have to run out one day. Simultaneously, the amount of
wastes is still growing and growing. Garbage will be burnt and, thus, some additional
heat energy will be produced. The heat coming from bio-fuels received from plants
can also be employed as a fuel. This energy, even not clean enough, can be used in
the EHVE. Also, solar or nuclear heat can be employed.

Any party interested in the ideas presented here is invited to further cooperation
in developing a working device, which can become a solution to the future problems
of effective generation of mechanical energy.
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Chapter 2
Early Design of the EHVE — Calculation

Method and Thermodynamic Cycle

The EHVE operation has been explained in the Introduction, whereas the first pub-
lications devoted to this idea are [1, 2]. Besides, this design has been presented in
[3, 4]. The experimental investigations published in [5] refer to a slightly altered
early version of the EHVE, already mentioned in the Introduction, which will be
presented in detail in Chap. 3.

2.1 Principle of the Early EHVE Operation

The early EHVE is shown in Fig.2.1. It is composed of four essential parts: an
expander, a compressot, a heater and a cooler. This is a 2-stroke engine. The volume
over the piston is called an expander and that under it — a compressor.

A principle of the engine operation is shortly described below. If the piston starts
to move downwards from its upper position, governed valve 1 opens and a high
pressure working fluid flows from the heater to the expander, expanding during the
further piston movement. At the same time, the fluid contained in the volume of the
compressor (below the piston) is compressed. When the pressure in the compressor
reaches the level of that in the discharged heater, self-acting valve 3 opens and
the fluid exchange in the heater starts. Then, the governed valve closes and further
compression of the working fluid in the heater is caused by the piston movement
downwards until it reaches its lowest position. Here, valve 3 closes and the process
of isochoric heating begins in the heater volume. The piston starts to move up,
governed valve 2 opens and the fluid contained in the expander is pushed out to the
cooler, simultaneously self-acting valve 4 opens and the cold fluid flows into the
compressor from the cooler. Finally, the piston reaches its upper position, all valves
are closed and the engine cycle is completed.
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The working air heating period can be prolonged if more than a single heater is
used. Two such devices, working commutatively, are employed in the engine version
under discussion. The heater H; is connected to the cylinders with a set of valves 1,
and 3, and the heater H, with another set of valves 1, and 3,. Besides, both cylinders
use valves 2 and 4 connecting them to the cooler volume.

2.2 Basic Equations of the Theoretical Model

The flow of the working fluid in the closed cycle of the engine work is governed
by the following set of equations — the energy and mass conservation equation and
the equation of state. Here, this set is written for one of the heaters. The equations
of energy and mass are formulated for the migrating volume Vy; surrounded by the
moving closed surface Ay. The local velocity of the surface u can vary from zero,
the assumed control surface, to the velocity of fluid elements v, assumed as the
fluid surface. The relative velocity of the fluid flowing through the moving surface
is denoted as w = v — u.
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The energy equation takes the form

d
—(/// eTpdVU)z—// iT,owndAU—// nup dAy
dr vy Av Au

04 Oy

T wane [[[ e e
AU VU

where e — total internal energy, i — total enthalpy, n — unit normal vector, ¢4, gy —
surface and volume heat flux densities, respectively.
The equation of mass conservation has the form as follows

i (/// ,OdVU) = —// pwndAy. (2.2)
dt Vy Ay

Finally, the equation of state is expressed as

p=pT(cp)—cy). (2.3)

It is assumed that the kinetic energy of the fluid inside the volumes of the engine
elements is very low when compared to its internal energy, and Egs. (2.1)—(2.3) will be
solved taking mean values of the specific heats ¢, and c, in the range of temperatures
and pressures of the engine cycle. The surface heat flux Q.4 is determined with the
local heat transfer coefficient a4. The details of the @4 determination are given in
the further part of this section devoted to the heater operation modelling.

Additionally, it is assumed that the fluid parameters are only time-dependent. As
regards the cylinder, it is obvious but in the case of the heater and the cooler, it
will be explained below. The heater and the cooler are assumed as counter-current
heat exchangers, where temperature drops almost continuously along their lengths.
We assume that all important changes in the heater and the cooler are the same
along them. The collectors of heat exchangers are not taken into account as they are
included in their volumes.

An exception to this assumption will be introduced separately for the heater further
on. The mass and energy streams specified on the RHS of Egs. (2.1) and (2.2) can be
rewritten in the form

d(TpVy)

Cv—cf, : —jZ:.CpT (pvnAy), —p +Z<qAAU>,+QV, (2.4)
1 Oa

d(pVy) _ Z (o), o)
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where 71 are mass flow rates passing through valves (j = 1, 2 for the expander,
Jj = 3, 4 for the compressor, and j = 1, 3 for the heater, correspondingly) and only
one small heater is considered now.

The mass flow rates 1, j = 1, 2, 3, 4, are calculated according to the known gas
dynamics formulae supplemented by the coefficient which defines the effective valve
cross-section flow areas determined empirically for a given valve geometry and flow
conditions [1-3]. The formulae for #1; are stated for quasi-stationary treatment of
the air flow through valves. The set for #z; has to be solved always with the current
values of pressures and temperatures in selected elements of the engine. This set of
equations is employed in simulations of the working fluid flow through the engine
elements. The numerical models of the expander, the compressor, the heater and the
cooler are presented in the subsections below.

2.3 Modelling Operation of the Engine Parts

2.3.1 Expander

The unknown variables for the expander are as follows: the pressure pg, the tem-
perature Tr and the density pg. The time-dependent volume of the expander comes
from the simple geometry

Ve(t) = Ack (hEQ + %(1 — cos a)t)) (2.6)

where d¢ is cylinder diameter, &g — clearance over the position at its upper point,
2

s — piston stroke and the cross-section area is defined by Acg = %. The angular
velocity of the crankshaft is .

The current value of the crankshaft angle is denoted by « = wt and the cross-
section area of governed valves is described by the formula

o Ajmax _ a—aji
Ai(g) = —— 1 —cosm——=— ). 2.7
/ 2 ok
Js

The subscript k (k = o0, ¢) determines the moment of the jth valve opening (k = 0)
and closing (k = ¢). A} 4y is the maximal value of the jth valve cross-section area
and Aq is the angle determining the time of A; variation from 0 t0 A; 4x.

Itis assumed for the expander that the heat produced inside the cylinder by friction
forces is transferred out through the cooled walls of this cylinder, which can be
described as

Oa+ Qv =0. (2.8)
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This is an approximation because Qy contains not only friction effects but also a
small amount of the heat transferred with hot fluid during the expansion phase.
The set of Egs. (2.3)—(2.5) applied to the expander can be presented in the form

PE = pETE(Cp —Cy), (2.9)
dT, 1 av,
e iy Ty — Tg) —ria (e — DT — PECE) — (2.10)
do wpe Ve ¢, da
dpg 1 ) . dVg
- = — 1ty — ppo—— ) . 2.11
do ~ oVs (M1 my = PEO- ) (2.11)

The algebraic formulae for modelling the flows 1, and m, (and consequently
m3 and my discussed in the next subsection) are built with Bernoulli and continuity
equations for the working fluid. This attempt includes losses determined below by
the coefficients ¢;, j =1, ..., 4. The equation for these rates is as follows

1 k—1
. CiAjpy (Pa)” 2k (Pa)“ .
m; = >——\— 1—{— forj=1,2,3,4. 2.12
T JRT, \ps K—1 Po / (12

The above formula takes into account the ratio of pressures on both sides of any
valve, p, and pp. If

K

Pa 2\
sl) (2.13)
Pb K

then Eq. (2.12) takes a different form

A 2 \em
v = o fpb“/;( ) . (2.14)

! RT, \x—+1

In such an attempt, the flows through the valves are treated as the quasi-stationary
ones. The m1; values depend on the surrounding pressures, temperatures and valve
cross-sections A (o). The equation of conservation described here does not take
into account the so called inverse flow between the engine parts. Such a flow is
impossible in the case of self-acting valves. After a careful analysis, it is also possible
to set opening and closing times of the governed valves in the way which allows for
avoiding any return flow through them. The values of the coefficients of losses ¢;
were assumed to be equal to 0.85, cf. [6], as typical in similar designs. It should be
mentioned that flows through valves cause also different dynamic effects, which apart
from the mentioned losses, are not included in modelling. If the high speed behaviour
of wave generation is to be included, any changes have to include very high velocity
ranges estimated as 400-800 m/s along the length of heat exchangers. Their length
is assumed to be equal to 2 m at maximum, a travelling wave can cover it many times
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within a single cycle of work. Therefore, our quasi-static attempt to modelling shows
an averaged behaviour and such a detailed description would change also some minor
characteristics and not the general view of the cycle. In slow speed engines like the
EHVE, dynamic effects are usually inconsiderable, the expected Mach number is
low if compared to the value when dynamic effects prevail over the static ones.

We need to calculate the pressures p, and p;, and the temperatures T,, T} on both
sides of all valves as

for valve 1 :
if pg>pe : ppb=pe. Th=Tu, ps=pc, (2.15a)
if pp>pu : pp=pe, To=Te, pa=pHu, (2.15b)
for valve 2 :
if pg >pci : pp=pe, Tp=Tg, pa=pci (2.15¢)
if pci > pe © pp=pci, To =Tci, pa= PpE, (2.154d)

In the above equations values of temperatures and pressures in heat exchangers are
considered as those related to cooperating elements. This averaged attempt does not
include any non-stationary behaviour in the close vicinity of the valves. When such
effects are included, it is followed by qualitative only and not quantitative changes.

2.3.2 Compressor

The unknown variables for the compressor are as follows: the pressure pc, the tem-
perature T¢ and the density pc. The time-dependent compressor volume is, similarly
to the expander, denoted as

Ve(t) = Acc (hco n %(1 + cos a)t)) , (2.16)

where Acc = Z (d2 — d3y), dpg — piston rod diameter (Fig. 2.1), h¢o — clearance
under the piston at its lowest position.

The mass flow rates #13 and rir4 through self-acting valves 3 and 4 are calculated
similarly as for the governed valves [1]. However, their cross-section areas are calcu-
lated simultaneously during the engine operation process, because A3 and A4 clearly
depend on pressures in the compressor p¢, the heater Py and the cooler pc;. In the
case of these valves, the pressures p, and p, and the temperatures 7,, T; on both
sides of all valves are as follows
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Table 2.1 Physical data of the self-acting valves
Valve No. Mass Spring Damping Max. lift Diameter
stiffness coefficient
m; (kg) ki (N/m) ¢; (Ns/m) hi (m) d; (m)
3 0.0755 5000 15.75 0.0074 0.030
4 0.0755 5000 15.75 0.0074 0.030
for valve 3 :
if pc > pu: pp=pc. Thy=Tc, pa=pn, (2.172)
if pg > pc : no flow, (2.17b)
for valve 4 :
if pc > pcr ¢ no flow, (2.17¢)
if pci > pc : pp=pci- To =Tci, pa = pc, (2.17d)

The self-acting valve movement is determined with an additional set of differential
equations, taking into account the inertia of its movable parts. Each mass is supported
by a spring and viscous damping is also introduced into its model. For the self-acting
valves, we assume the data shown in Table2.1.

The angle of valve 3 opening a3 ¢ is determined from the condition

Pc = PH

and similarly, o4 o from
pPc = pci-

Also for the compressor, it is assumed that
04+ Qv =0.

As aresult, we get the following set of equations describing the working fluid inside
the compressor volume

dT, 1 dv,
b iy Ter — Te) — sk — DTe — 2LEZC) 0 @18)
do wpc Ve v da
dpc 1 . ) dVe
L€ iy — ity — peor—=2), 2.19
do " ove (m4 i3 = pew- ) (2.19)

pc = pcTclcp, — c). (2.20)
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The algebraic formulae for the flows n13 and m14 are given when the pressures pc, py,
pci, temperatures and the actual cross-section values A ;(«) are calculated together.

2.3.3 Cooler

The cooler volume is much higher than the volumes of other engine parts. Taking
into account the isobaric model of the working fluid, the cooling process under the
constant pressure p¢; is assumed. The fluid mass contained in the cooler is almost
constant. The pressure p¢; is the lowest, basic pressure of the engine cycle. There
exists a link between p¢; and the total fluid mass enclosed in all engine volumes
Ve + Ve + Vi + V¢ for a given rotational frequency. The level of the basic pressure
pci is controlled by introducing the proper total mass of the working fluid into the
engine volumes before it starts. The cooler works as a stationary heat exchanger,
which causes the working fluid temperature drop from Tg ., to T¢;, which is the
temperature of the fluid at the compressor inlet, the pressure p¢; is assumed constant
in this version of the EHVE.

2.3.4 Heater

The unknown variables for the heater are: the pressure py, the temperature Ty
and the density py. They depend on time and space. The heater volume Vy is
assumed constant. The surfaces surrounding Vi are not mobile. The heat generation
connected with the friction forces acting inside the heater Qy y is neglected as it is
very inconsiderable when compared to the heat flux O ap delivered to the heating
fluid. In the range of the crankshaft angle rotation o > o3 ,, after opening of valve 3,
the working fluid exchange occurs. The hot fluid flowing into the expander is pushed
out by a comparatively cool fluid coming from the compressor.

The next issue concerns the heaters H; and H,, generally referred to as heaters. In
this stage of the development of the EHVE, we considered two different models of
the heater system. The first model treats thermodynamic parameters of the heater as
time-dependent only. This assumption allows the treatment which will be explained
later. The other one divides the heater volume into n sub-volumes which transfer the
working fluid from one to another and different averaged conditions are met in each
of them. Thus, the number of differential equations describing the state of any heater
increases by 2n but the solution is expected to be more accurate. The second model
takes into account a dependence of its parameters on time and space, which is the
tube length.

The first heater operational model will be considered now. It is treated as a
counter-current heat exchanger where changes of its parameters are almost constant
along its length. This allows one to calculate its changes in a single plane, as being
time-dependent only. This plane is chosen at the outlet of the heater.
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For the first model in the range o, < o < a3, when valves 1 and 3 are open,
the heat flux Q 4y delivered through the heater surface area

AH = }’ZHJTdHlH,

(ng is here a number of tubes of the diameter dy and the length /) is described by
the equation )
Oan =apAg(T,, — Ty), (2.21)

where T,y is the heater wall temperature. The heat transfer coefficient a4 is deter-
mined as a function of the Nusselt number Nu, i.e.,

NuAH
o =
A d].]

’

The current value of the Nusselt number is varying as Nu = f(Re, Pr). Values of A,
Re and Pr are the heat conductivity, the Reynolds and Prandtl numbers, respectively,
all for the air flowing inside the heater tubes. The values of the specific heat ¢, the
viscosity u and the above quoted A used in the calculations of Re and Pr numbers
are taken as averaged values of these parameters in the range of temperatures and
pressures occurring for oty , < a3 .. The velocity of the working fluid inside the tubes
necessary for determination of the Reynolds number has also been taken as the mass
averaged value for ; , < @ < &3 .. Any unsteadiness of the flow inside the tubes
which can cause an increase in a4 is not included in this procedure.

The basic equations of state, energy and mass for the first model of the heater
operation derived from Egs. (2.3)—(2.5) take the following form for the range of the
rotation angles o) , < @ < o3¢

dT, 1 y
i tis(KTe — Ty) — 1y (kk — )Ty + Qur ) (2.22)
do wpy Vy Cy
d,OH 1 . .
H i — i), 2.23
o oV (m3 —myp) (2.23)
pa = puTu (Cp — ). (2.24)

For o« = a3, the H; heater volume is closed. The density of the fluid inside the
heater H; is constant and the heat transfer is assumed as isochoric. This period of
heating lasts for the first heater till the end of the running cycle and during the whole
next cycle, it means until @ = 47. At the value o = 27, the heating period of the
second heater H; is finished and it is switched into the engine operation. The next
period begins for o = 2, valves 1, and 3, work in the range 360° < o < 540°.
Then, for the heater H,, isochoric heating lasts until 1080°. It is assumed that during
the isochoric process of heating, a kind of whirl movement of the air inside the
heater tubes takes place. The experimental investigations of the prototype, which
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were performed a few years later, show, however, the fact that the amount of heat
delivered to the engine in real conditions was insufficient. The value of the heat
transfer coefficient w4 ;5,, Which was expected to be 1200 W/m2K, was much lower.
For a solution of this problem, see Chap. 4.

When the isochoric process begins at «s., the equation of continuity yields
PH.iso = constant. This value can be calculated from the equation of state for «s., e.g.,

0 _ pH(afic)
Hjiso — 7 . ~p°
TH(“BC)R
then,
MH,iso = pH,iSOVH’ (225)

where the mass locked in the heater is My ;5,. In [1, 2], Eq.(2.21) was used, hence
the value of o4 5, is applied in this equation.

We do not know what type of flow would appear during the isochoric process,
thus we use a general formula

. w
Qiso = MH,isocv (TH - TH(a3,c)) ; (226)
The EHVE has to work continuously and therefore
Ty (4m) = Ty(0).
We can calculate the value of o4 from the equality of Egs. (2.21) and (2.26)
M isoCy Ty — T, a3 . @
ay = & (T — T, e (2.27)

Ap(Tyy — Th)

For o3, < o < 4 at the engine rotational speed of 1500 rpm, the value of oy
should be about 1200 W/m?K if the condition of the continuous work of the engine
is to be assured. This was not confirmed in the experiment performed.

The pressure is calculated also from the isochoric formula

Th(a)

_. 2.28
Th(as,) ( )

pu(a) = pr(as,)

The second model of the heater constitutes a certain modification of the first one. It
has been assumed that the pressure is the same in the whole volume of the heater and
the solution for py () is taken from the first model and o4 assures continuous work
of the engine. The amount of heat delivered to the working fluid is the same in both
models. The characteristic feature of the second model is such that the whole space
of the heater Vy («) is divided into n elementary control volumes and the temperature
differences not only in time but also along the heater tube length are determined. The
elementary control volumes and the elementary heating surfaces are
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Fig. 2.2 Schematic diagram of the heater divided into n elementary control volumes

\% A
Vai = A, Api= - (2.29)
n n

A scheme of the heater division into the elementary volumes and the nomenclature
used are explained in detail in Fig.2.2.

Solutions to the equations of temperatures Ty ;(«), i = 1,2, ..., n are received
on the basis of the following set of energy conservation equations

dTy, 1 Ow.1  QOam,i PH.])

de wpw1VH,

+

("'13(KTC =Ty, 1) —mga2(k — DTy 1 + c C o
vV v

for the firstcell : i =1

dTy ; 1 . . Qwi QAHi PH,i
= i, Ty i—1 —TH) =ty jr1(k — DTy j + —/— + === ),
da wpy i VH.i ( &t Hi-1 Hi g+l Hy Cy Cy PH
forthei—thcell: i =2,3,...,n—1, (2.30)
dT, 1 ) )
Hn g n(kThH i1 *TH,n)*rhl(Kfl)TH,nJr%JrMpHJ )
do @pH nVHn cy v PH
for the n—th cell : i = n.
The density of the working fluid in each cell is calculated from
pu(a)
OH.i (2.31)

B TH,i(Cp - CV) .

The density py used in Egs. (2.30) is the same as the one defined in the first model.
Additionally, it can be determined by the formula

. iV
oy = S PHiTHL (2.32)
i=1 Vi
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The internal mass flow rates between the cells are calculated from the equation
of mass conservation for each of the volumes

. . dpm.i- :
Mg =titg -1 — Vi i1 PHIZL - fori=1,2,....n, (2.33)
da
where 71, ;1 = m3 for i =1 at the heater inlet.

The heat fluxes O 4 m.i for a single cell are calculated from the formula analogous
to Eq.(2.21), i.e., )
Oani = aAni(Tyn — Th,i), (2.34)

where o4 is calculated according to the procedure applied in the first model.

For the isochoric process in the locked volume, i.e., in the range o3, < a <
47, additional heat fluxes Q.W, ; between cells caused by the above-mentioned whirl
motion are introduced. These heat streams are proportional to the assumed local mass
flow rates 17 (o) of the fluid circulating between cells, hence we have the following
set of equations

Owi1 = mr(a)e,(Tuo — Ta 1), for: i =1,
Owi = titr(@)cp(Tioy — 2Tw; + Trip1), for: i =2,3,...,i —1, (2.35)
Own = 17 (@)cp(Trn-1 — Tr.n), for: i = n.

The mixing air streams riz7 () are the same for all cells and diminish in time according
to the formula .
mr (@) = mr(0)e” o @ %), (2.36)

The exponent value determines the intensity of mr (), diminishing in time.

The heater is a counter-current heat exchanger in the models. Unfortunately, the
heat exchange in the range of isochoric heating described in Chap. 3 entails a rather
painful conclusion that the heat exchange in this range was insufficient. For this
reason, the model assumed in Chap. 3 should be changed to yield the flows in heater
tubes of the Reynolds number higher by 10* at least. The first attempt to achieve this
is made in Chap. 4.

2.4 Engine Power and Efficiency

The mechanical work produced or consumed in the range of ¢4 < o < ag by the
expander is expressed by the formula

Lpa_p =/ pe(0) ———, (2.37)

dVe

the current value of varying =/

comes from the derivation of Eq. (2.6).
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The compressor work in the range of ¢4 < o < «p is determined with a similar
formula

o8B dVe da
LM$=/ pe@ S E (238)
o4

and the current value of d‘% is calculated from the derivative of Eq.(2.16).
The sum of these two parts represents the work for the whole cycle 0 < o < 27

Lpic = Lgo-27 + Lco—2x. (2.39)

Now, we can define the power created in the engine as

P="Lec. (2.40)
2w

The amount of heat introduced by the heater in the range of o; , < o < a3 is
calculated by the following integral

o3 ¢ da
Our=Ag as (Tyy — Thy) e (2.41)

Lo

For the range of o3 . < o < 4, when isochoric heating takes place in the closed
volume of H;, the amount of the delivered heat is

Oni11 =My (a3ciso) (T (4m) — Ty (32)) (2.42)

where My (a3 ,) is the constant amount of air mass closed in the heater during the
isochoric heating period. The next cycle of the EHVE begins when valves 1, and 3,
are open at 2w < « < 3. Then, heating of the H; heater starts at 37 and continues
until 6;7. The temperature Ty (47r) should be close to Ty (0) if the heat delivered to
the EHVE is sufficient, as has been assumed here. The total amount of heat delivered
during the cycle to the working fluid is a sum of

Ou=0u1+0ni. (2.43)

Finally, the engine cycle efficiency is calculated as a ratio of amounts of the generated

work to the delivered heat
_ Lgyc

= . 2.44
ule On (2.44)

The engine cycle efficiency calculated according to Eq. (2.44) does not take into
account yet mechanical losses caused mainly by friction between piston rings and
cylinders. These losses can consume up to 10 % of the generated engine power. There-
fore, the work and power calculated according to Egs. (2.39) and (2.40), respectively,
can be determined as indicative only.
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2.5 Thermodynamic Cycle of the Early EHVE

This cycle is elaborated numerically in [3]. The thermodynamic cycle of a new type
of the heat engine has been presented in the traditional coordinate systems: p — %
(pressure — specific volumes), Fig.2.3, and T — s (temperature — specific entropy),
Fig.2.4. The cycle is determined on the basis of the solution to the energy and mass
conservation equations and the equation of state.

These diagrams are only illustrative and they give a general view to the engine
heat cycle character. The mechanical work gained and the heat delivered during the
cycle is calculated on the basis of the numerical solution to the presented set of model
equations.

For this version of the EHVE, the timing of the valves is chosen in such a way
that it is foreseen that valves 1 and 3 slightly overlap, [1, 3]. In Fig.2.3, a simple
p— ﬁ diagram of the engine thermodynamic cycle for a single heater obtained from
the values read from the results of numerical simulations is presented. The essential
assumption for this diagram is

Ty(4m) = Ty (0).

The T — s and p — % diagrams for the engine heat cycle are depicted as a kind of
an envelope formed by means of loops illustrating the operation of the engine parts,
i.e., the compressor, the heater, the expander and the cooler. The loops present the
thermodynamic state of the air remaining inside the volumes of the above-mentioned
engine parts, although the mass of the air in these volumes changes within very wide
limits (except for the cooler).

Fig.2.3 p — % diagrams of 100
the engine thermodynamic
cycle b b
80 — —
_ 60 — —
g
) - i
S
40 — —
20 — -
i - o -
Ocm Da 0(4‘“
0 T T T T I T T T T I T T T T I T T T T

0.00 0.05 0.10 0.15 0.20
1/p [m’/kg]
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Fig. 2.4 T — s diagram of 1200
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The T — s diagram from Fig. 2.4 for the engine thermodynamic cycle is plotted in
the way presented below. The diagram starts from the point “10,0 of the compressor —
see the left bottom point on the diagram. Then, isentropic compression to the point
ag , takes place. For a > ag ,» the air flows through valve 3 from the compressor to
the heater and is compressed and heated there. Therefore, the substitutive processes
for the compressor-heater assembly should connect the point oeg , of the compressor
with the point afc of the heater, cf. Fig. 2.3. The first part of this substitutive process

lies between the points ag , and aIC”CH. It is assumed that this part of the process is
nearly isochoric because volumes of the compressor, the heater and the expander are
connected with one another. The second part of the substitutive process from af;H
to afc has a form of the polytrope with the compression index m =~ 2.40, again we
recall Fig.2.3. Then, isochoric heating is observed from the point afc to the point
afo of the heater. The substitutive process for the heater-expander assembly runs
from the point afo of the heater to a certain point situated between the points afo
of the heater and 053’;:0 of the expander on the isobar p(«s3,), see Fig.2.4. This point
is denoted by ozf ;,E . The process from afo to ozf’oE can be modelled by a polytrope
with the expansion index m & 1.37. Then, a nearly isochoric process between the
substitutive point af (‘)E and the substitutive point af;,E is assumed. The reason for
this assumption is the same as for the compressor-heater assembly. The positions
of af % and af]f are determined taking into account the air mass in the heater and
expander volumes for @ = a3, and «; ., respectively. The point ozf ;E lies on the
isentrope, illustrating thus an expansion in the closed cylinder of the expander. The
lowest point of this expansion is determined by the point afa, which is situated on
the isobar p¢;. The isobar p¢; connects the point afo and the point afu, closing



22 2 Early Design of the EHVE — Calculation Method and Thermodynamic Cycle

the engine cycle. If isochoric heating were insufficient, the EHVE would have to be
further developed.

For better understanding of the attempt undertaken in our considerations for mod-
elling of the engine work, we have assumed the working fluid to have properties of
ideal gas. This is of course a simplification but the results obtained without using it
show only some quantitative and not qualitative differences.

Let us consider the process taking place inside the compressor volume when it
is closed and all changes are forced by the movement of the piston, rz; = 0. The
equation of energy conservation (2.18) in this case can be written as

—dVc, (2.45)

whereas the equation of mass conservation (2.19) can take the form

dpc dVe

=——. (2.46)
Pc Ve
From Egs. (2.45) and (2.46) we get the relation
dT, d
oy =€ = p2PC (2.47)
Tc pc

which presents no increase in entropy. Then, after some transformations, with R =
cp —Cy, we get

dT, d
—C — (k- 1)ﬂ. (2.48)
Tc Pc

The above equation can be finally transformed to

d d
Spc _ e (2.49)

pPc pPc

which describes a differential form of an isentropic process inside the closed com-
pressor volume. A similar discussion can be conducted for the expander. During the
further development of the model, a corresponding attempt is undertaken in Sect. 5.3.
for the improved version of the EHVE.

The T — s and p — L diagrams for a new type of the externally heated engine
show that the cycle is composed of 8 processes — 2 isentropes, 3 isochores, 1 isobare
and 2 polytropes. The presented diagrams have only an illustrative character and
are discussed on the basis of the numerical solution to the set of the governing
equations presented. Both diagrams are given for comparisons with the corresponding
thermodynamic drawings illustrating the cycles of other known heat engines.
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2.6 Results of the Simulations of the Early EHVE

The second part of the heat Qy ;; is calculated with Eq.(2.42). An example of the
engine subject to the presented computer simulations has the cylinder volume of 1L
with the data shown in Table 2.2, whereas the piston rod volume is ignored. For the
heat exchangers, the data presented in Table 2.3 have been assumed, both the heaters
H; and H, are here taken into account.

For all of the governed valves, the maximal flow area values are Aj;,. =
7 x 10~* m?. The data for the self-acting valves have already been givenin Sect. 2.3.2.
Additionally, there was an assumption of the required overlapping value of valves
1 and 3, Sy = o012 — a3 o = 12°. The engine rotational speed was set to n =
1500 rpm.

A wide discussion on the engine power and the efficiency n¢ determined according
to formulae (2.40) and (2.44) as functions of the angular velocity w, the heater
volume Vg and its wall temperature T,,5 for the cooler pressure pc; = 10bar has
been presented in [1]. The preliminary optimization of the engine cycle for that
value of cooler pressure shows that the power of 30kW per 1L of cylinder volume
at 1500 rpm and the efficiency level n of about 38 % can be obtained, if the amount
of heat delivered is satisfactory. For continuous operation, the following relationship
should be held

Th(4m) = Tu(0),

for the first heater, and
Ty(6m) = Ty (2m)

for the second one. All the results presented below are based on this assumption.

Figures 2.5 and 2.6 present periodic solutions to the problem within one engine cycle
for pc; = 10 and 30bar, respectively. The first model of the heater operation has

Table 2.2 Dimensions of the engine cylinders

Cylinder Diameter Stroke Dead height
d (m) s (m) ho (m)

Expander 0.13 0.0753 0.0050

Compressor 0.13 0.0753 0.0120

Table 2.3 Dimensions of the heat exchangers

Exchanger Diameter Length Number of Exchange area | Volume
pipes
d (m) [ (m) n(-) Ap (m?) vV (m’)
Heater H 0.008 0.4 20 0.2 0.33 x 1073
Cooler C1 5.00 x 1073
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Fig. 2.5 Diagrams of a temperatures, b pressures and ¢ valve mass flow rates as functions of the
crankshaft angle « for the cooler pressure pc; = 10bar and heating at 7,5 = 1373 K. Other impor-
tant parameters were Ty = 363K, Vy = 0.33 x 1073 m3, n = 15001pm, 8y = 12° according
to the first heater model. The circles in parts a and b show the final parameters of the heater H, at
360°
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Fig. 2.6 Diagrams of a temperatures, b pressures and ¢ valve mass flow rates as functions of the
crankshaft angle « for the cooler pressure pc; = 30bar and heater wall temperature 7o,y = 1473 K.
Other important parameters were 7¢; = 363K, Vg = 0.33 x 1073 m3,n = 1500rpm, §py g = 12°
according to the first model. The circles in parts a and b show the final parameters of the heater Hp
at 360°
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Fig. 2.7 Diagrams of the engine power P, (a), and and the efficiency, n¢ (b) as functions of the
cooler pressure pc; for the different heating wall temperatures 7,y = 1373, 1473 and 1573 K

been employed in this calculation. In both figures, the action of the second heater is
marked with circles at the end of the cycle as the heaters switch off in this point.
The next task of this section is to determine the engine power and efficiency
according to Eqgs. (2.40) and (2.44) for a higher value of the basic pressure of the
cycle, i.e., the one in the cooler. We assume this increase from 10 up to 30 bar, and for
the results see Fig. 2.7a, b. There is a well pronounced, almost linear increase in power
values for both the cooler pressure and the heater wall temperatures, respectively.
The obtained efficiency values remain almost constant for the considered range of
the cooler pressure p¢; and yield rather flat horizontal lines. However, a significant
increase from about 37 % to almost 41 % occurs when the heater wall temperature
increases from 1373 to 1573 K. The discussed output parameters of the engine model
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Fig. 2.8 Diagrams of a temperatures, b pressures and ¢ valve mass flow rates as functions of
the crankshaft angle a: pc; = 10bar, Te; = 363K, Ty = 1373K, Vy =0.33 x 1073 m3, n =
1500rpm, 8y g = 12°. The temperatures Ty and the mass flow rates r1g; are shown for n =4
according to the second heater model. The circles in parts a and b show the final parameters of the
heater H, at 360°
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Fig. 2.9 Diagrams of the expander and compressor pressures as functions of the piston positions
h according to the first model of the heaters, where 0 < h < s, (pc and pf are taken from Fig.2.5)

are calculated without taking into account any mechanical losses which exist in the
real device, so these parameters are rather indicative, and not effective values.

Nevertheless, the power of about 100kW per 1L of the engine cylinder vol-
ume, which is theoretically achieved for pc; = 30bar and 7,5 = 1473 and 1573 K,
(Fig.2.7), shows that the presented engine performance can be potentially close to
those achieved by best recently made internal combustion piston engines. The results
definitely depend on an amount of the heat delivered to the EHVE. Once more, it
is underlined that these are only theoretical results, o4 > 1200, taking into account
a very inconsiderable isochoric heating process, proven experimentally later and
mentioned earlier in this chapter and formerly in [5].

The second model of the heater, which is an improved version of the first one,
allows for estimation of spatial differences in the heater temperature during the engine
cycle. A very simple example of such calculations has been performed according to
the description presented in the previous section. The heater volume has been divided
into only four parts, n = 4, for better clarity of the presentation of the idea. The results
of the temperature distribution are shown in Fig.2.8a. The pressures in respective
elements are depicted in the part (b) and the mass flow rates are given in the part (c).
When we compare this figure to Fig. 2.5, the character of all pressures is preserved,
while both the temperatures and the mass flow rates present much more detailed
characters, respectively. On average, the cell heater model simplifies the behaviour
of that which is not divided into parts.

An important illustration of pressures inside the compressor and the expander as
functions of the piston position % is depicted in Fig.2.9. These relations can be used
for calculations of the EHVE power as indicated by the + and — signs within both
the expander and compressor volumes, respectively.
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Two small heaters H; and H, are employed in this version of the EHVE. For a
long time, as discussed above, their volumes are closed and only an isochoric heating
process takes place inside their volumes.

Unfortunately, the experimental investigations described next in Chap.3
show that isochoric heating is too poor for the EHVE to operate efficiently.
Then, all of the above presented results exhibit mostly a theoretical character
only as they were obtained with the numerical simulations based on the assump-
tion that the heat delivered to the engine model was sufficient. With respect to
this fact, the idea of the EHVE presented until now needs further improvements
by replacing the isochoric heating process with a more effective one.

The first attempt is described in Chap. 4. Other, entirely different approaches are
to be found in Chaps. 5-7.
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Chapter 3
Experimental Investigations of the EHVE

As already mentioned in the Introduction, the experiment was carried out on a
modified variant of the early version of the EHVE. Instead of a single, compact
cylinder as the one depicted in Fig. 2.1, two parallel cylinders were applied.

Those investigations were mainly focused on:

e confirmation of the operating abilities of the prototype;

e examination of the agreement between the measured and theoretically calculated
variations of pressures inside volumes of the expander and the compressor;

e verification if the heat supply to the engine was sufficient.

3.1 Prototype of the EHVE

The experimental investigations with a prototype of the EHVE were carried out in
the years in 1998-1999 and their results were published in [1]. They have remained
unique till now.

The principle of operation of this version of the EHVE assumes that volumes of
the heat supplying the exchanger and both working cylinders are similar. Owing to
this, satisfactory engine power can be achieved, see [2—4]. Kovacs [5] in his proposed
engine assumed that the working cylinder was located between two large-volume heat
exchangers, a heater and a cooler. It means that, contrary to the engine discussed here,
only a single large volume of the heater was used. Any experimental results for the
engine described in [5] have not been known until now.

The idea of the EHVE requires a relatively short opening time of valve 1 in
order to attain a high compression ratio inside the working cylinder. The timing gear
dynamics may cause problems in such a case of valve operation, so a specific design
is needed. In the prototype, the volume of the applied cylinders Ve = 432.8cm? is
determined by availability of ready made pistons of the diameter 83 mm. The stroke
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of the engine is designed to be 80 mm. All the remaining dimensions, including the
heaters, have to assure their final volume proportional to that of the cylinder.

Such a limited volume of the heat exchanger and a directly related moderate
value of the surface of heat exchange requires an increase in heat transfer, especially
during the period when the heater space remains cut off from the engine cylinders,
i.e., valves 1 and 3 are closed. For experimental purposes, two types of heaters were
prepared, namely:

e an annular heater with inlet channels possessing spiral ducts in order to generate
a whirl motion inside,
e a multi-hole heater with a custom-formed heat exchange surface.

Both heaters are schematically shown in Fig.3.1a, b. As heat sources, electrical
radiators were used in that stage of experiments due to their availability.

An effective technical solution of the annular heater generating a whirl motion
is complicated and would involve much more financial means than it was available
within the framework of that stage of the prototype investigations. The measured
effect of a spiral air motion inside the annular heater was rather moderate and both
types of applied heaters demonstrated a very similar and not high level of effec-
tiveness. The heat exchangers were fed with a working fluid, the atmospheric air,
delivered from the space located over the compressor piston through hot, curvilin-
ear pipes. As a result, any fouling of the heater surfaces by the lubricant used in
the engine did not take place. A standard oil pump was used as in typical internal
combustion engines.

Fig. 3.1 Scheme of the (a)
heaters: a annular heater

with a whirl air motion ~ '\ J \ j I 1
d by el ts Z; \ \_ ¥\ |
caused by elements %—‘ /V
S

b multi-hole heater

(b)
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Fig. 3.2 a Scheme of the engine model related to the vertical cross-section; b scheme of the
expander and compressor heads, Gg and G¢, with the location of valves /;, I, and 3;, 3; and 2
and 4, the heaters H;, H>, the radiators G ;, G, and connections of the heaters with valves /;, 1, and
31, 32. The angles of the opening of valves /;, 2, 3; and 4 are 0°, 170°, 100° and 225°, respectively.
The angles of the closing of valves /;, 2, 3; and 4 are 108°, 346°, 180° and 360°, correspondingly
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As mentioned above, in that stage of the prototype testing, only the electrical
radiators G1, Gy, see Fig. 3.2b were used as heat sources in the heat exchange process.
Both of them were commercial devices and were characterized by the nominal electric
power of 5955 W each. Their dimensions fit the heater H;, H, dimensions and were as
follows: the inner/outer diameters equal to 150/350 mm, respectively, and the length
of 220mm. Their power is related to the above geometrical values. The working
temperature of the heating radiators G;, G, was controlled automatically by means
of a microprocessor control system.

A general view of the engine prototype with radiators removed and without any
measuring apparatus is presented in Fig.3.3. The space underneath the pistons was
not pressurized at the engine test start. The sealing system is identical to that used in
any conventional internal combustion engine. Figure 3.4 shows an engine equipped
with the electrical radiators G; and G, a flywheel, a starter and a supplementary
compressor Cr with an air tank. For testing purposes, a sliding vane oil pump was
used as the engine brake, i.e., external load simulation.

An upper view into the engine head side with a valve cam governing system
exposed is presented in Fig.3.5. It was custom made but the design is similar to
solutions met in most of internal combustion engines. In Fig. 3.6, other views of the
top of the EHVE are shown, in part (a), an engine head can be seen from the rear
side. In part (b), a system controlling the governed valve by means of the teeth belt
is presented.

The other EHVE heat exchanger, i.e., the cooler applied during the experiments,
has the form of a U-tube and a large volume when compared to the heaters. It used

Fig. 3.3 General view of the
engine prototype without
electrical radiators and
apparatus, H;, H> — heaters
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o starter 1%

= S
=

Fig. 3.4 Complete test stand of the model engine. Engine block in the middle with heaters (electric
radiators) at its sides. A supplementary air compressor with an air tank Cr used to start the engine
is situated at the back. An engine starter and a brake system are installed at the front

Fig. 3.5 EHVE valve actuation system view
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Fig. 3.6 a Rear view of the engine head; b front view, a system of control of the governed valves
is shown. In both photographs, the heaters are covered with insulation foil

tap water as the cooling fluid. A typical value of water temperature at the inlet to
the cooler was 288 K, whereas the temperature of the working fluid (air) entering the
compressor volume was on average 340 K. For a detailed description of the engine
prototype, see [6].

As seen from the photographs, the materials used to build the prototype are the
same as in conventional internal combustion engines. The only exception are heater
pipes that were made of high quality, heat-resistant commercial steel. Appropriate
stress calculations were performed for all mechanical engine parts, with particular
care for the heater pipes.

3.2 Experimental Measurement System

A general view of the almost complete experimental test stand, only without the
measurement apparatus, is presented in Fig. 3.4. The most important components of
the sensors and the way of performing the measurements are described further on.
The time-averaged temperatures of the working fluid at the outlets of both heaters
were measured with thermocouples in front of their individual valves 1, and 1,, as
Ty and Ty, respectively. In the cooler, the temperature of the air downstream of the
compressor inlet 7, ¢ and the cooler tube wall temperature 7,,c; were also measured
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with thermocouples. The pressure inside the cooler space p¢;, which appeared to
be almost constant during a cycle of the engine operation, was determined with a
typical gauge manometer.

The heat sources in the form of electrical radiators were relatively not expensive
and well controlled when applied to the prototype. After initial tests, it appeared that
the heat stream delivered by the heater radiators was not high enough to drive effec-
tively the EHVE loaded with the external torque coming from the brake. Therefore,
in that stage of the experiment, it was able only to overcome the frictional drags
inside the EHVE plus a residual torque generated by the brake during its idle run.

Thus, the experimental investigations of the prototype were concentrated on the
measurements of the working cycle variables in order to confirm if the numerical
modelling process delivered correct results. These included collecting the pressures
changes inside the expander and compressor cylinders as functions of time, pg(¢)
and pc(t). The pressures were always measured when H; and H, were fully heated
by the radiators G; and G;, see Fig.3.2b. The pressure distributions were made
after a few cycles of the EHVE operation. Typically, two independent time series
of pp(t) and pc¢(t) measurements were collected by the computer data acquisition
system. In order to achieve a confirmation of the measured values, the first set of
data came from piezoresistive pressure transducers, whereas the piezoelectric ones
were applied in the second series. All the pressure values were transformed into the
electrical signals, which were, in turn, sent to a digital storage oscilloscope connected
to a computer through an IEEE-488 universal measuring interface. A custom made
computer program was used to control the measurement procedure.

The rotational speed of the engine crankshaft was measured by checking the upper
position of the expander piston, which was usually the starting point of the pressure
graphs, for all measurement series. Due to external load and internal friction, the
largest deviation of the crankshaft speed during one operation cycle from its mean
value was 10 % on average.

A more detailed description of the experimental test stand, the measuring system
with an algorithm of the working medium flow are to be found in [6]. Summarizing,
a standard apparatus was used, similar to that used recently in all investigations on
conventional internal combustion engines.

3.3 Comparison of the Experimental and Simulation
Results

The experimental results containing the time series for pressures pg(t) and pc(?),
collected with two types of the pressure transducers, appeared to be very similar,
confirming thus the confidence in the correctness of the measurements. All collections
always started at the beginning of the engine cycle when both its heaters were fully
warmed and took typically a few cycles of stable work. Then, representative examples
were chosen for analysis and presentation.
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The heater H; was more efficient than the second one and usually the temperature
Ty taken in front of valve 1; was about 40 °C higher than Ty,. Measurements were
performed for the same temperature of the heating elements of both the radiators
G, and G,. This way, for every second cycle of the EHVE operation with the heater
H,, the diagrams of pressures pg and p¢ exhibit lower maximal values than for the
cycles of operation with heater H;. For comparison, the diagrams for the expander
and compressor pressures obtained experimentally and theoretically will be shown
separately for cycles of engine operation with the heaters H; and H,. Another reason
for this separation comes from the observation that valves 1; and 1, have slightly
different working characteristics.

The theoretical simulation of the engine model operation applies the algorithm
described earlier in Chap. 2 and the custom-developed program which could include
the mechanical dynamics of the crankshaft system in the simulations. This way, the
angular velocity of the engine became another varying function of time [7]. At this
stage, it is assumed that the cooler is a heat exchanger modelled in a way analogous
to the heater calculations described in detail later in Chap. 5.

For the heater, it is theoretically assumed that during the phase of isochoric heating,
the theoretical value of the heat transfer coefficient is

U Aiso = UAcritical s

where the value of @4 riricar 18 calculated for the investigated engine from Eq. (2.27)
derived in Chap. 2.

As results from the test measurements, the isochoric heating was poor and a4 s,
was low during the experiment for a long time. The measurement of Ty and Ty, in
the range of isochoric heating, explained in Sect. 3.2 and made with thermocouples,
continuously decreased, but it should be considered as it reflects the temperature just
upstream of valves 1; or 1,. Similar phenomena have to occur for the temperature
of the working fluid inside heater tubes. A new value of the temperature Ty also
decreased in the next cycle. The py pressure value is connected to temperature
and decreased as well. So, after a few cycles of the engine operation, the power
distribution in both the expander and the compressor decreased to a level lower than
the resistance and the EHVE stopped. It means that the heat delivered to the engine
during the isochoric process was too low.

An important control parameter of the simulations is the converging value of the
total mass of the working fluid enclosed inside the whole volume of the cylinders,
heaters and cooler. It takes into account the above-mentioned method of pressure
measurement, which lasts for a short time after the EHVE starts its operation. The
experiments were performed for heater temperatures from 550 to 800 °C. The rota-
tional speed of the engine n varied from 384 to 720 rpm.

In Figs.3.7, 3.8 and 3.9, chosen experimental results are presented and compared
with respective simulations. These figures present typical examples of both attempts
and most of them are reported in [6]. Figures 3.7 and 3.8 show comparisons for the
engine cycle operation with the heater H;, whereas Fig. 3.9 refers to the heater H,.
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One can observe some differences between the experimental and theoretical values
for pg(¢t/T) in Figs.3.7 and 3.8 in the first quarter of those diagrams. They are
caused by strong spatial flow disturbances, which used to appear during the opening
of valve 1,. The pressure transducer is located relatively close to valve 1, thus
local pressure disturbances are recorded by it although the spatially averaged, time-
dependent pressure pg(¢) inside the expander cylinder may not exhibit such intense
changes. Valve 15 is situated farther from the pressure transducer than valve 1, so the
pc disturbances presented in Fig. 3.9, when valve 1, opens, are rather inconsiderable
when compared to those shown in Figs. 3.7 and 3.8. On the other hand, it also appears
that the experimental curve of pg shown in Fig. 3.9, presenting the engine operation
with the heater H, and valve 1,, is located below the theoretical prediction.

Contrary to the above, it does not appear in the comparison shown in Figs. 3.7 and
3.8 for the EHVE operation with the heater H; and valvel . It follows from air leakage
taking place along the sealed rod of valve 1,, which does not come out for valve 1;.
Leakages of the working fluid are the main reason for the differences between the
theoretical and experimental charts of the pressure p¢ inside the compressor cylinder.
They look very similar when Figs.3.7 and 3.9 are compared.

The leaks recorded for valves 3| and 3, are the reason that the experimental trace
pc, for relative cycle times located in the last quarter of the horizontal time axis,
is located above the theoretical prediction (cf. Figs.3.7, 3.8 and 3.9). As a result, at
the beginning of the working cycle, the air compression starts from a pressure value
higher than the theoretical one. The maximal values of the experimental pressure in
the compressor for the compression ratio attained in the EHVE should be above the
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Fig.3.7 Diagram of the experimental and computational pressures as functions of non-dimensional

time in the expander pg and the compressor pc for Ty = 738 °C at the engine rotational speed
of 697 rpm
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maximal measured values. This is also caused by working fluid leakages through the
compressor piston rings.

No leakages of the working fluid are included in the theoretical model employed
in the discussed comparisons because they are usually a function of inaccuracies
of manufacturing and assembly processes of the engine parts and, hence, are diffi-
cult to be simulated with an appropriate level of accuracy. The leakages recorded
during testing of the EHVE are on the same level as for other conventional internal
combustion engines, except for the additional problem at the sealed rods of valves
1. These seals have to be redesigned and manufactured with additional attention. It
turned out that the seal for valve 1; worked perfectly, whereas the one for valve 1,
did not operate faultlessly. However, it should be taken into account that the engine
prototype was manufactured in a workshop of moderate technological capabilities.

Most of the differences between the simulation values and the experimental mea-
surements for the pressure distributions analysed inside the EHVE cylinders result
from the leakages and were taken into account in the theoretical model. Even so,
from the analysis of the discrepancies presented in Figs.3.7, 3.8 and 3.9, it can be
concluded that all experimental records taken from the prototype testing are reflected
in the theoretical simulation results.

The heat stream obtained from electric radiators was too low to produce a signif-
icant external torque in the EHVE. The internal power generated by the engine was
consumed by its frictional resistance and the residual torque of the brake working in
its idle run. Nevertheless, the prototype proved its capability and if better sources of
heat had been used, it could have delivered a useful amount of mechanical work.

As described above, the initial conditions for the calculations of pg .o and
Pc theor 10 the numerical integration of a system of ordinary differential equations
are determined using values chosen from the experimental data. The internal power
of the engine theoretical model calculated on the basis of the diagrams pg eor
and pc neor, Se€ Figs. 3.7, 3.8 and 3.9, is marked in Fig.3.10 by rectangles for the
EHVE operation with the heater H; and triangles for operation with the heater H,,
correspondingly. The curves in Fig.3.10 are the results of an interpolation of the
discrete values marked by the above mentioned symbols. The upper, solid curve in
Fig.3.10 refers to the engine operation with the more efficient heater H;, whereas
the lower, broken curve corresponds to the operation with the heater H,. The real
internal power of the engine is located in the band between these curves.

As has been expected, the shape of the internal power diagram plotted in Fig. 3.10
is typical of the so-called resistance characteristics, which is usually a function of
the engine rotational speed. This expectation is supported by the fact that the entire
internal energy produced by the engine was consumed by the resistance generated by
friction forces and external load. All differences between the measured and predicted
values of pressures are due to errors in the estimations explained above.
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Fig. 3.10 Internal power of the investigated model of the EHVE for both heaters

3.4 Remarks on the Experiment

The performed tests have proven the following:

1. The engine prototype has an operational ability.

2. The comparisons of the experimental and theoretical pressures in the expander and
the compressor show satisfactory agreement both in the recorded and simulated
shapes and their values, respectively.

3. The heat delivered to the EHVE is too low when compared to the theoretical
simulations.

As mentioned earlier, the pressures were always measured at the beginning of the
EHVE operation when both the heaters H; and H, were fully warmed for a short
time. The achieved heat transfer rate described by the coefficient o4 in this model
was equal to approximately 190{11\’2"—1(.

It appears that during the experiments conducted for a long time, the iso-
choric heating yields a low amount of heat delivered to the EHVE. The experi-
ence gained during the experiments shows that a sufficient heat transfer can be
obtained for the air flowing through the EHVE heaters if a forced circulation
of this medium is applied. Such a solution will be employed in the next stage of
the investigations.

The forced air circulation allows for an application of a single heater of arbitrarily
large volume and a large surface of heat exchange. It should be then followed by a
significant increase in the engine rotational speed. The demand for a high compres-
sion ratio of the engine to be about 10, when a heater of large volume is applied, is
then related to some modifications in the governed valve system. As observed, the
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self-acting valves caused many problems during the experiments, which suggests
they cannot be used for a high rotational speed of the EHVE. In the developed ver-
sion of the engine, they will be eliminated and their task will be accomplished by a
set of governed valves.

To attain a high value of the heat transfer coefficient o4 in the heater, turbulent flow
has to be applied. Hence, some additional devices will be introduced. The first attempt
to improve the EHVE is described in Chap. 4. The next steps of the development are
presented in Chaps. 5, 6 and 7.
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Chapter 4

Early EHVE with Two Small Heaters
and Additional Devices to Improve Heat
Exchange

4.1 Engine Assembly — Additional Devices

The heat delivered to the EHVE should be sufficiently intensive when valves 1 and
3 are closed. The isochoric process, which takes place then in the early EHVE,
yields rather poor heat exchange, which was confirmed during the experimental
investigations [1]. The heaters H; and H,, where the isochoric heating occurs at 1.5
of the engine cycle, could not deliver enough heat to maintain long operation of
the prototype. It seemed to be possible in the early version of the engine, but some
additional devices should be added in order to increase the effectiveness of heat
exchange.

The early EHVE presented in Fig.4.1 comprises a double-side action piston, a
slider-crank mechanism and self-acting valves 3 and 4. An attempt to achieve such
a solution was undertaken in [2]. A blower and two distributors were introduced,
however, now an entirely different arrangement is proposed, cf. Figs.4.1 and 4.2.
Additional devices are: two blowers B and B, and rotary valves RV. The two blowers
work continuously.

Let us consider valves 1; and 3; working with the heater H;. Another set is
assembled at H,, which is similar as they work in the engine alternatively. If EHVE
valves 1 and 3, are open, the working fluid flows through the heater H; and passes
along the blower loop. The rotary valves RV remain closed for the flow to the heater
H;. The blower B has to overcome the resistance in the installation elements located
out of the H; loop.

When EHVE valves 1; and 3; are both closed, the rotary valves change their
positions and the working fluid flows through the heater H;. The working fluid flows
during 1.5 cycle of the engine operation, cf. Fig.4.3. The heater H;, taking the heat
from another source, acts in the range 180° < o < 720° and accumulates the heat
inside its volume. Then, valves 1, and 3, open at « = 360° until « = 540° as shown
in Fig.4.3. The heater H, is excluded during this time from the engine activity.
Valves 1, and 3, close at « = 540° and Hj, is introduced into the action in the range
a = 540° < a < 1080°, accumulating the heat inside.
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Fig. 4.3 Diagram of the engine timing when the two small heaters H; and H> are applied in the
heating process

Engine valves 1 and 3 are open again and their working cycle repeats. The
experiments presented in Chap. 3 show that the temperature at the end of activities
of the heaters decreased. It is the proof that the heat delivered during the isochoric
process inside them was too low. Hence, an idea to add some devices in order to
improve a level of heat exchange. If the blower loops B; are to be considered, they
have to assure such a level of the mass flow rates m p; that the values of the Reynolds
numbers obtained as a result of their action will be Reg; > 10*. The flow in the
heaters is then turbulent and, due to an increase in mp;, the heat exchange level
attains the required level. The control parameters will be the blower mass flow rates.

4.2 Calculations of the Engine

We assume that the engine cylinder operates approximately in such a way that the
heat exchange inside it does not exist. For the cylinder, the most important are time-
dependent relations and it has been taken into account, whereas a dependence of
spatial variables has been neglected, so the model is described and simulated in the
time domain only.

Heat exchangers, which play an important role in the engine, are in a different
situation. The problem of a large cooler has been solved in [3]. The small heaters H;
and H; are now the subject of consideration. In fact, the temperature of air grows from
the heater inlet to outlet. Both heaters are counter-current flow-type heat exchangers,
where the temperature drop remains almost constant along the length of their tubes.
The heaters are treated as time-dependent only, assuming that all important changes
are the same along their length and considering each of them in a single plane only.
This plane is situated at the outlet of exchanger tubes. Such an approximate approach
used here allows for applying the maximal temperature of heater internal walls. It
also allows a moderate number of equations to be used in the case of a time-dependent
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model. These are nonlinear, ordinary differential equations based on mass and energy
conservation, supplemented by some nonlinear algebraic formulae.

The flow in the small heaters H; and H, is turbulent and the heat exchange
coefficient a4 can be calculated in the following steps

ar
Rey = — (4.12)
wdyung
Nuy = 0.022 Re’® Pro, (4.1b)
Nux
wy = 2 (4.1¢)
dy

where Ay is the conductivity of air at the given temperature and u g is the air dynamic
viscosity.

For the heater H; within the range o190 < o < a3, valves 1; and 3; are open.
When both of them are closed at & = &3, (usually about 180°), the period of heating
in H; caused by the blower B, which begins its operation, starts and lasts until
a = 4. This blower yields its mass flow rate m p; and the air velocity appears in H;.
A similar situation takes place in the heater H, which ends its activity at « = 360°,
see Fig.4.3. It means that the inflow to the heaters H; and H, comes from B; and
B, respectively. If we ignore any small leakages, it can be assumed that mp; is
the same on both sides of the heater tubes. As results from the continuity equation,
pn = constans. The value of py can be calculated from the equation of state, e.g.,

_ plazn)
pH = RT (a3)

The mass of the air inside any heater H; is
Mye = pucVy. (4.2)
The EHVE has to work continuously and, thus, we have the relation
Ty (4m) = Ty (0)
for H; and
Ty (6m) = Ty (2m)
for Hy, respectively.
The temperature Ty («32) can change, because if B; begins its activity at the blower
path loop, the hot air comes and mixes with the air already being inside the heater

H;. The resulting temperature has to be assumed because we do not know the design
of the H; and the mixing conditions. But it is sure that



4.2 Calculations of the Engine 49
T;’;ix > TH (0532).

We give up this assumption on Tj/™* for the data given in these considerations and
take finally
Th(az) = T4,

A linear increase in Ty (ae3p) to the value Ty (47) is assumed. The reason for the
growth is heating in the volume of H; or H,. The pressure py (o) is determined from
the known rule Eq. (2.28). The calculation method is described in detail in Chap. 2.
Using the above method, we can calculate pg (o) and p¢ (o) and determine work of
the EHVE according to Egs. (2.37) and (2.38). It is the work generated by the engine,
without that consumed by additional devices.

The work of all auxiliary devices will be calculated later. When both heaters work
while valves 1 and 3, are open, the heat delivered is

3c do
Ouni = AH/ aag(Tyn — TH)E~ 4.3)
a0

When valves 1 and 3 are closed, the heat delivered in H; is
On.11 = Mycc, (Ty(0) — T(a32)) . (4.4)

The same takes place for the heater Hj.
The total amount of the delivered heat is

On=0n1+QOnir- 4.5)

The above value of Qp is used in the calculations of the EHVE efficiency. The
temperatures 7 (0) and Ty (o3;) are taken from Eq. (2.21).

Now, let us consider the blower mass flow rate nig;. The pressure drop in the
blower By Apg, hence ITp is calculated as

Iy = pa) + APB.
p(a)

According to Eq. (5.48), an increase in the enthalpy 4, in the blowers can be
determined if their efficiency is 0.7, whereas their power (for a single blower) is
igh
py = 1BTE (4.6)
nB

The work according to Eq. (5.47) of a single blower is

2
Ly =Pyt (4.7)
w
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The work of the EHVE is
L=Lg+ Lc—2Lg — Lpgy, 4.8)

where L gy is the work consumed by the rotary valves.
The efficiency of the EHVE is

L

=—. 4.9
on (4.9)

n

No pre-heater at this stage was applied, even though the temperature of the working
fluid downstream of the expander was high enough to use it.

4.3 Results of the Numerical Simulations

The computations were carried out for the following data assumed for the model:
crankshaft angular velocity w = 157rad/s, equivalent to 1500 rpm, and important
values of the temperatures of the exchanger walls set to 7,5y = 1273K and T¢; =
300 K. The other data are presented in Tables4.1, 4.2, 4.3 and 4.4.There was a piston
rod located in the compressor volume, whose diameter Dpr = 0.05m affected its
value.

The pressure inside the cooler volume was assumed as pc; = 109 MPa. Any
increase in it causes improvement of the engine performance but rather a low value
is analysed here.

The values of the above angles, which determine the behaviour of the valve gov-
erning system data, are chosen after the preliminary optimization calculations.

At the beginning of the calculations, we assume the volumes of the engine com-
pressed to chosen initial values. We determine values of the generated power pg(«)
and p¢ (o) with formulae (2.37) and (2.38) (coming from the procedure described
in Chap.2), which gives P = 25.85kW at the pressure level of pc; = 10°MPa in
the cooler. An amount of the heat delivered to the EHVE is determined from Egs.
(4.3), (4.4) and (4.5). As a result, the obtained efficiency value is approx. 33 %. The
obtained temperatures, pressures and flows through the engine valves are presented
in Fig.4.4.

Tall')lz 4.1 fDLmensions of the Cylinder Diameter Stroke Dead height

cylinders of the EHVE d (m) 5 (m) ho (m)
Expander 0.13 0.0753 0.0007
Compressor | 0.13 0.0753 0.0018
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Table 4.2 Dimensions of the EHVE heat exchangers

Exchanger Diameter Length Number of Exchange area | Volume
pipes
d (m) [ (m) n(-) Ay (m?) Vv (m)
Heater H 0.008 0.4 20 0.2 0.00040
Cooler Cl 0.00500

Table 4.3 Control parameters of the governed valves

Valve No. Opening «;, Closing o, Transient Aw; Max. flow area
(m?)
0° 130° 40° 0.0007
2 180° 356° 40° 0.0007

Table 4.4 Physical data of the self-acting valves

Valve No. Mass m; (kg) | Spring Damping Max. lift A; Diameter d;
stiffness k; coefficient ¢; | (m) (m)
(N/m) (Ns/m)
0.0755 5000 15.75 0.0074 0.030
4 0.0755 5000 15.75 0.0074 0.030

If the work of the blowers and the rotary valves is subtracted from the previously
calculated work, i.e., Eq. (4.8), we can estimate real efficiency of the EHVE. Power of
the blowers will not be determined from Eq. (4.6). Thus, they have to be overbalanced
and we assume their work, or the power consumed by B; and RV, to be larger than
in the calculations. We assume the power of the blowers and the rotary valves to be
equal approximately to 3kW. The power of the EHVE is then 22.85kW. Finally, the
efficiency of the engine is n = 29 %. The diagram p — V presenting operation of
this engine is given in Fig.4.5.

A solution in the custom written program built with a GCC compiler/linker is
obtained with standard C++ language library procedures and solvers presented in
[4]. The Runge-Kutta 4th-order method is applied in the integration process. All
simulations were started from identical, fixed initial conditions, continued until the
solution reached integrated values differing in relative measures no more than 0.01 %
from those obtained at the end of the previous cycle. The numerical errors were
within the limits of accuracy of double precision numbers. An adaptive step-size
integration method with a forced decrease in the step near switching values like
valve opening/closing was applied. The size of the integration step and limits of
acceptance of the consecutive solutions were chosen as a result of the careful analysis
of a wide range of their values. It should be mentioned that the system presents a quick
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Fig. 4.5 Diagram of the p — V relation for the early EHVE. /-2 isentropic compression in C, 2-3
compression in C and heating, 3—4 heating in heaters, 4-5 decompression in E and heaters, 5-6
isentropic decompression in E, 6—1 isobaric flow through the large cooler Cl at the lowest pressure
of 10bar

convergence of the solution and rather low sensitivity to step changes. Typically, a
stable solution was reached after 100—150 cycles of the simulated full crankshaft
revolutions.

4.4 Remarks on this Version of the EHVE

A two-stroke externally heated valve engine, entirely different from the Stirling type
engine, with two small heaters operating alternatively and a large cooler, was inves-
tigated numerically. The heat exchangers are of a counter-current type. Two small
heaters of the volumes lower than that of the expander, Vi / Vg < 0.5, exemplify the
idea presented in [S5]. The experimental results published in [1] and described here
in Chap. 3 showed, however, that heat transfer was poor during the period when the
engine valves were closed and an isochoric process in the heater took place. Thus, the
heating process had to be longer and should last for 1.5 cycle of the engine operation.

In order to provide proper heat exchange, the two blowers and the rotary valves
connecting them to the engine were applied in the numerical model. The additional
devices are presented in Figs.4.1 and 4.2, correspondingly.

The results of the computer simulations in the form of pressures, temperatures
and mass flows through the engine valves are shown in Fig.4.4. Additional devices
are applied in order to provide the heat for proper operation of the early EHVE. The
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diagram p — V for the operation of the EHVE with additional devices is shown in
Fig.4.5.

The power and efficiency of the engine rotating at 1500rpmis P = 22.85kW and
33 %, respectively. The efficiency could become higher if a pre-heater, like in many
Stirling engines, is applied.
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Chapter 5
Newly Developed 2-Stroke EHVE

Although this chapter is also devoted to a 2-stroke type of the EHVE, the major
difference between it and the previous version refers to a size of heat exchangers
which introduce an essential change in heat delivery. They were small when compared
to the volume of the working cylinder, Vg / Vg < 1, and here their size is more
substantial, i.e., Vg /V = 3 — 5. Additionally, new devices are added, i.e., two
centrifugal blowers B; and B,. They were not present in the description presented in
Chap. 2 or in [1-3]). Also, a complete physical model of the engine is included. The
added blowers have to consume some inconsiderable amount of generated power
and modelling of their operation is accounted for. The power needed to drive typical
centrifugal blowers increases monotonously with their dimensions but its “low” level
is assumed not to exceed 10 % of that generated by the engine. What is important, we
expect the flow in the exchangers to be turbulent. An example of our optimization
process related to the blowers is presented in Fig.5.10.

The idea of introducing the EHVE is directly related to a very important
advantage of the engine. In fact, it can use the most available and cheap working
fluid — atmospheric air. This is followed by another favour — any source of exter-
nally delivered heat, either from solar heat or generated during a nuclear reaction or
coming from combustion of any natural or artificial fuel, can be used. The model
treats the delivered energy in terms of numbers and although is directly related to
typical levels of parameters applied presently in heat engines, it can be adopted to any
other available data. The only condition is constant delivery of a particular amount
of energy to the working fluid at the rate which assures the efficient work. As most
mineral fuels will run out one day, the idea seems to be worth further development.

The EHVE is designed to produce a moderate amount of mechanical energy
based on an external source of heat. It operates in a closed heat cycle and consists
of a few essential parts, namely: an expander, a compressor, a heater, a cooler, and
two blowers recirculating the internal flows of the working fluid. The essence of the
development in this version consists in application of these two blowers connected to
the engine heater and cooler and working in loops of high and low pressures. When
the engine valves are closed, then the operation of the blowers becomes significant
in order to enforce the fluid circulation in each of the heat exchangers. The expander
© Springer International Publishing Switzerland 2016 55
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and compressor of the engine are of similar design as those described in Chap.2
or in [4], although the investigations are aimed to increase the performance of the
engine on the basis of the experience gathered during the experiments performed
with the prototype of the EHVE. We should remind that our idea was developed
independently of that referred in [5], where the work of heat exchangers was not
presented at all although their behaviour is extremely important from the viewpoint
of the engine operation.

The heater comes into contact through valves 1 and 3 when they are open with
the expander and the compressor only for % of the engine work cycle. For the rest
of time when valves 1 and 3 are closed, see Figs.5.3 and 5.4, additional loops for
the heat exchangers are introduced to avoid the situation described in Chap. 3 which
showed that the isochoric heating process was very poor. All these alternations are
to be described in detail below.

B H

H, H,

i

Heater

L
Expander @ mmp
L QY

Fig. 5.1 Scheme of the transversal cross-section of the engine, the heater collectors marked as H;
(outlet) and H3 (inlet) and the cooler, Cl, (inlet) and Cl4 (outlet), By and B blowers, /—4 cam
governed valves
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5.1 Principles of Operation of the Improved EHVE

This version of the EHVE is still a 2-stroke-type engine, in its basic version equipped
with two cylinders. Multi-cylinder arrangement is available, like for most internal
combustion engines, although this would be a multiplication of 2in each case and
is not a subject of discussion presented here. Each cylinder is designed to act in a
different way, either as an expander or a compressor. They act in anti-phase, i.e., the
phase angle between compressor and expander pistons equals 180°. Aside of them,
there are two moderate-volume heat exchangers, a heater and a cooler. To raise the
rate of heat exchange, the internal blowers B; and B, work in the internal loops of the
working fluid forcing turbulent flow inside each of the exchangers. The engine works
in a closed heat cycle with atmospheric air being again its working fluid. Schematic
views of the modified EHVE are presented in Figs.5.1 (transversal cross-section)
and 5.2 (longitudinal view).

Additionally, to fully understand the idea of modification, the flows of the working
medium, with the blowers included in their arrangement, are shown in Fig.5.3 for
the heater loop and in Fig.5.4 for the cooler one. There are some aspects of the
EHVE design which are taken from well-known solutions used in internal combustion
engines. These include:

Compressor
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0.5s,

AN /

Fig. 5.2 Scheme of the longitudinal cross-section of the engine
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e two of the engine valves are driven with a standard camshaft mechanism, and the
others probably should have a form of the rotary type,

e a conventional crankshaft to transform the energy is applied,

e sealing systems can be similar or even identical to diesel engines,

e an oil lubrication system is the same as typical solutions in the above-mentioned
popular applications.

The above favours can make manufacturing of the EHVE easy when using proven
solutions and the recognized technology. Contrary to problems of sealing or lubri-
cation widely met in Stirling-like devices, the bridge to apply external heating to
standard piston heat engines can be made easier.
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5.1.1 EHVE Operating Regime

When the piston of the expander starts to move downwards from its upper position,
valve 1 opens and the working fluid flows from the heater to the expander under
high pressure and temperature. This is shown schematically in Figs.5.1 and 5.2.
Valve 1, which, as a matter of fact, consists of two identical valves to fill better
the expander, is applied like in modern internal combustion engines. Both valves 1
close at the angle «/;. and, further on, the piston movement makes the hot air expand
in the locked volume of the expander until the piston comes to its lowest position.
Simultaneously, the air locked in the compressor volume with all the valves closed
is subject to compression in order to flow then into the heater.

Valve 3 opens at approximately 100° and the compressed working fluid goes into
the heater under high pressure. Two valves 3, similarly to the design of valves 1, are
used to deliver efficiently the compressed fluid to the heater. When the piston inside
the compressor attains its upper position, the compressed fluid stops to be supplied
to the heater, and valves 3 close. Then, the pistons in both cylinders start to move
again. The expander piston moves upwards and valve 2 opens, so the overworked
fluid is taken by the cooler. Simultaneously, the piston in the compressor moves
downwards, valve 4 opens and the cold fluid from the cooler comes into its volume.
Eventually, the expander piston arrives at its primary position, valves 2 and 4 close
and the two-stroke engine heat cycle is completed then.

Technically, if valves 1 and 3 are driven with a standard camshaft, they open in
opposite directions to valves 2 and 4, which complies with the operation regime
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Fig. 5.5 Pressures in essential parts of the engine at 3000 rpm as a function of the crankshaft angle
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of standard valves applied in internal combustion engines. As a modification, rotary
valves 1 and 3 may be introduced in order to assure the desired characteristics of their
opening. The collectors of heat exchangers (Figs. 5.3 and 5.4) have to be included in
the design of the EHVE. The simulation results presented in Fig.5.5 show that the
pressure in the heater and its collectors remains almost constant. It is a visible reason
for the applied changes in the heat delivery system.

5.2 Theoretical Model

In general, it is assumed that the engine cylinder, which is cooled as in internal
combustion engines, operates in such a way that there is no heat exchange inside
it. The time-dependent relations that are included in the model are most significant.
On the other hand, a dependence of spatial variables is ignored, thus the model
is described as time-dependent only. The important assumptions of design of heat
exchangers are presented below. Both of them are supplemented with two collectors
at their ends, cf. Figs.5.3 and 5.4. The inlet and outlet collectors are excluded from
the model of exchangers and no heat exchange inside the collectors is assumed to
exist. They also act as settling chambers, which are important as far as the behaviour
of blowers is concerned. According to the preliminary calculations, the working
fluid parameters in the collectors, such as pressures and temperatures, remain almost
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Fig. 5.6 Temperatures in basic engine elements at 3000rpm as functions of the crankshaft angle,
heat exchangers wall temperatures were assumed as Tx,, = 1273 K, T,c; = 300K
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constant, see Figs.5.5 and 5.6. It happens when the rotational speed of the engine
crankshaft is constant, at a volume of the collectors being higher than that of the
cylinder. The above conditions allow us to consider operation of the blowers as almost
stationary, see Sect.5.5 for more details. The blowers, assumed to be driven by the
engine itself, have to consume some inconsiderable power generated in the EHVE.
The spatial changes can exert a significant effect on both heat exchangers. They were
already calculated as space and time variables in [6], because the temperature of the
working fluid inside the heater in fact increases from the inlet to outlet collectors.
However, this issue can be tackled in a simpler way described below.

The proper parts of the heater and the cooler are considered as counter-current
heat exchangers with a temperature drop almost constant along their length. They
are modelled as time-dependent only, on the assumption that all important changes
are the same along their overall length. This allows one to analyse each of them in a
single plane only, located at the outlet from the exchanger tubes. As a consequence
of this approximate modelling, we can apply an assumption of maximal and minimal
temperatures of the exchanger walls. The amounts of heat volumes delivered to the
heater and subtracted in the cooler are estimated accordingly to this hypothesis. As
regards the exchangers, this approach is applicable in calculating the profits resulting
from using the blowers. Its accuracy is continuously checked during the computer
simulations which are presented in Sect.5.5. Obviously, this is an approximation
in treatment of the parameters, however, it allows a moderate number of equations
to be used in the time-dependent model. This includes a set of non-linear ordinary,
differential equations of mass and energy conservation, supplemented with some
non-linear algebraic formulae and switching conditions describing internal flows in
the model of the engine. Also a geometry of cylinders and valves, character of mass
flow rates through them is included in the description.

5.2.1 Geometry of the Cylinder Volumes and the Valves
The volume of the expander results from a simple geometry
SE
Vi =Ag (h05+7(1 —cosa)t)), (5.1)
where its cross-section area is

Ap = mdz/4

and the varying volume is obtained after the derivation of Eq. (5.1)

—= = AETw sin wt. (5.2)
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Similarly, the volume of the compressor is calculated in the form of
Sc
Ve = Ac (hoc + = (1 +cos on), (5.3)

where its area is

Ac = mdZ /4,
and its derivative represents the rate of volume changes as
— = —AcTw sin . (5.4)

The varying cross-section areas of the valves— A ; for j = 1, 2, 3, 4 are calculated
in subsequent angle ranges from the following expressions

1 a—«jo
forajo<a<ajo+Aa;: Aj(a)==Aju|1—cosm —); (5.5a)
’ o ’ ’ 2 Aa;
for oo+ AOlj <o =aj.— A o, Aj(Ol) = Aj,max;
(5.5b)

1 o —Ujc
foroj. —Aoj <a <oaj,: Aj(ot):EAj,max 1—cosnT“_ ;o (5.5¢0)
j

where the maximal values are represented by
Ajpax =7djhjsin45°, (5.6)

and any other values are simply zeros, indicating the valve is closed. In all the above
listed formulae, &« = wt is a current value of the engine crankshaft rotation angle. All
the values related to the governed valves o o, & ¢, Aaj, d;, h; are assumed constant
and based on typical valve designs. The last term in Eq. (5.6) is the value typically
applied in designs of the valve shape.

5.2.2 Mass Flow Rates through the Valves

In the modelling, we use Bernoulli and continuity equations for gas, which include
losses determined by the coefficients ¢;. Such forms are used also in Sects.2.3.1 and
2.3.2 for calculation of mass flow rates. The equation for these rates for j = 1, 2, 3, 4
is as follows

k=1

. GiAiD (&)i 2 1_(&) ¢ 57
"= JRT, \po K —1 Po ' G



http://dx.doi.org/10.1007/978-3-319-28355-5_2
http://dx.doi.org/10.1007/978-3-319-28355-5_2

5.2 Theoretical Model 63

The above formula depends on the ratio of pressures on both sides of any valve, p,

and py. If
2 =)
Pa o , (5.8)
Db k41

then Eq. (5.7) takes a different form

o EjAij«/E( 2 )Z‘H” (5.9

! RT, \x—+1

As can be seen, any rate 71; depends on current values of variable pressures,
temperatures and cross-sections. Flows through the valves are treated in a quasi-
stationary way. The program simulating the operation of the valves in this version
of the EHVE uses the above formulae (5.7)—(5.9) as they all are governed valves,
contrary to the variant described in Chap.2, where some self-action valves were
employed and hence additional differential equations describing their operation were
needed.

The values of the coefficients of losses ¢; equal to 0.85 found in the literature, e.g.,
[7], are typical in similar structures. The pressures p, and p, and the temperatures
T,, T, in Egs. (5.7)—(5.9) are calculated for particular valves in the following way

for j =1
if py1 >pe : pp=pm, Th=Tm, pa=pc, (5.10a)
ifpe>pm - pp=pe. Ty =T, pa=pui, (5.10b)
for j =2
it pe>pcn : po=pe, Tro =T, pa=pcn, (5.10c)
if pco>pe : po=pce, Tp=Tcn, pPa=DPpE, (5.10d)
forj =3
if pc > pus : pp=pc, Tro=Tc, pa=pus, (5.10e)
if pu3 > pc @ pp=pus, Ty=Tcn, p«=pc, (5.10f)
for j =4
if pc > pcia : pp=pc, Tp=Tc, pab6=pcis, (5.10g)
if pcia > pc : po = pcis- Ty =Tcia, pa = pc- (5.10h)

Taking into account the assumption of quasi-stationary flows through the valves,
the corresponding mass flow rates are presented in Fig.5.7. This approximation is
burdened with some errors in the calculations of 71; due to the fact that the non-
stationary behaviour in the close vicinity of the valves is excluded.

The internal mass flow rates miy; and m g3 between parts of the heater will be
discussed in the next subsection.
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Fig. 5.7 Mass flow rates of the engine valves for 3000 rpm as a function of the crankshaft angle

5.2.3 Essential Equations for the New 2-Stroke EHVE

Let us start our considerations of the behaviour of the working fluid inside the EHVE
from the expander. The equation of mass conservation is expressed by

dpg 1 . . dVg
— = —\+tm = —og— ). 5.11
7 VE( iy My = PE— ) (5.11)

The equation of conservation described here takes into account the so-called inverse

flows between the engine parts.
Varying signs of the mass flow rates m1; and m, expressing the directions of the
related flows through valves 1 and 2 are determined as follows
i, [Tf b = e e T (5.122)

if pg > ppyi, sign “=7,
. |if  pg > pci, sign “=7

. . ’ 5.12b
" [ if  pcr > pe, sign “+7. ( )

The equation of energy conservation applied to the expander is

dTg 1

= —TE(E£m; £n
ar ,OEVE[ E(Em mz)-l-K([

+m1TH1 +maTcr _PldVE
—m Tg —nyTg ¢, dt '

(5.13)
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The signs of the mass flow rate terms 72; and #1, in the above equations can be deter-
mined from Eq.(5.12). The alternative values of the temperature in the parenthesis
are also chosen accordingly to the relations expressing the mass flow rates indicating
the volumes currently connected through the flow. Such a notation is repeated later
for other parts of the engine.

Finally, the last important value characterizing behaviour of the working fluid,
i.e., the pressure pg inside the expander, is calculated from the equation of state for
ideal gas

PE = peTER. (5.14)

We need some explanation of the above. If the experimental equation of state for real
gas (e.g., the one introduced by Peng and Robinson) is taken into account, the error
for the extreme parameters of air, at 100 bar and 1000 °C, is smaller than 2 %. So, we
will apply Eq. (5.14) here, and also for other parts of the engine.

For the compressor, we have very similar dependencies. We start from its equation
of mass conservation which is expressed as

dpc 1 . ) dVe
— = —\|Lms3 = —pc—1). 5.15
& Ve ( it &y — pe— ) (5.15)

The direction of a flow is determined by a choice of the signs of their mass flow
rates as a set of conditional formulae

. if Pc > DPH3, Sigl’l “_r
ms [if PH3 > pe, Sign “+’7’ (5'16a)

.| if > , sign “=”
g | & PC = pous Sigh = (5.16b)
if  pcu > pc, sign “47.

Next, the equation of energy conservation for the compressor is expressed as

dT¢ 1 ( . . ([
= —Tc(Exmz £my) +«

+m3Th3 +maTcira pc dVe
— + -2£22C)).
de pcVe

—m3Tc —maTc ¢, dt
(5.17)

where the signs for the mass flow rates and alternative temperatures are determined
from Eq. (5.16). As mentioned earlier, in Eqgs. (5.13) and (5.17), we assume that
no heat exchange takes place in the cylinders of the EHVE. In the last step for the
compressor, we calculate the pressure inside its volume from the equation of state

pc = pcTcR. (5.18)

The heater model differs from the previous attempts and is divided into three parts
of constant volumes, namely
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1. inlet collector — Vg3,
2. proper heater of a counter-current type — Vg,
3. outlet collector — V.

These volumes suppose to play different roles for the model of the exchanger as
explained earlier in this chapter.

Geometrical properties of the proper heater, its volume and heat exchange surface,
are expressed by simple geometrical formulae

nd?,
VH ITIHHH, (5193_)
AH IﬂdHlHl’lH. (519]3)

The working fluid flows from the volume of the compressor to the inlet collector
of the heater Vi3 through valve 3 (Fig. 5.3). Then, it reaches the proper heater volume
Vi, transfers to the outlet collector V1, and finally leaves to the expander volume
through valve 1. The blower B; forces the transport of the fluid internally from
the outlet collector of the heater to its inlet. We assume that the temperature value
calculated for the outlet collector is also transferred to the inlet one and the pressure
drop between them is maintained by the blower B. The heater collectors are treated
as settling chambers stabilizing the internal flows through their volumes. The mass
flow rates mi | and m g3 are usually different and they are calculated with Eq. (5.7)
for the following relations of pressures and temperatures

for j = Hj
if pus>pu : pp=puz, Ty =Tuz, pPa=Ppu, (5.20a)
if pu>pus : pb=pru., Trh=Tu. pa=pu3, (5.20b)
for j = H;
if py>puw : pb=pu, Ty=Tu, pa=PH1, (5.20c)
if pypi>pu - pp=pm, T =Ty, pa=pn-. (5.20d)

‘We need to calculate the values of the cross-sections for the internal flows to be
applied then in Eq. (5.7), which are

wd?
A1 = Aps = THnH. (5.21)

The losses in flows through the valves are assumed as ¢y = ¢y3 = 0.85. The signs
of the mass flow rates representing the directions of the internal flow m g and m g3
will be defined below.

The blower working in the hot air circulation loop forces the flow and assures
that the Reynolds number calculated for the exchanger tubes is not smaller than 10%,

when valves 1 and 3 remain closed and m; = m3 = 0, see Fig.5.3, due to fact
the internal flow through the heater exists. In such a situation, the Reynolds number
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caused by the flow from the first blower can be calculated using the formula
Rey = ——mM@8, (5.22)

where the blower mass flow rate 1 g, is calculated according to the above-mentioned
condition Rey = 10*. The Nusselt number for the proper heater tubes is determined
by

Nuy = 0.022 Re!*Pr9S. (5.23)

Here, Rey is calculated as a value that varies and uses current values of the internal
flow rate m gy flowing through the heater. The value rmi g, is a fraction of m g, but it
occurs when valves 1 and 3 are closed and the blower B; works in the internal loop,
Fig.5.3. The coefficient of heat transfer for the working fluid is calculated as

NHH)\H

dn (5.24)

OAH =

The heat stream supplied in the volume of the heater is a time-dependent function
and is determined in the following way

Oan = danAu(Tyony — Thy). (5.25)

where T,y is the maximal temperature of the heater wall. For a given rotational
speed of the engine, its assumed values are included in Table5.1. Ty in the above
formula is also a time-dependent temperature of the air inside heater tubes, at their
outlet position, as described earlier in the theoretical model.

In the next step, the pressures in both collectors are discussed. At the inlet to
the boosted heater collector Hj, the pressure increases by Appys, see Eq.(5.29).
The proper heater contains long tubes, which, as a consequence, is followed by
the pressure friction losses App, calculated for the overall tube length. Thus, the
pressure in the outlet heater collector H; decreases by Apyy and is expressed in
Eq. (5.37).

Now, the fundamental equations related to the heater will be considered. The
calculations of the inlet collector Vi3 result from the basic formulae for this part of
the heater. The equation of mass conservation takes the form as follows

dons 1 . . )
~ = — (xm3 = . 5.26
I Vs (£m3 £ mpy3 +mpy) (5.26)

Table 5.1 Rotations and nenve | pm) 3000 2500 [2000 |1500 | 1000
thermodynamic parameters of

the EHVE Tyt max| (K) 1273 [1173 [1073 |973 873
oH1 (kg/m®) [279 [280 [282 283 [285
ocis (kg/m3) [14.0 [141 |143 |145 |1409
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The signs of the mass flow rates in this part of the heater are chosen from the
conditions

i [%f pc > pu3. sign “+” (5.27a)
if  pgs > pc, sign “=",
. if PH3 > PH, Sign w9
' ! 5.27b
s [lf PH > DH3, sign “+7. ( :

The equation of energy conservation in the collector H; is described by

dTys 1 . . .
= — Ty3(Ems £ mpyz +mp)

dt  pwsVms
+m3Te +m 3Ty .
. . T . (5.28
+K(i —”137"1113]—i_[—1"1L137"f13}—'_mB1 Hl)] (5-28)

As the blowers operate unidirectionally in order to force the desired internal flow, the
positive mass flow rate of the blower B is taken into account. The last equation for
this collector expresses the pressure py3 inside its volume and includes the blower
mass flow rate

pus = pa3Ta3R + Apgs. (5.29)

Let us consider the basic equations for the behaviour of the working fluid in the
proper part of the heater V. We start again from the equation of mass conservation
which takes the form of

de_ 1

= +n +n , 5.30
m VH( mpy £ my3) (5.30)

where the alternatives for directions of the internal flows between heater elements
are described by the following conditions

. ]f le > pH’ Sign ‘4+”
o [if PH > PH1, sign “=", (5.31a)

. if py > ppys, sign “—"
mgs3

i i 31b
if pys > py, sign “47. (5.31b)

The equation of energy conservation in the volume Vy is expressed by the deriv-
ative of temperature Ty

Ty 1
dt  puVu

|: — Ty (E£mpy £ nmpy3)

L ({ +n g1 Thi ] + [ +mp3Ths ]) + Q.AHj| (532

—my1 Ty —mpy3Ty ¢
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The signs of the internal mass flow rates my; and mpy3 are chosen according to
Eq. (5.31), but the current value of the heat stream Q ay reflects the behaviour of the
complete heater. The equation of state for this part of the heater gives the value of
the pressure at the end of its tubes

pu = puTyR. (5.33)

Finally, let us discuss the outlet heater collector of the volume Vg ;. The equation
of mass conservation takes here the form of

dpmi 1 ) ) )
= — (&£ + — , 5.34
m Vi (£mpy £my —mpy) (5.34)

where the alternatives for directions of the current flows including the collector,
expander and local blower are

2

7 if  pw > pmi, sign “+

o [lf PH1 > PH, Sign “_» (5353.)
. |if  pu1 > pg, sign“="

" [if PE > PH1, sign “+” (5.35b)

The equation of energy conservation for this collector is represented by

ATy 1
it pmVa

[— Ty (Empyy £my —mpy)

+my Ty +m Tk .
+ . + . - Ty |. (5.36
* (i =iy T ] [ —m Ty }) "1 Hl] (5-36)

The directions of the mass flow rates 1y, and m together with alternative values of
temperatures in the connected volumes are given in Eq. (5.35).
The value of the pressure inside this collector volume V| results from the equation
of state
pu1 = pu1TH1 R — Appyy. (5.37)

Eventually, a cooler of the constant volume is considered. It is also divided into
three parts, as has been done for the heater, namely

1. inlet collector — Vo,
2. proper cooler of a counter-current type — V¢y,
3. outlet collector — V4.

The values of the volume of the cooler and the cooling surface are expressed by
geometrical relations
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2
mdgy

Ver = leiner, (5.38a)

Aci =ndcilcine. (5.38b)

The working fluid is flowing from the expander to the inlet collector of the cooler
Ve through valve 2, see Fig.5.4. Then, it is transferred from the inlet collector
through the proper cooler V¢ to the outlet collector V4, finally reaching the volume
of the compressor through valve 4.

The blower B, makes the working medium transfer from the outlet collector to
the inlet one inside the cooler. The temperature in the outlet collector is assumed
to transfer directly to the inlet and a pressure drop between them is covered by the
B, blower operation. Moreover, as for the heater, the cooler collectors are treated
as settling chambers stabilizing the flow. The blower, which operates in the cooling
loop, causes that the value of the Reynolds number is not lower than 10* during the
phases when valves 2 and 4 are closed and the cooler volume is cut off from any
cylinder. It is calculated as a function of the blower B, as

4m gy

Re¢)= ——,
wdcipicine

(5.39)

where the value of the flow rate m p; is determined according to the above equation
for values of Re¢) = 10%.
The current value for the Nusselt number for the proper cooler part tubes is
obtained from
Nuc; = 0.022 Ref Prid. (5.40)

where the value of Rec; varies and uses currently determined values of the flow rate
¢ flowing through the cooler. The value 71 g, being a fractional part of n1¢; occurs
when valves 2 and 4 are closed and the blower B, works in the internal cooler loop.
The heat transfer coefficient in this volume of the engine is

NuciAci

(5.41)
dci

Qact =

The amount of the heat stream in the complete cooler section yields the following
function calculated at each time step

Ouci = aaciAci(Twer — Ter). (5.42)

where, in agreement with the described theoretical model, the temperature T,,¢; takes
the minimal value of the cooler wall, and T¢; is the temperature of the air inside the
cooler tubes, at their outlet. The temperature of the working fluid along the cooler
diminishes, being, in fact, between the values obtained in the collectors Cl, and Cly,
but the heat stream expressed by Eq. (5.42) is calculated for the overall length of its
tubes. From the theoretical model, the temperature is determined at the outlet from
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the cooler tubes, the final plane of the proper part of the cooler, and depends on time
only.

Dependencies for the pressures in the collectors of the cooler are determined
similarly to those of the heater. The inlet boosted collector is now the one marked
by Cl, and the outlet collector is Cla, respectively. The action of the blower causes a
pressure increase in Cl; by Apc;s, and a decrease in Cly by Apc;y in order to force
properly the internal flow.

The mass flow rates in and out of the cooler are, like in the heater, not equal to
each other and their calculations are conducted on the basis of Eq.(5.7), with the
alternative conditions

for j =Cl,
if pco > pci : po=pcrzs To=Tc2, Pa= Pei> (5.43a)
if pci > pcn : po=pct» Tpy=Tcia, pa=pcn2, (5.43b)
for j =Cly (5.43¢)
if pci > pcia * pp=pci» Ty =Tci, Pa=Ppcis, (5.43d)
if pcia > pci  po=pcias To=Tcias pPa=pci- (5.43¢)

The values of the cross-sections and the loss coefficients in the cooler flows, assumed
as for the heater, required to solve Eq.(5.7), are as follows

wdin
Acp = Aciu = Cé: = (5.44a)
Scrn = &cia = 0.85. (5.44b)

The approach applied to the cooler is the same as the one used for the heater.
All necessary parameters applied in the simulations are determined from reasonable
values reflecting real working conditions.

5.2.4 Power and Efficiency

The formulae for determination of the work of the expander and the compressor are
calculated for the varying angle 0° < « < 360°, related to a full cycle of work in a
similar way as for the 2-stroke engine

a=360°

av

Ly = / (@) —Lda (5.452)
a=0° da

a=360°

av,

Le = / pe(@)—Sda, (5.45b)
a=0° da
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The above-mentioned pressures are determined in such a way that mass flow losses in
the valves are accounted for in order to make simulations realistic. Thus, the effective
work of the engine is a sum of the following components including losses caused by
the blowers and friction

L=Lg+Lc—Lp —Lp,— Ly, (5.46)
where the values of work consumed by the blowers are

2mmpihspi
Lp = BB i 21,0, (5.47)
@WBiNBi

The symbols used will be explained later in Sect. 5.3, whereas an enthalpy isentropic
increase of the blowers is expressed as

_K_
hop = leRTBi (ngil _ 1). (5.48)
P

The total power output generated in the externally heated 2-stroke engine is then

w
P=—L. (5.49)
21

The heat transferred by the working fluid inside the heater, following the theoretical
model, is calculated as the integral

a=360° gy
On =/ Oan—, (5.50)
a=0° w

where the heat stream value results from Eq. (5.25). Finally, the theoretical and prac-
tical efficiencies of the engine are in cases without and with use of a pre-heater

L (5.51a)
= —, Sla
= 0n
= L (5.51b)
et = QH*PH. '

The value of the efficiency can be discussed in more detail. The amount of the deliv-
ered heat Oy has been considered up to now without application of any additional
heat exchanger in the model. However, the temperature of the working fluid leaving
the volume of the heater (Figs. 5.1 and 5.6) is very high, so adding an additional heat
exchanger can take the form of a pre-heater and should be applied as described in
[8]. The operation of a pre-heater increases the temperature in front of the inlet to
the heater and provides considerable savings of the energy of the heating fluid by
decreasing this way the denominator in Eq. (5.51a) from Qg to Q5 _pp. Hence, the
overall efficiency of the EHVE should increase considerably.
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5.3 Results of the Simulations

The simulation process uses a custom written program built with the standard C++
language which applies chosen library procedures and solvers described in [9]. The
integration procedure involves a typical Runge-Kutta 4th order method in the numer-
ical task which, due to the applied attempt of time dependent algorithm, was reduced
to a solution of a system of nonlinear, ordinary differential equations. The set includes
the following formulae (5.11), (5.13), (5.15), (5.17), (5.26), (5.28), (5.30), (5.32),
(5.34), (5.36) with appropriate switching conditions controlling the internal flows
between engine parts, supplemented by a system of non-linear, algebraic equations
describing behaviour of particular parts of the model.

All simulation runs started from identical initial conditions which represent the
particular amount of the working fluid and its thermodynamic properties enclosed
in all engine volumes. For particular purposes, some parameters which influence
the obtained results were investigated. The integration process continued until the
solution reached integrated values, different in relative measures by no more than
0.01 % from those obtained in the previous cycle. This way, a stationary, periodic
solution to this problem for engine operation at a given, constant rotational speed of
the engine was reached. The numerical errors were due to the procedures applied and
their accuracy was within the limits of double precision numbers. An adaptive step-
size integration method with an additional, forced decrease in the step near switching
values in order to find the proper moment and identify switching conditions for events
like valve opening/closing was applied. The size of the integration step and limits of
approval of the consecutive results were selected on the basis of a thorough analysis
of a wide range of their values. It should be mentioned that due to the nature of
equations applied, the system presents quick convergence of the solutions and low
sensitivity to integration step changes.

The satisfying agreement of the integrated values with the experimental results
published earlier in Chap. 3 for the early variant of the engine allows us to apply the
procedures for the modified version. In most cases, a stable solution was attained after
100-200 cycles of simulated full crankshaft revolutions. The performance numbers
for the engine, as power which is described according to Egs. (5.46) and (5.49), and
efficiency — according to Eqs. (5.51a), were calculated at the end of each working
cycle. To make the results realistic, many physical losses were taken into account.
The heat transfer through the engine model cylinders was not considered, although
we assume they are to be water-cooled as in standard internal combustion engines.
The losses caused by the heat transfer obviously depend on a kind of insulation
applied in the design, so they cannot be accurately included. Therefore, we estimate
the total errors of the calculation in terms of the effective power and efficiency to
fall within 5 % of the results presented in Fig.5.11. In order to show a full picture
of the behaviour of the elements of the engine, in Figs.5.5, 5.6 and 5.7, pressures,
temperatures and mass flow rates through the valves at rotational speed of 3000 rpm
are depicted.
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Due to the nature of counter-current heat exchangers, we assume the temperature
of the heater walls with an increase in the engine rotational speed and this relation
is to reflect the amount of heating fluid delivered, see Table5.1. In order to simplify
the cooling process, standard tap water is predicted as a cooling fluid, so the minimal
temperature of the cooler wall is assumed constant and equal to 7,,c; = 300 K. The
coefficients of heat conduction, dynamic viscosity and specific heats for the working
fluid are assumed from the physical properties of air.

Any type of drive of the blowers, either electrical or mechanical, coming directly
from the engine, has to be controlled. The rotational speeds of the blowers are approx-
imately constant and their angular velocities are assumed as wg; = 314rad/s. The
working fluid temperatures and pressures at the inlet to the blowers, i.e., also in
the outlet collectors of the heat exchangers, decrease with the rotational speed of
the engine, but its density changes insensibly for different deliveries forced by the
blowers, thus it is possible to apply them. The mass flow rate ng; > 0.06kg/s is the
minimal value, for the assumed form of the heat exchangers, for which it is possible
to obtain the value of the Reynolds number Re= 10*, during the period when the
engine valves are closed. The rotational speed of the engine, the maximal tempera-
ture of its heater walls, the averaged densities of the working fluid inside the outlet
collectors are presented in Table5.1.

Other essential data used in the investigations are presented below. The cylinders
dimensions are shown in Table5.2. The valve phases and dimensions are given in
Table 5.3. The data assumed for the heat exchangers are given in Table 5.4. Tj, 5; stands
for temperatures taken from the outlet of the collectors H; and Cl4 and vary in each
simulation cycle. Other essential data set for the blowers are shown in Table 5.5. The
values of the above angles, which determine the behaviour of the valve governing
system data, are chosen after the preliminary optimization calculations.

A value of the blower pressure step Apgs depends on the structure of collectors
and heat exchangers. Simplifying the investigation process, all values of Aps are
assumed to be equal to 10kPa, when the EHVE works at 3000 rpm.

Table 5.2 Dimensions of the cylinders of the EHVE

Cylinder Diameter d (m) Stroke s (m) Dead height /¢ (m)
Expander 0.083 0.08340 0.0025
Compressor 0.083 0.06255 0.0017

Table 5.3 Control angles and dimensions of the EHVE valves

Valve No. Opening «;, Closing «;c Transient Aw; Max. flow area (m?)
1 —10° 80° 35° 0.0010
2 160° 350° 90° 0.0005
3 110° 190° 35° 0.0010
4 210° 360° 50° 0.0005
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Table 5.4 Dimensions of the EHVE heat exchangers

Exchanger Diameter d (m) | Length / (m) Number of pipes n (=) | Volume V (m?)
Heater H 0.01 2.0 15 0.00236
Collector H; 0.00050
Collector H3 0.00050
Cooler Cl 0.01 2.0 15 0.00236
Collector Clp 0.00050
Collector Cly 0.00050
g‘l?)l\):/(;rss's Data of the EHVE IIp; 1.03 Input to output pressure ratio in the blower
7Bi 0.70 Assumed efficiency value of the blowers

Some examples of application of the model simulations were already presented
in Figs.5.5, 5.6 and 5.7, where explanations are given in detail in their respective
captions. In all cases, the blowers are working with the flow rate of mg; = 0.1kg/s.
Figure 5.6 needs some attention. The simulation results of the theoretical model
for all temperatures are presented. Note the difference caused by the blowers with
distinctive values of T3 for the heater and T¢;, for the cooler from their respective
temperatures in other parts — Ty, Ty, and, T¢a, T¢;. The accuracy of the applied
approach to the heat exchangers is under continuous control, and, the pressure and
the temperature at the outlet from the heater H are always transferred to the pressure
and the temperature in the outlet collector H;.

Let us discuss the results shown in Fig.5.8 which presents the engine diagram
p — V, cylinder pressure versus respective volume for both of them, obtained on
the assumption of the volume ratio V¢ / Vg = 0.75. This value is considered as the
optimal one for the variant of the engine when we apply a large heater, defined by
the volume ratio Vg =~ 5 Vg. The difference in the areas covered by both pressure
loops indicates useful work created in the engine.

Another relation of the EHVE pressures, this time as a function of inverted density
values, is shown in Fig. 5.9. It is simply the p —v diagram as v = 1/ p for the complete
engine. It shows that the heat can be delivered to the engine under condition

p = const,
whereas for the early model, see Fig.2.3, only an isochoric process took place

V = const.

This is a very important result of the change in the heat delivery process introduced
in this chapter.
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Fig. 5.9 Diagram of the pressure versus inverted density dependence for this variant of the EHVE.
1-2 compression, 2—3 compression and heating, 3—4 heating, 4-5 expanding and heating, 5—-6
expanding, 6—1 cooling. See the corresponding discussion in Sect. 2.5

As mentioned above, the cylinders are different. For the ratio of their volumes
Ve / Ve = 0.75, the power and efficiency are found to be highest. More details of the
optimization results and the way of determination of V¢ / Vg are presented in [10].
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Fig.5.10 Power (a) and efficiency (b) of the engine as a function of the ratio of cylinder to expander
volumes at 2000 and 3000 rpm, correspondingly

It is important to remind that the ratio is always lower than 1 for the engine with
external heating. The representative results are presented in Fig. 5.10.

Another view of the EHVE performance is presented in Fig.5.11, where values
of the power and efficiency of the engine are depicted as functions of its rotational
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Fig.5.11 Power (a) and efficiency (b) of the engine as a function of its rotational speed and blowers
delivery for both cases when of a pre-heater is used

speed with the blowers operating at different flow rates, i.e., 0.1 and 0.2kg/s, corre-
spondingly. The power characteristics shown in part (a) of the figure does not differ
too much in both cases of the blowers flow rate and presents only an inconsiderable
difference in increasing linear shapes of them. As discussed at the end of the previous
section, the heat delivered when a pre-heater is applied has to be lower and here it is
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assumed to be equal only to
On-pry =0.850y.

This rather modest assumption can be easily met in real installations. In this case,
the efficiency of the EHVE is obviously higher than when there is no pre-heater and
is presented in Fig.5.11b as n,,, continuous lines and full symbols. An increase in
the obtained values ranges from about 10-12 to 20 %, depending on the rotational
speed of the engine. We can safely estimate that a profit from the pre-heater will be
about 30 % under the normal working speed of 1500 rpm, at the blowers flow rate of
0.1kg/s.

5.4 Dynamic Behaviour of the Engine

All previously presented results were attained for stable and constant rotational
speeds of the model. It was assumed that the moment of inertia of the crankshaft
system was large enough not to cause any visible changes in the rotation during
a cycle of the EHVE operation. Now, we are to consider some realistic values of
mechanical properties of the model based on the following equation

do 1dI

a2 ar

w = M, (1) — M,(1). (5.52)

The second term on the LHS of Eq.(5.52) can be omitted as, for simplification, we
assume that the moment of inertia /., does not vary in time.
The difference in the driving and friction moments is

1
M, (t) — Mp(t) = 3 (pEAESE — pcAcsc) sina — (40 + cra?). (5.53)

The value of the resistance moment M, depends on the type of an engine, and the
coefficient cg is an important number, usually determined experimentally. In order
to show how the angular velocity w changes as a function of the angle of rotation «
during a work cycle with varying values of the moment of inertia /., see Fig.5.12. As
aresult, the more inertia properties are applied at the crankshaft the flatter behaviour
of w is observed. A common value of the averaged angular velocity is shown as w,y .

The calculations were made for the data presented in Tables5.6 and 5.7. The
temperatures of the heat exchanger walls were assumed as 7,5y = 1200 K for the
heater and 7;,c;, = 298 K for the cooler. The value of the coefficient cx was estimated
as 0.005. All valves of the engine were of the governed type with the cross-section
values

A = A3 = 0.001 m? and A, = A4 = 0.0005 m?.
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Fig. 5.12 Changes in the rotational speed during a work cycle when the moment of inertia of the

flywheel varies between 1.25 and 25.0 kg/m?

Table 5.6 Physical data of the cylinders

Cylinder Diameter (m) Stroke (m)
Expander 0.09 0.0925
Compressor 0.09 0.0694

Table 5.7 Dimensions of the heat exchangers

Exchanger | Diameter d (m) | Length / (m) | Number of Exchange area| Volume V (m?)
pipesn (=) | Ay m(*)

Heater H | 0.008 2.0 15 0.754 1.5x 1073

Cooler C1 | 0.008 2.0 15 0.754 1.5 %1073

The data for all valve angles were set as in Table 5.3 before. The working fluid was
again atmospheric air with its data taken from thermodynamic tables at 1500 rpm.

5.4.1 Control of Rotations

We aim to control the engine speed with a dynamical method in two ways, namely

e by changing temperature of the heater wall,
e by adding/removing mass of the working fluid to/from the cooler volume, or,
e by a combination of the two above-mentioned manners.
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Fig. 5.13 Changes of the driving torque for cases 1-6 showing averaged values

The first of the above methods directly increases energy of the unchanged mass of
the working fluid enclosed in all volumes of the engine. The second one increases
the mass inside the EHVE and, therefore, influences other variables, resulting thus
in a change of performance.

Let us consider some examples. We start from a case when the angular velocity
reaches a stable level of 157rad/s (1500rpm) and then some alternations in the
parameters controlling the velocity are introduced until a new stable state is attained
(Fig.5.13). Duration of linearly changing parameters lasted for 200 simulated cycles,
then another stable state of work was achieved. Under such conditions, the torque
was equal to 163.5 Nm. The efficiency reaches a level of 30 % and the power output
is slightly higher than 20kW. In all cases, the pressure ratio of maximal to minimal
values remains between 5 and 6. The effects of all the above-mentioned control
methods on the achieved power and efficiency of the EHVE are presented in Figs. 5.13
and 5.14. A detailed list of the proposed methods is listed below.

1. Removal of some amount of the working fluid from the cooler, simply by opening
an additional valve and releasing some air from that volume to the atmosphere.
See Fig.5.15 for the results.

2. Adding some amount of the working fluid to the cooler, for example by opening
an additional valve and allowing the flow from the compressed air tank to this
volume. This situation is depicted in Fig.5.16 with almost symmetrical effect
when compared to the previous case.

3. Lowering temperature of the heater wall by some amount. This can be done by
diminishing the external heating process, depending on its type. If burning is used,
then a smaller amount of fuel is delivered. The results are presented in Fig.5.17.
The value of torque is lowest and equal to 120.4 Nm.
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Fig. 5.15 Changes of the rotational speed as a result of the mass removed from the cooler, its
pressure pcy drops by about 5.5bar. The heater wall temperature 7y, remains unchanged. The
angular velocity drops from 157.2 to 141.3, i.e., by 15.9rad/s (=152rpm). Part a temperatures,
b pressures and ¢ average rotational speed, heater wall temperature and cooler pressure versus a

number of iterations
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Fig. 5.16 Changes of the rotational speed as a result of the mass added to the cooler, its pressure
pcr increases by about 6.6 bar. The heater wall temperature 7,y remains unchanged. The angular
velocity increases from 157.2 to 173.8, i.e., by 16.6rad/s (=158 rpm). Part a temperatures, b pres-
sures and ¢ average rotational speed, heater wall temperature and cooler pressure versus a number
of iterations
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Fig. 5.17 Changes of the rotational speed as a result of a decrease in the heater wall temperature
by 100K, whereas no mass was added to the engine. The cooler pressure decreases by 0.8 bar, the
angular velocity drops from 157.2 to 146.6, i.e., by 10.6rad/s (=101 rpm). Part a temperatures,
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Fig. 5.18 Changes of the rotational speed as a result of an increase in the heater wall temperature
by 100K, whereas no mass was added to the engine. The cooler pressure increases by 0.8 bar, the
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Fig. 5.19 Changes of the rotational speed as a result of a combination of the mass removed from
the cooler and a decrease in the heater wall temperature 7.,z by 100K. The cooler pressure pcr
totally drops by about 5.8 bar. The angular velocity decreases from 157.2 to 126.9, i.e., 30.3rad/s
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Fig.5.20 Changes of the rotational speed as a result of combination of the mass added to the cooler
and an increase in the heater wall temperature 7,z by 100 K. The cooler pressure pcy, totally grows
by about 8.4 bar. The angular velocity increases from 157.2 to 185.8, i.e., 28.6rad/s (=273 rpm).
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4. Increasing the temperature of the heater wall. Any kind of external heating can
be applied to achieve this goal. As in above cases 1 and 2, the results look almost
symmetrical to case 3 and are depicted in Fig.5.18.

5. A combination of the two ways to diminish parameters in order to achieve more
visible changes in the speed. The rotational speed slows down by about 290 rpm,
see Fig.5.19.

6. Finally, another combination allowing for a larger increase in the rotations by
about 270 rpm is presented in Fig. 5.20. Here, the maximal cycle pressure is about
150 bar, with the lowest value just below 30. The highest torque equal to 212.5 Nm
is observed.

5.5 Remarks on the Developed 2-Stroke Engine

The two-stroke externally heated valve engine in the version discussed here has
moderate exchangers, up to 5V, it works in a closed heat cycle with air as its
working fluid, and, additionally, has a conventional crankshaft and an oil lubrication
system as in all previous variants. The version of the engine is now supplemented with
two blowers aimed to increase the volume of heat exchange when valves connecting
the cylinders remain closed.

A disadvantage of the EHVE is a short period of opening of valves delivering a hot
fluid to the expander. However, in numerous designs of modern engines with internal
heating, proper valve control has already been attained. This fact supplemented with
a possibility to use rotary valves is very promising from the viewpoint of the final
design of the EHVE.

The mass flow rates transported through so widely discussed valves 1 and 3 should
not interfere with the continuous internal flow forced inside the heat exchangers by
the blowers B; and B, in order to increase the amount of heat delivered. This task
can be achieved through a specific, custom made design of the collectors.

The essential diagram in this chapter, presented in Fig. 5.11, shows the efficiency
and power of the EHVE as functions of the engine rotational speed. Taking into
account practical difficulties in installing a blower in the loop of extreme high tem-
perature and pressure, the benefits coming from the application of blowers have to
be significant.

What should be emphasized, the EHVE with blowers reaches an efficiency level of
the same value as the Stirling engine with a similar cylinder working volume, when a
pre-heater is applied. What is even more important, the EHVE uses atmospheric air,
whereas the Stirling engine works with helium as the working fluid. Extrapolating
the obtained results to the power produced by 11 volume of the engine at 1500 rpm,
we arrive at the following numbers: the Stirling engine yields 28 kW/1, the EHVE
with blowers reaches 27 kW/1, whereas the efficiency in both cases is about 32 %. At
the rotational speed of 3000rpm, the EHVE efficiency considered for the blowers
rate of 0.1 kg/s and with a pre-heater is to be approx. 31 %, whereas the power reaches
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an impressive value of 55kW/l. More comparisons with Stirling engines are to be
presented in Chap. 8.

Figure 5.6 shows diagrams for the temperature of the heater of about 1000°C.
For a solar heat source, so high temperature needs an application of a large set of
specifically designed solar concentrators. The calculations of the engine for a lower
temperature of the heater and rotational speeds have been performed, but not included
here. The engine should operate properly under such conditions as well although the
performance will be lower, depending on the heater wall temperature available.

Dynamical behaviour of the model has been investigated in order to demonstrate
an ability of the EHVE to control the rotational speed. This aim can be attained in
two ways — either by changing an amount of mass of the working fluid enclosed in
all volumes (by pumping compressed air or releasing some) or by heating/cooling
the heater wall — a change in the temperature influences the energy stored by the
fluid. Any combination of the above is possible as well. A summary of the results is
presented in Fig. 5.16 as the changes in the EHVE power and efficiency which result
from such control.
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Chapter 6
Separate Settling Chambers in the Improved
2-Stroke EHVE

Air-powered heat engines like the EHVE, which works in a modified Joule cycle,
are still subject to continuous development, both theoretical as shown in [1] and
practical, for example [2]. The heat exchange process taking place in such energy
generating devices remains under continuous investigations, see [3].

Detailed analyses of flows, covering a wide range of practical applications as
sound pipes [4], through cavitation effects in cross-flows [5], nozzle effects with
entropy noise [6], or even sound generation [7], are discussed in the book. Many
researchers were involved in the investigations of supersonic wind tunnels and turbine
devices in order to stabilize internal flows and the results can be applied in the EHVE
for similar purposes. For instance, an attempt to predict the pressure characteristics
is shown in [8], whereas [9] discusses temperature effects in testing aerodynamic
forces. A model for Reynolds number tests is presented in [10]. In [11] a significant
role of settling chambers in attaining quiet, low turbulent open jet bursts downstream
of the wind tunnel is shown.

The presence of separate settling chambers as described below affects the steady
operation of heat exchangers. As a two-stroke engine, the EHVE is equipped with
two cylinders, an expander and a compressor, situated between heat exchangers: a
heater and a cooler. Similarly to typical internal combustion engines, it has also a
conventional crankshaft and an oil lubrication system. The phase angle between the
pistons of the expander and compressor is equal to 180°.

The experimental investigations conducted on the EHVE prototype in its early
version were presented in Chap. 3. As shown there, the heat exchange could not reach
an efficient level when valves 1 and 3 allowing the flows from the heat exchangers
were closed. Thus, a new concept arose to use two blowers in the heat exchange
internal loops, introduced in Chap.5 but in a different way. According to this new
idea, separate settling chambers are needed to make the heat exchange process steady
and, thus, more efficient in charging proper heat exchangers. Consequently, two
blowers B; and B, are included in this new version.

The settling chambers composed of four elements, and additional blowers, also
consisting of four devices, are new parts of this version of the EHVE. The separate
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settling chambers are additional volumes and so are the blowers, whose task is to
obtain a pressure drop in the exchangers. The next section, devoted to the behaviour
inside the heater and cooler volumes, describes some other possibilities. Although
some solutions with two small heaters operating alternatively were mentioned in
Chap. 4, they, however, are not simpler than the ones presented here. Damping prop-
erties of the settling chambers were not taken into account in the modelling process.

6.1 Modelling of the Heat Exchanger Operation

As described earlier in Chap. 5 and later in Chap. 8, the collectors of heat exchangers
may play arole of settling chambers stabilizing the flow. The highly unsteady working
fluid flow incoming from the engine at one side is changed into an almost stationary
stream at the other side. As a matter of fact, an unsteady flow can be characterized
by some small alternations. The level of changes depends on the applied design
and settling chambers volume. However, the algorithm used in the model which is
described in Chap. 5 does not take into account any devices stabilizing the working
fluid flow and assumes its passage through the collectors to be unsteady.

In this chapter, the behaviour and performance of the proposed engine operating
under stationary conditions of its heat exchangers and a comparison to the non-
stationary state are subject of detailed investigation. We do not aim at an actual
design of the settling chambers, but focus on an explanation why almost stationary
work of the exchangers is possible. Figure 6.1 illustrates a separation of collectors and
settling chambers in heat exchangers of different types. The manufactured chambers
can take other forms, for example, they may be connected to the collectors. It will
involve some engineering solutions and, consequently, experimental verification, but
is not subject to consideration here.

As far as the idea of the EHVE is concerned, the important issue to be discussed is
a pressure increment which appears just upstream of the heater and the cooler, Apys3,
Apci2, respectively, and a decrement, Ap g1, Apcia, respectively, downstream of the
exchangers. The values of the above mentioned pressure drops Aps are to be assumed
as parameters for the simulation program based on the algorithm described in Chap. 5.
The question how to do it, remains a design application. It should be attained by the
blowers B3, By, Bz and B¢y and will be discussed below. Nevertheless, other
solutions are also possible, although they need to be verified experimentally.

Moreover, the previously presented model included the two blowers B; and B,
making the forced air move from both the collectors H; and Cly to Hs and CI,
volumes, correspondingly. Thus, the blowers intensify the heat exchange by increas-
ing the air flow in the exchangers, which is reflected by a value of the Reynolds
number calculated in each time step of simulations. Simultaneously, the operation
of the blowers B and B, is followed by alternations in the temperatures inside both
heat exchangers. This includes an increase in the temperature T3 in the heater inlet
collector, instead of T'“*, and a decrease in T¢;, in the cooler inlet one, instead of
7", respectively (Fig.6.2).
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Fig. 6.1 Schematic view of the improved 2-stroke EHVE, By, B2, By 1, B3, Bei2, Beia —blowers,
SCh1, SCu3, SCcr2, SCcia — separate settling chambers, 1, 2, 3, 4 — valves, H;, H3 — heater
collectors, Clp, Cly — cooler collectors. The new elements changing the design with respect to that
presented in Chap. 5 are marked in grey

An application of the blowers B and B, is followed by two benefits, namely:

e an increase in the mass flow rate in the exchangers, and
e an advantageous change in the temperature of the working fluid delivered to the
expander.

The disadvantages caused by their application and the necessary blowers Bys, By,
B and B¢y4 are such that they work with their respective collectors, for example,
B, and By3; connected to the collector H3, Fig. 6.1, etc. Hence, the blowers should
have similar characteristics to act in parallel.

Both the blowers B and B, might be removed if the blowers By, By, B¢ and
B4 are applied. Unfortunately, this causes that the Reynolds number values in the
exchangers diminish. Additionally, the heat exchange area significantly increases if
the maximal temperature of the heated fluid is close to that one when two blowers
B, and B; are installed. On the other hand, a lack of B and B, is attractive because
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Fig. 6.2 Temperatures in the EHVE with the blowers B and B; at the mass flow rate of 0.1kg/s

only the set of blowers By, By3, B¢z and Beys remains and their characteristics
does not need to be related to those of B; and B,.

The set-up of the engine cylinders in the new simulation model remains the same
as previously discussed. This version of the EHVE also works in a closed heat cycle.
It means that the amount of the working fluid mass remains the same throughout the
whole cycle. The value of the engine operation period varies, depending on rotations
and is denoted as f,,. An amount of the mass delivered or subtracted by the valve
inside a chamber is marked as M,,. At the steady side of a settling chamber, the mass
flow rate is assumed constant and equal to

v

+ npi, (6.1)

Y 0
where mpg; (i =1, 2) are mass flow rates in the blower B and B,. When either B;
or B, does not exist, the mass flow rates through the heat exchangers 2 (j = H,Cl)
diminish. The first part of the RHS of Eq. (6.1) is fully described later in Sect. 6.3,
where the mass flow rate of additional blowers is denoted in Eq. (6.12) as riy.
A turbulent flow of the working fluid through the exchangers is assumed, i.e., the
value of the Reynolds number should be Re > 10*. The heat transfer coefficient is
calculated for the outlet of the heater in the following steps

Rey = ———m——, (6.2a)

Nuy = 0.022(Rey)*® (Pry)®®, (6.2b)
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and finally

A
OAH =NuH d_H (63)
H

The constant values of the working fluid heat coefficients u and A are taken as
averaged values within the temperature range in the exchangers volumes from their
inlet to the outlet. The heat stream delivered in the complete heater is

Oan = aan Ap (Tor — Th). (6.4)

Here, the heat exchange area Ay = wdylyny, and (T,,y — Ty) is a temperature
difference between the heater wall T,,5 and the working fluid inside its tubes Ty at
the end of the period of the engine cycle. The difference (7,,5 — Ty) does not vary
much for the counter-current heat exchangers modelled in the engine. The value of
the temperature T,, 4 is assumed at the fluid outlet, similarly to the attempt presented
in Chap.5. For the cooler, we apply a similar procedure as described above for the
heater.

In the new model of the heat exchange collectors, the density and the tempera-
ture are assumed constant, thus the equations for the unsteady temperature obtained
previously transform into simpler formulae determining the constant values of tem-
peratures in these collectors. As the heat exchangers operate in a stationary way, the
temperature equation takes the form, e.g., for the heater

Coutityy (T — Tys) — Qan = 0. (6.5)

The above amount of the transferred heat stream Q Ag has to remain the same as
defined in Eq.(6.4). Similarly, in the cooler, the value of O ac; is determined and
two equations are obtained for the heater and the cooler. They are used for the
calculation of the values of the temperatures Ty and T¢;, according to the new way
of modelling. The results, if the two blowers B; and B, exist, are presented in Fig. 6.2.
Having in mind all the above considerations, the heat stream for the heat exchangers
of the engine can be determined and it seems to be constant during the period of the
crankshaft rotation 7.

6.2 Power and Efficiency of the EHVE with Separate
Settling Chambers

Let us describe the way how the power and the efficiency are estimated for the
modelled version of the engine. First, an amount of work attained in the expander
and the compressor can be calculated for a full cycle of the crankshaft rotation as
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a=360° dv
Le= [ e da (6.62)
a=0° da

a=360° A
Lc = / pela)—Sda. (6.6b)
@=0° da

All the above pressure values are determined when losses in the valves are included
into consideration. Thus, the work of the EHVE is

L=Lg+Lc —/ Lp;j — Ly — Lyyp, (6.7)
j=1

where fj ", Lg; is the work consumed by the blowers and L s is the work lost due to
friction between moving parts in the machine. L, marks an amount of work lost in
all additional devices related to the engine. The blowers consume an inconsiderable
amount of the power generated. The losses caused by the settling chambers are also
included, they are estimated in the range from 80 to 160J. This way, a total power
output of the EHVE can be expressed as

L
P=— (6.8)

= ™
An amount of the heat delivered during the period of work to the engine is

. 21
On=Q0an—. (6.9)
w

Finally, we can define now the efficiency of the engine as

L (6.10a)
n=—, .10a
On
L
—_— _ (6.10D)
OHn-pH

Here, the value of the heat delivered Qp is calculated without any additional
heat exchanger. Usually, the temperature of the fluid heating the heater pipes at its
outletis very high (Fig. 6.2), so a pre-heater may be applied. This is an additional heat
exchanger so it raises the inlet temperature of the heating fluid and brings considerable
savings in the heat demand, decreasing the denominator value in Eq. (6.10a) from
Qp to the value shown in Eq. (6.10b) as Qy_pp-
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6.3 Computer Calculations

This way of description of the simulated model is a combination of the one previously
described in Chap. 5 and the new attempt presented earlier. As assumed, the following
data are taken for the model: a constant output rotational speed of 1500 rpm, collector
volumes of 10L, the maximal cycle pressure in the engine of about 100bar, the
temperatures of heat exchangers at their outlet, for the heater 7,57 = 1200K and
for the cooler T,,¢c; = 298 K, respectively. Tables 6.1 and 6.2 include other important
data, except for different values of Ay and A, that result from the presence or
absence of the blowers B and B,, correspondingly. Both heat exchange areas were
controlled by changing lengths of applied pipes. The values obtained for the data
given in the above mentioned tables are averaged, for a full cycle of work for the
heater and the cooler and for their collectors, i.e., the pressures py, py1, py3 and
Pcis Pcizs Pcia and also the temperatures Ty, Ty1, Tys and Tey, T, Teia.

Then, we calculate the value of the mass of the working fluid, M,, for the expander
and valve 1. It describes an amount of mass circulating in the closed heat cycle of
the engine. The presence of the settling chambers induces averaged mass flow rates
of constant values in both the expander and the compressor, respectively, at a full

period of the cycle
. . M,
Mmps =mcs = —. (6.11)
Tpe

The constant mass flow rate through the heat exchangers is
;= g + ng;, (6.12)

where:

1. k = E, C —expander and compressor averaged mass flow rates,

2. j = H — heater with its collectors H; and H3, or

3. j = Cl - cooler with its collectors Cl,, Cly,

4. i = 1, 2 —for the blowers B and By, if they are applied in the simulation model.

Table 6.1 Dimensions of the engine cylinders

Cylinder Diameter (m) Stroke (m)
Expander 0.09 0.0925
Compressor 0.09 0.0694

Table 6.2 Dimensions of the engine heat exchangers

Heat exchanger | Pipe diameter (m) | Number of pipes (—) | Inlet collector | Outlet collector
volume (m?) volume (m?)

Heater 0.01 15 0.010 0.010
Cooler 0.01 15 0.010 0.010
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6.3.1 EHVE with Separate Settling Chambers
and Six Blowers

Let us discuss the heater collectors, i.e., H; and H;. We assume the equality of the
mass flow rates my, = my transferred from the proper heater to the collector H;.
In such a stationary device, the balance of the mass flow rate takes the form

my = mgs + npi, (6.13)

where 1 g is the averaged expander mass flow rate defined by Eq. (6.11). Just down-
stream of the collector Hy, there is a settling chamber SCp; of a constant input mass
flow rate. The operation of this chamber causes that the flow becomes non-stationary
at its other side close to valve 1.

We derive the equation for the temperature in the collector H; from the similar
equation used in Chap. 5

muTy —mesTyy —mp1 Ty = 0. (6.14)

Thus, the following equality occurs

Ty = Ty,
see Fig. 6.3.
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Fig. 6.3 Temperatures in the EHVE without the blowers B and B,
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In the case of the collector Hz, we similarly assume the equality of the mass flow
rates my3 = my. The balance equation for them for the stationary acting collector
Hj; is as follows

My = Mcs + mp). (6.15)

The settling chamber SCp3 is situated just downstream of valve 3 of the engine and
the temperature at its outlet is assumed constant under stable working conditions, but
at the other side of this chamber, valve 3 causes non-stationary flow. The temperature
denoted by 7/** occurs when the compressor enforces the working fluid into the
heater. In the modelling process, it was based on the results taken from the simulations
of the compressor and the heat exchangers.

The equation of energy conservation, owing to which the temperature in the col-
lector H3 can be determined, also comes from the procedure described in Chap. 5
and is expressed by

mCsTénuX+mB1TH1 —l/ilHTH3 =0. (616)
Here, the value of the temperature Ty = Tp is taken from Eq. (6.20).

To arrive at the solution for the collectors of the cooler, a similar attempt is
undertaken. This time, the values of the index j = CIl, with Cl equal to Cl, or Cly.
For the outlet collector Cly, we take the equality of the mass flow rates mic; = nicya.
The cooler mass flow rate balance yields

M = Hics + Mpo. (6.17)
From the energy conservation equation for the collector Cly, it is indicated that

Tcr = Tcia.

For the collector Cl,, we take a similar dependence of the equality of the mass
flow rates m¢; = mc». Hence, the balance equation is a sum of

e = MEgs + Hip). (6.18)

The temperature in the inlet collector 7¢;; is determined from the following equation
npsTp" + mpaTei — meiTen = 0. (6.19)

We can obtain the value of the temperature T¢;; from Eq.(6.19) but in the case
of the temperature 7", some explanation is needed. It is to be understood as the
temperature defining the output from the expander to the cooler. We determine its

current value on the basis of simulations carried out for the expander and both heat
exchangers. It stands for the temperature at the stationary side in the volume of the
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chamber SC¢;. The value of the temperature
Ter = Teu

comes from Eq. (6.21). Thus, the calculations of temperatures in the collectors of the
engine based on the equations for all the collectors H, Hz, Cl, and Cl, are completed.
Now, let us consider the values of temperatures for the heater and the cooler,
i.e., Ty and T¢;, which are defined at their outlets. The heat streams that follow from
different temperatures in the exchangers have to be the equal to the streams that come
from the calculations of the amount of heat exchanged inside the whole volume of
the exchanger pipes. For the heater, Egs. (6.4) and (6.5) should be equalized, i.e.,

asgAy (Tyn — Ty) = Coumyg (Ty — Ths) . (6.20)

One can calculate a formula for the heater temperature 7 from the above equation.

The working fluid coefficients Cpp, g, Ay are assumed as averaged values in the

volume between the heater collectors. Moreover, the value of the heat exchange area

is assumed as Ay = 1.2m?. Figure 6.2 includes the calculation results for the heater.
Now, if we focus on the cooler, we have to consider the equation

aaciAci (Tyer — Ter) = Cpemier (Ter — Tern) - (6.21)

The current value of the temperature T¢; is calculated from Eq. (6.21). The working
fluid coefficients C ¢y, pics, Aci are, as for the heater, taken as averaged values in the
volume between the cooler collectors. In this part, the value of the heat exchange area
is A¢; = 1.0m?. The numerical simulation results for the cooler are also presented
in Fig.6.2.

6.3.2 EHVE with Separate Settling Chambers and without
the Blowers B and B

The operation of the settling chambers has been already described earlier in this
chapter. All the assumptions mentioned at the beginning of this section are to be
kept in mind during the modelling. In the case under analysis, there is no mass
flow caused by the blowers n1g; = 0 and the value of the Reynolds number in the
exchangers decreases significantly as the mass flow rate r1;, j = H, Cl is simply
lower for both of them. According to Egs.(6.1) and (6.11)—(6.12), the following
equality of averaged mass flow rates exists

mEs = ncs.
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Thanks to this modelling design, the blowers B, Bys, Ben, Bes characteristics
can be chosen as much easier. The role of the blowers B; and B, is played now by
the blowers By, Bys, Beiz and B¢y and the separate settling chambers together.

To obtain a similar power generated in the engine as it was with the two blowers
B and B,, the heat exchange area has to be enlarged. Due to the presence of the
collectors in the heater and in the cooler, the results are obvious, i.e., the following
equalities take place

Ty = Ty,
Tys = Ténax’
Ter = Ten
and
Tern = TP

Now, the current values of the temperatures Ty and T¢; have to be calculated when
the heat streams obtained on the basis of changes in temperatures from the inlet to the
exchanger to its outlet and the stream delivered in the whole volume of the exchanger
pipes are equal.

For the heater, we build the following dependence

aanAy Ty — Ty) = Cpymy (Ty — T, (6.22)

which allows us to determine the current value of the temperature 7. The working
fluid coefficients Cp,y, pp, Ay are taken as averaged values for the volume of the
heater between its collectors. Besides, the assumed heat exchange area inside it is
Ay = 1.74m?. Figure 6.3 depicts changes of these temperatures.

For the cooler, a similar equality is derived

asciAci (Twer — Ter) = Cpartiver (Ter — TE™) (6.23)

This allows one to calculate a current value of the temperature 7¢;. The working
fluid coefficients in this volume, C)c;, fici, Ac, are also assumed as averaged values
inside the volume of the cooler between its collectors. In this case, the heat exchange
area is assumed as A¢; = 1.46m?. Together with temperatures for other parts of the
engine, the values for the cooler are shown in Fig.6.3.

6.3.3 Calculations of the Generated Power and Efficiency

As mentioned earlier in Sects. 6.1 and 6.2, losses were included in the simulation
process for all additional devices and the settling chambers. Due to the fact that the
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working fluid temperature leaving the expander is high enough, a pre-heater can be
included in the model at the stage of efficiency estimation. This way the heat stream
value should be decreased by 15 %. When the two blowers B and B, are applied,
the working fluid flow rate is assumed as n15; = 0.1kg/s. On the other hand, when
they are not present, then we simply change it to mg; = 0.0kg/s, and the results of
the simulations in both cases are presented in Fig. 6.4.

The settling chambers and their additional blowers obviously cause some losses
estimated to be in the range from 80 to 160J. They were taken into account in the sim-
ulations of the engine model with settling chambers. In the calculation algorithm, the
initial phase was conducted in a similar way as in the procedure described in Chap. 8
until the steady state was attained typically, as shown in Fig. 6.4, after minimum 250
cycles and next, a new procedure replaces the action of the heat exchangers, whereas
the main part of the engine works normally, as in Sect.6.3.

In order to extend the discussion of possible losses, we present Fig.6.5 which
shows relationships between the EHVE power and efficiency as functions of the
losses caused by the settling chambers and the blowers.
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1500 rpm when losses in the 1
settling chambers are 30+
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3000 W. White rectangles — = 294
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model after 300 cycles. The
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Fig. 6.5 Efficiency (a) and (a)
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6.4 Remarks on the EHVE with Separate Settling
Chambers

The air engine with external heating and with separate settling chambers, whose
scheme is shown in Fig. 6.1, is more complicated when compared to the previous
solutions, but provides steady operation for both the heat exchangers. The model
applied in the simulations is a combination of the one presented for unsteady flows
and a new idea described in Sects. 6.1 and 6.3. The used solutions although obvious,
appear to be reliable. Of course, other solutions are possible as well, but they should
be subject to expensive experiments.

The advantages coming from the application of the blowers B; and B, are as
follows

e the velocity of the working fluid flow through the heat exchangers is significantly
increased, and,
e the temperature changes inside the collectors H; and CI, are more beneficial.

On the other hand, the shortcomings consist in a specific choice of their properties,
which has to comply with the power characteristics of the blowers By, By, Bep
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and B¢y4. The latter complication can be simplified when the blowers B; and B, are
removed from the design but the settling chambers have still to be applied.

However, it will be followed by a considerable decrease in the working fluid
velocity inside the heat exchangers. In order to reach a similar amount of the created
power and efficiency as that one obtained with two blowers, the heat exchange area
in the heater and the cooler should be considerably increased.

Furthermore, if settling chambers and blowers are employed, further losses in
the working fluid energy will occur. They are assumed to vary from 80 to 160J
and are related to other parameters of the engine, depending on the design of settling
chambers. The power and the efficiency of the engine with separate settling chambers
for different levels of losses inside them, with and without the blowers B; and B,,
reach a reasonable level when compared to the applied cylinder volumes.

The results of simulations of this new solution of the EHVE with separate settling
chambers for the parameter values described in Tables6.1 and 6.2 show similar
levels of power and efficiency generated, not less than the averaged values in
the non-steady modelling process, but now the heat exchange becomes stationary.
This new idea may be worth consideration when a new prototype is built.
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Chapter 7
Further Development of the EHVE - a
4-Stroke Engine

Now, we will discuss the next improved version of the EHVE — a 4-stroke engine and
the alternations introduced to eliminate the so-called “hot cylinder” of the expander
being a part of the 2-stroke engine model.

In order to enhance the heat transfer, a working fluid circulation forced by a small
blower installed in a closed, internal loop of the large volume heater, Vy > 4 V¢y,,
is applied. Moreover, some modifications in the valve system are employed to attain
the demanded high compression ratio of the engine (more than 10) when such a
heat exchanger is used. Furthermore, self-acting valves are eliminated and governed
valves are used instead.

A theoretical model of the 4-stroke engine is based on the time-dependent equa-
tions of mass and energy conservation, formulated for each engine part separately.
The calculation method described in detail in Chap. 5 is adopted here. The dynamic
properties of the model are described in Sect.7.3.

7.1 Principle of the 4-Stroke Engine Operation

This engine is composed of three essential parts, namely: a cylinder and two heat
exchangers, a heater, and a cooler presented on the engine schematic view shown in
Fig.7.1. The operation regime of the 4-stroke EHVE cycle contains the consecutive
strokes, namely

1. the engine piston moves downwards from its upper position and the working fluid
from the cooler flows into the cylinder through valve 2;

2. in this stroke, the piston starts moving up from its lower position and compresses
the fluid in the cylinder. At the crankshaft angle of approximately 60°, before
the piston achieves its upper position, valve 3 from valve set 1-3 opens and the
compressed fluid is pushed out to the heater. The fluid circulation in the internal
heater loop is here forced by the blower that determines the flow direction in such
a way that the delivered fluid aims the heater inlet collector Hyyc;
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Fig. 7.1 Example of a schematic diagram of the engine with both heat exchangers: I, 2, 3, 4 —
governed valves, Hj,c — inlet collector to the heater, H o,;c — outlet collector to the heater, FB —
fluidized bed. The heater set-up together with an embedded pre-heater on the left

3. the piston moves downwards from its upper position and sucks the hot fluid from
the heater into the cylinder through open valve 3. The blower operation causes
that the fluid delivered to the cylinder during this stroke comes directly from the
heater outlet collector Hoyc. At approximately 80° of the crankshaft angle from
the piston upper position, valve set 1-3 closes and then the hot fluid in the cylinder
expands until the piston reaches its lowest position;

4. the piston pushes out the expanded fluid from the cylinder to the cooler through
valve 4.

Valve set 1-3 is thought to be rather complex and represents modern technol-
ogy as this is an advanced element in the engine due to the task it is to perform.
Therefore, the present version of the 4-stroke EHVE can be considered as an exter-
nally heated engine of the future. As expected, it will be possible to manufacture
the above-mentioned elements thanks to upcoming technological progress. Never-
theless, a theoretical model of the engine operation and the results of the calculations
are presented here to support the method given in Chap.5. The heater used in this
example of the engine is different from those used in other versions. It can be of a
fluidized-bed type, see, e.g., [1].


http://dx.doi.org/10.1007/978-3-319-28355-5_5

7.1 Principle of the 4-Stroke Engine Operation 109

(b) 360

cylinder

1,0 3,0 1, 3.C

Fig. 7.2 a Idea of the valve /-3 set-up, b timing of valve /-3

A new element is valve set 1-3 of original design, cf. Fig.7.2a. The valve and its
timing are depicted in Fig.7.2. Valve set 1-3 can be used when its opening time is
very short. It is a double valve composed of separate valves marked 1 and 3. The
movements of these valves are shifted and their operation is explained in Fig.7.2b.
The darken area stands for a fully opened range between two volumes located on
each side of the valve.

This valve set, especially its propulsion, may be complex and it can fail because
it is not sure that the direction of the mass flow into the blower and from the heater
will comply with the designed one without any additional devices. These auxiliary
devices can have the form of two cut-off valves operating alternatively. When, for
instance, the mass stream flows from the cylinder to the blower, the cut-off valve
situated downstream of the inlet collector should be closed. On the contrary, if the
flow is directed to the cylinder from the outlet collector, the cut-off valves located
upstream of the blower should be closed.

Another solution proposed to achieve the proper flow direction is to introduce
separate valves 1 and 3 of different structure, e.g., rotary valves, shown schematically
in Fig. 7.3, instead of valve set 1-3. Their rotational speed has to correspond to the
desired time of the working fluid flow.

A new scheme of the engine heater loop is presented now in Fig.7.4. In this
case, the operation of a 4-stroke engine is as follows: the upward movement of the
piston compresses the cool air and delivers it through separate valve 3 to the heater.
The downward movement causes that the hot air leaves the heater and flows to the
expanding cylinder through separate valve 1. The non-stationary operation of such
valves should not disturb the almost steady flow generated by the blower B in the
sequence H-H,—B—H3—H. The collectors H; and H3 have to be of special design,
difficult to attain but feasible from the engineer’s point of view.

A similar situation takes place in the case of the blower B as described in Chap. 5
and illustrated in Fig. 5.3, respectively.
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Fig. 7.3 Idea of rotary rotating part from compressor
valves

fixed part

to heater

7.2 Numerical Investigations of the 4-Stroke EHVE

The method applied for calculations uses the simplified attempt already presented
in Chap. 5. Both heat exchangers, the heater and the cooler, are modelled again as
counter-current devices although their dimensions are different. No collectors are
employed also for simplification purposes but this attempt can be used. A scheme
of the heater operation is shown in Fig.7.4. The cooler is treated as a stationary
heat exchanger characterized by constant thermodynamic parameters 7¢; and p¢y,
and, what should be obvious, its dimensions are large even when compared to the
heater, for example V¢; > 10 V. The experience gathered in earlier phases of the
investigations carried out by the authors allowed for avoiding any return flows or

to H,
:] blower B
A
from C1
g - out to Cl
H, H, rom H,
to H from H
i 1.
47
a I_T
heater H heating
medium G

cylinder

Fig. 7.4 Idea of the EHVE with separate valves / and 3 and the blower operating between the
collectors H; and H3
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Table 7.1 Control angles, dimensions and loss coefficients of the 4-stroke EHVE valves

Valve No. Opening @;, | Closing ;. Transient Ac; | Max. flow Loss coeft. ¢;
area (m?)

1 355° % 440° 15° 0.00120 0.85

2 0° 180° 50° 0.00075 0.85

3 295° * 360° 15° 0.00120 0.85

4 540° 720° 50° 0.00075 0.85
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Fig. 7.5 4-stroke EHVE valve characteristics

overshooting the assumptions of initial conditions, which was followed by quick and
easy simulations of the investigated model.

Valves in this version of the EHVE are of two kinds. Firstly, those numbered
2 and 4 are typical, cam-governed devices as in any 4-stroke internal combustion
engine. Their dimensions and control parameters are given in Table 7.1. Both valves
numbered 1 and 3 have to be of specific design, as discussed earlier. They can be,
for example, separate rotary valves. We present here only an idea, whereas the
solution is an engineering task which needs practical testing. This way, we propose
a demanded characteristics of valves 1 and 3 together with 2 and 4, as shown in
Fig.7.5.

The values of the above angles, which determine the behaviour of the valve govern-
ing system data, are chosen after the preliminary process of optimization. The current
cross-section areas are calculated as in Chap. 5, formulae (5.5)—(5.6). The mass flow
rates i, j = 1,2, 3, 4 are given by Egs. (5.7)—(5.9) with the exceptions — the values
marked with the * symbol are minimal numbers after which the program slightly
adjusts their opening angle when pressure conditions are met in the following way
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e the flow m; leaves the heater through valve 1 and loads the cylinder with slight
adjusting of the fixed opening angle «, only after the following condition is met

PH = Pcyl-

e similarly, for valve 3 after the fixed value of «3,, the condition required for its
opening is
Pcyl Z PH-

As a result, smooth transition in operation of valves 3 and 1 occurs with no overlap
and quick opening in the proper moment allows the working fluid to flow into the
cylinder without any overshooting of its pressure over the heater one. Additional profit
of using of the above conditions is no incidence of reverse flows through the valves.

The 4-stroke EHVE has only one cylinder playing a role of both the compressor
and the expander, correspondingly, in different phases of its working cycle. Varying
values of the volumes V¢, and its derivative dVc,; /dt are calculated as in Egs. (5.1)
and (5.2). The mass flow rates flowing towards the engine cylinder take positive
values and those leaving its volume — negative values. All dependencies of the 71
on pressures, temperatures and current cross-sections values are given in the above-
mentioned equations. We assume the cylinders do not play any role in the heat
exchange process. The equations are written in the way which does not include any
so-called reverse flows, which has been achieved because of the pressure conditions
shown above.

The equation of mass conservation for the cylinder takes the form

docyy 1
dt VCyl

. . . . dVe,
(mz —m3 +m; — M4 — Pcyl d?l) . (7.1)

The equation of energy conservation for the cylinder is

dTcy 1 ( Tow Gi b i 0
= —dcyr\my —m3 +mp — ny
dr prlVCyl ’

. . . . peyi AVey,
+k (m2Ter — m3Tey + my Ty — maTey) — CC“I dfﬂ) . (1.2)

Finally, the equation of state allowing calculations of the pressure inside its volume
is
peyt = peyiTey R. (7.3)

All the above equations are written for a cycle of the engine operation, i.e., for
0<a<720°0r0 <t <4r/w.

Now, let us consider modelling of processes which take part inside the heat
exchanger and allow for calculation of an amount of the heat delivered to the engine.
The blower B is located in its internal working fluid flow loop (see Fig.7.4) and we
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assume the blower flow rate to be mp > 0.1, causing the Reynolds number value
Rey not less than 10*. The flow rate through valve 3, r3, loads the heater volume so
itis ms > O but, on the other hand, the flow equals n1; < 0 as it leaves it. If valves 1
and 3 remain closed, then due to the blower operation, we have the Reynolds number
value calculated as

4m g

ReB = = >
wdyipny

(7.4)

but when the mass flow rate mi; or mj is greater than zero, the Reynolds numbers
Rey are usually larger. The Nusselt number for Rey is defined by

Nuy = 0.022 Re"¥pr0. (7.5)

The heat transfer coefficient is calculated as

OAg = . (76)

For the complete heater with the heat exchange area of Ay = mdylyny, the heat
stream is determined by

Oan = danAu(Ton — Tar), (1.7)

where T,y is the temperature of the heater wall.
The equation of continuity for the heater is

doy | .
e — . 7.8
& Vi (m3 —myp) (7.8)

The equation of energy for the heater takes the form

dr, 1 o : : ,
d—H = (—TH (3 — nivy) + & (m3Tcy — Ty + QAH) . (7.9)
t paVu Cy

The equation of state for the heater inside its volume is
pu = puTuR. (7.10)

As mentioned earlier, the cooler in the model of the 4-stroke EHVE is assumed
to be of a large volume when compared to the cylinder or the heater, which allows
us to state it has assumed the constant temperature 7¢; = 390K and the pressure
pci = 18barinside its volume. The rotational speed is equal to 3000 rpm. The heater
wall temperature 7, is set to 1270 K. The dimensions of the cylinder and the heater
are shown in Tables 7.2 and 7.3, respectively.
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Table 7.2 Dimensions of the cylinder of the 4-stroke engine

Diameter dcy; (m)

Stroke scy; (m)

Dead height /19 ¢y (m)

0.0700

0.0600

0.0017

Table 7.3

Dimensions of the heater for this version of the EHVE

Tubes diameter (m) | Tubes length (m) | Number of tubes | Heat exchange Volume (m?)
(=) area (mz)
0.01 1.27 10 0.399 0.000997

The results are presented in Figs.7.6 and 7.7. The cylinder pressure (Fig.7.6a)
travels between a low level of the cooler and a high level of the heater. It influences
changes in the heater only due to the model applied when valves 1 or 3 are open. The
overall character is smooth, with no rapid passages. The heater wall temperature is
represented with a high limit in part (b) of this figure. Pressure changes, controlled
by the above-mentioned conditions for openings, cause almost smooth transition
between closing of valve 3 and opening of valve 1. No return flows or rapid changes
are observed in any flow.

When Fig.7.7 is compared to Fig.5.8, one can notice a similarity in the shape
of the loop which represents the useful work generated in the EHVE. The differ-
ences lie in shapes of line-like parts in the bottom and top parts of the diagram and
are mostly due to constant cooler parameters and no overshooting of pc over pp,
respectively. The above results may indicate a prediction of longer durability of the
EHVE when compared to the life of the typical internal combustion engine due to a
lack of explosions (and rapid jumps of thermodynamic parameters) and clean, table
conditions of the working fluid inside. Solving the problem of overshooting is a case
of subtle pressure control of opening times of valves 1 and 3. Such self-adjusting,
added to strictly mechanical control improved here, is an important advantage over
the method described in Chap. 5 and seems to be a practically solvable engineering
task nowadays.

The engine internal work and power without a pre-heater is

4

= dVey
L= / peyi(t) dcy dt (7.11)
=0 t
and
p=L —2 (7.12)
2.2

The efficiency without any pre-heater can be calculated as

_ B
Ouan’

uli (7.13)
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Fig. 7.6 4-stroke EHVE (a)
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Fig. 7.7 p — V diagram of the 4-stroke EHVE work cycle with a large cooler

Performing the calculations for the simulation model, we obtain its internal power
P; = 11.7kW and the efficiency n; = 34.77 %. Recalculating it to a volume of 1 litre
of the working capacity of the EHVE, we get an impressive value of 50.7kW.

7.3 Inequality of Rotations of the 4-Stroke Engine Model

In modelling the dynamic behaviour, we recall Eq. (5.53). The driving torque result-
ing from expansion and compression of the working fluid inside the engine is
described by the simplified equation

s .
Mdr = AC)‘ZPC)’I§ SIH(O{). (714)
Additionally, we define the resistance torque caused by friction and other forces as
Mg = My — cro’. (7.15)
After applying a variable cooler model to the 4-stroke version of the EHVE in a
similar way to that for the heater, we arrive at similar results as shown for the cooler
treated as having constant volume parameters. In Fig.7.8, a p — V diagram of the

engine is presented. Figure 7.9 shows the most important representation of a work
cycle of the model with a variable cooler.
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Fig. 7.8 p — V diagram of the 4-stroke EHVE work cycle with the cooler of a similar size to the
heater

If we are able to avoid any return flows by careful setting of valve opening/closing
moments, then stable work of the model depends only on the external load. The results
of calculations of the 4-stroke EHVE model are presented below. Figure 7.10a shows
dependences of the driving torque Mp and its part (b) — the rotational speed w as
functions of the angle of rotation o when the moment of inertia /., is taken as the
control parameter. All driving moments present almost the same shape during the
cycle, whereas the rotational speed varies and its changes are most visible for the
lower values of the moment of inertia. The span of irregularities can be diminished
by a larger flywheel or when the multicylinder design is used. In the simulations, the
following values in Eq.(7.15) were applied: My = 34kgm?, cg = 2 - 107> kgm?s?,
T,g = 1270K and T,,c;, = 353 K. The basis value of the I-g was 2.5 kgmz. It can
be seen that for 1., > 25 the angular velocity w is almost stable at the value 314 rad/s
for which the previous thermodynamic calculations were performed.

7.4 Control of Rotations

We propose to control the rotational speed of the 4-stroke engine in a similar way
to that discussed earlier in Sect.5.4.1 for the 2-stroke version. The control can be
attained in two ways

1. by adding/removing the mass of the working fluid to/from the cooler volume
where pressure is lowest, or,

2. by changing the temperature of the heater wall, and, additionally,

3. by a combination of the two above-mentioned manners.
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Fig. 7.9 4-stroke EHVE (a)
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Some examples of individual attempts of control are presented in Fig.7.11a —
by changing the mass in the system (item 1), and (b) — by changing the heater
wall temperature (item 2), respectively. The simulation results are shown for /., =
0.625kgm? with the same other parameters as those in the previous section. Similar
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results when both control parameters are modified are shown in Fig.7.12, where a
wider range of the obtained changes in the rotational speed is observed.

An addition of about 20 % of the working fluid mass causes approx. an 18 %
increase, whereas a decrease by about 18 % of the mass results in a 26 % decrease
in the rotational speed. The generated power changes from 8 to 13.6kW and the
efficiency diminishes from 35 to 33.2 %, correspondingly. Control via changes in
the heater wall temperature gives the following values — an increase by 78 K (=6 %)
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Fig. 7.11 Control of the angular velocity way as a result of a combination of the simultaneous
increase/decrease mass in the system and the temperature of the heater wall. An influence on the
mass changes shown in part (a) and on the temperature in part (b), respectively

speeds up by 20 % and a decrease by 106 K slows down by about 31 % the initial value
of 157rad/s. In these cases, the power grows from 7.5 to 13.8 kW and the efficiency
changes from 34.4 down to 33.8 %. These results are summarized in Fig.7.13.
When a combination of both ways is applied, the extreme results are presented
in Fig.7.12 together with the changes in the lowest pressure in the cooler, part (a).
In the case when both control parameters increase, i.e., the mass by 19 % and the
temperature of the heater wall by 6 %, then the rotational speed grows up by 35 %.
When both parameters decrease, the mass by 19 % and the temperature by 7 %, as
a result the engine slows down by 58 %. The values of the generated power vary
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Fig. 7.12 Control of the angular velocity w4y as a result of an increase/decrease temperature in
the heater wall (a) and an increase/decrease of the mass in the system — part (b)

between 4.5 and 16kW, whereas the efficiency diminishes from 35 down to 32.9 %,
see Fig.7.14.

In all of the discussed examples, the rotational speed stabilization is 3-5 times
longer than the time of applied changes in the input parameters. Low levels of the
delivered power can be compensated by adding some mass to the working fluid in
order to reach the desired value of the rotational speed. A proper combination of
control parameters seems to be feasible, which can take a similar form to mapping
of fuel injection in internal combustion engines.

We should emphasize that extreme values of the rotational speed of 4500 rpm
would be rather impossible to be reached in a real installation due to critically low
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Fig. 7.13 Efficiency nc, power P and the rotational speed w4y as functions of the working fluid
mass enclosed in the system (a) and the temperature of the heater wall — part (b), when both
parameters change simultaneously

time for the heat exchange. The same limitation relates to the heater wall temperature,
T,z = 1350K, which would require costly materials and extremely high demand for
the delivery of heat. A reasonable limit should be attained just after the central point
of the above presented diagrams, where the values of parameters represent available
measures.
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Fig. 7.14 Efficiency nc, the power P and the angular velocity w4y as functions of the working
fluid mass enclosed in the system (a) and the temperature of the heater wall—part (b), when both
parameters change simultaneously

7.5 Remarks on this Model of the EHVE

In this chapter, a 4-stroke EHVE that operates according to the presented principle
was investigated numerically with the method described in the previous chapter.
Separate rotary valves 1 and 3 can be used (see Fig.7.3) instead of the valve set
1-3 shown in Fig.7.1. This alternation is introduced due to some manufacturing
difficulties. A blower working in the heater space is employed in order to increase
the heat exchange.
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The conducted numerical simulations of the developed engine operation prove
that it can deliver the internal power of approximately SO0kW/1 for a single cylinder
volume at the rotational speed of 3000 rpm and moderate heater temperature. For the
obtained temperatures and the compression ratio of about 10, the internal efficiency
can attain the level of almost 35 % without a pre-heater.

The dynamic behaviour of the 4-stroke EHVE discussed in Sects.7.3 and 7.4
presents combined effects of thermodynamic and dynamic characteristics of the
engine. Its driving torque is different than that for the 2-stroke version. The irregu-
larity of runs depends on the inertia of the flywheel applied. An ability to control the
rotational speed is achieved as for the 2-stroke version.

The 4-stroke variant of the engine is a very important case for the idea pre-
sented in the book. Assuming that the present disadvantages found in the design and
manufacturing of valves 1 and 3 will be solved soon, the 4-stroke idea seems to
be very promising. The additional devices such as a blower in the heater loop and
the heater itself may use well-known technology (counter-current exchangers). The
presence of a fluidized bed like the one in Fig. 7.1 allows for applying such a solution
here. Hence, the proposed engine is considered to be a prospective solution in the
field of externally heated valve air engines.
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Chapter 8
EHVE versus Stirling Engines — a
Comparison

In this chapter, the version of the 2-stroke EHVE having two blowers applied in
internal heat exchanger loops, described in detail in Chap.5, is investigated and
quantitative results of its performance are compared to chosen examples of Stir-
ling engines. The related devices are well-known, still developed externally heated
machines and continue to be subject to numerous current investigations [1-5]. The
similarities shared with the EHVE are as follows

external heating,

high thermal efficiency,

multi-fuel capability,

low noise generation, and finally,

low pollution when a combustion process is used as the heat source.

A very attractive common feature of the EHVE and Stirling engines is abroad range of
possible heat sources. When a combustion process is used, burning can be optimized
for a particular fuel. However, applicable heat sources are not limited to combustion
processes only, but they can involve any type of externally supplied energy able to
reach the temperature required for efficient work.

The numerical simulations of the EHVE operation are compared with the experi-
mental results presented for the Stirling engines [1, 2], which were chosen from not
a broad set of available reports on the subject. The representative example of fully
described engine has a compact mechanical form and comparatively high power and
efficiency at the total volume of 588cm?® enclosed in four double-action cylinders
with four piston rods. It uses helium as the working fluid. The later presented test
data for developed versions of the above mentioned Stirling engines [3-5], have
analogous or even lower effectiveness at very close design parameters. An initial
comparison of the early version of the EHVE and an example of the Stirling engine
was already presented in our paper [6], but considering experience gathered during
its evolution as shown in the previous chapters of the book, such evaluation has to
be critically revised with a conclusion that the results presented were overevaluated.
A more realistic and extended judgement is completed below.
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8.1 Some Aspects of the Design

The EHVE prototype and its laboratory investigations in their early form are pre-
sented in Chap. 3. The conclusion coming from the results obtained fully supported
the concept. In the prototype, two electric heating devices were used as a source of
energy delivered to the engine heaters. However, the amount of heat transferred from
them to the working fluid during the period when the engine valves were closed and
no internal flow existed was not sufficient. Therefore, in order to improve the heat
exchange rate, two centrifugal blowers B; and B, were added to each of the heat
exchangers. The power requirements for driving them are rather low but they should
significantly enhance the heat exchange during the mentioned critical phase of the
work cycle. It is assumed that the working fluid flow inside the exchangers is turbu-
lent even when the engine valves are closed. The volumes of the exchangers are large,
at least 3—5 times higher than the volumes of the cylinders. Both heat exchangers
contain in their design volumes called collectors at their respective inlet and outlet
ends. These volumes can play a role of settling chambers to equalize pressure and
temperature values in the main part of the exchanger.

The EHVE version used for comparison purposes is a two-stroke engine which
operates in a closed heat cycle. It is equipped with two cylinders of different role, as
shown in Figs. 8.1 and 8.2 and the other main parts are two external heat exchangers.
The phase angle between the expander and the compressor is equal to 180°. Its valves
are equipped with a standard camshaft mechanism. Furthermore, the EHVE features
a conventional oil lubrication system, which is extremely advantageous from the
viewpoint of manufacturing as it is the same as in all typical internal combustion
engines. An increase in performance due to possible multi-cylinder arrangement of
the engine is to be expected [7].

Similarly to all other versions of the EHVE presented in the book, an impor-
tant advantage of this configuration consists in the fact that the most easily available
working fluid — atmospheric air — is employed. Reviewing the existing Stirling instal-
lations which use helium as the working fluid, much better performance is expected
when such a fluid is used instead of air. Also, the EHVE can use any source of heat
able to deliver appropriate temperature inside the heater, starting from solar energy,
through combustion of other fuels, to the heat recovered from nuclear processes.
This makes the EHVE a beneficial solution when available resources of presently
accessible fuels like oil and gas run out. Moreover, due to the high temperature of the
working fluid leaving the expander, an additional heat exchanger, i.e., a pre-heater,
can be installed to improve the overall efficiency of the engine, as shown in Fig. 8.1
and Sect. 8.1. The design of the early version of the EHVE, described in Chap. 2, did
not include such a device.

Due to different working principles of both compared types of engines, the pres-
sure ratio pyqx/ Pmin Of the EHVE and the Stirling engines are obviously different.
For the EHVE, this value is higher than 5, whereas for both Stirling engines, it is
lower than 2. Thus, the comparisons cannot be conducted at equivalent minimal pres-
sures. For the Stirling engines, the lowest applied pressures remain in the range from
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60 to 110bar. In the case of the EHVE, such minimal values would imply unrealis-
tically high respective maximal pressures, which can be totally unacceptable from
an engineering point of view. The new form of the proposed engine with blowers
applied is therefore compared with the Stirling engines at the same maximal working
pressures. A full description of the considered version of the EHVE is presented in
Chap. 5.

8.2 Comparison of the EHVE and the AISIN Stirling
Engines

In the numerical simulations of the EHVE model, a set of 19 non-linear ordinary
differential equations with appropriate switching conditions for the internal flows
between engine elements, together with a set of non-linear algebraic equations
describing the behaviour of particular parts, was solved. Stationary, periodic solu-
tions to the engine operation at a given, constant angular velocity of the engine
are subject of further discussion. The custom written simulation program stan-
dard libraries of procedures and solvers, here the Runge-Kutta fourth-order method,
was applied [8]. Every calculation started from identical initial conditions which
determined an amount and parameters of the working fluid enclosed in the model
and continued until the solution reached the state where the integrated values during
a cycle of work differed by no more than 0.01 % from those obtained during the
previous one. Such a state, related to a stable solution, which simply repeated the
previous results, was usually reached after 150-250 cycles of simulated crankshaft
rotations and the presented engine behaviour at the chosen rotational speed.

The calculations were performed for the cylinders which were not identical. The
value of ratio of the cylinders volumes V¢ / Vg = 0.75 results from a series of simu-
lations where the mentioned ratio was a parameter and was found to be optimal in the
case when a large heater was used, Vi &~ 5 Vg, see [9]. The considered version of
the EHVE has the same expander volume Vg as the Stirling engines presented in [1,
2], which are double-action systems. Other essential data representing dimensions in
the volumes of both cylinders, different than those presented in Chap. 5, are shown
in Tables 8.1 and 8.2. The data for heat exchangers are similar although not all of
them are the same.

Table 8.1 Dimensions of the cylinders used for comparison

Cylinder Diameter d (m) | Stroke s (m) Dead height hg Volume V (m?)
(m)

Expander 0.0900 0.0925 0.0025 0.604 x 1073

Compressor 0.0900 0.0694 0.0017 0.423 x 1073



http://dx.doi.org/10.1007/978-3-319-28355-5_5
http://dx.doi.org/10.1007/978-3-319-28355-5_5

8.2 Comparison of the EHVE and the AISIN Stirling Engines 129

Table 8.2 Dimensions of the heat exchangers

Exchanger Diameter d (m) | Length / (m) Number of pipes | Volume V (m?)
n(-)
Heater H 0.01 2.0 15 2.36 x 1073
Collector H; 1.00 x 1073
Collector H3 1.00 x 1073
Cooler Cl 0.01 2.0 15 2.36 x 1073
Collector Clp 1.00 x 1073
Collector Cly 1.00 x 1073

The value of the pressure step Ap g3 forced by a blower depends on the structure
of the collectors and the heat exchangers. Here, all those values are fixed at 10kPa
assuming the blowers are not to consume too much of the generated power in the
engine. The mass flow rates of the blowers are for the same reason estimated as
m'g; = 0.1 and 0.2kg/s. Other important blower parameters are the input to output
pressure ratio ITg; = 1.01 and the efficiency np; = 0.7.

The amount of work lost due to friction during the cycle derived and adapted from
[10-12] is estimated to be equal to

w
L;=404+0.8—.
f + 2

The power consumed by all auxiliary devices, Ly,,, supplied by an electric motor
rotating at 3000 rpm, independently of the EHVE rotations, is also included in mod-
elling. All the above losses translate to the power consumption assumed as a value
of 1000 W.

In order to reflect real conditions like in the Stirling installations under comparison,
we suppose that the source of external heat is able to make the temperature of the
heater walls T, increase with the engine rotational speed ngpvg in the range from
752 to 1220K related to the amount of heat delivered. For the data, see Table 8.3.
This temperature values are to create similar conditions to those included in [1, 2] for
the Stirling engines. The minimal temperature of the cooler wall is assumed constant
and equal to T,,c; = 298 K on the basis of standard parameters of the cooling water
supply and the data shown in [1, 2]. The coefficients of heat conduction, dynamic
viscosity and specific heats for the working fluid are taken from tables of physical
properties of air. Finally, selected rotational speeds from 500 to 2000 rpm were set

Table 8.3 Heater wall maximal temperature in the comparison process as a function of the model
rotational speed

NEHVE (rpm) 500 1000 1500 2000
TwH (K) 752 1000 1200 1220

The mean temperature of the wall is the same for all compared engines and equal to 1043 K
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as parameters for the simulation program to fully reconstruct the available data for
the compared Stirling engines.

Let us start the discussion of the results obtained for the model of the EHVE
from two diagrams characterising its capabilities in Figs.8.3 and 8.4. Figure8.3
shows pressures in both cylinders as functions of their respective volumes. One can
interpret a difference in the area enclosed by the p — V curves as the useful work
of the engine. Figure 8.4 presents the temperature versus entropy diagram 7' — s for
the EHVE operation cycle. The heat cycle shown is a new type of the heat exchange
cycle, similar to the Joule one.

A pre-heater reduces evidently the energy requirements of the heater. All details
presented for the Stirling engine in [1], earlier than [2], and even the pre-heater
described, are different when compared to [1]. Comparing with older results pre-
sented in [2], they are improved, with efficiency values about 6 % higher than those
quoted in [1]. Therefore, it was assumed that the amounts of heat profits were
QOp-_py =0.800p for [2] and Qg _py = 0.85 Qg for [1]. These suppositions are
rather modest and can be met easily in real devices. Thus, the calculated efficiency of
the EHVE is obviously higher than without a pre-heater and the results with super-
imposed data for the Stirling engines are presented in Figs. 8.5, 8.6 and 8.7. It should
be underlined that all Stirling engines employ pre-heaters [1, 2].

The comparisons presented in the above-mentioned figures show the effects of
simulations of the EHVE working with air versus the experimental results of the
helium Stirling engines for the same engine parameters as far as volume, rotational
speed and maximal cycle pressures are concerned. Those pressures reported as 102,
140 and 190bar can be easily available for the EHVE.
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Fig. 8.3 p — V diagram for the EHVE at 1500 rpm, p,,,x = 140bar and m p; = 0.1kg/s. Data in
Sect. 8.2
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Fig. 8.4 Approximate 7 — s diagram for the EHVE at 1500rpm, p,,x = 140bar and mp; =
0.1kg/s. 1-2 isentropic compression inside the closed C volume, 2—3 compression by C, heating by
H and mixing in the collector Hz by the blower B, 3—4 heating inside the H volume, 45 expansion
in E with heating at opened valve 1 until its closing, 5-6 isentropic expansion inside the closed E
volume, 67 flow to the collector Cl,, expansion and mixing with the collector Cl, by the blower
B,, 7-1 cooling inside the Cl volume

40 4
35

] oe—n—"—
R EEEme S

25

power [kW]
efficiency [%]

20
15 *

10

&

L I I A B
500 1000 1500 2000
pm

Fig. 8.5 Comparison of the EHVE and AISIN Stirling engines at the maximal working pressure
Pmax = 102bar. Power values are presented with empty markers and efficiency with the filled
ones. Circles on solid lines represent the EHVE with its blowers working at mg; = 0.1kg/s, top-
triangles in grey, dashed line with blowers at m g; = 0.2kg/s, whereas star symbols stand for the
AISIN engine [2]
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Fig. 8.6 Comparison of the EHVE and the AISIN Stirling engines at the maximal working pressure
Pmax = 140bar. Power values are presented with empty markers and efficiency with the filled ones.
Circles on solid lines represent the EHVE with its blowers working at m p; = 0.1kg/s, top-triangles
in grey, dashed line with blowers at mp; = 0.2kg/s, whereas star symbols stand for the AISIN
engine [1]

As has been concluded from earlier considerations in the previous chapters, the
blowers B and B, are necessary for the EHVE to operate efficiently. Their flow rates
are assumed on an average level of mp; = 0.1kg/s. A further increase in the blower
flow rate appears to be not practical, see Figs.8.5, 8.6 and 8.7, due to an increase
in the power consumed by the blowers and a relatively low increase of the engine
performance. The results also show that the EHVE can deliver almost the same
amount of power as the equivalent helium Stirling engine for all values of maximal
pressures with blowers working at the mass flow rate of only mp; = 0.1kg/s, but
using air as the working fluid.

The examination of the efficiency levels of both the engines needs more discussion.
The maximal efficiency of the Stirling type engine shows a distinct peak at 1000 rpm,
whereas the efficiency plot for the EHVE is flatter. In Fig. 8.5, where heat exchangers
of basic type of pre-heaters in the case of Stirling engines are very similar, the EHVE
presents very close performance. In Figs. 8.6 and 8.7, where heat exchangers in the
Stirling engine are improved, the EHVE efficiency remains equal as well.

We have to mention some disadvantages that result from the presence of valves
in the design of the EHVE:

e rather short time of opening/closing phases of valve 1 and 3 actions while con-
necting the cylinders and the heat exchangers, which is reflected by the following
values Ax; = 90° and Aoz = 80°;

¢ the blower B; has to work under extreme conditions of temperature and pressure,
see Fig. 5.1. Similar applications can be found in turbo-charging systems of internal
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Fig.8.7 Comparison of the EHVE and the AISIN Stirling engines at the maximal working pressure
Pmax = 190bar. Power values are presented with empty markers and efficiency with the filled ones.
Circles on solid lines represent the EHVE with its blowers working at m p; = 0.1kg/s, top-triangles
in grey, dashed line with blowers at i g; = 0.2kg/s, whereas star symbols stand for the AISIN engine

combustion engines and we hope that such a solution can be adopted in the EHVE
as well.

A quick action of the valve system remains a challenging but solvable engineering
problem. In the light of the above-mentioned circumstances, it may be worth taking
into account an application of rotary valves. Other solutions related to the valve timing
are still in progress [13], automotive designs are promising due to new technologies
applied. The heater, whose design is not discussed here in detail, creates also an
engineering challenge. High working pressure and temperature are the demanding
conditions which have to be carefully considered during its construction. Continuous
improvements in heat exchangers used in the Stirling engines allow us to expect they
can be easily applied and improve the heat exchange in the EHVE.

8.3 Remarks on the Results of the Comparison

The choice of maximal cycle pressures made the comparison of two ideas of exter-
nally heated engines the only reasonable procedure. The same physical properties as
engine capacities, heater wall temperatures and working frequencies were assumed.
Significant differences in pressure ratios py.x/pmin Of the compared engines (i.e.,
5:2) have their reasons in the presence of valves and different values of dead space.
In the Stirling engine, there are no valves and dead space is large, totally opposite to
the EHVE.
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The proposed engine can reach almost the same level of generated power as the
Stirling engines under comparison. It is worth repeating that the most important
advantage of the new idea is the fact that these results are possible to obtain using
working fluid being simply atmospheric air. The EHVE entails also less complicated
manufacturing technology, well known and widely used for internal combustion
engines. Owing to modern manufacturing solutions, already applied to the mass
production of piston engines, it will be possible to build an efficiently working EHVE.

A lack of valves is an important favour of the Stirling engine, nevertheless the
advantages of the EHVE are numerous, namely:

e the working fluid is air, whereas Stirling engines have to use helium to attain
comparable performance values;

e the EHVE uses a simple, well developed crankshaft system widely applied in most
modern internal combustion engines;

e the EHVE does not need any heat regenerator which usually is an additional heat
exchanger, an essential part of any Stirling engine. This way, the heat exchange is
simpler;

e due to the fact that a regenerator, usually manufactured of steel wires, is needed,
the EHVE can be lubricated with the same, well known oil lubrication system as
normally used in internal combustion engines.

The maximal pressures applied to the EHVE are in ranges normally used in Stirling
installations. We want to point out that the sealing system in the EHVE can be similar
to those used in modern internal combustion engines which sometimes work at higher
absolute pressures. The above statements allow us to expect that the proposed engine
can perform even better at higher values of pressures. The comparison under typical
conditions shows the conformity of power and efficiency for the air EHVE and helium
Stirling engines.
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Conclusion

One of the most important factors indicating the technological progress in every
civilization is an amount of energy consumed by its members. Different kinds of
energy are needed, from heat through electrical to nuclear, including mechanical,
which still remains extremely important among them. This kind of energy is presently
generated mostly by heat engines. They need fuels to run. Nowadays, the most
important and widely used are mineral fuels, i.e., oil and gas. Resources of them are
large although limited and continuously diminishing until one day they disappear.
What then will become a source of heat needed for running combustion engines?
We can exploit some other resources, like solar energy, heat regained from cooling
systems of nuclear reactors, wastes collected in many places in vast quantities can
be burnt, etc. Bio-fuels coming from plants can be applied as well.

Nowadays, all piston heat engines are intended to provide mechanical energy
in a limited and local amount. There are many mobile applications employed to
drive different vehicles on land (cars or trucks), at sea (ships of different size) or in
air (small aeroplanes). They are also used as stationary devices producing energy to
drive other machines performing different useful jobs or just as generators delivering
electrical energy.

Definitively, almost all of the above listed tasks are fulfilled by internal combustion
engines utilizing derivatives of oil and gas and burning these fuels under variable
combustion conditions involving sophisticated continuous control systems. They
strongly depend on availability of the fuel and each design is very limited as far as
use of any alternative fuel is concerned. The limitation of energy resources can spell
an end of the majority of such engines.

External heating creates a chance for another way of development in piston engines
with an advantage of combustion process being stable and having optimal parameters.
This can result in less pollution from exhaust gases, including zero value in the case of
delivering energy different than burning of fuels. The EHVE is also an alternative for
existing externally heated engines like the Stirling ones, mostly due to much simpler
technology and use of a cheaper working fluid. Potentially lower manufacturing and
running costs may become a decisive factor sooner rather than later.
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The book discusses some ideas for further analysis of externally heated engines
and presents their main advantages, namely:

e the working fluid is cheap air, not expensive helium, whereas a level of power and
efficiency is comparable to Stirling engines;

e the EHVE uses well-known technology of the conventional crankshaft and piston
system met in most modern internal combustion engines;

e no heat regenerator is needed, which also enables standard lubrication as in all IC
engines.

Chapter 2 of the book presents an early solution of the EHVE with the computa-
tional algorithm and the thermodynamic cycle obtained at that stage. The solution
covered a long period of the engine cycle operation, at which simple isochoric heating
took place. The amount of heat delivered during such a period appeared to be insuf-
ficient for effective work of the engine prototype, which is documented in Chap.3
In order to solve the problem, some additional devices increasing velocity of the
working fluid inside the heat exchanger tubes, which, in consequence, increased the
level of heat exchange, are proposed in Chap.4. Another approach is discussed in
[1] together with the most important results obtained. Such a solution can be applied
only to the early version of the EHVE. The results of all numerical simulations are
based on the algorithm presented in Chap. 2, where the heat transfer coefficient o4
can be iteratively calculated on the assumption of uninterrupted work of the EHVE.

A totally different method is presented in Chap. 5. Blowers were applied to achieve
a high flow velocity of the fluid inside the heat exchangers in both heat exchange
circuits, the heater and the cooler, respectively. A single, large heat exchanger was
applied with additional collectors, whose volumes were included in the simulations.
Such a design was simulated and solved numerically in the closed heat cycle of the
working fluid — the atmospheric air — under non-stationary conditions of the EHVE.

All the modelling processes supported by methods developed in Chap.5 have
to include the collectors in the heat exchange design. They should have such a
construction which does not allow any interfering of their continuous, stationary
internal flows forced by the blowers with those in the main circuit of the engine
having interrupted behaviour caused by the valves. This is presented as an idea here
and entails a demanding engineering task.

The engine described in Chap.5 is a two-stroke EHVE. The solution still needs
experimental verification, which has not been performed yet due to high costs and a
lack of financial support. A set of devices added in Chap. 5, which is assumed to work
in order to stabilize the flows in the heat exchangers, can be treated as stationary.
Settling chambers typically fulfilling such tasks were applied. The results of the
numerical simulations performed in such a case comply with the earlier solution for
non-stationary, averaged parameters. The results presented in Chap. 6 led also to a
conclusion on a possibility of removing the blowers introduced in the development
stage of the EHVE shown in Chap. 5

A four-stroke version of the EHVE is described in Chap. 7. The calculation method
presented in Chap.5 is used again but with some improvements. The fast acting
valves, which make the cylinder and the heater contact, are controlled in such a way
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that they equalize quickly the pressure in contacting volumes, without overshooting,
typically observed for slow valves. Here, the classically designed valves of short
opening time can be replaced with another solution, e.g., a rotary type valve or any
other, on the basis of the suggestions presented in the book. The model, at 3000 rpm,
reaches the internal power level of S0kW/I at the efficiency of about 35 % without
any pre-heater. These results yield a possibility for the 4-stroke version of the EHVE
to be a working solution in the near future. If a pre-heater is applied, the internal
efficiency grows even up to 41 %.

The next advantage of the four-stroke version of the engine is such that it uses
only one cylinder to attain a full thermodynamic cycle of operation. This point has
its equivalent, as recalled in the book many times, with internal combustion engines
which operate according to the same rule. And, following this relation, benefits of
the same scale can be expected in multi-cylinder arrangements in real installations.

Chapters 2 and 4 show the early versions of the EHVE in which heat is delivered
from relatively small heat exchangers, Vi < Vg. The results achieved prove that
heat is delivered at a constant volume. Different attempts are presented in Chaps. 7,
5 and 6, where heaters are much greater and Vi > Vj are not less than 2. In these
cases, heat is delivered to the engine at a constant pressure, which constitutes the
essential alternation to the EHVE design.

Finally, in Chap. 8, a comparison to the data from the existing Stirling engines is
presented. The data came from the experiments and those for the EHVE are from the
simulations corrected with real factors lowering the performance. The comparison
shows that a similar level of power and efficiency can be reached in the EHVE with
air as the working fluid as in the Stirling engine using helium. This is a huge potential
advantage of the design. Being based on the well-known technology, it provides a
bridge to new applications of piston engines generating mechanical energy from
different sources of heat.

The dynamic behaviour with attachments to the driving shaft having inertial prop-
erties of both 2- and 4-stroke versions were investigated. It has been shown for large
flywheel applied the dynamic properties do not influence the thermodynamic be-
haviour. When the flywheel is smaller, the thermodynamic behaviour fully reflects
changes in rotation speed of the simulated model.

Such engines could be installed close to oil plants used to produce bio-fuels or
any other places where such bio-fuels are easily available. Due to the fact that for
these fuels, external combustion can take place under optimal conditions, which are
not possible to attain in internal combustion, the level of pollution generated in the
burning process can be significantly lower. Generally, the EHVE can mechanically
drive an electric generator which transmits energy to where it is necessary.

The EHVE can employ solar heat — ships or yachts of the future may be propelled
by winds driving electronically controlled new-generation sails and if they fail in the
case there is no wind, intensive sun heat can be used to generate mechanical energy
to drive a propeller or an electric generator. The described EHVE is then the only
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source of mechanical energy on board. During the night, such ships can use batteries
charged by the EHVE during the time when the wind blows. Also, the EHVE can use
the heat produced by cooling systems of nuclear plants, therefore it can be installed
on stationary basis or on submarines as well.
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