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Foreword by Prof. Gorak, Technical University of Dortmund

Columns for distillation, absorption and extraction have been applied for years in chem-
ical, petrochemical, food, energy and electronic industry. They are often equipped with
different kinds of packings. Understanding of principles for packing design, internal traf-
fic of phases within the column and implementing of theoretical models into indus-
trial practice is of vital interest of both — students and practitioners. The book of
Dr. J. Mackowiak gives a deep insight into the fluid dynamics of packed columns. It is
based on personal experience of the author and on a tremendous experimental data base
on pressure drop (10,000 points), flooding points (1,2000 points) and liquid hold-up
(1,100 points) measured for about 200 different types of random and structured pack-
ings. This is the biggest experimental data base published ever.

The big value of this book is also the theoretical model, called “Suspended Bed of
Droplets” which is bases on the dependency between the flow resistance coefficient and
packing shape. This model is predictive, i.e. it allows calculation of pressure drop and
flooding gas velocity for unknown packing geometry. The model is valid for pressures
from vacuum up to 100 bar and for specific liquid loads up to 250 m* m=2h~!. In this
book the reader will find the sound theoretical analysis of two phase flow in packed
column, extensive correlation of existing data for traditional and modern packings as
well as practical equations which can be directly used in academic teaching courses and
industrial applications.

Dr. J. Mac¢kowiak has committed to paper his 20 years experience as practitioner while
operating company ENVIMAC GmbH and as researcher, publishing his results in jour-
nals and conference papers. Calculation methods of packed columns, presented in the
book will increase the design accuracy of distillation, absorption and extraction which
cause up to 60% of total processing costs in chemical industry.

Dortmund, February 2009 Prof. Dr.-Ing. A. Gérak
Technical University of Dortmund

Department of Biochemical and Chemical Engineering

Laboratory of Fluid Separations
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Foreword by Prof. Dr. Ing. A. Mersmann, Technical
University of Munich

For many years now, packed columns have been used in various domains, such as dif-
fusional separation technology, environmental technology and biotechnology, providing
a mass transfer contact area for gases and liquids. In recent decades, scientific as well as
economic factors have continually led to new and more efficient packings being designed.
The industry is striving to accurately dimension modern packings made with new mate-
rials and innovative geometric designs and to operate them in a reliable manner. This
requires first of all the compilation and general presentation of experimental data, a dif-
ficult and time-consuming task, which the author has been undertaking for many years.

This work is based on more than 10,000 experimental pressure drop data, in excess
of 1,100 liquid hold-up data and more than 1,200 flooding point data for approx. 160
different random and structured packings made of various materials commonly used
in practice. The majority of this data was compiled by the author in an accurate and
reproducible manner whilst working for the Institute of Thermal Separation Processes at
Bochum University. This book exceeds all publications worldwide in terms of its volume
of data, and the industry will be grateful to the author as well as Springer Publishing for
its publication.

It is my hope and wish that, for the benefit of mankind, the comprehensive and accu-
rate results and conclusions of this work will lead to an improvement in the design and
operation of packed columns.

Alfons Mersmann
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Preface

The first German edition of the book “Fluid dynamics of packed columns with modern
random and structured packings for gas/liquid systems” was published in 1991. It sold
out within a few years. Added to this were numerous enquiries, in particular within the
industry, prompting me to publish a second, extended edition.

A packed column remains the core element of any diffusional separation process. This
underlines the need for basic design principles for packed columns, which enhance the
design process by making it more accurate and reliable.

The SBD (suspended bed of droplets) model introduced in the first German edition
of the book was well received by the experts and is now used by a large number of compa-
nies in the industry, as it offers improved reliability in the fluid dynamic design of packed
columns. For the purpose of facilitating the design process, the SBD model was inte-
grated into the simulation programme ChemCAD. The software programme FDPAK,
which is available for Windows, has certainly contributed to the widespread use of the
SBD model. The programme is very user-friendly and the calculation results are pre-
sented in tabular as well as graphic form, showing flood load, pressure drop and hold-up
diagrams in the entire operating range.

The first German edition concentrates on the description of the fluid dynamics of
columns with random and structured packings in the vacuum and normal pressure range
of up to approx. 2 bar and for specific liquid loads of up to 100 m*>m—2h~! for gas-
liquid systems. This range covers a majority of the applications and tasks relevant in
the absorption and desorption of highly and/or moderately soluble gases as well as in
rectification under vacuum and normal pressure.

The importance of absorption and rectification under high pressure has steadily
increased in the past 10 years, calling for an upgrading of the existing model. Fortunately,
new publications emerged during the last 15 years, presenting experimental data on pres-
sure drop, flooding point and hold-up parameters for high-pressure systems. Based on
this, it was possible to and expand the validity of the correlation derived in the first Ger-
man edition for determining the hold-up at flooding point to include the range of high
liquid loads and therefore higher hold-up parameters (Chap. 2).

Using the SBD model, it is now possible to describe operations under higher pressure,
which is very significant in practice, as it is linked to high liquid loads and low gas veloc-
ities. The SBD model has been verified using experimental data taken at high pressure of
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up to 100 bar. There are some practical numerical examples at the end of each chapter,
which provide an insight into the application of the model.

The current edition will introduce a generally valid procedure of the single pressure
drop calculating based on the knowledge of the form factor (P and an additional model
for calculating the pressure drop of irrigated structured and random packings, based on
the knowledge of the law of resistance {1y = f(Rer,) for two-phase counter-current flows
and of the liquid hold-up hi® in the entire operating range up to flooding point. This
model is suitable for applications, in which the only available data for determining the
law of resistance is experimental pressure drop data for a two-phase system (no given
pressure drop data for dry random packings), or in which the pressure drop above the
loading line for low viscous mixtures needs to be determined more accurately.

A large amount of experimental data has shown that this model generates satisfac-
tory results up to flooding point for laminar Rer < 2 as well as for turbulent liquid flow
Rep > 2.

The correlation for determining the gas velocity at flooding point introduced in the
first edition has been modified further and can now also be applied to any type of struc-
tured packing, tube columns with regularly stacked Pall rings, Hiflow rings and Bialecki
rings and regularly stacked layers of Pall rings, Raschig rings, Hiflow rings and Biatecki
rings. Following the latest findings, it has been possible to mathematically compute vari-
ous loading capacities of structured column internals of types X and Y with flow channels
at different gradients. This has also been taken into account in the expanded general cor-
relation for calculating the gas velocity at flooding point, which makes this correlation
applicable to any type of column internal.

Chapter 7 introduces for the first time the basic fluid dynamics principles of
packed columns for liquid/liquid extraction. The previously mentioned SBD model for
gas/liquid systems is transferable to liquid/liquid systems. The method used to calculate
the gas velocity at flooding point of the disperse and continuous phases will be explained
by means of some numerical examples.

The guiding idea behind this book was to develop a closed, consistent concept for
designing packed columns for gas/liquid and liquid/liquid systems, in order to make the
calculation of individual parameters more transparent and create a basis for objective
comparisons between different column internals.

In contrast to other studies, this book uses a different approach for logging processes
within packed columns, which is based on the specific flow behaviour of droplet systems.

The occurrence of droplet systems in packed columns was confirmed by Bornhiitter
and Mersmann in 1991. Hence, despite the highly complicated processes of two-phase
flows in packed columns, it was possible to form straight-forward, user-friendly correla-
tions, which are ideal for practical applications when it comes to developing solutions for
a wide range of tasks. The simple correlations are particularly advantageous when com-
paring a large number of different columns internals. In addition, this book should help
scientists as well as students to gain a better understanding of flow processes in gas/liquid
and liquid/liquid systems.

As opposed to other studies, this book draws on the publications of other authors to
support and expand the application ranges of the SBD model. However, it does not use
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them for the illustration and comparison of different calculation models. This work is
based on more than 10,000 experimental pressure drop data, in excess of 1,200 flood-
ing point data and approx. 1,100 liquid hold-up data for nearly 200 different types of
packings. Compared to the st edition, the figures have more or less doubled.

What is particularly significant from a scientific point of view, is the knowledge that
the experimental work and test systems under vacuum and high pressure previously
required for the research and development of new types of column design can be reduced
to just a few steps, thus allowing the user to determine the model parameters of the SBD
model fast and with minimal experimental effort using the air/water test system. It is
worth noting that tests using single-phase air flows under ambient conditions are suffi-
cient to determine the system-independent law of resistance ¢ = f(Rey). In the case of
simple types of packing, it is possible to determine the resistance factor of single-phase
flow simply based on the geometric configuration without requiring experimental evi-
dence, as described in Chap. 3. It is therefore possible to transfer the entire fluid dynamics
of one type of column internal to any application in diffusional separation technology.

J. Mackowiak



Summary

For many years now, there has been a constant demand for low pressure drop column
internals in rectification, absorption, stripping and liquid/liquid extraction. The prevail-
ing trend in the chemical industry is to replace tray columns with those containing mod-
ern structured and random packings. When planning the design of packed columns, it
therefore particularly important to use reliable methods for predicting the mass transfer
and hydrodynamic behaviour of the two-phase flow.

For this reason, the book is aimed at illustrating the basic principles of the fluid
dynamic design of columns with modern random and structured packings, using a new
design concept which can be applied to any type of packing.

One of the author’s priorities was the practical aspect of the work, since the standard
approach to rectification, absorption and extraction as the core areas of thermal process
engineering is purely empirical.

The design data for gas/liquid and liquid/liquid systems presented in the current edi-
tion are strongly interlinked and based on the SBD model for both systems.

The design process for gas/liquid systems is based on correlations which have been
experimentally derived and verified. The process allows the calculation of the flooding
point, pressure drop and hold-up for gas/liquid systems virtually in the entire operating
range up to flooding point. The following features of the process should be highlighted:

The model parameters are calculated for a given packing density using the water/air
system under normal conditions. The experiments conclude that these model parameters
for the separation of mixtures in rectification technology in the vacuum to high pressure
range are applicable for the entire operating range. Hence, the experimental work can be
minimised to just a few steps using only the air/water system under normal conditions.

The model also allows the calculation of flooding point and hold-up parameters for
liquid/liquid systems virtually in the entire operating range up to flooding point.



Structure

The content of this book is divided into seven chapters. The first six chapters deal with
gas/liquid systems (Part 1); Chapter 7 is dedicated to liquid/liquid extraction. The struc-
ture of the first five chapters largely matches the calculation steps applied in the fluid
dynamic design of packed columns for gas/liquid systems. Chapter 1 briefly describes
the structure of packed columns and their significance for the separation of mixtures
under vacuum conditions as well as for absorption and desorption. It also outlines the
design processes commonly used today. This is followed by an analysis of the hydraulic
behaviour of packed columns and their relevant parameters, with Chap. 2 examining
the flooding point of the lower operating range and Chap. 3 determining the pressure
drop of dry random packings. Chapters 4 and 5 deal with the pressure drop of irrigated
random packings and their liquid hold-up parameters.

The correlations derived in Chaps. 2, 3 and 4 can be used to calculate the apparatus
diameter and determine the pressure drop and liquid hold-up in a given operating range
and at flooding point.

For the purpose of illustrating the topics, each chapter begins with a brief overview of
the most relevant work on the respective topic as judged by the author, followed by the
presentation of the chosen approach.

The results of this work are summarised in Chap. 6. The Tables 6-1a—c contain the
geometric column data, such as packing density Ny, specific geometric surface of packing
elements ag, void fraction &, specific weight G of 1 m® according to the manufacturer.
In addition, the chapter contains all numerical values of the parameters required for the
fluid dynamic design of approx. 200 randomly and regularly stacked packing elements
well as tube columns and structured packings.

By using the equations derived for the calculation of each parameter, it was possible
to condense the extensive research material, which is discussed in the summary of the
results of this work in Chap. 6. The end of each chapter contains example calculations
to illustrate the individual correlations for determining the vapour load factor at the
flooding point of the liquid hold-up as well as the pressure drop of irrigated and dry
random packing elements. The numerical examples are practice-oriented and explain
the correlations mentioned before, based on the examples of different packings.

The references relating to the individual chapters are listed at the end of each chapter.

The book boasts comprehensive tables and charts with information on experimental
data and test conditions, highlighting the enormous volume of tests as well as the scope
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Structure

of application offered by this process. Following Chap. 6 is a description of FDPAK, the
well-known and extensively used software programme for the fluid dynamic design of
packed columns.

The correlations most commonly used in this work are compiled and explained in a
separate list of symbols at the beginning of the book.

The first German edition of the book was written between 1988 and 1990 and the
second one evolved between 1997 and 2002. The first English addition is based on exper-
imental data stemming from more than 200 — mostly modern — random and structured
packings between 1965 and 2008.

The tests were mainly carried out by the author using distillation plants with diam-
eters dsof 0.15/0.22/0.5 m and absorption plants with diameters of 0.15/0.22/0.3 m and
0.45/0.6 m as well as industrial plants with diameters of 0.8/1.2/1.6/1.8/3 m owned
by ENVIMAC Engineering GmbH. A considerable amount of test data on rectifica-
tion (ds = 0.5 m) and absorption (dg = 0.3 m) originates from the author’s work as
Scientific Assistant at the Institute for Chemical Engineering, Technical University of
Wroctaw/Polen (1970-1976). In co-operation with Dr. Ing. S. Filip, Dr. Ing. Z. Lugowski,
Dr. Ing. S. Suder and Dr. Ing. habil. A. Koziot from the Technical University of Wroclaw,
the author carried out a number of studies on modern packings at industrial plants,
which are also referred to in this monograph. Some of the test results, in particu-
lar the rectification data for metal Pall rings (15-80 mm), stem from the findings of
Prof. Billet. Further test data on extraction and rectification processes were taken from
a number of scientific studies, which were personally conceived and overseen by the
author at the Institute for Thermal Separation Processes at Bochum University, under
Prof. Dr. Ing. R. Billet.

In 1990, a database was created for the purpose of evaluating all experimental data,
including literature data. It currently holds more than 1,200 experimental flooding point
data, in excess of 1,100 liquid hold-up data and more than 10,000 pressure drop data for
irrigated random and structured packings. The number of test mixtures is 32. The result
is a comprehensive data pool, which is constantly being updated with the addition of
new experimental data.

The progress in terms of the accuracy in designing packed columns for gas/liquid
and liquid/liquid system is considerable. The results of this work have led to accurate
predictions of the fluid dynamic behaviour of random packing elements, simply based
on their geometric form without requiring any chemical engineering tests.
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List of Symbols for Part 1

Formula Variables, Latin Letters

a

>

Ao
de

A,B,C

GG
Cp

Cg,0
Cco
Cc
Crl

Crio

3
3
3
3

m-
m-
m-

m2
m2
m2
m?m~

Bl\)

geometric surface area of packing per unit volume

effective surface area of dry packing per unit volume
standard geometric surface area of packing per unit volume
effective interfacial surface area of packing for gas-liquid
contact per unit volume

Antoine constants for calculating the pressure of saturated
vapours of pure substances, with index “I” for more volatile
components and index “2” for less volatile components
total non-perforated wall surface area of individual packing
element

perforated wall surface area of individual packing element
surface area of individual packing element

total effective mass transfer area of packing for gas-liquid
contact

surface area of packing

constant

surface area of column wall

cross-sectional area of column

dimensionless liquid load

constants

model parameter for determining the pressure drop of an
irrigated packed bed for Rep, > 2

dimensionless parameter in Eq. (4-41), Cpy = CB~g1/3,
below the loading line Cpy = 0.8562

dimensionless parameter in Eq. (4-44),

below the loading line Ccp = 1

parameter for determining the pressure drop of an irrigated
packed bed for Rep < 2

constant for calculating the vapour velocity at flooding
point, Eq. (2-50)

universal flooding-point constant for packing in flood corre-
lation, Eq. (2-52)
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CH
Co
Co, Co,3

Cp

Cr
d
d;
dp
dp
dr
ds
dr
dr*

D
D
Dv,Dr

Ex
f, f withi=1,2,.. ..

Fpo

Fy

Fyr

F*v R

€/t
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B888888 !

(m/s) kg/m3
Pal/Z
m~ 2251

(m/s) ,/kg / m3>

Pal/Z
m_1/2kg1/28_1

ms~!

(m/s) / kg / m3

Pa1/2
m—l/Zkgl/ZS—l

costs of heating steam

shear factor

operating costs of vacuum and normal
pressure distillation column

constant for determining the total liquid
hold-up of packings (for turbulent liquid
flow)

constant for droplet diameter dr
nominal packing diameter

inside packing diameter

hydraulic diameter of packed bed
particle diameter

tube diameter, inside

column or tower diameter

droplet diameter acc. to Sauter
dimensionless particle diameter,

Eq. (2-25)

mass flow rate of distillate

molar flow rate of distillate

diffusion coefficient for more volatile
component in vapour mixture resp. in
liquid

kinetic energy

function

mass flow rate of feed

molar flow rate of feed

packing factor of dry packed bed
F, =ale’

experimentally determined packing fac-
tor of dry packed bed at flooding point
for two-phase flow

packing factor of dry packed bed for stan-
dard packing density, Fpo= ag/eo>

gas or vapour capacity factor

gas or vapour capacity factor at flooding
point

flood load factor

gas or vapour capacity factor at upper
loading line
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FV,U

Fy/Fyp

by g
hst’ hd’ hH
Ahy

H

HETP
HTUyvy

HTU

Ky, Ky

K3, Ky
Kp
Kov
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L/v

nj

(m/s) kg/m3
Pal/Z
m~2kg!/2s1

B B

zZzZzZzZ|

kmols~!
kmolh~!

kgkmol ™!

gas or vapour capacity factor at lower loading line

relative gas or vapour capacity

local acceleration due to gravity

specific packing weight per unit volume
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CHAPTER 1

Introduction

1.1
General Information on Packed Columns

In thermal process engineering, packed columns as well as tray columns are often used
for heat and mass transfer processes in rectification, absorption and extraction as well as
for the cooling of gases and liquids and wastewater and groundwater treatment. They are
mainly used for counter-current gas/liquid flow. Figure 1-1 shows the schematic struc-
ture of a packed column with random packing elements.

Figures 1-2a and 1-2b show conventional as well as modern random and structured
packings which are used in separation technology today.

o liquid inlet

liquid distributor
80 - 600 distribution points 1/m?3

random packing

dy = (0.4-0,5)  d,

column d,/d > 6 packing bed

H_.. € 7 m without redistribution

bottom
d, =(1-1,5) d

™ liquid outlet

Figure 1-1. Schematic representation of packing

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_1,
© Springer-Verlag Berlin Heidelberg 2010
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Pall ring

Raschig ring, Pall ring, A Pall ring, Pall ring, Bialecki ring, PSL ring,
with collar, : .
ceramic metal Tt plastic ceramic metal metal

=13 ring, VSP ring, VSP ring, Ralu-Flow, Ralu-Ring, Nor-Pac (NSW), Nor-Pac (d=h),
metal metal plastic plastic plastic plastic plastic

Hiflow ring,
90 x 65

Hiflow-Ring () Hiflow ring {4)
{1982), (1988),
ceramic ceramic

Raflux ring, Hiflow ring, Hiflow ring,
plastic metal plastic

Hiflow Super,
plastic

plastic

) @
Intalox saddle, Intalox saddle, Super saddle, Hiflow saddle, Intalox saddle, Nutter ring, RMSR,
plastic ceramic plastic plastic metal metal metal
-
Tellerette size 1,  Dtnpac size 1+2,  Glitsch CMR ring, Cél:.‘s;r:iiﬂ-t McPac ring, R-Pac, SR-Pac,
plastic plastic plastic rryarial 9. metal ceramic ceramic

Top-Pak, Hach Envipac size 1,  Envipac size 243, Raschig Super ring, Raschig Super ring, Interpack,
metal plastic plastic plastic plastic metal metal

Figure 1-2a. Commonly used random packings

Packed columns belong to the group of separation plants, in which the liquid, driven
by gravity, flows down through the random or structured packing in the form of a trickle
film or droplets. They are characterised by low pressure drop and a high operating range.

The simple design of packed columns makes them suitable for the most important
basic operations in thermal process engineering — rectification, absorption, desorption
and extraction — using various column internals, including the more conventional metal
and ceramic ones as well as packing elements made of plastic.
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Mellapak 250 Mellapak 350 Mellapak 500 Ralu Pak 250 YC Fi-Pac
type Y type Y type Y type Y
sheet metal sheet metal sheet metal sheet metal sheet metal

K9
Maontz B1-100 Montz B1-200 Montz B1-300 Montz BS Maontz BSH
type Y type Y type Y gauze packing gauze packing
sheet metal sheet metal sheet metal metal metal

Montz A1 Montz A2 Montz A3 Sulzer BX Durapack

gauze packing gauze packing gauze packing gauze packing
metal metal metal metal glass

Mellapak 250Y Montz C2-200 Nor-Pac Nor-Pac Euroform
type Y type Y swirl packing Kompakt
plastic plastic plastic plastic

stacked Pall rings Impuls packing  stacked Bialecki rings tube column Rombopak
type X with
ceramic ceramic metal sheet Biatecki rings metal
type X: o= 30° type Y: o = 450

Figure 1-2b. Various structured packings, stacked packings and tube columns
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In rectification processes, the dimensions of random packings used on an industrial
scale are mostly 25—80 mm, due to the low capital cost and their good hydraulic and
mass transfer behaviour. Smaller packing elements with dimensions of 15—25 mm used
in smaller columns ds < 0.8 m are more expensive to operate, despite their high separa-
tion efficiency. Larger packing elements, however, are not considerably cheaper than the
80 mm rings, yet their efficiency is significantly lower. In addition, there is little research
material available on larger packing elements with dimensions between 50 and 90 mm,
due to the relatively large and costly test plants required to determine their hydraulic
and mass transfer parameters. Also, plants of this dimension are not available in every
research centre.

The choice of packing material largely depends on the corrosive properties of the
system to be separated as well as on the operating temperature. For the separation
of aqueous alcohol solutions at moderate temperatures of below 100°C, for example,
polypropylene or PVDF would be a comparatively cost-effective material. In the case of
very aggressive substances, materials such as nickel, ceramic and/or plastic products such
as PP, PVDEF, ETFE or PTFE, would be more appropriate than stainless steel.

1.2
Development of Packed Columns and Their Significance in Rectification
and Absorption Technology

As early as the 1930s, the US and Germany began collecting design data for packed
columns, albeit initially for ceramic spheres and Raschig rings only.

For many years up to the late 1960s, the use of packed columns in rectification and
absorption processes was limited to relatively small plants with column diameters of up
to 1 m. This was due to the properties of Raschig rings, commonly used at the time,
which became less effective as the column diameter increased. It was not until Pall rings
were introduced by BASF in the 1960s, that these limitations were partly reduced. In
addition, little consideration was given to an even distribution of liquid at the column
top and the pre-distribution of gas on inlet below the packed bed.

In the 1960s, Sulzer set new standards in the packing design. The introduction of
gauze packings BX and CY, followed by the sheet metal packing Mellapak 250 Y, opened
up new constructive possibilities for the design of modern column internals, charac-
terised by a high loading capacity, good separation efficiency in large columns as well
as a low pressure drop throughout the operating range. These characteristics set the
trend for the development of new, modern types of random and structured packings
in Germany in the late 1970s and early 1980s, such as Nor-Pac, Hiflow rings, Top-Pak,
Envipac, Dtnpac, VSP ring as well as Intalox metal packing, structured Montz packing,
structured Ralupak and Rombopak etc. These developments were the result of intensive
co-operation between industry and universities, in particular the Institute of Thermal
Separation Processes of Bochum University in Germany.

The 1990s were marked by further developments in the area of random metal pack-
ings, such as Raschig Super rings [33] and Mc-Pac packing [34] as well as ceramic pack-
ings R-Pac and SR-Pac and structured glass packings such as Durapak.
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In the same decade, the manufacturers Sulzer and Montz increased the range of struc-
tured packings, with specific packing ranges from 100 to 750 m? m~> and channel angles
of 30°-type X and 45°-type Y. They launched the newly developed, high-efficiency struc-
tured Optiflow packing as well as Mellapak Plus [30, 31].

As primary energy sources had been subject to high costs since the 1970s, this trend
satisfled market demands for column internals that were characterised by low pressure
drop and high loading capacity, a trend that is still prevalent today.

The advantages of using modern lattice-type and structured packings are particularly
significant in the vacuum rectification of thermally unstable mixtures or separation pro-
cesses with a high number of theoretical stages [1, 2] as well as in absorption technology.
In the 1990s, packings were also successfully used for applications in pressure absorption
and pressure rectification in the oil industry, where tray columns were being upgraded
to structured packings.

A comparison between random packings and trays at identical top pressure pt shows
that, due to the low total pressure drop Ap = pr— pw of packed columns, the tempera-
ture at the column bottom tw at a given number of theoretical stages n; is also lower.

The separation of thermally unstable mixtures requires low temperatures at the col-
umn bottom tw, leading to an increase in the temperature difference (tg—tw) between
the heating medium ty and the liquid mixture tw. In addition, a low temperature at the
column bottom allows for the use of low pressure steam to heat the reboiler, which is
more cost-effective.

The rectification of mixtures under vacuum ensures that the product purities
achieved at the top and at the bottom of the column are equally high at a lower reflux
ratio, compared to normal pressure rectification, since the relative volatility o of the mix-
tures tends to increase as the top pressure drops.

The use of lower reflux ratios for the separation of mixtures under vacuum conditions
results in a lower consumption of heating steam, compared to rectification under normal
pressure.

Columns operating under vacuum could lead to energy savings of up to 25% [1], as
shown in the two examples in Fig. 1-3 a and b.

The optimum operating pressure pr at the column top, under which maximum
energy efficiency can be achieved, is the minimum of the function: energy cost ratio
of top pressure Cy/Cp = f(pr) see Fig. 1-3.

Where C represents the operating costs of normal pressure rectification. Depending
on the difference between the temperatures at the bottom tw and at the top tp of the
column, and on the price of the heating steam Cp, the optimum operating temperature
tp,opt Of a condenser operated with cooling water is in the range of 40—55°C [1]. Once
the temperature at the column top tp,opt has been defined, it is possible to determine
the top pressure pr, assuming that a pure top product is generated, based on the known
Antoine equation:

B
—exp | A — 1-1
pr=p [ " p 4+ 273.15) + Cl] (-
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Figure 1-3. Energy cost ratio Cy/Cop relating to column operation under normal pressure prp, as func-
tion of pressure at the column top pr for various mixtures acc. to Billet, Lugowski, Mackowiak [1].
Curve 1: System: toluene/ethylbenzene; Curve 2: System: benzene/toluene; Curve 3: System:
methanol/ethanol. Assumption: Concentration at the top xp= 1, at the bottom xw = 0, in feed xp =
0.5. Reflux ratio r/rj, = 1.2, heat steam cost Cy = 10 and 25 €/t, cooling water costs Cx = 0.05 €/t

where Aj, B; and C; are the Antoine constants for higher-volatility components. A list
of numerical values for the constants Aj, By, C; for tested systems as well as additional
references can be found, amongst others, in the well-known monographs by Gmehling
and Kolbe [35] and Gmehling, Onken [36].

The monograph published by Billet [2] includes detailed information on additional
energy saving measures, such as optimum feed concentration, use of heat pumps etc.

Absorption and desorption are the main range of industrial applications for random
plastic packing elements, as those separation processes mostly occur within a moderate
temperature range. Particular significance must be accorded to modern, randomly filled
packing elements with lattice structures, which are characterised by extremely low pres-
sure drop and high loading capacity, thus resulting in a smaller construction and lower
operating costs. The discrepancy between random and structured packings in terms of
their hydraulic and mass transfer behaviour has been decreasing in the last 10 years. Flue
gas scrubbers are an exemplary application of modern Hiflow packing elements, e.g. in
the power plant Ludwigshafen and Buschhaus, with column diameters of up to 9.4 m.
Random Envipac packings, sizes 2 and 3, produced by ENVIMAC are used in Lurgi plants
for direct gas cooling towers with column diameters of up to 8 m.

Applications of this kind, using random and structured packings in columns with
diameters between 5.5 and 7.0 m, have now become common practice. Hence, there is
continued demand for accurate design data for these columns.
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The accurate design of random and structured packings with low specific pres-
sure drop and high loading capacity for a number of separation tasks used in absorp-
tion, in rectification under vacuum and normal pressure as well as in the high pres-
sure range can therefore be regarded as a significant contribution towards energy
saving.

13
Brief Overview of Existing Monographs and/or Complex Reviews on Packed Column Design

The design of packed columns using random and structured packing is based on the
determination of the column diameter ds and the packing height H as well as the total
pressure drop Ap at the operating point and at the flooding point. For this purpose, the
following parameters for each packing element must be known:

(a) operating range, i.e. flooding point and lower loading line

(b) pressure drop of irrigated packing Ap/H per 1 m of packed bed

(¢) liquid hold-up hy,

(d) theoretical separation efficiency as n¢/H and/or height of transfer unit HTUgy
for the vapour phase or HTUqy, for the liquid phase

In addition, the number of theoretical stages n¢ required for the separation of a mix-
ture is necessary in order to calculate the packing height.

The following section outlines the most important studies, from the author’s point
of view, which have made a significant contribution towards the modelling of the fluid
dynamics of packed columns.

The first important monograph was written by Kirschbaum [3], with its fourth and
last edition published in 1969. It was the first work to introduce a simple, closed process
for the dimensioning of 8—50 mm ceramic Raschig rings. Based on experimental data
as well as simple models, it presented correlations for calculating the upper loading line,
the pressure drop of two-phase flow as well as the number ni/H, which is today known
as theoretical separation efficiency, both at the upper loading line and at approx. 65% of
the upper loading line.

Very early on, Kirschbaum [3] recognised the relationship between the separation
efficiency n¢/H and the pressure drop Ap/H per 1 m of packing height and developed
the following correlation, based on approx. 300 experimental data items:

nt/H
L

=0.13 [m_l] (1-2)

which gave the total resistance coefficient {1, of two-phase flow according to Eq. (1-3)
for a given packing diameter d, known pressure drop Ap/H of the irrigated packing and
vapour velocity uy.
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Ap uy  py

g5 (1-3)
This concept was based on the assumption that the pressure drop Ap/H above 65% of
the upper loading line for a packing size is system-independent.

Linking the pressure drop Ap/H and the separation efficiency ni/H to avoid having to
ascertain many unknown parameters was an idea that was further pursued by Billet [15]
as well as other publications [16-18]. Kirschbaum’s monograph [31] is a standard work,
which is virtually as up to date now as it was when it was first published.

Mersmann [4, 5] evaluated the results published in other studies on rectification and
absorption investigations using the air/water test system, and compiled design data for
the 15—35 mm packing elements used in the 1960s, namely Intalox saddles, Pall rings
and ceramic Berl saddles. Based on these studies, it is possible to determine the column
diameter as well as the packing efficiency at the loading point for small packings with
d < 35 mm. The derived correlations for the hydraulic behaviour of packed beds are
based on a film model applicable to laminar and turbulent gas and liquid flows. Graphic
correlations for flooding point, loading point, pressure drop of irrigated packings, liquid
hold-up and height of transfer unit were also introduced — not in the operating range
below the loading line, but in the maximum of the function HTUqgy = f(uy).

From today’s point of view, the work published by Mersmann [4, 5] is an exemplary
demonstration of how to derive general considerations on the hydraulic behaviour of
random packings using the model of film flow in packed columns. It has maintained its
scientific relevance until today [10, 11, 14, 19].

Beck [6] used a large amount of research material, primarily based on experimen-
tal data taken by Billet [7], which was published, amongst others, in BASF reports in
the 1960s, and developed empirical correlations for calculating flooding point, pressure
drop above the loading line as well as separation efficiency at the minimum of the curve
n¢/H = f(uy). The advantages of the method developed by Beck lie mainly in the sim-
ple use of the correlations, which have a practical significance in the design of packed
columns. The following points should be noted in connection with this method:

1. The separation efficiency can only be determined at the minimum of the function
n/H = f(uy) — not in the entire operating range. The minimum of the function
n/H = f(uy) is typical of random packings with small nominal dimensions and is
partly determined by the system’s hydraulic properties and its physical properties.

2. The correlation for determining the separation efficiency does not take into account
the diffusion properties of the systems to be separated.

Weifs et al. [8] found that their measured pressure drop values Ap/H correlated sat-
isfactorily, i.e. with a £20% accuracy, to Beck’s formula [6] for 35 mm metal Pall rings.
In the case of 25 mm ceramic Pall rings, however, the measured values were 100% higher
than the result of Beck’s calculation [6].

Schmidt [9] introduced a concept for the design of columns packed with randomly
filled 8—50 mm ceramic Raschig rings. He performed elaborate rectification tests in
a column with a diameter of 0.3 m and a packing height of 2 m, using 7 binary
mixtures at top pressures ranging between 66 and 1000 mbar, and used the results of
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his measurements to develop two empirical equations for calculating the mass trans-
fer coefficient in the gas and liquid phases. In addition, he introduced correlations for
determining the upper and lower loading line as well as the pressure drop and the liquid
hold-up throughout the operating range.

The capacity diagrams developed by Schmidt [9] are still used as practical working
diagrams today. A valuable contribution for practical application was also the introduc-
tion of the term “lower loading line” as well as the correlations from which the “lower
loading line” can be analytically derived.

Brauer [10] as well as Brauer and Mewes [11] gave a detailed and critical overview
of the individual publications which had been released up to 1967, and recommended
various correlations which allowed the calculation of flooding point, pressure drop and
mass transfer coefficient in the gas and liquid phases for Raschig rings, Pall rings, Intalox
saddles and Berl saddles commonly used in the past. It should be noted that the correla-
tions for the fluid dynamic design presented in these monographs were based on and/or
directly taken from studies by Mersmann [4, 5] and Teutsch [12]. The entire international
literature on mass transfer in the liquid phase was studied and presented in the form of
dimensionless numbers. The calculation equations with an accuracy of approx. £30%
were derived on the basis of absorption measurements using the systems CO, —water/air
and/or O, —water/air.

Using dimensionless numbers, Brauer and Mewes [11] were able to summarise
approximately the results of experimental studies (literature data) on mass transfer in
the gas phase in irrigated columns packed with Raschig rings, spheres and Berl saddles.
There is no further information available on the accuracy of the formula; however, based
on the attached diagrams, it can be assumed that the measured values are given with a
relative error of £20—50%. This correlation can be found even today, particularly in the
latest work of Zech and Mersmann [13, 14].

A monograph published by Billet [15] elaborates on the hydraulic behaviour and the
efficiency of random metal packings (Raschig rings and Pall rings) and, for the first time,
of structured gauze packings BX, CY in rectification mostly under vacuum and nor-
mal pressure. The measurements used by Billet [15] were taken at large-scale BASF pilot
plants with different distilliation systems, which is why they are particularly valuable for
the development and verification of new calculation methods. Billet [15] modified the
graphic Sherwood correlation for determining the gas velocity at the flooding point of
15—50 mm metal Pall and Raschig rings for rectification systems under vacuum, normal
and high pressure.

The following formula for calculating the packing height is suggested on the basis of
Billet’s [15] introduction of the term specific pressure drop Ap/ny:

H=mn,- (i—f) / (%) [m] (1-4)

The measurements taken by Billet [15] at a BASF distillation plant are presented
by means of the correlations Ap/H = f(FV)L/Vzp n/H = f(FV)L/Vzl, and Ap/n; =
f(Fv); /y=1- This method of presenting experimental results is still used in literature
today.
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This book also takes into account Billet’s [15] experimental data on the hydraulic
behaviour of packed columns for the development of a new method for the standard
presentation of the fluid dynamics of columns with any type of packing design. The basic
principles of the method for determining the separation efficiencies of packed columns
have already been publicised in joint presentations and individual publications by the
author and Billet [16-18].

Following years of co-operation with the author, Billet [21] has published a new
monograph, in which he pursues another model for the fluid dynamics of random and
structured packings under vacuum and normal pressure, based on film flow.

Reichelt’s professorial dissertation [19] is a comprehensive and valuable literature
study on the subject of random packings, focusing on the fluid dynamics of the two-
phase flow for a number of different random ceramic packings. Based on the experi-
mental results using the air/water test system, he developed empirical correlations for
determining the pressure drop of single-phase flow. He presented a modified version of
Mersmann’s flooding point diagram and summarised and discussed the results of the
most important studies previously published as well as the main equations, including
their ranges of validity.

Zech and Mersmann [13, 14] were the first who attempted to systematically analyse
the possibility of transferring absorption data to rectification processes. Using the the-
ory of instationary diffusion for short contact times, it was possible for the first time
to separate the volumetric mass transfer coefficient known from experiments into the
mass transfer coefficient and specific mass transfer area. The comparison of measure-
ments found in literature with the calculation based on the method developed by Zech
and Mersmann [13, 14] showed good concurrence, which suggests that it is possible to
predict the separation efficiency of distillation columns using absorption data. The anal-
ysis was carried out in the operating range below the loading line. The loading line was
monitored using another modfied correlation by Mersmann [4]. As a result, the stud-
ies by Zech and Mersmann [13, 14] presented a closed concept for the dimensioning of
ceramic Raschig rings, Berl saddles, Pall rings as well as metal Raschig rings.

The monograph by Strigle [20], published in 1987, provided correlations, working
diagrams and a large amount of empirical data from a practical point of view, which are
very useful for the design of packed columns in a diverse range of applications, such as
rectification, absorption, desorption, liquid/liquid extraction, gas cooling etc.

Bornhiiter [22] analysed the flow behaviour of a liquid in a column with a diame-
ter of ds = 1 m filled with modern lattice-type packings with nominal dimensions of
25—90 mm. He found that the liquid flowed in each packing as a stream of droplets,
in addition to films and runlets, depending on the specific liquid load. Bornhiitter
[23] modified Mersmann’s flooding capacity diagram (1965) and developed correla-
tions for calculating liquid hold-up, mass transfer coefficient in the liquid and gas
phases as well as effective mass transfer area for the lattice-type packings which he
analysed.

Krehenwinkel [23] investigated the fluid dynamics and the mass transfer of packed
columns in a range of high pressures using classic random packings, whereas Spiegel [24]
and Ghelfi et al. [25] looked at structured packings. Their studies contain valuable exper-
imental data, which has been incorporated in the SBD model described in this work.
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Krehenwinkel’s work [23] includes empirical correlations for calculating the gas
velocity at the flooding point, the pressure drop and the volumetric mass transfer coeffi-
cient in the gas and liquid phases.

In 1990/1991, Mackowiak [26, 27] described an additional method for determining
the pressure drop of packed columns with any type of column internal throughout the
entire operating range up to flooding point, based on the knowledge of the resistance
factor Yy for two-phase counter-current flow. The equations and numerical examples
can be found in Chap. 5.

Finally, mention must be made of numerous studies carried out by SULZER-
Winterthur, which have contributed enormously to the development of structured pack-
ings, such as Mellapak, gauze packings BX, CY, Optiflow as well as Mellapak Plus [30, 31].
They have also led to ground-breaking applications in the field of thermal separation
processes in rectification in the vacuum, normal and high pressure range as well as
in high-pressure absorption. Further information on this topic can be found, amongst
others, in the publications [24, 28-32].

14
Conclusion Chapter 1

The above publications show that it is easy to determine the main dimensions of columns
with classic packing elements, such as Pall rings, Raschig rings, Intalox saddles based on
today’s good theoretical knowledge of hydraulic and mass transfer principles. The cur-
rent methods for the design of packed columns, however, cannot always be applied to
any separation task, unless they have been verified by experiments, in particular when it
comes to new types of lattice and structured packings. There are numerous experimen-
tal results available for conventional types of packings, such as Raschig rings, Intalox
saddles and Pall rings made of ceramic and/or metal. In addition, there is a consid-
erable amount of experimental data available on modern types of packings with large
dimensions d = 50—80 mm and on sheet-metal packings, which are more suitable for
industrical applications today. The data taken from experiments using thin-walled Pall
rings, Hiflow rings, Nor-Pac packing elements, Envipac, Dtnpac, Tellerette, Glitsch CMR
rings, VSP rings, Bialecki rings, Raschig Super rings [33], Mc-Pac [34], R-Pac, sheet-
metal packings produced by Sulzer, Montz and Raschig, Durapak, Rombopak, Glitsch
made of metal, plastic and ceramic etc., shown in Figs. 1-2a and 1-2b, is summarised in
this book and presented in a uniform manner, using existing and new theoretical knowl-
edge on fluid dynamic principles of two-phase counter-current flow.
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CHAPTER 2

Two-Phase Flow and Operating Range

2.1
Hydraulic Processes in Packed Columns

The accurate design of packed columns requires a knowledge of the hydraulic character-
istics of the respective packing element throughout the entire operating range. The gas
velocity at the flooding point uyp is a particularly important parameter in this context,
as it is required for the calculation of the maximum loading capacity at a given specific
liquid load ug. The higher the loading capacity of the column in the case of counter-
current flow of the phases, i.e. the higher the gas velocity at the flooding point uy, the
smaller the required cross-section and diameter of the column.

When designing a packed column, it is also important to calculate the pressure drop of
the irrigated packing Ap/H per 1 m packed bed height and the respective liquid hold-up
hy. In recent years, these have become important technical-economic parameters. They
allow the assessment of packed columns in terms of their suitability for the rectifica-
tion of temperature-sensitive mixtures and for all gas/liquid systems, i.e. for absorption,
desorption, cooling and preheating of gas as well as for absorption using slow chemical
reactions, where the residence time of the liquid must be known.

If there is only gas flowing through the packing, i.e. up, = 0, a pressure drop occurs in
the column Apy, Fig. 2-1, and increasingly so, as the gas capacity Fy rises. The pressure
drop also depends on the dimension and shape of the packing and is directly propor-
tional to the packing height H. If the packing is irrigated by the downward counter-
current flow of the liquid, i.e. uy, > 0, there are mostly films and runlets forming on the
individual packing elements, assuming these are small and non-perforated. In the case
of highly perforated packing elements of any size, the so-called lattice work packings,
which are used more and more frequently, there are not only films and runlets, but also a
large number of droplets and sprays, which increases with the size of the packing. On the
basis of today’s knowledge, this applies to any type of packing of any shape and material,
i.e. plastic, ceramic and metal, in particular in the case of very small and moderate liq-
uid loads. In two-phase flow, once the gas has reached a certain velocity, the formation of
additional droplets can occur through separation from films. The total liquid hold-up hy,
of such droplets, runlets and films reduces the free cross-section available for the gas flow.

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_2,
© Springer-Verlag Berlin Heidelberg 2010
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The effective void fraction of the packing (e-hy) decreases, which results in an increase
in pressure drop Ap/H, based on the accepted law of resistance acc. to Darcy and Weis-
bach. As the specific liquid load uy, increases and the gas velocity uy remains constant,
the liquid hold-up hy and the pressure drop of the irrigated packing Ap/H also increase
(see Fig. 2-1a,b).

Figure 2-1b shows a qualitative, double-logarithmic representation of the dependency
of the pressure drop per 1 m packing height for irrigated random or structured pack-
ings Ap/H on the gas capacity factor Fy, whereas Figs. 2-2a and 2-2b is a quantita-
tive representation, applicable to randomly filled 25 mm metal Biatecki rings, with the
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specific liquid load uy, as the parameter. The occurrence of different flow ranges within
the operating range is very distinctive and is marked by the limit lines AA, BB and CC, as
shown in Fig. 2-1. Figure 2-1a is a qualitative representation of the correlation between
the total liquid hold-up hy and the gas capacity factor Fy for empty columns, whereas
Fig. 2-2b shows the correlation for randomly filled, 25 mm Biatecki rings of metal. The
diagrams are similar for other random or structured packings, analogous to Figs. 2-2a
and 2-2b. The combined representation of the correlation between the pressure drop
Ap/H and liquid hold-up hyand the vapour capacity factor Fy highlights the character-
istic relationship between the parameters shown here.

Up to the first limit line AA, the so-called loading line, the pressure drop curves Ap/H
of irrigated packings at small and/or moderate liquid loads ur; and ur, run parallel
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Figure 2-2b. Hydraulic characteristics of random 25 mm metal Bialecki rings, valid for the system
air/water under normal conditions. Liquid hold-up hy, as a function of the gas velocity uy or gas capacity
factor Fy, up, with the specific liquid load uy, as a parameter

with the pressure drop curve Apy/H of dry packings with up, = 0, based on experimental
research on modern types of packings. The loading line is at approx. 65% of the flood
load factor Fy gy, pertaining to the flooding line CC. In this operating range, the liquid
flow has practically no influence on the gas flow. Hence, the liquid hold-up h;, does not
depend on the gas capacity factor Fy and/or the gas velocity uy, but it increases with the
liquid load u;..

A further increase in the gas velocity uy above the loading line AA results in an
increase in the liquid hold-up hy, Fig. 2-2b, and in the pressure drop, Fig. 2-2a. In this
operating range, the shearing forces of the gas prevent the liquid from flowing off.

The pressure drop curves in the range between the loading line AA and the upper
loading line BB rise steadily from 1.95 to 2.95 [2, 3, 12], Fig. 2-2a. At the same time, the
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liquid hold-up hy increases, leading to an increase in the effective mass transfer area, see
Fig. 2-2b. Packed columns are usually operated at gas velocities uy between 30 and 80%
of the gas velocity at the flooding point uyp.

The term “packed columns” refers to columns with randomly filled packings, with
stacked or structured packings and tube columns filled aligned with packing elements.

22
Flooding Point

2.2.1
Flooding Mechanisms

Depending on the liquid load, the type and size of the packing and the physical proper-
ties, there are two different flooding mechanisms which can occur in packed columns:

(a) flooding at high phase flow ratios

ho = (ﬂ> (2-1)
uv /) p

where columns with large-surface packing elements are being filled with liquid with
phase inversion
(b) flooding at small phase flow ratios g, due to droplet entrainment in the gas phase

In packed columns, the liquid flows in counter-current to the gas, in the form of films
and runlets. This applies in particular to small, non-perforated packing elements with
low void fraction, e.g. € = 0.4—0.6 m®> m~>. The void space of the packing elements
contains dead space, which is filled with more and more liquid as the liquid load uy,
increases. Flooding occurs when the entire column s filled with liquid. In the case of high
specific liquid loads ug, and very low gas velocities uy, i.e. at very high phase flow ratios
at the flooding point Ao, the so-called phase inversion occurs through the formation of
bubbles, whereby the gas phase is dispersed and the liquid now forms the continuous
phase.

The flooding mechanism is characterised by a steep increase in the pressure drop
curve Ap/H = f(Fy) as the gas capacity factor Fy increases, line uy, 3 in Fig. 2-1b.

The last 30 years have seen a new development in the packings design, as more and
more metal and plastic packings with an open structure are being produced — the so-
called lattice packings. Today, the use of perforated packing elements with dimensions of
d > 0.050 m is common practice for industrial applications. The void fraction of these
metal and plastic packing elements with d > 0.025 m is in the range of £ = 0.92—0.98 m?
m~3. They do not contain any dead space that can be filled with liquid. The operating
range of modern “lattice packings” is therefore greater than that of full-surface packing
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elements, which means that the influence of the gas on the liquid flow is different, com-
pared to the first type of packing.

In the case of highly perforated packing elements, or lattice packings, the formation
of droplets occurs as a result of liquid dripping from the individual packing elements
or from films and runlets, and can be entrained by the upward gas flow. This process is
shown in Fig. 2-3, acc. to Bornhiitter and Mersmann [66, 87]. The amount of droplets in
the total hold-up ranges between 5 and 42%, depending on the type and size of the pack-
ing. As a rule, the number of droplets in the packing increases, the higher the liquid load
up and the larger the size of the packing elements. Low phase flow ratios at the flood-
ing point kg are characteristic of columns operated in the vacuum and normal pressure
range. This mechanism of droplet formation has been verified by specific studies carried
out by Bornhiitter and Mersmann [66, 87].

As a result, smaller as well as larger perforated packing elements are characterised by
a different flooding mechanism, as droplets occur in liquid-fluidised beds, compared to
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Figure 2-3. Droplet hold-up for various packings during water irrigation acc. to Bornhiitter/Mersmann
[66, 87]
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classic, non-perforated packings, where flooding is caused by droplets being entrained
upwards, in particular in the case of smaller phase flow ratios at the flooding point .
The latter is characterised by a constant increase in pressure drop Ap/H, as the gas capac-
ity factor Fy rises, Fig. 2-1b, lines uy,; and up ;.

Accurate gas velocities at the flooding point can only be obtained by means of pressure
drop curves, as shown in Fig. 2-1b. The visual determination of the flooding point, on
the other hand, can cause large errors.

222
Droplet Formation in Packed Columns

Droplet Formation

Droplet formation at lattice packing elements can occur without the influence of gas, as
a result of the following: dripping from the sharp-edged packing elements, break-up of
sprays and threads (runlets) at a certain distance from the individual packing element
and through contact with the ledges of the packing elements. In the case of higher gas
velocities, droplet formation can occur through transfer of the gas kinetic energy to run-
lets and films [66, 87].

The following considerations initially refer to the second case only and are based on
the physical notion that a large number of droplets are sheared from the films and runlets
of the liquid and entrained by the upward gas flow. As a result, the proportion of droplets
to the total hold-up is even higher than shown in Fig. 2-2b. By shearing off droplets from
the runlets, the gas transfers an impulse onto the droplets. The shear force of the gas K

ﬂd% PV 5

KR = C(/) . 4 . 714‘/ (2_2)

is partly converted during droplet formation as a result of the surface tension or.. (Cj is
the so-called shear factor [58]). The surface force K is given as:

K() =7 - dT - OL. (2‘3)

While in suspension, the displaced droplet has to overcome the gravitational force minus
the lifting force.

7-d &
K, = L (pp—pv) ¢g= r
¢ c (oL —pv)-g 5

~pL-g for pp >> pv. (2-4)
The balance of forces

Kr =Ko + Kg (2-5)



32

CHAPTER 2 Two-Phase Flow and Operating Range

leads to the following correlation (2-6), acc. to Covelli, Miilli [58], based on the solution
of Eq. (2-5) for a minimal effective gas velocity, at which it is just possible to separate
droplets from runlets:

16-90; - Ap g | ! Ap-g\
ilV,crit=|:w:| —1.55. -<UL pg) . (2-6)

2 2 2
3C% - Py /C, Py

For Cp = 1, the formula (2-6) is identical to the one developed by Mersmann [38] and
Levich [57] for droplets falling in gases and liquids.

This permissible velocity uy, .ir can be used to determine a critical droplet diameter
dr.crit> based on Eq. (2-5):

6 Gy [ ]“2

T’ . —_ — . = .

16 (o —pv)-g 2-glor = pv)
ol 1/2

Aar it = 2.44 - (2-7)
Ap-g

Larger droplets with diameters greater than dr it break down into smaller droplets. Cov-
elli, Miilli [58] presented the following theory for the shear factor Cp in Eq. (2-2):

or-g-(pL—pv)
Py - uy

C) =653 : (1 42454 . Re;°-842) (2-8)

It was developed on the basis of data, taken at a heated tube for the test system
water/steam at 1 bar, and applies to Reynolds numbers of droplets Rer, acc. to Eq. (2-9),
in the range of Rer = 300 to Ret = 8000:

.
Rep = V.91 (2-9)
vy

Based on Eq. (2-9), it is possible, for a given gas velocity uy, to calculate the shear factor
Cb, acc. to Eq. (2-8), followed by the critical effective gas velocity iiy i, acc. to Eq. (2-6),
if the Reynolds number Rer is known.

If the following is true:

ﬂv > ﬁv,crit (2‘10)

then droplet formation occurs in the packing by shearing from films and runlets. In the
case of high gas velocities, the shear factor Cj is expected to be minimal, acc. to Eq. (2-8).
These conditions are most likely to trigger droplet formation.

The formation of droplets is usually described by means of the so-called critical Weber
number Wei:



2.2 Flooding Point

33

- 2 /
Uy crit * dT C PV C FV crit dT : C0

5 = Wegir - Cy /&2 = const. =
oL E- -0

12 ¢?
Wegrie = —=— (2-11)
0
which is based on the ratio of the shear force K, acc. to Eq. (2-2), to the surface force K,
Eq. (2-3). Equation (2-11), developed by Wallis and quoted by Stichlmair [55], applies
to low-viscosity mixtures (n;, & 1 mPas).

If the critical Weber number is not reached, there is no droplet formation from runlets
and films. This is expected to be the case for high liquid loads, for random packings with
low void fraction as well as for systems with extremely low surface tension oy, i.e. for
pressure rectification.

Droplet Entrainment

The droplets forming in the packing can only be entrained if the gas velocity is sufficiently
high. The gas velocity can be ascertained from the balance of forces acting on a suspended
droplet. The thrust force of the gas Ky, must be equated to the gravitational force K
minus the lifting force Ka. The following correlation applies:

Ky =Kg — Kp =

) 2 3
uy - py dp w-dy
. R S — 2-12
VE 5 1 e (oL —pv)-g (2-12)

Solving Eq. (2-12) for uy gives Eq. (2-13)

/4 /PL — pv
g (2-13)

Estimating the Lower Limit, Which Allows Droplet Formation from Films and Runlets
in Packed Columns

It is possible to give an approximate estimation of the lowest effective gas velocity uy pl min
for the test system air/water at 20 °C and 1 bar, which allows droplet entrainment from
the packing. This is based on the assumption that the packing elements are sufficiently
large to allow the substitution of the same resistance coefficient {rp) = Y into Eq. (2-13)
that applies to a droplet swarm in an empty column. It can be calculated using Chao’s
formula (2-14), quoted by Soo [59]:

32
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For the test system air/water, the droplets in packed columns reach an average diameter
of dt = 0.003 m. uy is now substituted for the value uy = 1.5 ms~'. The objective is to
find out whether, given the above gas velocity, it is still possible for droplets of this size
to be entrained from the packing. Equation (2-9) gives the value Rer = 268.95 and Eq.
(2-14) leads to a resistance coefficient g of 12.68, which is then used to calculate the gas
velocity uy, acc. to Eq. (2-13), as 1.5 ms~!. The example shows that, at a gas velocity of
1.5 ms~! or higher, it is still possible for droplets to be entrained in columns containing
larger packing elements of, e.g., d > 0.050 m. Given a packing size of d = 0.090 m and uy
~1.5ms™ !, the liquid load at the flooding point is in excess of 100 m’m~2h~! [27,28].
The maximum operating range for larger, perforated packing elements with d > 0.050
m, at which droplet formation and entrainment can occur, is relatively wide. However, it
decreases with the size of the packing elements. It is difficult to provide a more accurate
estimation of the lower limit of the model’s validity, which assumes that flooding occurs
through droplet entrainment by the upward gas flow. This is due to the fact that no
numerical values are currently available for the resistance coefficient in connection with
droplet fall in the packing.

In addition, it is not yet possible to estimate the proportion of droplets formed
through dripping from the packing edges and those formed through shearing. The lower
value of the gas velocity in the air/water system is estimated to be uy > 1—1.5 ms!. In
the case of Fy factors, it is in the region of 1.1-1.65 or considerably lower.

Based on Eq. (2-13), it is possible to calculate the gas velocity uy that allows the sus-
pension of droplets with a diameter of dr. If this value is lower than the gas velocity uyp,
it is no longer possible for droplets with dt to be entrained by the upward gas flow. In
such cases, it is recommended to describe the flooding mechanism in packed columns
using the film gas thrust shear force model or film model developed by Mersmann [2, 3],
see Sect. 2.2.3.

Bornhiitter (1991) [66, 87] carried out experiments to analyse the formation of
droplets in a column with a diameter of 1 m containing modern packing elements, such
as Hiflow ring, Pall ring, VSP ring, Envipac, Snowflake, with diameters ranging between
25 and 90 mm and using liquids with viscosities between 1 and 27 mPas. He found
that the proportion of droplets to the hold-up ranged between 5 and 45%, see Fig. 2-3.
What all types of packings had in common was the fact that the proportion of droplets
remained largely constant as the specific liquid load increased, whereas the proportion
increased if the loads were reduced, falling below u, = 0.003 ms~!.

Based on the theoretical considerations illustrated above and the experimental data
found in literature [66], it can be assumed that, due to the constant occurrence of
droplets in the packing, the flooding point mechanism in packed columns is defined
by the entrainment of droplets.

223
Literature Overview — Status of Knowledge

The analysis of most representative correlations for evaluation of flooding gas velocity
in packed column was provided by Kister [88], Piche [73], Kuzniewska-Lach [74],
Grabbert [92] et al.
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The methods described in the relevant literature for determining the gas velocity at
the flooding point uy g can be divided into two groups. The first group includes graphic
correlations developed by Sherwood, Shipley and Holloway [4], Lobo, Leva [6], Billet
[5], Eckert, Kafarov, Planowski [1, 50], Kirschbaum [19], Strigle [31] etc., who assume
droplet formation at the flooding point. Table 2-1 shows the individual developmental
stages of the most important correlations developed by this group (no. 1-7). The second
group of methods assumes film flow in the packing, see correlations 8-14 in Table 2-1
[1,4,5,6,8,9,37-89, 94].

The first group of flooding point correlations is based on the assumption that, in
accordance with visual observations, droplets are formed in the void spaces of the
packing elements, which then fall down into the packing elements situated below, see
Sect. 2.2.1.

At the flooding point, the balance of forces acting on a suspended droplet leads to
correlation (2-12), which is then transposed to give the following equation for the flood
load factor F*yp:

FV i g dr -8 [msfl] . (2-15)

F*
Cin NI /Ov Yo

The term\/ 4/3 -dr-g- wo_l in Eq. (2-15) is summed up to the so-called flood load
factor Fyp), which can only be determined experimentally for packed columns. Here,
the quotient, Eq. (2-15), is given by dividing the gas capacity factors Fyj, known from
experiments, by the root of the density difference (p;,—py) and applied to the operating

conditions at the flooding point using the term (L/V)Fl 4/ ,ov/pL (2-16).

v
L

. L
Fiw = f(Xp)  with Xp = <7> . (2-16)
V/¢

The term Xg in Eq. (2-16), known as the flow parameter, is the root of the ratio of
the kinetic energy of the liquid Ex | to the kinetic energy of the gas Exy. This type of
capacity diagram, based on Eq. (2-16), was adopted by Boden [1, 4, 8, 55] and is still
used today [40—48], mostly for the air/water system.

Figure 2-4a shows a typical capacity diagram for 15 mm metal Pall rings, based on Eq.
(2-16). Figures 2-4b and 2-4c show further examples of capacity diagrams for various
random and structured packings, which were developed on the basis of recent experi-
ments. The figures clearly show to what extent the flooding point is influenced by the
size, type and material of the packing. These variables were initially described by intro-
ducing the quotient a/e [1] ( Eq. (2-17)) and later by using the packing factor Fp = a/e?
of the dry packing [4], see Eq. (2-18).

2

u L

Lﬂ‘f./;v:f[(f) ey (2-17)
2-g ¢ pL Vg oL

The above correlation (2-17) was developed by Walker et al. [1] as early as 1937, on the
basis of experiments using the test system air/water. Spirals and ceramic Lessing rings
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Sy| System pmbard|ds(m] | Himl| N [1/m3] [Ref.
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© [ethyl benzene, L/V=1 | 667 | 022 | 145 | 250000 | A
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tol /n-oct

© | foluene/n-octane 18303 022 | 145 | 259820/ A

o |ethyl benzene/ 133 05 | 15 | 236000
styrene 08 | 2 | 22000((%!

o |air/water, 293K 1000 | 015 | 1.25] 229000 A

¢ |methanol/ethanol, C/V=11] 1000 05 | 15 | 230700/(5]

10 T

jeEEdenis
NI Zgas

6 15mm metallic Pall rings TT——org

S

Flood load factor
F\ZFLHUZ [m/s]

1 15 2 K 65 8 10 5 20 30 &
Flow parameter XleﬂJz, Yo (LIV) V opyl py

Figure 2-4a. Capacity diagram F*y g = f(Xp) for random 15 mm metal Pall rings

were among the types of packings used. Sherwood, Shipley and Holloway [4] further
modified the model developed by Walker et al. [1] by introducing the empirical factor
(mL/mrw)%? and the effective gas velocity uy,f. = uy/e into Eq. (2-17). The numerical
factor 1/2 in Eq. (2-17) was dropped. The result is as follows:

W.“.[W]I/Szf[(L) v (2-18)
g-oL & Lmw Ve VoL

This type of presentation of flooding point data is still used by packing manufacturers
today, albeit with minor modifications [31, 88]. There have been a number of attempts
over the years to improve the accuracy of the correlation expressed in Eq. (2-18). Lobo
et al. [6], Eckert [9] introduced the quotient (pr,w/pr) into the left-hand side of Eq.
(2-18) and proposed to replace the packing factors Fp = a/e’ of the dry packing with
experimentally determined variables F}, exp, in order to show the flooding point for all
types of packings in a single load curve. The numerical values for the experimentally
derived packing factors Fpeyyp,, using the test system air/water, were listed the study [9] in
relation to various operating ranges. In Eckert’s correlation, the packing factor Fpeyp is
not a packing constant, due to the fact that it is also load-dependent.

Billet [5] found new numerical values for the packing factors Fpeyp, based on com-
prehensive rectification investigations for 15—50 mm metal Pall and Raschig rings. They
are considerably higher for given packing sizes than those derived by Eckert [9] from
experiments using the air/water system. The following numerical values are given as an
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chlorobenzene/ethylbenzene (L/V)=1 [Al
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x d=50 mm, p;=67mbar, dg022m H=15m, N=6358 1/m*
air/water, 293 K, p;=1000 mbar
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iso- bufane/n butane, (L/V) 1

= d=50mm, pT—11600mbar de=12m, H=55m, N=6100 /m? [5]

5¢ % T Eald 5Qmm_Pall ring rneml

8 3= ?l'“' A=l NZ6100 1/

o ~~~ —TA. &

e 6?\15 m%o%%u1/:rlgglme'm% Tomm T o I
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Flow paramefer at flooding point XF|-102, Xee(LIVIg Vo /o,

Figure2-4b. Capacity diagram F*y ) = f(Xg)) for random 15-50 mm metal Pall rings. The experimental
values are based on the standard packing density Ny

example for 50 mm metal Pall rings (s = 1 mm):
Fyppiee[5] = 107m™"  Fy pogent[9] = 65.6m ™
and for 25 mm metal Pall rings:

Fppilet[5] =202m™"  Fypeert[9] = 157.4m™!
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Randomly filled metal packings
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Figure 2-4c. Capacity diagram F*y g = f(Xp) for various packing shapes. The experimental values are
based on the standard packing density Nj. Experimental data — see figures in annex to Chap. 2
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The empirical flooding point correlation developed by Billet [15] applies to metal
Raschig and Pall rings and reflects the experimental data for the vapour/liquid systems
much more accurately, 3(uyp) = £ 15—20%, than Eckert’s correlation [9] does.

Depending on the packing size, acc. to Eq. (2-4), Table 2-1, the use of packing factors
Fpexp» based on Eckert [9] correlation, results in a deviation of approx. +29.1% when
determining the vapour velocity uyg.

Bolles and Fair [8] compared data found in literature, in particular experimentally
derived data provided by Billet [15], with the values calculated using Eckert’s correlation
[9]. The comparison also showed that the values for the vapour velocity uyp, which
were calculated using Eckert’s correlation, were 50% higher than the numerical values
which were experimentally derived, particularly for systems in the vacuum range and for
larger-diameter packing elements. Consequently, the correlation valid for air/water is not
applicable to vapour/liquid systems.

Planovski and Kafarov [50], quoted by Weif3 et al. [11], also differentiate between
flooding in distillation columns and in absorption columns. This manifests itself quan-
titatively in the different numerical values for the constant C;(see Table 2-1).

The other group of methods (no. 8-11 in Table 2-1), which apply to classic packing
elements with smaller sizes of up to 0.025 m, are based on the so-called filmm model [3, 60]
developed by Mersmann (1965). Here, the packing is assumed to be a bundle of flow
channels with equal diameters dy. Both phases pass evenly through each flow channel,
which results in the formation of a downward flowing liquid film with a thickness of 1.
The capacity diagram shows the correlation between the dimensionless pressure drop
Apo/(pr-g-H) at the flooding point (proportional to (Fv,pl)z) and the dimensionless film
thickness 31 /dy, Fig. 2-5a. This film thickness 81, determines the maximum capacity of
the column. A rise in the liquid loads uy, leads to an increase in the film thickness 3,
which, in turn, leads to a reduction of the free channel cross sections. This manifests
itself in the increasing pressure drop Ap/H of the gas, see Fig. 2-1b.

The measure used by Mersmann for the film thickness is the dimensionless liquid load
By, which is based on the known proportionality By ~ (3./dp)? (2, 3]. Further modifi-
cations by Reichelt [12], Gieseler [35], Vogt [49], Kleinhiickenkotten [51], Bornhiitter
[66, 87], Bylica, Jaroszynski [81], Grabbert, Bonitz [92] et al. [20, 30, 78] have extended
the range of validity of Mersmann’s correlation [2, 3, 34], see Table 2-1. The correlation
developed by Billet and Schultes [89] is also based on the film model.

Conclusions Paragraph 2.2.3 - Literature Overview

When the first correlations for determining the flooding point were developed, see
Table 2-1, the only types of packing available were classic, ceramic packing elements such
as Raschig rings, Lessing rings, Intalox and Berl saddles as well as spheres, with preferred
diameters of up to 35 mm. It was only in the late 1960s that metal packings [5] became
increasingly popular and the first plastic packings came on the market. The flooding
point model developed by Mersmann (1965) [2, 3] therefore assumed a film flow in the
packing. It is based on the assumption that the thrust force of the gas acts on the surface
of the trickle film moving downwards in the packing. This is why the model is called film
gas thrust shear force model or film model [60].
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Figure 2-5a. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems [20, 30, 44, 45, 46]

When, at a given liquid load uy, certain gas velocities uy are exceeded, the trickle
film builds up in the void spaces of the packing elements, which are then gradually filled
with liquid until flooding occurs. The film model is therefore a good method of describ-
ing the flooding point mechanism for operations with little droplet formation, i.e. for
large-surface packing elements with low void fraction and very high liquid loads, e.g. for
pressure rectification and pressure absorption.

This has also been confirmed by experimental data presented in this book.
Figures 2-5a, 2-5b, 2-5¢ and 2-5d show the flooding point diagram developed by
Mersmann. The diagram indicates that the experimental values for 25 mm Raschig rings,
25 mm metal Pall, Biatecki and Hiflow rings, VSP rings etc., only deviate marginally
from the flooding line plotted by Mersmann [2, 3]. This is based on a dimensionless dry
pressure drop Apg/pr-g-H of 0.25. In the case of a low dimensionless liquid load By, and
increasing packing sizes, however, the deviation from the basic line plotted by Mersmann
increases, see Figs. 2-5b, 2-5c and 2-5d. The position of the test points on the diagram
reveals the following trend: A column filled with packing elements with a geometric sur-
face of a ~150 m> m~2is flooded at a dimensionless dry pressure drop of Apy/pr-g-H
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Figure 2-5b. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems

~ 0.15. If the surfaces are even larger, i.e. a = 100 m2m2anda= 80 m?m3, flooding
is triggered in the case of dimensionless dry pressure drops of Apo/pr-g-H = 0.1 and
0.05, respectively. As the dimensionless liquid load By, increases, the individual surface-
related flood lines move closer to the basic line given by Mersmann. This indicates that
Mersmann’s film model [3] can be used to describe the flooding point mechanism even
in the case of larger packing elements, if the dimensionless liquid loads By, are extremely
high. Under such operating conditions, there is little droplet formation, and the energy
of the gas is not sufficient to keep the droplets suspended.

This clearly shows that the validity range of the filin model covers operations running
at very low gas velocities and using liquids with high surface tension. This applies, in par-
ticular, to large-surface, smooth and easily irrigatable packing materials, such as ceramic.
In order to describe the fluid dynamics outside this validity range, it would be better to
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Figure 2-5c. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems

develop a new model applicable to random, perforated packings with dimensions of d >
0.015 m as well as to structured packings, which takes into account a considerable droplet
entrainment by the gas flow.

224

New Model of Suspended Bed of Droplets (SBD) for Determining Gas Velocity uy
at Flooding Point

One of the basic processes in technology occurs when a bed of particles is passed through
by another phase. Examples of this process are: fixed bed flow, fluidised bed flow, pneu-
matic transport etc., all of which are qualitatively similar, as the flow occurs around single
particles in the presence of surrounding particles. The basic processes mentioned above
also include the flooding of packed columns under certain operating conditions, i.e. in



2.2 Flooding Point

45

S|
S E)
Oon

8 2 1 T T L L) A} T
g —| | flooding point[3] structured pac-
T g0 | king rm-zoo

g8 8 - { 4B1-300

< 6[8p M *YoC1-200

£ & A Mellapak 250Y
£ 2 vl Lo

g s,'ﬂ%ﬁgg A

£ 102} ¢=0005m-0075m AR\

k<] 8 ¥ N

g 6 X,

S 4 []e S50mm Hiflow ring, metal, a=100 nfm® [,

%’ 4 50mm Hiflow Super, PP a=84 mim’ <\
2 2o 50mm Hiflow sadde,PP, a=62 mfim’ , \
€  4||= 75mm Hiflow ring, ceramic, a=55 m/m \
o 10°H= 50mm Dtnpac size 2, PP, a=110 mim® , ¥
% g e 50mm NSW ring, (Nor-Pak), PP, a=933m7m

5 < 50mm Ralu ring, metal, a=1063 nfim® )
‘@ 4 x50mm Super saddle, PP, a=110 m/m’

2 e Envipac size 3, PP, a=564 mim’

s 2 [structured packings: aRalu-Pak 250Y, re«B1-100

10% rGempak A2 T-304, zImpuls packing 50/20, ceramic

0°5 2 & 681 2 4 681° 2 4 68172

113 -
Dimensionless liquid load BL=(-ﬂ'L-2\ LU 1e

Figure 2-5d. Flooding line, dependent on the dimensionless liquid load acc. to Mersmann [3] with
experimental data for various packings and test systems

the case of gas flowing through the suspended bed of droplets. This model is therefore
known as the suspended bed of droplets model, see Fig. 2-6. First evaluated in 1986, it
was presented at the GVC-VDI symposium in Strasburg (F) and published in the first
German edition (1991) of this book.

Figure 2-6 shows a diagram of the terms which are useful for deriving the formula to
calculate the flooding point. ug is used to express the superficial velocity of the gas which
enables the suspension of a droplet with a diameter of dt. uyp describes the superficial
velocity of the gas which enables the suspension of a droplet swarm. If the amount of
droplets hgﬂ in the gas increases, flooding occurs at lower gas velocities uy in the col-
umn. The liquid hold-up hg,Fl is therefore the most important factor which influences
the ratio of both gas velocities uyp/ug. Figure 2-7 shows an example of the experimental
flooding point data, acc. to Fig. 2-2a, using the function uy,p = f; ( l—hg,Fl). This confirms
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the applicability of the following model:

R =k )" (2-19)

Up

where hg,FI is the liquid hold-up h(ﬁ,Fl of the free packing volume at the flooding point,
acc. to Eq. (2-19a),

W= gt = " (]

2-20
Vs-¢e & ( )
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Based on this model, flooding occurs when the effective gas velocity in the packing Gg
has reached the value of the effective droplet velocity ut in the packing, i.e.:

Wp—0 = ig=ur (2-21)

An analogous condition applies to droplet swarms.

Acc. to Egs. (2-19) and (2-21), a droplet swarm falls more slowly than a single droplet.
This is due to the increased relative velocity of both phases under the influence of a
modified lifting force [55], which changes as a result of the mean density change of the
two-phase mixture, similarly to the sedimentation and/or fluidisation process.

The function f; ( hy Fl) describes the contraction effect, which occurs as the gas

flows through the droplet swarm. The application of Eq. (2-19) for calculating the gas
velocity at the flooding point uyp requires the knowledge of the velocity ug, the expo-
nent n as well as the liquid hold-up at the flooding point hL > which is dependent on the
phase flow ratio X at the flooding point [13, 17, 18, 38], in analogy to liquid/liquid sys-
tems. Section 2.2.4.4 takes a closer look at the derivation of the equation for calculating
the liquid hold-up h(L),Fl for gas/liquid systems in packed columns. Tables 2-2a and 2-2b
contains a list of mixtures and their properties at different top pressures pt up to 100 bar,
based on the author’s own experimental flooding point data as well as on literature data.

2.24.1
Effective Falling Velocity of a Single Droplet in the Packing uy

The effective falling velocity ut of droplets in the packing is determined on the basis of
Eq. (2-12). Analogy to Eq. (2-13), the balance of forces acting on a droplet leads to the
following formula (2-22):

4 [dr-g [pL—pv
N R A 2-22
uT \/; Yo v (2-22)

where s is the resistance coefficient of a single droplet falling through the packing.
The term

4 dr -
Jo 2 o ap=upe | (2-23)
3 0 oL — PV

represents the reduced falling velocity of a single droplet %7 in the packing.

Figures 2-4a, 2-4b and 2-4c as well as the analysis of the models described in para-
graph 2.2.3 provide important information on the parameters which influence the effec-
tive droplet velocity ut. In the case of decreasing flow parameters Xg < 1072, the flood
load factor F*yp remains virtually constant and is proportional to the reduced droplet
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velocity ur, which for h(ﬁ,Fl —> 0 tends to the value F*yp, i.e. ur — F*y . This applies to
a given mixture and packing size.

In addition, Figs. 2-4a, 2-4b and 2-4c indicate that the reduced droplet velocity ur
increases with the packing size d. The material of the packing elements also has an
influence on the parameter ur. It follows from this that the resistance coefficient Vg
in Eq. (2-22) is a function of the size and the surface properties of the packing. The first
influencing factor can be expressed dimensionless by the quotient f,(d/dt). The second
factor is linked to the resistance coefficient r of the dry packing. These two effects are
reflected in the general correlation (2-24):

dr - Ap - d
ur=¢- |28y (—”)~f3<w> (2-24)
oV dr

where C; is a dimensionless constant. Sections 2.2.4.5 and 2.2.4.6 take a closer look at
the derivation of the functions f, (dh/dT) and f3 (V).

2.24.2
Droplet Size and Range of Droplet Movement

Figure 2-8 [15] shows that, in the case of droplet Reynolds numbers Rer > 400, the
resistance coefficient o increases with the Reynolds number Rer, contrary to expecta-
tions. Acc. to the research of numerous authors, such as Mersmann [33, 38], Reinhart
[63] and Kovalenko [64], this is applicable in the range of Rer > 400 only to large,
deformed droplets in excess of 1 mm, falling in liquids and gases, and for ny/np — 0
and py/pL < 1. Mersmann [2, 38, 60] found that such types of droplets are stable in the
following range:

42 . Ap -
T ,og<
o

9 (2-25)

To calculate the droplet Reynolds number in the packing, it is necessary to ascertain
the droplet velocity ur as well as the droplet size dr and the kinematic viscosity of the
surrounding phase vy.

There are equations available to calculate the size of deformed droplets generated in
liquid/liquid systems in packed columns. These equations can be found in the work of
Mersmann [38] as well as Mackowiak and Billet [17, 18].

For simplification purposes, the fluid dynamics model described here is based on a
mean droplet diameter of:

oL

dT = CT —_—
(oL — pv)g

where Cr =1 [17, 18] (2-26)

Based on this, it is possible to estimate the Reynolds numbers Rer, acc. to Eq. (2-9), with
uy = ur [17, 18, 38].
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Figure 2-8. Dependence of the resistance coefficient of individual droplets /g on the Reynolds number
ReT acc. to Hu and Kinter [15]. vc = kinematic viscosity of the surrounding liquid. vc = vy. applies to
droplet fall in gases

Rep = “0 1 (2-9)
vy
For the maximum stable droplet size, Ct = 2.44 is substituted into Eq. (2-26)
[38, 57].

Bornhiitter [66] has published new experimental data on the prediction of droplet
size in gas/liquid systems with relation to dripping processes as well as the breakdown
of sprays and threads, using water, ethylene glycol and methanol. The evaluation of the
experiments shows that the droplet diameter, acc. to Eq. (2-26), is independent of the
specific liquid load and of the size and type of the packing. It does, however, depend on
the wetting properties and the physical properties of the liquid. In the case of ceramic,
the droplets are larger than for other materials, such as PP, PTFE and stainless steel. In
terms of the adhesion work (1 + cos6) - 10> = 80 — 120, the constant Cr is approx.
1 +0.15.

Based on Eq. (2-26), with Ct = 1, the droplet sizes for the systems listed in Table 2-2
are approx. 1.5-1072 to 2.7-10~° m. The corresponding Reynolds numbers, acc. to Eq.
(2-9), are in the range of 400 < Ret < 1400. Based on Fig. 2-8, this is the range in which
the resistance coefficient sy increases as the Reynolds number Rer increases, see Fig. 2-6.

Systems with very low surface tensions oy, are characterised by smaller Reynolds num-
bers Rer in the transition and/or laminar range, and the resistance coefficient {ry in Fig.
2-8 decreases as the Reynolds number increases.
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As a result, Cjin Eq. (2-24) can no longer be defined as a constant. In this range, the
correlations for the effective droplet velocity ut are different from those expressed in Eq.
(2-24). However, this range is less significant for practical applications.

2243
Analogy Between the Falling Process of Particles in Fluidised Beds and the Droplet Fall
in Random Packings

The analogy between the flooding process in packed columns and in fluidised beds was
discussed at the beginning of Sect. 2.2.4. The diagram in Fig. 2-9, which was devel-
oped by Zenz [61], modified by Wunder and quoted, amongst others, by Mersmann
[2] and Stichlmair [55], is used for determining the falling velocity of particles in the
systems mentioned above. The superficial velocity is plotted on the ordinate axis of this
diagram,

2
w - v
Ap-g-nv

whereas the dimensionless particle diameter dr*, acc. to Eq. (2-27)
& = A3 (2-27)

is plotted on the abscissa axis. Ar stands for the Archimedes number, described as:

a3, .
Ar= L 2'0" Ap-g. (2-28)
Ny

Based on Eq. (2-27), the dimensionless particle diameters d1™ for the systems listed in
Table 2-2 range between 40 and 170. Acc. to Fig. 2-9, the dimensionless superficial veloc-
ity in this range is approximately dependent on the root of the dimensionless particle
diameter dr*. The following correlation applies:

2
3 Py #1/2
wo - J—V A gt (2-29)
Ap-g-ny T

where A; is the packing constant.
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Figure 2-9. Diagram for determining the velocity, at which particles are kept in suspension [55].
homogenous two-phase bed (particulate fluidisation); -.-.-.-.-.- inhomogenous two-phase bed
(aggregative fluidisation)

By substituting Eqs. (2-27) and (2-28) into Eq. (2-29), it possible to find the correla-

tion (2-30) for the superficial velocity ug, in which droplets are suspended in a certain
type of packing.

Ap -y -
uo:Ai.sg’O 7ng.(3/Ar)1/2 ‘
oy Aj = packing (2-30)
Ap-dr-g constant
=Al . _—
PV

This functional correlation is comparable with Eq. (2-22).
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It follows from this that both velocities — ug acc. to Eq. (2-30) and ur acc. to Eq.
(2-22) — are dependent on the same term:

dr - Ap -
Ho T A TTpg for di € (40 — 170) (2-31)

Deriving the formula, (2-27) to (2-31), showed the analogy between the model of sus-
pended bed of droplets and the well-known model of fluidised beds, Fig. 2-9, in the range
of d% > 40.

2244
Determining Liquid Hold-Up hg)Fl at Flooding Point

The free cross section available for gas flow changes in the presence of several droplets
(droplet swarm). Droplet swarms move more slowly than individual droplets, which
is due to the different lifting forces. The contraction effect is given by the function

fi ( LFI) (1 — hg,Fl>n, see Eq. (2-19).

Acc. to the SBD model described above, flooding is triggered for h(ﬁ,Fl — 0, when the
effective gas velocity iy has reached the effective falling velocity of a droplet ur, see Eq.
(2-21).

It is possible, for a given packing element, to calculate the gas velocity ug of an empty
column as well as the exponent n, using Eq. (2 19), provided there is sufficient exper-
imental data available on the liquid hold-up hL 1 and the corresponding gas velocities
at the flooding point uyp. The variables ug and n for Eq. (2-19) were determined using
the data for 25 mm Bialecki rings shown in Figs. 2-2a and 2-2b. The results are listed in
Table 2-3, see Fig. 2-7. The variables upand n were determined using the experimentally
derived gas velocities uyp at the ﬂooding point, the corresponding specific liquid loads
uy, and the respective liquid hold-ups h 1 p1 as well as the properties py, p, and oy, of the
test system air/water under ambient conditions. The calculation was performed using
the optimisation method, based on the simplex method:

o =3.25ms™ ' £3% and n = 3.5 = const. (2-32)

Table 2-3. Flooding point data acc. to Figs. 2-2a and 2-2b, valid for 25 mm random Biatecki rings made
of metal. Sytstem: air/water,1 bar, 293 K, dg = 0.15m, H=1.4m, e = 0.94 m’m~3,a=238m?m 3,
Rep >2

UyFl

TP uy ur-10° hy p-102 2-103 h{ 10 # ug

- ms~! ms~! m> m~3 [-] m’ m~3 ms~! ms~!
1 2.80 1.39 4.26 0.496 4.84 3.330 3.331
2 2.45 2.78 6.38 1.135 7.20 3.183 3.184
3 2.15 5.55 9.79 2.58 10.60 3.186 3.187
4 1.75 11.1 16.0 6.53 16.2 3.164 3.249
5 1.40 16.7 21.3 11.93 21.2 3.225 3.227
6 1.15 22.2 23.4 19.3 26.0 3.302 3.305
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The simplex method is used to minimise the mean square error in the calculation of
the gas velocity at the flooding point uy, acc. to the formula:

= 1 il UV, Fl,exp — WV ,Fl, calc 2
Suv) =— | D > (2-33)
i i1 V,Fl, exp i

where n; is the number of test points. § (uv,pl) is the mean error in the determination of
the gas velocity at the flooding point.

The constant numerical value of the exponent n = 3.5 also applies to other packing
elements, for which the experimental flooding point data uy,p and upas well as the liquid
loads hg)Fl are available, e.g. [3, 12, 22, 36, 37].

The validity verification of the method based on Eq. (2-19), for any type of system
is only possible if the specific liquid hold-up hg,Fl at the flooding point is known or can
be calculated. There is no such correlation available in literature for gas/liquid systems.
However, the velocities uyp and ug at the flooding point can generally be ascertained
from experiment data. In order to evaluate Eq. (2-19), it is therefore necessary to derive
a correlation for determining the liquid hold-up hg)ﬂ, which is valid for all systems.

Deriving the Correlation for Determining the Liquid Hold-Up at the Flooding Point hL’Fl

Based on the two layer model for counter-current processes [13, 14, 38], the relative
velocity up is given by the sum of the effective gas velocity of both phases uyef and up e

ur, uy
s-hg+s«(l—h2)

UR = Uy eff + ULeff = =f(1—h). (2-34)

The mean relative velocity ug is usually referred to as ‘slip velocity’ It is dependent on
the gas content (1-hY) and the falling velocity of a droplet in an infinitely extended con-
tinuous phase. The falling velocity of a droplet, acc. to Eq. (2-31), only takes into account
the physical properties of the system and the droplet size, whereas the gas content (1-h?)
also includes the mutual interaction of the individual droplets. There are numerous for-
mulas for calculating the function f; (l—hg) in Eq. (2-34) for bubble columns, fluidised
beds, liquid/liquid extractors, and for fluidisation and sedimentation [14, 38, 52]. These
can be found in literature. However, there are no such methods available for systems,
in which gas, as a continuous phase, flows through the packing counter-current to the
downward moving liquid phase.

Figure 2-10 shows the slip velocity ug plotted against the liquid hold-up hY for ran-
domly filled Biatecki rings. The parameter here is the liquid load uy.

A set of curves is generated by different liquid loads uy ;, which can be expressed near
the flooding point by the following equation:

ugi = P;- (1—h))" (2-35)
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Figure 2-10. Experimentally 25mm Bialecki ring, metal, €=094 m¥m?

derived relative velocity uR as a .
function of the liquid hold-up air/ WleEl", 1harl 293 K. ds:015 m, H=15m

hg, valid for random 25 mm
metal Bialecki rings, based on

5~

- Fl | flooding| point

data shown in Fig. 2-2b
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in analogy to the known models developed, e.g., by Mersmann [38]. Figure 2-10 indi-
cates that the characteristic gas velocity P; is a function of the specific liquid load, i.e.
f(ur ), which means P;jis only constant for a specific liquid load uy ;, and the curve ug =
f(h)) tends to zero near the flooding point. The two layer model is therefore suitable for
determining the liquid hold-up at the flooding point hg,Fl‘ However, it does not lead to
a general method for determining the gas velocity at the flooding point. This is why the
method for calculating the gas velocity uy,p was derived using Eq. (2-19).
Combining Egs. (2-34) and (2-35) gives the following equation:

ur uy 0\m
——+ ——F+—=P(1—h 2-36
e-h) " e(1—hY) (1=h) (2-36)

Figure 2-11 shows a diagram of the correlation between the liquid hold-up h{ and the
gas velocity uy. The correlation for h(L))Fl was derived, based on the following assump-

tions: (8 uv/ah%) = 0 at the flooding point for uj, = const.
In the operating range above 65% of the flooding point, the differentiation of the
transposed Eq. (2-36)

wy=e [P (= 1) = (1 = 1) ] (2-37)

for (auv / 8h2) = 0 and for selected specific liquid loads uy ; = const.

3uv 0\ ™ 1
— =@-e)-m+1)-(1-h)" (=) —u- |——— ] =0 (2-38)
|: 3h2 :|uL,i=con5t ( L) ' ( (h0)2 )

L
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Figure2-11. Schematic representation of the dependence of h% on the gas velocity uy in packed columns

leads to the following solution:

(1—h)n = i (2-39)
P+ (W) - (m+ 1)

Substituting Egs. (2-1) and (2-39) into Eq. (2-36) gives the relationship between the

phase flow ratio and the liquid hold-up h(ﬁ,Fl at the flooding point:

(h) )2 (m + 1)
[ 1 ] (1 — B py(m + 1)]

o = (2-40)

The differentiation of Eq. (2-36) leads to the same Eq. (2-40), under the following
conditions:

for uy = const. — (auv/ahg) =0and
for up /uy = const. — (8uv/8hg) =0

For reasons of brevity, the analogous derivation process, based on Egs. (2-36) and (2-40),
is not discussed here.

The derived Eq. (2-40) shows that the liquid hold-up at the flooding point h(ﬁ,Fl is
only dependent on the phase flow ration i at the flooding point and on the parameter
m. The exponent m can be determined from experiments with known value pairs X
= (up/uy)g, acc. to Eq. (2-1), and h(L))Fl by transposing Eq. (2-30), using the following
formula:

m=|H LJ& 71—1 (2-41)
P\ b (1= h )
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Evaluation of Experimental Results for the Range of Low and Moderate Phase Flow Ratios .o
at Flooding Point

The experimental data available for the evaluation of Eq. (2-41) gives a constant numer-
ical value for the exponent m, based on X¢ < 0.025 and on the Reynolds numbers of the
liquid Re, = uy/a-vp > 2, Eq. (2-42)

m~—08+£12% (2-42)

The numerical value of the parameter m was determined for various systems, namely
air/water, ethanol/water, steam/water [7], air/silicone oil [36, 37], using various random
and structured packings made of different materials. In the range of low and moderate
o numbers below X(< 0.025, the parameter m is not dependent on the phase flow ratio
X at the flooding point, see Fig. 2-12a.

For hg)Fl < 0.3, the Archimedes number was found to have no impact. The same
applies to fluidised beds [2, 55, 38]. Figure 2-12b is based on experimental data taken
by Pliss, Ender [67] and Bornhiitter [66] at an industrial pilot plant at the Technical
University of Munich, using modern 50—90 mm lattice packings produced by Envipac
(size 3), Hiflow rings, VSP rings and 50 mm Pall rings made of metal and plastic, with dg
= 1 m and a packing height of approx. 3.5 m, as well as experimental data for structured
packings (Mellapak 250Y, 250X and 500Y), taken at an industrial pilot plant, operated by
Sulzer, with ds = 1 m and H = 3.7 m [67-69], plus additional data [79, 71]. The diagram

L
=
{:2 3r — < Y=
& L15° v X AT
_E. 2 |15/o j/sz/v/o/
e
LE_ - /o‘o o;_ ~
o_c /0/95/ /:/T/ |/\_‘|50/o
! <L 3 [ |
s - _>%—Equation for hold-up h{ ¢,
__g 6 //0§ 0}‘3‘/ - ! A 3
&= e 0 V14 03408 Ao (1-20)+12 2o
g 1o L.FY 04 (1-2g)
LT for Re =2 J J ’
3072 [

203 4 6 10 2 3 & 6 0% 2 3 &

phase flow ratio Ag = UU_L

V.FI

Figure 2-12a. Dependence of the liquid hold-up at the flooding point hg,Fl on the phase flow ratio hg,

valid for various systems and packings made of metal, ceramic and plastic for Rej, > 2 — experimental
data taken by the author in comparison to calculated values based on Eq. (2-47)
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. . . . . 0
Table Relating to Fig. 2-12 a Experimental hold-up data at the flooding point hL,F]

TP [d10° Packin, Material . e ds H ;
{m] g System [m¥m?] | jm] {m] Lit.
O |25 Bialecki rings random metal ) 0.94 0.154 1.5 [43]
v |15 Raschig rings random ceramic T'l:;:"a;;g g [0676 Jo226  Joes  [122)
v 25
? 2 glass air/silicone oil | 0.82 0.15 1.0 [36,37]
Raschig rings rand | bar, 293 K
CsH;0H/MH:0 | 0.667 0.3 2.0
P s Ul
¥ ceramic H,0/H,0
+ 20 . . air/water 0.762 0.3 1.2
@ |75 Hiflow ring random 1bar, 293K | 0.865 | 0.45 2.0 (Al
® (28 . . 0.962 0.3 1.46
¢ 58 Hiflow ring random 0.97 0.45 20
O (25 095 |03 146
m |35 Pall ring random metal 0.95 0.3 1.46
D |58 0.97 0.45 2.0
= [ 32(Grl) . 0.976 0.30/0.45 | 1.46/2.0
B |50(Gr2) | YSPring random 098 |o4s |20
A | 30(Gr.1A) | Envipac random plastic (PP) 0.932 0.3 1.96
M35 Intalox saddle random 0.90 0.3 1.36
(A | 0 Hiflow ring random plastic 0.94 0.45 20
[ii] Pall ring 0.926
) 25 . 0.73 0.9
A 38 Intalox saddle random ceramic 0.757 0.30 14
& 50 NSW ring 0.950 0.45 2.0
& Ralu ring plastic 0,940
@ |25 NSW ring, Typ C random 092 015 1.3 [40]
& |25 Bialecki ring stacked metal 0.928 0.15 1.5
0 |- Montz packing B1-300 sheet metal 0.972 0.3 1.4
> |- Montz packing B1-200 0,978
o |- Montz packing C1-200 plastic 0.954 (A]
e |- Mellapak 250Y sheet metal 0.96 0.22 125
=1 | 7T0(Gr.2) . 0.938 0.3 1.4
¥ |45Gry |Dmpac plastic 092 |oa4s 2.0

shows the hold-up at the flooding point hg)ﬂ as a function of the phase flow ratio at the
flooding point A in the range up to g — 1.

The parameter m, calculated by means of the simplex method, can be described by
the new model for phase flow ratios ranging from h¢ = 0.001 to 1.0:

N
m=—082+4 20 (2-43)
o + 0.5

This changes to m &~ —0.80 in Eq. (2-42) for lower phase flow ratios ¢ in the range
shown in Fig. 2-12a. Equation (2-43) leads to a correlation for m = ()¢), which covers
practically all areas of application of packed columns for gas/liquid systems, ranging from
vacuum rectification to pressure rectification and pressure absorption.
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Figure 2-12b. Dependence of the liquid hold-up at the flooding point hg p on the phase flow ratio ko,

valid for various systems and packings made of metal, ceramic and plastic for Ref, > 2 — experimental data
[67-71] for high phase flow ratios at the flooding point ¢ and large column diameters in comparison to
calculated values based on Eq. (2-47)

Table Relating to Fig 2-12b Experimental hold-up data at the flooding point hg - System: air / water,

1 bar, 293 K

TP '{Eﬂ’ Packing Material ot | i‘:ll l}rlnl Literature

A |50 t',’g;'::‘;_'}i““ PP 90.7 0.926 1.0 |370 [':211
58 ;'0'2&] :’n.ﬁi"g metal (1.4301) | 93.0 0.979 10 [315 [' ::]l

Ho ]9 P PP 61.0 0.954 10 351 [':g]‘

o |- :;5" :ﬂk ;';gz mm) ceramic 192 0.810 02 |100 |[70)

® zflfu;g:ak 250 X sheetmetal | 250 0.950 10 {350 [Ia:;ig]

8 _ ;‘Ifl.quusgak 250 Y sheet metal 256 0.975 1.0 3.50 [I::iq]

v |- Mellapak 500 Y sheet metal 500 0975 10 [3.50 |1995

9 =45° [68,69]

v :ti]il(::inn-g PP 12 0.929 10 |343 [':2]'

L] 15 Raschig ring ceramic 300 0.700 0.2 1L.o0 | [71]
50 o5p ring metal (1.4571) | 100 0.98 O B E;,f]'
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For Reynolds numbers Rep, < 2 (Chap. 4) in laminar liquid flow, the numerical value
is as follows:

N
m=—09+ —2 (2-44)
Ao + 0.5

which changes to
m=~ —0.88 £ 12 % (2-45)

for h(L),Fl < 0.20. The parameter m in Eq. (2-41) for gas/liquid systems is therefore depen-
dent on the liquid flow in the packing as well as on the phase flow ratio at the flooding
point A, in the case of higher liquid hold-ups h%ﬂ >0.2.

Now that the phase flow ratio ho and the exponent m are known, it is possible to solve
Eq. (2-40) for hg)H. The general, real solution of the quadratic Eq. (2-40) h(L))Fl =f(\g) is
as follows:

0 \/x(z)(m+2)2+4xo(m+ (1= no) — (m+2)no
hia = 2-(m+ (1 - no)

[mPm™]  (2-46)

which, for Ag< 0.025 with m = —0.8 and for moderate phase flow ratios ho< 0.025, acc.
to Fig. 2-12a, leads to Eq. (2-47) describing the liquid hold-up hg,H for Rey, > 2 at the
flooding point.

\/1.44x3 +0.800(1 — o) — 1.2
W =
LE 0.4-(1— )

[m’m~?] (2-47)

This equation is applicable to vacuum rectification and absorption, operated under low
and/or moderate liquid loads uy .

Figures 2-12a and 2-12b show the comparison between the calculated hg,Fl values
and the experimental data. The evaluation took into account experimental data for ran-
domly filled, stacked and structured packings with void fractions of 0.65 < & < 0.98 m?
m~2 as well as for packing elements with diameters from d = 0.015 to d = 0.090 m.
The deviation of the experimental values from the curve, which was calculated using

Eq. (2-47), is B(h(L)’Fl) < #£15%. Figures 2-12a and 2-12b show that the liquid hold-up
hg,Fl at the flooding point is dependent on the phase flow ratio A at the flooding point

and can therefore be determined for any type of system, acc. to the single-parameter
Eq. (2-47).
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The properties and constructive parameters of the test systems are varied in the fol-
lowing ranges:

o = 26...... .72 mNm™!
nr = 0.35 ....10 mPas
pv = 0.09......... 1.2 kgm™3
PL = 932 1000 kgm ™3

for Rep > 2 (2-48)

d-10® = 15........ 90 m

o - 10° = 0.2......1000 [ —]

There is little data available for laminar liquid flow, with Rep < 2, for the test system
air/water [A] for 12 mm metal Bialecki rings, 15 mm Pall rings, 17 mm Nor-Pac rings
and 18 mm Hiflow rings made of PP and/or for air/silicone oil [36, 37]. Figure 2-13
shows the comparison between the liquid hold-up hg)Fl, which was calculated using Eq.
(2-46), with the parameter m, based on Eq. (2-44), and the experimental data (hg,Fl)eXP'
The deviations from the curve, reflecting Eq. (2-49), with m = —0.88, acc. to Eq. (2-45),
are approx. 10% in the range of the phase flow ratios ho= (0.2—6)-1073.

\/1.254 N 40480 - (1—hg) — 1122
h =
LFl 0.24 - (1 —np)

[m’m™] (2-49)

The applicability of the derived Egs. (2-47) and (2-49) for determining the gas velocity
at the flooding point for low-viscosity and viscous mixtures is shown in Table 2-4, based
on the example of 25 mm metal Pall rings.

Figure 2-13. Dependence of g0} . el de|H
the liquid hold-up at the MP Packing System 3 2 Ref.
U m mimd m [ m
flooding point h; ; on the —
phase flow ratio )\’0 for Rep, <2 Y] 75 Raschig Tingguir/water, 1bar, 263K 069)0226 1 | (3]
— experimental data in = ¥ Ceramic lair/silicon oil, 1oar 23 08 | 015 | 1 13637
comparison to calculated values £ 2F ‘ | =i
based on Eq. (2-49) E - | 7
5 . >
& s 02 <Re <2 | ¥
= L | |
0 1 —
S 9 ot
- v -
=) -l
B i
2 s
g ‘r“‘lﬂ-z Liuadaai
20°3 4 6 8 0° 2 3 4 6

phase flow ratio A= u/uyp
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2245
Influence of Packing Size on Droplet Velocity ug

The prediction of the effective individual droplet velocity ut for packings of any given
size, acc. to Eq. (2-24), is only possible, once the correlations for functions f, (dy/dt) and
f3(1) have been found. Table 2-5 contains the numerical values of the reduced droplet
velocity ur for various types of packing elements. It shows that ur is dependent on the
type and size of the packing element and therefore on the packing-specific variables a
and . Physically, this can be compared to the fall of an individual droplet in a tube near
a circular wall. It was referred to as a wall effect by Strom and Kinter [62], Reinhart [63]
and Clift et al. [65]. Figure 2-14 is a schematic representation of this effect.

If the droplet diameter dy approximates to the tube diameter dg, i.e. dr = dg, the
ratio of the falling velocity ur of the droplet to the maximum velocity urmax tends to
zero, see Fig. 2-14. The droplet only reaches its maximum falling velocity utmax when
the diameter ratio dr/dr is sufficiently high.

The wall effect in packed columns is analogous to the fall of droplets in tubes, acc. to
[62, 63, 65], and can be expressed by the following functions:

= [
UT, max dh

and/or based on the equation developed by Wallis [65]:

c
i| b,c = exponent (2-50)

u dr°¢
LI |:—Tj| d = const., e = exponent (2-51)
UT, max dh

where the hydraulic diameter of the packing dy, is introduced instead of d;,. For simpli-
fication purposes, the wall effect in packed columns is expressed by the correlation in
Eq. (2-51), as this requires one less constant to be determined when deriving the final
equation for the gas velocity at the flooding point uy .

The proximity of the packing wall also has an influence on the droplet fall in the
packing. In the channel model, the tube diameter depends on the channel diameter, acc.
to Eq. (2-52), see Chap. 3.

dy,=4- (2-52)

Q™

When the droplet size is equal to the hydraulic diameter dy, of the packing, acc. to Eq.
(2-52), it is not possible for the droplet to fall in the packing, i.e. ur — 0. It can therefore
be assumed that the reduced droplet velocity Gt changes with the diameter ratio dy/dr,
if dj, becomes larger than the droplet diameter dr, acc. to Eq. (2-26).

Figure 2-15 leads to the following correlation between the reduced droplet velocity
ur and the ratio dp/dt and therefore between the effective droplet velocity urand the
quotient (dn/dr), see Eq. (2-53):
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Table 2-5. List of experimental data of the reduced gas velocity of an individual droplet 7 for various
types of packings, used for determining the gas or vapour velocity uy p — data relating to Fig. 2-15

Number . . da10 a £ Wy 107 | dg H .
No. | TP of TP Packing Material (m] [m¥m’] | [m¥/m’] [ms] [m] [m] Literature
3 15 3768|093 |9.63  |02203 |14
LEE 15 3684|0933 [104  [ois0s |2 [[AM[528]
2 25 205 0950 [11.8  |0.22:08 |2 |[ALIS.16.25]
2 |a |4 25 217 |osso [126 |03 08 |[A]
5 25 22 [0970 120 |05 13 |[A]
1.2
12 35 150 |o946 [128 0308 [ALIS]
I
30w s meta 38 1496 (0952 133 [022:03 |1, |A]
$ Pall ring 50 o foss2 |i3s [0l |20 )
4 |g |4 50 10 fo9s2 f1a1  [030 Tas | 116.2528)
5 58 (I (XEEIN LR b 3% (1A
5 3 80 78 096|180 |05 528
6 |m |12 25 297 foss  |103  [02205 |1% [(A)23)
7 |m |5 plastic 35 12 o922 (130 [o3045 |7, |[A]
s |w |2 (PP,PVDF) |50 1o |o92 |129 075 M sy
2 50 nr foore (132 o3 IS
5 [« |5 25 338|094 |113 |03 14 [120]
7 Bialecki | 25 25 [osas |3 |ous 14 |[A]
10 [ |7 ring 35 155 095|128 02203 |145 |[AL[20]
1 |e |7 53.5 1o o973 |1as |03 14 |[20]
14
12 [a |9 o 32(Grl) |2008 |0972 |13 022045 |2 |[A]
13 |a |5 VSPring | metal 50(Gr2) (1049 [098  [156 022045 | 1.4- |[A]
2
M 2 Tntalox- | (5 355 073 |81 03 7 [19)
* |5 saddle 25 194 |09 [835  [o3 08 |[A]
5 o |2 35(Grl) [105 0975 150 |04 2 |27
16 |o |4 Top-Pak | metal 80 (Gr2) | 75 098|162 |04s 2 A
17 [+ |8 Dinpac 50 1127|0937 |154__ |03 4 [IA]
18 | |4 NSW rine | PHESEEE 15 300 [092  |120  |030 14
19 [ |6 NV Fing | (PP,PVDF) |28 193 [os22 [128  [oas 14 |[40]
20 |e |7 (Nor-Pac) 50 903 [0952 [172  |03-045 |2
R E 28 1985 (0962 |134 |03 14 |[A]
4 metal 28 182 [096s [137  |oas 2 Al
2 |4 |8 58 1006|0976 [159  [04s 2 |43
B s |4 - 28 90 (0920 |123  |030 T4 [[44]
24 |a |5 fp‘:f I'K’ oFy |59 108 0935 |15 0.30 14| [44]
25 |a |3 Hiflow rine s 90 695 0965 188  |0.45 2 |44
26 [ |1 g 20 272 (0763 |83 0.22 T4 | [46]
4 20 %0 [076 |83 03 14
27 |a |3 cenmic |3 s |osa [122 |03 14 |[al
5 35 1o o926 [121 |03 1.4
28 [a |4 50 808  [0s09 [125 |03 12 |1A]
4 50 856 |0817 [130  [o3 0.9
Hiflow "
29 |4+ |4 saddle plastic 50 82.6 0.94 16.2 0.45 2 [A]
30 [+ 13 Ralu ring_| (PP) 50 1127|0938 |1a0__ [045 7 [1A]
31 |o |10 Mellapak . 50 [096 |132 o221 ""2' [A],[24,26]
32 |* Ralu Pak - 350 0963|1345 |045 7 |4
33 o |4 sheetmetal ) 100 (100 |o09s7 [182 |03 :': [A]
34 o |9 . B1-200 [200 0978 1436 |03 7y
35 o |12 ontz BI300 (300 0972|1244 [022:045 |, |[A]
36 |« |3 N T €200 [200 096|137 |03 14 |[A]
37 e |3 sheet metal |B2.500_[500 005|100 022 15 |IA]

A = Author
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Figure 2-14. Schematic ‘
representation showing the =1 1
influence of the column E
diameter ratio dr/d on the 5
~
—
ju

falling velocity of droplets

0,20
0,18 ) °
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Figure 2-15. Reduced gas velocity of an individual droplet u as a function of the diameter ratio dy,/dr,
valid for Pall, Biatecki and VSP rings, d = 15—80 mm, and the air/water system under normal conditions

4, V4 d, 714
for iy ~ [dl] N U A [—”] (2-53)
T

Hence, f,(dp/dr) in Eq. (2-24) takes the form:
di dp \ V4 dy
D)l=c (= for — >3 2-54
: (dT> ’ (dT> T (2-54)

2.2.4.6
Deriving the Final Equation for Gas Velocity at Flooding Point uy f|

Stichlmair [53] found that the effective velocity Gy of droplets flowing through individual
packing elements increases to a value higher than ug/e, which is due to the deflection of
the fluid between the particles and the vortex shedding. As a result, the effective gas
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velocity Uy can be expressed as:

_ Uup

AP

Assuming that f4(e ) = €9, the correlation for ug is as shown in Eq. (2-56), and the
exponent q must be determined experimentally:

(2-55)

U
iy = =2 (2-56)
FX|

Flooding occurs for h(ﬁ,Fl — 0, acc. to the model shown in Fig. 2-6 and Eq. (2-21), when
the effective falling velocity ut of an individual droplet is equated with the effective gas
velocity ug, which keeps the droplet suspended, acc. to (2-21), i.e.

_ U
Uy = ur = 2 ur (2-57)
&1

Equations (2-57), (2-22), (2-53), (2-54) and (2-56) result in the following equation:
drAp o 1V2 T d V4
o = Cy - Cy [Tipg] . [i] AT (2-58)
v dr

Equations (2-19), (2-32) and (2-58) lead to the following correlation for the gas velocity
at the flooding point uy g, which also applies to packing elements with similar resistance
coefficients g, see Table 6-1a:

n
uy g = ug -+ (1 — hg,Fl) =

dr-Ap-g 1/2 dy 1/4 72
B - s ed. (1=K
Cr |: o ir £ (1 hL,Fl)

where Cp = Cy - G - 5 (¥).
Using the minimisation procedure, the evaluation of the experimental data listed in
Tables 2-6, 2-7, 2-8 and 2-9 for various types of packings leads to the following model:

dy 1/ [dr-ap-g1"? 7/2
uy,p = Cp - e [?] [Tig} (1 —h)p) ! (2-60)
T pv

(2-59)

where Cp is a dimensionless constant, which has been calculated as:
Cp ~ 0.50 (2-61)

for classic, randomly filled packing elements.
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Table 2-6. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17a, in

columns with randomly filled metal packing elements. No. of test system acc. to Table 2-2

TP r“_‘lll): Packing Test system d|_l:1] ‘ "m] | Literature
PART 1
. 12 1,6 02203 0.8-1.4 Al
o 25 R 1,6,10 0.15-0.30 0.7-1.4 [AL[20]
° 35 Bialecki rings 16,10 015050 0720  |[AL[20.39]
o) 50 1,6,8 0.15-0.80 1.0-2.5 [AL[20,39]
¢ 15 1,2,3,6,7 0.30-0.788 1420 [ALIS]
. 25 1,2,6,16 0.15-0.75 1.4-4.0 [AL[5]
° 30-Glitsch 12 0.22 1.5 (Al
* 35 . 1,2,3,6 0.22-0.80 1.4-4.0 [ALI5]
* 38-VFF Pall rings 1,6 0.22-0.30 1.46 [A]
o 50 1,2,34.8,11 0.50-1.20 1.4-5.5 [AL[5.7,66]
* 58 I 0.45-1.00 2:3.5 [AL[67]
& 80 2 0.80 2.0 151
M 33 Ralu ri ! 075 30 28]
+ 50 u rings A i
A 15 2
A 25 . 2
A 35 Raschig rings 2 0.5 2.0 [51
A 50 23
=] 0.3 0.288 1.0 94]
o 0.5 0.288 1.0 [94]
o 0.7 0.28 2.0 [94]
O 1.0 Raschig Super rings 1 0.30-0.40 1.4-3.0 [86, 94]
O 1.5 0.28 2.0 [94]
o 2.0 0.30-0.75 1.4-3.0 [86, 94]
a 3.0 0.44 2.0 [94]
PART 2
* 0.5A 1,12 0.22-0.30 14-154
o 1A 1,6,12 0.22-0.30 1.4-1.54
o 1.5A ) . 1,6,12 0.22-0.30 1.4-1.54
o 1.5A Turbo | Glitseh CMR 304 rings 6 022 1.54 [Al
e} 2A 1 0.45 2.0
6] 3A I 0.45 2.0
+ 30P Glitsch rings 1 0.30 14 (Al
u 28 Hiflow ri 1,6 0.22-0.60 1.4-2.0 (Al
] 58 How rings 1 0.45-1.00 2.0-3.5 [A][45.60]
+ 25 1-13 rings 1 0.30 0.7-14 [20]
4 40 IMPT rings 1 0.45 2 [A]
* 10/15/20 Interpack 6 0.218 1.5 (5]
Iy 0.7/1.01.5 .
A 2.0/2.53.0 Nutter rings 1 0.3 2.25 [95]
El size | 1.8 0.18-0.32 2830
] size 2 Me-Fac 1.6 0.32-0.60 1530 |1ALT9.80]
* 50 PSL ring 1,6 0.22-03 14 [A]
A 25
40 .
i 50 l;a:‘lssc;eﬁ metal saddle rings 1 08 _ 93]
A 60 ( )
A 70
. no.1 0.30-0.45 14520
. n0.2 Top-Fak ! 0.45 2.0 [A]
* no.1 . 0.218-0.45 14520 [[AL[27.93]
. no.2 VSP rings 1.6 0218-1.00 | 1.45-60 | [AL[67.93]

Number of test points:

A = Author

435, mean relative deviation E(u”., ) =6,15%
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Table 2-7. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17b, in
columns randomly filled with plastic (PP, PVDF) packing elements. No. of test system acc. to
Table 2-2

TP ‘ '11":]0] Packing Material Test system ‘f;‘;l ‘IHNI l Literature
PART 1

+ 50 Bialecki rings PP 1 0.30 1.4 [20]

+ size 1 0.45

+ size 2 Dtnpac PP 1 0.30 2.0 [A]

. size | 0.30 1.4

< size 2 Envipac PP 1 0.30-0.45 1420 [[A]

* size 3 0.45 2.0

* no.l - - 0.30-0.45 1.4-2.0

¥ 0.2 Glitsch CMR PP 1 0.45 20 [A]

[ ] 45 Hackette PP 1 0.45 2.0 [A]

o 25 Pall rings PVDF 6,7 0.218-0.22 1.4 [A]

[ 25 0.30 1.4 [A] [44]
[m] 35 . 0.30-0.45 1.4 [A]

O 50 Pall rings b ! 0.30-1.00 1435 | [Al, [44,66]
O 90 0.75 3.0 [96]

A 38 . 0.75 3.0 28]

A 50 Ralu rings PP : 030-0.75 | 1430 |[AL[28]
* an Super saddles PP PP 1 0.75 30 [28]

. no.1 0.15 13 [A], [40]
o) no.2 Teloratte PP ! 0.45 2.0 [A]. [54]
PART 2

+ 28 " "

+ 50 Hiflow rings PVDF 1,6 0.218-0.30 1.4 [A][44]
] 15 0.30 14 [A]

o] 38 Hiflow rings PP 1 0.8 - [97]

A 90 0.45-1.00 2.0-3.5 | [66][A]
O 50 Hiflow Super PP 1 0.30-0.45 1420 [[A]

O 50 Hiflow saddles PP 1 0.45 2.0 [A]

[ ] 35 0.30 1.4

® 50 Intalox saddles PP 1 045 20 [A]

=] 17 7

L] 22x27 Nor-Pac PVDF 6,7 0218 1.4 [A]

A 28 6

L] 17 1 0.30 0.9-1.4 [A]

. 22x27 1 0.30 1.4 [A]

L 28 Nor-Pac PP 1,21b 0.15-1.40 1.0-2.0 [A], [40]
* 38 1 0.30 1.4 [A]

* 50 1,8,22 0.30-1.40 0.9-2.0 | [A], [Fi'lLu]
L 90 Raflux rings PP 1 0.8 - (97

A 50 V5P rings PP 1 0.45 20 [A]
Number of test points: 260, mean relative deviation b_(u\._H ) =4.10%

A = Author

This packing group includes: 15 to 80 mm Pall rings made of metal, plastic and
ceramic, 25 to 50 mm metal Bialecki rings, metal VSP rings (sizes 1 and 2), metal Top-
Pak packings (sizes 1 and 2), 10 to 50 mm Intalox saddles made of plastic and ceramic,
8 to 50 mm ceramic Raschig rings, Glitsch rings made of metal and plastic (sizes 0.5-3),
I-13 rings and PSL rings.

The flooding point constant Cg

Cr &~ 0.55 (2-62)
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Table 2-8. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17¢, in
columns randomly filled with ceramic packing elements. No. of test system acc. to Table 2-2

3
TF rmljn. Packing Test system ?':‘] :nln] Literature
. 20 1.6 0.218-0.30 1.25-1.4
(o] 38 " . 1.6 0.218-0.45 1.4-2.0
° 50 Hiflow rings 16 0.218-0.30 09-14 1A
O 75 1 0.45 2.0
A 25 1.6 0.220-0.30 1.4 [A]
A 38 Intalox saddles 1,6,21a 0.220-0.50 1.4-2.0 [A], [29]
A 50 1,6 0.220-0.75 1.4-3.0 [A], [28]
* 25 . 3,611 0.218-0.50 [A],[23]
¥ 50 Pall rings 6 0.220 1.0-1.4 [AL[21]
- 8 8,10,14 0.10 1.0 [AL[5]
| 15 1,6 0.20-0.220 1.0 [A)[3,5,71]
m] 19 4 1.2 5.5 [5]
O 25 Raschig vi 1,3,6,14 0.220-0.50 1.0-2.0 [A}[5.32)
o 25 Glas aschig rings 20 0.150 16 [36,37)
* 35 1 0.30 0.7 [20]
<& 50 1,6,8 0.30-0.60 0.7-1.4 [A],[Fi],[20,82]
* 100 2la 1.20 2.0 [84,85]
+ size 1 1 0.316
+ size 2 R-Pac 16 0.320-0.60 1030 18283]
+ size 2 SR-Pac 1,6 0.320-0.60 1.0-3.0 [82,83]
MNumber of test points: 181, mean relative deviation E(u V.H ) =553%
A = Author

was increased by approx. 10% in the case of modern, highly perforated packing elements,
such as 20—90 mm Hiflow rings made of metal, plastic and ceramic, 17—50 mm Nor-
Pac rings, plastic VSP rings (size 2), Ralu rings (sizes 1%, and 2), Tellerette (sizes 1 and
2), Envipac (sizes 1, 2 and 3), Dtnpac (sizes 1 and 2), R-Pac, SR-Pac, Mc-Pac. The same
applies to non-perforated Montz packing made of sheet metal and plastic as well as to
Impuls packing.

For perforated Mellapak 250 Y packings, Ralu-Pak 250YC with slit perforation, Gem-
pak 200AT and stacked 25 mm metal Biatecki rings, the numerical value of the flooding
point constant Cg was found to be:

Cr &~ 0.615 (2-63)

The different numerical values, which were found for the constant Cgj (Egs. (2-61) +
(2-63)), indicate that the wall effect cannot be sufficiently expressed by function
f>(dp/dr) alone. It is not only the wall distance, but also the shape of the packing wall
that needs to be taken into account. This is linked to the resistance coefficient s in
single-phase flow.

In Fig. 2-16, the Cpy; values of the experimental data, listed in Tables 2-6, 2-7, 2-8, 2-9
and substituted into Eq. (2-60), are plotted against the resistance coefficient Y for the
respective gas velocity at the flooding point uy g, acc. to Eq. (3-14) or (3-26):

Yr =Ky - (Rey)}; (3-14)

Y = Yo - (1 — @p) (3-26)



74 CHAPTER 2 Two-Phase Flow and Operating Range

Table 2-9. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17d, in column
filled with structured or stacked packing elements. No. of test system acc. to Table 2-2

TP | Packing |'I‘ype Material | Test system fft'l | [[Il“] ‘ Literature
TUBE COLUMNS (TS)

. 25 1 0.025 1.5 [A]

o | Bialecki rings 525 metal 8 0273 1 [A]

+ | Pall rings 25 metal 1 0.025 1 [76]
STACKED PACKINGS

L] 25 1.6 0.150-0.218 | 1.4-1.7

@ | Bialecki rings 35 metal 6 0.218 1.5 [A]

o 50 1,6 0.151-0.30 | 1.0-1.7

O | Bialecki rings 50 plastic 1 0.30 1.0 [771, [A]

@ | Hiflow rings 50 ceramic 1 0.45 1.0 [A]

+ | Pall rings 30 1,8 0.40-0487 |1.0 [AL[21]

+ | PSL rings 50 metal 1 0.28 1.4 [A]
STRUCTURED PACKINGS

® | Euroform PP 1 0.30 1.4 [40]

B | Fi-Pak (I-13F) metal 6 0.147-0.218 | 1.4 [A]

O | FX(VFF) 260 PP 1 0.45 2 [A]

O |Gempak A2 T304 metal 6,12 0218 1.4 [ALIA1]

B | Impuls 50 ceramic 1 0.385-040 |14 [21]

A 250X 1 1.00 35 [26,68,69]

A | Mellapak 2507 sheet metal | 1,6 0.218-1.00 | 1.4-3.5 | [A][26,68,69]

A 500Y 1 1.00 3.5 [68,69]

* Al metal 6,7 0.218 1.4 [A]

* A3-500 1,6 0.218-045 2.0 [ALIA1]

@ B1-100 1 0.30 1.4 [A]

o B1-200 1,6 0.218-030 | 1.4 [AL[47)

< | Montz B1-300 1.6 0218030 |14 [AL[47]

. B2-300 sheet metal | ¢ 0218 14 |[ALIAD]

* B2-500 6 0218 1.4 [ALIA1]

* C2-200 1 0.30 1.4 [A]

® sl metal 6 0218 1.4 [A]

* Gr3 1 0.30 1.4 [A]

* | NorPac Kompakt no.1 | PP 1 0.30 1.4 [A]

* Kompakt no.2 1 0.30 1.4 [A]

A | Ralu-Pak 250¥C sheet metal | 1,6 0.218-0.45 | 1.4-2.0 | [A][48]

A | Sulzer gauze packing BX metal 23,6 0.218-0.50 | 1.4-2.0 | [AL[5]

& | Honeycomb packing PP 1 0.30 1.4 [A]

MNumber of test points: 196, mean relative deviation X(U\._,_,] =6.06%
A = Author

based on Tables 6-1a—6-1c, using the numerical values K;, K, and ¢p determined within
the scope of this work. This leads to the following correlation (2-64) for calculating the
flooding point constant C for Eq. (2-60):

Crt = (Crio) g5 - ¥ /* < 48 % (2-64)

where Cpp o = 0.566 for a flow angle of gas stream in the packing channels o = 45° is a
dimensionless constant, independent of the type, size and material of the packing.

Equation (2-64) applies to any types of randomly filled packing elements and struc-
tured packings with type Y flow channels (approx. 45°) for resistance coefficients in the
range of Yp = 0.1—8. As shown in Fig. 2-16 and Eq. (2-60), the gas velocity at the
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Figure 2-16. Dependency of the constant Cg on the resistance coefficient at the flooding point g
plotted on the basis of data in Tables 2-6, 2-7, 2-8 and 2-9

flooding point uyp decreases, as the resistance coefficient Y increases. The flooding
point constant of Cp = 0.5 applies to the group of packing elements with a resistance
coefficient {rp at the flooding point in the range of 1.8 and 3, see Eq. (2-61). For resis-
tance coefficients in the range of Y5} = 0.9—1.6, the flooding point constant is assumed
to have a mean value of Cy= 0.55. The group of perforated packing elements also
includes structured packings made of sheet metal, plastic and ceramic (type Y) with-
out wall openings. For practical calculations, the flooding point constant for resistance
coefficients Yp in the range of 0.5—0.9 is determined as Cp; = 0.615. This applies to the
group of structured sheet-metal packings (type Y) with slit perforation, e.g. Ralu-Pak
250YC, or perforated packings such as Mellapak 250 Y, Gempak 202 AT, as well as plastic
packings 250 Y.

The lowest resistance coefficients g are typical of stacked packing elements, honey-
comb packings, tube columns as well as for type X packings made of sheet metal and type
BX gauze packings with flow channels of 30°. They are in the range of Y = 0.1—0.4.

Metal Raschig rings have been found to have the highest resistance coefficients. A
resistance coefficient of approx. Y= 8.18 in the turbulent flow range of Rey > 2100
results in a flooding point constant of Cp = 0.4 for Eq. (2-60).

Influence of the Flow Channel Angle oz on the Gas Velocity at the Flooding Point uy

The evaluation of the experimental data shown in Table 2-10 for stacked Hiflow rings,
Raschig rings and Pall rings, tube columns with structured Pall rings and Biatecki rings,
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Table 2-10. Data relating to the experimental flooding point values, diagrammed in Fig. 2-17e, in
columns operated at higher pressure. No. of test system acc. to Table 2-2

a-10° . . H .
P Packi M | T : L
[m] acking aterial est system dg [m] [m] iterature
A 10 . 27 0.086-1.550
A 15 Berl saddle ceramic 27.28.29 0155
+ 20 Interpak metal 27 0.155 0.8 [75]
* 20 Novalox saddle ceramic 27 0.155
|} 15 metal 27 0.155
o 35 Pall ring ) 19 0.50 25 |[39]
o 15 plastic 27 0.155
(4 . ceramic ~ 0.8 [75]
o 15 Raschig ring metal 27 0.155

Number of test points: 177, mean relative deviation F(u \._,_,} =8.93%

Hiflow rings, structured Sulzer gauze packings (type BX), as well as type X sheet metal
packings and Montz packings X with flow channels of & = 30° resulted in a higher flood-
ing point constant Cp g, compared to Eq. (2-64), namely:

(sz,o)300 =0.693 for o =30° (2-65)

A constant numerical value Cpp= 0.566 for random packings and type Y structured
packings with a flow channel angle of a = 45° in relation to the column axis leads to
the assumption that gas in a random packing flows through a bundle of parallel flow
channels with a diameter of d, and with a mean angle of approx. o = 45°. If the angle of
the flow channels o is reduced, the gas velocity at the flooding point increases and reaches
its maximum value Cgj at a = 0°. By substituting the value pairs (Cp o)y for a = 45°
and o = 30° into correlation (2-64), the following correlation (2-66) can be derived:

1/6

Cp = Cprp - cosa - 1//;11/6 =0.80-cosa - Yy (2-66)

where:

Cr1,0 = 0.800 for flow channels with o = 0°.
Cr1,0 = 0.693 for flow channels with a = 30°
Cr1,0 = 0.566 for flow channels with o = 45°.

By substituting Eq. (2-65) into Eq. (2-60), it is possible to derive the following
Eq. (2-67) for determining the gas velocity at the flooding point uy g in packed columns
with any types of column internals.

B dr Ap -T2 T V4
uy,p = 0.80 - cosa - %7 - Fll/6 [Tipg} . [ h] (1= hg,Fl)N2 [ms™!]

ov dr
(2-67)
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The dimensionless flooding point constant Cp o = 0.80 for Eq. (2-67) applies to var-
ious types of packed columns, i.e. for:

(a) randomly filled packed columns

(b) structured packings

(c) stacked packing elements

(d) tube columns stacked with packing elements
(e) empty columns.

The numerical value Cp o= 0.8 applies to columns in which the angle of the flow
channels is assumed to be o = 0°. This is the case for tube columns with stacked 25 mm
metal Pall rings [76].

It follows from Eq. (2-67) that, as the gas velocity at the flooding point uyp increases,
it is possible for increasingly larger droplets to be entrained by the upward gas flow.
The gas velocity at the flooding point uyp also increases with the hydraulic diameter
dp and the void fraction €. In the case of highly perforated packing elements, the gas
velocities at the flooding point are higher, due to the lower resistance coefficients Y.
Type X packings with channel angles of o = 30° can always be expected to have higher
gas velocities at the flooding point than type Y packings with channel angles of o = 45°.
In the case of very low liquid loads, e.g. in rectification under vacuum, the liquid hold-
up at gas velocities calculated acc. to Eq. (2-67) may be broken down into very small
droplets, which leads to the packing being blown empty by the gas.

2.24.7
Comparing Experimental Flooding Point Data and SBD Model Acc. to Eq. (2-67)

For the purpose of evaluating the author’s own experimental data as well as data taken
from literature for columns with dg = 0.025—1.4 m, including data taken by Billet [5]
and Bornhiitter [66], Sulzer [67-71], Mozenski, Kucharski [39] and Krehenwinkel [75]
etc., a database was created, which now holds 1,200 experimental items of data for 32
different mixtures from the range of vacuum to normal rectification as well as pressure
absorption and/or pressure rectification up to 100 bar, see Table 2-2.

Evaluation of Experimental Flooding Point Data for the Range of Vacuum Rectification
and Normal Pressure Range

Figures 2-17a, 2-17b, 2-17c¢ and 2-17d show a comparison between the calculated and
experimental gas velocities at the flooding point. More information on the experimental
conditions and the test systems can be found in Tables 2-6, 2-7, 2-8 and 2-9.

The gas velocities at the flooding point (uy,p|)calc were determined iteratively, acc. to
Eq. (2-67), for the start values (uv;pi)exp> (UL,Fl)exp. Figure 2-17a shows a comparison
between the gas velocities (uy;p)calc, calculated using Eq. (2-67), and the experimental
values (uy;r1)exp for metal packings. The evaluation was based on approx. 340 experi-
mental values, of which 80—91% were given with a maximum relative error of less than
+8%, using Eq. (2-67). The mean error in the determination of the gas velocity at the
flooding point (uyp)calc for metal packings was found to be 5 (U.V)F]) = 4.7 % during
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the evaluation of the experimental data. This applies to experimental data with ds/d > 6
within the validity range of this model, i.e. for gas velocities in the air/water system of
uyp > 0.5 ms~! and B, < 5.1073, see Fig. 2-17a.

Figures 2-17b, 2-17¢ and 2-17d show a comparison between the experimentally
derived gas velocities at the flooding point (uv;p)exp and the calculated values (uy;p1)calc
for plastic packings (Fig. 2-17b), ceramic packings (Fig. 2-17¢) as well as for structured
packings and stacked packing elements (Fig. 2-17d). 75—91% of all test points for struc-
tured packings are spread over a range of £12%, see Fig. 2-17d.

The mean relative error § (uy,p1) in the determination of the gas velocity at the flood-
ing point (uypl)calc, acc. to Eq. (2-67), for the experimental data shown in Figs. 2-17a,
2-17b, 2-17c and 2-17d is given as:

s (uy;r1) = 4.10 % for random packings made of plastic — 260 test points

$ (uy;r1) = 5.50 % for random packings made of ceramic — 181 test points

§ (UV,FI) = 6.10 % for structured packings, stacked packing elements, tube columns
of sheet metal, plastic, ceramic — 196 test points

Equation (2-67) also confirms the test points for diameter ratios of ds/d <« 6, when
the experimentally derived resistance coefficients Y for smaller columns ds/d < 6 are
substituted into Eq. (2-67). This is the result of the evaluation of data taken during exper-
iments with the system chlorobenzene/ethylbenzene at 33 and 66.7 bar in a distillation
column with dg = 0.22 m (ds/d = 3.8) for 50 mm ceramic Intalox saddles, Hiflow rings
as well as for 50 mm metal Pall rings and Biatecki rings. What is remarkable is that, even
in the range of lower uy values of 0.4—1 ms™!, the new model accurately reflects the
experimental vapour velocities uyp for 8 and 15 mm Raschig rings. Deviations greater
than £8% were found mostly in some literature data, for which no detailed information
on the packing density N and the geometric data a and ¢ of the respective packings was
available.

Evaluation of Experimental Flooding Point Data for the Pressure Range

Due to the high density of the gas phase, a correction factor for the evaluation of the
experimental data has been introduced, as reccommended by Mersmann [2], which has
proved useful for calculating the droplet velocity ur, acc. to Eq. (2-75), and the gas veloc-
ity at the flooding point uyp.

If the density of the continuous phase py is higher than the density of the ambient air
Pair> the gas velocity at the flooding point uyp is calculated using the correlation:

0.18
/9% _

Uy,Fl = UV,FL,Eq.(2—67) * (7) [ms™!]. (2-68)
Pair

Equations (2-67) and (2-68) give the following dimension-dependent final Eq. (2-69) for
determining the gas velocity at the flooding point in any type of packed column.
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- dr-Ap - o 1V2 [ d, V4
uV)Fl:0.80-cosa-86/5-wF11/6|:T7pg1| |: h] '(1—h2,F1)7/2'KpV [ms_l]

pv dr
(2-69)
where:
Koy =1 for pv =< pair(1.165 kgm~3) and/or (2-70)
oy \0.18
K,y = (—) f : 271
pV 1.165 or PV > Pair ( )

The exponent n = 0.18 in the above equation was determined by evaluating approx.
180 experimental flooding point values in the range of higher pressures up to 100 bar,
taken during the course of this work, see Fig. 2-17e.

Figure 2-17e shows a comparison between the experimental flooding point data
UvFlexp» taken by Krehenwinkel [75], Mozenski et al. [39], and the calculation based on
Egs. (2-69) and (2-71) uy,picalc- The experimental data is based on various test systems
and an operating pressure of up to 100 bar. The experimentally derived gas velocities at
the flooding point uyp are in the range of approx. 0.01 to 0.85 ms™!.

A list of individual symbols and systems used can be found in Table 2-10. The com-
parison shows excellent concurrence of the experiments with the calculation. 80% of the
experimental values deviate within +15% from the graph. After evaluating approx. 180
experimental data points, the mean relative error in the determination of the gas velocity
at the flooding point in pressure systems was found to be approx. 8.93%.

An analysis of the experimental results has led to the significant conclusion that it is
indeed possible to determine the fluid dynamics of packed columns in the pressure or
vacuum range without performing any experimental work, as the results shown by the
above correlations are transferable to any pressure range and any type of packing. This is
an important conclusion, in particular for practical applications, as experiments in the
pressure and negative pressure range are extremely complicated and costly.

The most important result of this work is the ability of the SBD model to describe the
flooding in columns with any internals, any test systems in the vacuum, normal pressure
and pressure range up to 100 bar accurately enough for practical applications.

In addition, strong proof has been provided, based on a large amount of experimental
data using the test system air/water under ambient conditions, that the results are trans-
ferable to any test systems and mixtures with extremely divergent properties. Hence, the
experimental effort in designing packed columns can be minimised to just a few exper-
iments, using the test system air/water and/or experiments with single-phase flow, in
order to determine the resistance coefficient \r in relation to the Reynolds number of the
gas phase.

2248
New Dimensionless Correlation for Gas Velocity at Flooding Point Based on SBD Model

Based on Egs. (2-72) and (2-73), correlation (2-69) is now expressed with an extended
Froude number Fr*y at the flooding point. By introducing the dimensionless, extended
Froude number of the gas phase
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2
Ywr PV

Fri; =
R dr-g Ap

(2-72)

it is possible to derive the following flooding point correlation, applicable to any type of
column internal, which constitutes the main result of this work:

B d 1/4
Fri/? =08 cosa-yp'/° - [d—h} Koy -6 (1=1) )" (2-73)
T

Equation (2-73) is now applicable within the following limits:

—— <9, ny/nL —> 0 aswellas pV/pL << land dh/dT >3 (2-74)

and for Rey, < 600, Ar = 6.4-10*—10°, for any types of packing elements and structured
packings with resistance coefficients in the range of Yp € (0.1-8.5).

2.24.9
Evaluation of Experimental Data Using Mersmann’s Film Model [3]

For the purpose of plotting the flooding curves presented by Mersmann [3], as shown in
Figs. 2-5a, 2-5b, 2-5c and 2-5d, the pressure drop of dry random or structured packings
Apo/H was determined using the correlations (3-8) and (3-14), presented in Chap. 3.
The empirical constants for determining the resistance coefficient s, acc. to Eq. (3-14)
or (3-26), in the range of Rey €(500-15,000) were taken from Tables 6-1a—6-1c.

The experimental results are presented in Figs. 2-5a, 2-5b, 2-5¢ and 2-5d. They show
strong deviations of up to +50% and more, compared to Mersmann’s film model [3],
in the case of large packing elements, in particular those with lattice structures, as well
as structured packings with low irrigation densities. In the case of larger, dimensionless
liquid loads By, > 2—3-1072, the experimental data is spread more closely around Mers-
mann’s [3] flooding point curve, and increasingly so for larger-surface packing elements,
i.e. those with large geometric surfaces a and small void fractions e.

In his work, Mersmann [3] only evaluated data for air/liquid systems at ambient con-
ditions for classic packing elements, such as Raschig rings, spheres and Berl saddles. The
evaluation of rectification data carried out during the course of this work, also con-
firms the applicability of the flooding point diagram, acc. to Fig. 2-5, for determining
the vapour velocity uyp at the flooding point for small packing elements d < 0.015 m,
e.g. for randomly filled, metal 10 and 20 mm Interpack, 12 mm metal Bialecki rings,
17 mm plastic Nor-Pac, 15 mm Pall rings made of metal and plastic as well as 17 mm
plastic Hiflow rings, as long as they are within the model’s range of validity.

Mersmann’s [3] flooding point diagram describes the flooding in packed columns for
small packing elements with d < 25 mm sufficiently accurately throughout the entire
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operating range Br. In the case of lattice and structured packings, the model is only
applicable in the range of high liquid loads By, > 3—5-1077.

2.2.4.10
New Equation for Calculating Individual Droplet Velocity uy

Equations (2-19), (2-21), (2-56) and (2-67) lead to the following correlation (2-75) for
the effective falling velocity of individual droplets in the packing:

. Uvy,Fl
gl2. (1 _ hgﬂ)s.s

- ANV LA o\ /2
=0.80 - cosu - 1//Fll/6 . (d—h) . (M> [ms’l]
T pv

ur - 0.566

(2-75)

The first term in Eq. (2-75) is used to determine the effective droplet velocity ur, based on

the experimental flooding point data, if the values uypr and hg,Fl as well as the void frac-

tion € are known. Equation (2-75) therefore constitutes the full form of the correlation

based on Eq. (2-24). The second term in Eq. (2-75) is important for various design tasks

and constitutes the final equation for the falling velocity of droplets in packed columns.
A similar correlation with dr, acc. to Eq. (2-26),

dr - Ap -
ur A~ A; - ar-ap-§ (2-76)
/%%
. Ap -
ur = Aj - /Lfg (2-77)
Py

and with A; = 1.55 was found by Mersmann [38] in relation to deformed droplets falling
in gases and liquids in columns without internals.

The following correlation (2-78) is applicable to systems with a higher-density gas
phase, analogous to Eq. (2-69):

0.18
\4
UT = UT, eqn.(2—-75) * K,OV = UT, eqn.(2-75) * (7) (2-78)
air

where K, is based on correlation (2-70).

2.25
Conclusions Chapter 2.2

1. Based on the evaluation of approx. 1,200 items of experimental flooding point data,
the model of suspended bed of droplets (SBD model), which is presented in this book, is
applicable to any types of randomly filled packing elements, stacked packings, struc-
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tured packings and tube columns filled with stacked packing elements, in the range
of small, moderate and high phase flow ratios % in the vacuum and normal pressure
range and at high pressures of up to 100 bar.

The latest experiments [66] with random packings have confirmed the droplet
formation in packed columns as a result of dripping from the edges and walls of the
individual packing elements. This explains why flooding can occur in packed columns
at certain phase flow ratios, even in the case of smaller gas velocities, before the pack-
ing is filled with films and sprays, as assumed by the film model. Hence, the packed
column is flooded earlier than predicted by the film model [3], and the gas velocities
at the flooding point, calculated acc. to the film model [3], are much higher for larger
lattice packing elements and structured packings than the experimentally derived val-
ues, see numerical example 2.1.

The SBD model is based on the assumption that droplet formation occurs at the
flooding point and therefore describes the flooding point mechanism accurately, both
for higher and smaller gas velocities in pressure absorption and rectification pro-
cesses, see Fig. 2-17a, 2-17b, 2-17¢, 2-17d and 2-17e

The new dimensionless equation for calculating the gas velocity at the flooding
point (2-73), based on the SBD model, is as follows:

L
dr

Fr;:ll/2 =0.8-cosa - 1//F_ll/6 - |:

1/4 .
j| Kpy T (1 - h?,,Fl) >
with the dimensionless extended Froude number, acc. to Eq. (2-72)

2
_ v pv
dr-g Ap’

Fri;
which in practice can also take a dimension-dependent form acc. to Eq. (2-69)

e [dr-Ap-g VP [ dy YA
uy p = 0.80-cosot-e;“é/:r’w//l;ll/6 [Tipg] [d—h] -(l—hgpl )7/2'va [msfl]
ja% T ’

where: Ky =1 for  pv < Pair(1.165 kgm—3) and/or

oV 0.18
K,y = ( ) for
PV = \1165

v > 1
Pair

acc. to Egs. (2-70) and (2-71).

Equation (2-69) applies to any types of random and structured packings made of
any material, provided the resistance coefficient { at the flooding point for single-
phase flow is known. The validity of Eq. (2-69) for internals in the range of {rp =
0.1—8.2 has been verified. The calculation of the gas velocity uypy, at the flooding
point, acc. to Eq. (2-67) and/or the extended Eq. (2-69), is performed iteratively. The
simplification of Eq. (2-67) leads to Eq. (2-60).
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2. Based on the dimensionless Eq. (2-73) and/or (2-69), it is possible to determine the
gas and/or vapour velocity with a mean relative error of ~ 6% for systems used in
vacuum and normal pressure rectification as well as in absorption processes, if the
physical properties pr, ov, N1, NV, €L, the geometric packing data a and < and the
liquid hold-up at the flooding point h(ﬁ,Fl are known. In the case of pressure systems,
the gas velocity at the flooding point can be determined with an accuracy of +15%,
see Fig. 2-17e.

3. If the phase flow ratio at the flooding point kg is known, it is possible to determine
the liquid hold-up hg)Fl, acc. to Eq. (2-46)

JR30m 22 ang(m 4 D(1 = ko) — (m 4 2)g
2-(m+ (1 — o)

hY = [m*m™3]  (2-46)

The parameter m in this equation is calculated using Eq. (2-43) for turbulent liquid

flow Rep, > 2
N
m=—0.82+ —2 (2-43)
Ao+ 0.5
and Eq. (2-44) for laminar liquid flow Rep, < 2.
A
m=—090+ 2 (2-44)
Ao+ 0.5

In the case of larger packing elements, at moderately negative and normal pressure,
the liquid flow is practically turbulent, which means that Eqs. (2-46) and (2-42) are
mostly applicable. Hence, it is possible to determine the flooding point without hav-
ing to ascertain any experimental hold-up data at the flooding point.

4. The evaluation of the experimental flooding point data acc. to Eq. (2-73) and/or
(2-69) was based on roughly 1,200 items of experimental data for approx. 200 ran-
dom and structured packings and tube columns. The columns, internals and operat-
ing parameters were varied within the following ranges:

01 < Yy =< 85 [—1]
0.025< dg < 14 m
059 < & < 098 m’m™
0008< d < 0.100 m
54 < a < 750 m’m3
045 < H < 6.0 m
0013< pr < 100 bar (2-79)
0 <2x-10>< 1000 [—]
00l < uy < 18 ms~!
01 < Fypg =< 55 /Pa
0 < wu <56- 1073 ms™!
0 < Reg < 600 [—1]
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Table 2-2 contains a list of 32 mixtures with widely different physical properties,
which were used for evaluating the experimental flooding point data.

5. Based on the SBD model, the gas and/or vapour velocity at the flooding point can be
determined in the following way: Firstly, the phase flow ratio at the flooding point
ho is calculated as a start value, acc. to Eq. (2-1), for Vyz = Vy. Subsequently, the
liquid hold-up at the flooding point h(ﬂ,m is calculated in the first iteration, acc. to
Eq. (2-46). Now Eq. (2-69) is used to determine the gas and/or vapour velocity at the
flooding point uyp, based on the physical properties of the system py, pr, oL, N, ML
the geometric data a and € of the respective packing elements and the mean resistance
coefficient, acc. to Table 6-1a—6-1c.

Finally, it must be ascertained whether or not the assumption Rey, > 2 is appli-
cable. If Rey, is below 2, the new calculation of the hold-up at the flooding point is
performed, based on Eq. (2-42), followed by the calculation of the gas velocity at the
flooding point. Only a few iterations are necessary to determine a sufficiently accurate
value for uy and thus for the variables o and h(L),Fl'

Further to the correlations presented above, there are a number of calculation
examples at the end of this chapter, which illustrate how the model can be used to
determine the vapour velocity at the flooding point for 50 mm randomly filled Pall
rings for the system ethyl benzene/styrene under vacuum, and the gas velocity at
the flooding point under pressure for 25 mm randomly filled Bialecki rings for the
air/water system, for structured gauze packing BX as well as for 15 mm Pall rings
made of plastic.

6. The film gas thrust shear force model, developed by Mersmann (1965) [3], for deter-
mining the gas velocity at the flooding point is most suitable for applications using
classic and/or large-surface packing elements with a > 300 m?>m~2 throughout the
entire operating range. This is reflected by the shading in the flooding point diagram
developed by Mersmann [3], see Fig. 2-18. The film gas thrust shear force model, on
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Figure 2-19. Flooding line for various packings. Compilation of results from Figs. 2-5a—d

the other hand, only applies to perforated packing elements, if the dimensionless lig-
uid loads are high, By > 5-1073, as shown by Figs. 2-5a, 2-5b, 2-5c and 2-5d as well
as Fig. 2-19. These operating conditions mostly occur in the case of extremely high
liquid loads, in pressure absorption and pressure rectification.

A further modification of Mersmann’s diagram, based on the model presented in the
first German edition of this book [90, 91], can be found in Bornhiitter’s work (1991)
(66, 87] and by Grabbert, Bonitz (1998) [92].

Farther capacity diagrams for different packings are shown in Annex to this chapter,
Figs. 2-22, 2-23, 2-24, 2-25, 2-26, 2-27, 2-28, 2-29, 2-30, 2-31, 2-32, 2-33, 2-34, 2-35,
2-36, 2-37 and 2-38.
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23
Determining Column Diameter

If the gas capacity factor Fyp at the flooding point is determined in relation to a given
packing element, it is possible to ascertain the operating point marked by the gas capacity
factor Fy. The following applies:

Fyu < Fy < Fyp. Depending on the separation process, the gas capacity factor Fy
is set at approx. 10—80% of the value at the flooding point. This leads to the following
correlation for the column diameter ds:

_EAs_r vV -
ds = /= _\/; N [m] (2-80)

where V is the gas capacity in kgs~!.

24
Lower Loading Line

Vacuum distillation columns are mostly operated at very low liquid loads uy, in particu-
lar in the rectifying section. For this reason, it is important to ascertain the lower loading
line ug y, Fig. 2-20, as well as the flooding point. Kirschbaum [19] and Schmidt [7, 32]
have looked at methods to determine the lower loading line.

The lower loading line is largely dependent on the physical properties of the mix-
ture to be separated as well as on the material and geometric dimensions of the packing

Figure 2-20. Height of an 25mm Raschig ring, ceramic, Schmidt[7)]
overall transfer unit for various =03m. H=2m
L/V ratios as a function of the beniené/toluene 1 bar

Reynolds number of vapour
Rey and liquid Rex, acc. to
Schmidt [32]. As shown in this
diagram, the lower loading line
is below the flooding line

lower load Limit |
| 2
Uy U>Ug u;ﬁBn/?AmZh) Rei=264

R=195

unit HTUW in m

%»«’;vé‘*’
0
0 200 400 600 800 1000 1200 1400

Reynolds number of vapour Re'vzv—“_va
v

Height of an overall transfer
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elements, whereas interfacial instabilities do not appear to have an effect on the lower
loading line.

Schmidt [32] has presented various equivalent correlations for determining the lower
loading line up,y. The simplest equation, which is also the clearest and easiest one to
apply, is as follows:

2/9
C 172
-6 L g —1
up = 771070 [;] [ms™1], (2-81)

The relative error of this equation is £20%, which has been verified for vacuum con-
ditions up to 20 mbar and for liquid/vapour ratios of L/V = 0.5—1.25.
The liquid number is given as:

3
PL O

CL= —; (2-82)
N -8
and the shear stress number is:
2.8 2.8
F
T, =09- [ i } —09. [—V] (2-83)
uy,Fl Fy

Equation (2-81) was derived by Schmidt [7, 32], based on his own exper-
imental results and those found in literature, using the systems ethanol/water,
dichloroethane/toluene and benzene/toluene under normal pressure and vacuum of up
to 20 mbar. It is applicable to 25—50 mm ceramic Raschig rings and metal Pall rings.

Schmidt [7, 32] noticed the dewetting phenomenon, which causes the separation effi-
ciency below the loading line ur,y to drop. The phenomenon is amplified by a decrease
in the specific liquid load uy. Equation (2-81) shows that, in the case of mixtures with a
decreasing liquid number Cj, the lower loading line uy, i shifts towards the lower values
of the specific liquid load uy,, which has a positive effect on the elasticity of the column.
The operating range of packed columns using such systems is therefore larger, Fig. 2-21.

In the case of mixtures with low viscosity ny, and high surface tension oy, such as
aqueous mixtures, the specific liquid load at the flooding point up p can fall below the
lower loading line up,y, i.e. urp < ur,y, as shown in Fig. 2-21 [7, 32]. These operating
conditions lead to the downward liquid flow being impounded and entrained by the gas
(vapour), without sufficiently wetting the packing surface.

2.4.1
Conclusions Section 2.4

Based on Schmidt’s [32] correlation (2-81) for calculating the lower loading line uy y
and the knowledge of the loading line of the type of packing used, it is easy to determine
by calculation whether the specific liquid load uy, selected for the separation task of the
column, is above the lower loading line ur y, uL,y < ur < upp.
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Figure 2-21. Lower loading 25mm Pall ring, metal, Schmidt (7]
line ur, y and flooding line for
25 mm Pall ring column acc. to 1| water vupour/wu’rer 1bar
Schmidt [32]. This diagram 2 —tt ~u-~ 1 bar
highlights the overlapping of 3 | methanol 1bar
both limit lines and shows the
operating range of the packed L| ethanol/wafer 1bar
column for a given system 5| ethanol /water ) 0133 bar
24 6| ethylene glycol/air 1bar 303K
T T T
E ™-lower load looding point]
€ | limit | o—1 ‘2\,é
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List of Numerical Examples — Chapter 2 “Flooding Point”

2.1

2.2

2.3

2.4

2.5

Determining the vapour capacity factor Fy g at the flooding point, acc. to Eq. (2-67)
and the column diameter dsfor metal, randomly filled 50 mm Pall rings for the sep-
aration of the mixture ethyl benzene/styrene under vacuum.

Determining the vapour capacity factor Fy gy, acc. to Eq. (2-67), for metal, randomly
filled 25 mm Biatecki rings for the air/water test system at ambient conditions.
Determining the vapour capacity factor Fyp, acc. to Eq. (2-67), for Sulzer gauze
packing BX for the separation of the mixture ethyl benzene/styrene at a top pressure
of 66.7 mbar.

Determining the vapour capacity factor Fyyp at the flooding point, acc. to eqns
(2-69) and (2-71), and the column diameter ds for randomly filled 15 mm plastic
Pall rings for the separation of the mixture methanol/nitrogen (N) at 30 bar.
Determining the vapour capacity factor Fy g at the flooding point, acc. to Eq. (2-69),
and the relative column load Fy/Fy g in an existing column of a demethaniser being
upgraded to a structured Mellapak 350Y sheet metal packing at an operating pres-
sure of 32 bar.

Numerical Example 2.1 - Sections 2.2.4 and 2.3

A column filled with metal 50 mm Pall rings is used to separate 1,000 kg of the mix-
ture ethyl benzene/styrol with xp = 0.5895 mol mol~! per hour, at a top pressure of
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pr = 66.7 mbar. The aim is to achieve a top product with a mole fraction of higher-
volatility ethyl benzene of xp = 0.9618 mol mol~! and a bottom product with a mole
fraction of xy = 0.0018 mol mol~!xw. What column diameter is required, if the column
is operated at 46.3% of the flood load and the reflux ratio is r = 6.28?

The vapour capacity factor Fy at the flooding point is determined using the method
described in Sect. 2.2.4 as well as Eq. (2-67). The following variables are given, with the
physical properties applicable for a top pressure of pt = 66.7 mbar.

— vapour density oV

—liquid density pL= 835.2 kgm 3

— surface tension o= 25.1 mNm™!

— viscosity of the liquid nL=0.437-1073 kgm~! s7!
— viscosity of the vapour mixture Ny=7.14-10"% kgm—! s!
— molar mass of the distillate product Mp= 106.1 kg kmol !

— molar mass of the feed Mr= 105.34 kg kmol ™!

— relative vapour capacity Fv/Fyp= 0.463

Solution

A. Calculating the flows and flow rates at the column top according to the task definition

1. Feed rate:
F =1000 kgh~!
F=F/Mg
= 1000/105.34 = 9.493 kmolh™"

2. Distillate rate:

. . XF— X
D=p.2E7 W
XD — Xw
05895 — 0.0018
=9493. — = 5812 kmolh™!

0.9618 — 0.0018

3. Vapour rate at column top:

V=(+1)-D
= (6.28 + 1) - 5.812 = 42.3 kmolh™!

with a molar mass of Mp = 106.1 kg kmol !

V=V-Mp
=42.3-106.1 = 4488.9 kgh™!

4. Liquid rate L at column top:

L=r-D-Mp
=6.28-5.812-106.1 = 3872.2 kgh™!
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B. Determining the vapour capacity factor Fyp

1. The phase flow ratio at the flooding point X is given as:

_ Vi _Leev _
Vv oV
3872.2-0.257
T 835.2-4488.9

Ao

=2.654-10"%

2. The liquid hold-up hg,Fl at the flooding point is determined, acc. to Eq. (2-47),
using a start value of Ao = 2.654-107%. As a result, hg’H is given as:

. \/1.44»)»%+0.8~A0~(1—A0)—1.2-A0
hL,FL =
0.4- (1 —Xg)

\/1.44 - (2.654-1074)2 4.0.8 - 2.654 - 104 - (1-2.654 - 1074) —1.2- 2.654 - 10~*
B 0.4 (1-2.654-10~%)

=3.565- 10 2m>m~3

3. The vapour velocity at the flooding point for 50 mm metal Pall rings is deter-
mined acc. to Eq. (2-67). The following values apply for the geometric data a and
¢ as well as the constants Kj, K, for Rey > 2100 in relation to Eq. (3-14), acc. to
Table 6-1a: Ny = 6100 Nm™> = ag = 110 m® m~>, &g = 0.952 m® m—3, K; =
3.23, K;= —0.0343 for Eq. (3-15) to calculate the resistance coefficient.

The application of Eq. (2-67) also requires the following parameters:

— the hydraulic diameter
dy=4-¢/la=4-0952/110 = 0.0346 m
— the droplet diameter

dr =./o/Ap-g=

= /0.0251/ ((835.2 — 0.257) - 9.81) = 1.75- 10 °m

4. Firstly, Eq. (2-67) for a = 45° is used to estimate the gas velocity at the flooding
point uy for Yp = 2.42 with Rey > 2100 and hy p; = 0.0365 m? m3.

“ige [ dn drap -g]'? 35
o =osse-y o[ ] e [Ny ]

=6.43 ms~!
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As a result, the vapour velocity uy with Fy/Fyp = 0.463 is given as:

uy = 0.463 - Uy Fl
= 0.463 - 6.43 = 2.98 ms~!

the column cross section Ag is:
Vi 4488,9

- = = 1,628 m*
3600 - py - uy 3600 - 0,257 - 2,98

As
and, finally, the column diameter dg is given as:

ds =/ % = 1.44m; based on the assumption that dg = 1.45m

. Based on the specific liquid load uy,

B L B 3872.2
T 3600 pr - As 3600 - 835.2 - 1.65

ur

=7.8-107% ms!
the Reynolds number Rey, is calculated as:

ur ur - pL
ReL: = =
VL - a nL-a

_7.8-107*.8352

= L8 O 4355 4
0.437-10-2 - 110 -

As a result, the use of Eq. (2-47) for calculating the liquid hold-up hg,Fl at the
flooding point is justified.

. Based on a specific liquid load of up = 7.8 107* ms™!, the vapour velocity at the
flooding point uyg is calculated as uyp = 6.69 ms™!, acc. to Eq. (2-67), using
iterative calculation. The phase flow ratio at the flooding point ¢ is given as
1.1:107* for Y = 2.34 and for h{ ;) =2.38 1072 m* m ™,

The calculated value for uyr is only 4.1% higher than the velocity of 6.43 ms™!
obtained by approximate calculation (point 4).

The vapour capacity factor at the flooding point Fypj is now given as:

Fy = uyp-/py =339 ms*l\/kgm_3 [\/Pa]

The following numerical value was found by Billet [5], Chap. 2, for the vapour
capacity factor Fyp with L / V = 1 for the same system and a marginally different
phase flow ratio, compared to the one specified in the task definition:

Fyp =33 ms ' kgm™3 [@]
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Relative error 3(Fvp):

(FV,Fl)culc - (FV,Fl)exp )

8(Fy p) = 100

(F V,Fl )exp

_339-33
T 33

- 100 = 2.73%

Further calculations were performed, based on other methods, to determine the flood
load factor Fy g, acc. to this task definition. The results were as follows:

1. Eckert’s method [9]: Fyp =5.0 Pa’?> 3(Fyp) = 51.5%

2. Mersmann’s method [3]:  Fyp =4.98 Pa%  §(Fyp) =50.9%

3. Billet’s method [5]: Fyp =355 Pa%  3(Fyp)=7.6%

4. Equation (2-67): Fyp =339 Pa%® d(Fyr) = 2.73%

5. Exp. value: Fyp =33 N acc. to Billet [5] for (L/V) =1.

Numerical Example 2.2 - Chapter 2

The aim is to determine the gas velocity at the flooding point uyp in a column randomly
filled with 25 mm metal Bialecki rings with a diameter of ds = 0.15 m. The column is
operated at a gas velocity of uy = 1 ms™~! and a specific liquid load of up, = 0.0111 ms~!,
using the test system air/water at 1 bar and 293 K. The technical data of the Bialecki rings
is as follows:

N =55000m~3
=a=238m?m 3, ¢ =094m>m 3.

The physical properties are valid for 1 bar and 293 K:

v = 182107 m?s~! oL = 998.2 kgm 3
nL = 1073 Pas pp = 1.17 kgm73
oL = 72.4-1073Nm™! g =9.80665 ms >

Solution
1. The following parameters are required for calculating the gas velocity at the flooding
point uyp, acc. to Eq. (2-67):

1.1 Kj, Ky coefficients for determining the resistance coefficient for the dry packing
at the flooding point for Rey> 2100.
Based on Eq. (3-16) and Table 6-1a, the numerical values for the model constants
K3, Ky, [20] for Rey > 2100 are as follows:

K3=4.13, K4 = —0.0522.

The start value is assumed to be a mean value of Yrgy p, = 2.60, acc. to Table 6-1a.
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1.2 Hydraulic diameter dy:

€ 0.942 _
dp=4--=4-—— =1.583-10"“m
a 238

1.3 Droplet diameter:

. o B \/ 0.0724
"=V o—pv)-g V(9882 —1.17) - 9.80665

=2.72-10"3m

2. The Reynolds number Rey, is given as:

ur UL - PL
ReL = = =
VL -a nL-a

11.1-1073-998.2
= T 4655 > 2
10—3.238

The liquid hold-up hg’H is determined using correlation (2-47). The start value for
the phase flow ratio at the flooding point A is assumed to be:

u
Ao = L 111-1073 where uy =1 ms™
uy

1

This leads to a value of hg,Fl = 0.2056 m® m~3, acc. to Eq. (2-47). Based on the
first iteration, the gas velocity at the flooding point (uyp); is given as the numeri-
cal value of (uyp); = 1.7132 ms~!. Subsequently, a new phase flow ratio of Ao =
11.1-1073/ 1.713 = 6.46-1073 is created, for which the (uy,p1)2 value is now calcu-
lated iteratively. If the difference between the value (uyp )i+, based on iteration i+1,
and the value (uyp )1, based on iteration I, is less than 0.01 ms~ 1, the iteration is
finished.

The iterative calculation leads to the following numerical value for uyp:

uy p = 1776 ms !,
which is practically identical to the value uyp = 1.75 ms~! for up, = 11.1-1073 ms™},
shown in Figs. 2-2a and 2-2b, which was experimentally derived. The relative error is
therefore:

1.75 - 1.776
3 (uV,Fl) = T -100% = —1.49 %

The column is operated at approx.
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Fy uy

= = =0.563
FV,FI uvy i 1.776

i.e. at a flood load of 56.3%. The phase flow ratio at the flooding point

uy  11.1-1077

— =6.25.1073
uy,p 1.776

Ao =

now gives the following liquid hold-up at the flooding point:
W) p=153-10"m’m™.

Based on Table 2-3, the experimentally derived h(ﬁ,Fl value is 16.2%.
This gives a relative error of:

15.3 —16.2
8 (hg,Fl) = YT 100% = —5.55%

for Reyp = 2553.7, hence:

Vg = 4.13 - 2553.7700522 = 2 745

Example 2.3 — Chapter 2

The aim is to determine the gas velocity at the flooding point for the Sulzer gauze packing
BX, using the system ethyl benzene/styrene at 66.7 mbar. The column diameter is ds =
0.5 m, the reflux rate at the column top is L = 1491 kg/h, as shown in Fig. 6-33 [5];
L / V = 1. The angle of the flow channels for BX packings is o = 30°. The gas velocity at
the flooding point, which was experimentally derived by Billet [5], is uyp= 7.50 ms~!.

Solution

Based on a mean value of {r, € (2100-10,000) {p, = 0.374 and the geometric data a and
&, shown in Table 6-1c, the numerical values for Eq. (2-67) are as follows:

e 0.95
d,=4.--=4. - =0.0076 m
a 500

dr=1.75-10"m

1491 -3 1
= _ =2.52-10"° ms
0.52- T - 835.2 - 3600
L 0.257
== =308-107%
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For \g = 3.08-1074, m is calculated using Eq. (2-43):

0.82 4 — 10 0.82 + 308-107% 0.82
m = —0. —— =—0. — = (.
o + 0.5 3.08-107% 4+ 0.5

and the liquid hold-up at the flooding point, acc. to Eq. (2-47), is given as:
) g =3.834-10" m’m™>

After the first iteration, the gas velocity at the flooding point, acc. to Eq. (2-66), is calcu-
lated as:

7.6-1073m %%
uy.p = 0.8-cos30°-037471/6. | —— -0.9512,
1.75 - 10=3m

1751073 - 835 - 9.8171" is
: 357 (1 —0.03834)*° =
=7.222 ms™!

In the second iteration, the numerical values for Ao and Rey are calculated as:

u 2.52-1073
N = <i> =2 —328-107° = W, =4-102mim
uy ) g 7.677 ’

and

uy - dp 6-uy 6-7.220-0.257
= = = 3116.8
(I1—¢)-vy a-vy 500-7.14-107°

Rev =

Based on Eq. (3-14) and Table 6-1c, the resistance coefficient of the dry packing V is
calculated as:

¥ =1.21-3116.8"%"% = 0.3823

The gas velocity at the flooding point uy g, acc. to Eq. (2-67) is given as:

761]0'25

uy g = 0.8 - cos30° - 0.382371/6 .
V.Fl 1.75

1.75-1073 - 835-9.81
0.257

1/2
-0.9512 . [ ] (1 = 0.039)>°

=7.18 ms™!
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At 0.58%, this value only differs marginally from the numerical value given by the first
iteration, which means that the value for the gas velocity at the flooding point can be
assumed to be:

uy,p =718 ms™!

The relative error in the determination of the gas velocity at the flooding point uy;pyexp
is therefore:

7.18 —7.50
7.50

8 (uv,m) = - 100% = —6.18 %

Numerical Example 2.4 - Chapter 2

A column with a diameter of dg = 0.155 m is filled with 15 mm plastic Pall rings for the
separation of the mixture methanol/nitrogen at 30 bar and 251 K. What is the column
load, assuming a liquid flow of 464 kgh™! and a gas flow of 472 kgh~!? The physical
properties and technical data of the packing are as follows:

Physical properties:

gas density:

pL = 41.06 kgm >

liquid density: pL = 831.0 kgm >
surface tension: op =24.17-1073Nm™!
viscosity:
—liquid nL = 122-107° Pas
— gas phase nv = 16.2-107° Pas
Technical packing data:

Loads:

(acc. to Krehenwinkel, Chapter 2 [75])

15 mm Pall ring — PP

column diameter: ds =0.155m
packing density: N = 247600 m 3
specific weight: G =130 kgm ™

geometric surface of packing elements:

void fraction:

gas phase:
liquid phase:
specific column loads:

a=375m?m™3

¢ =0.846 m> m—3

V =472kgh™!

L = 464 kgh™!

uy =0.169 ms~!

uL =29.6 m®> m2h!
=8.2210"3 ms~!
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Solution

The gas velocity at the flooding point uy is determined for higher gas densities as py =
1.2 kg/m?, based on Eq. (2-69).
The phase flow ratio at the flooding point kg ;

u,  8.22-1073
No,1 = = —

-1 _ = 4.864 - 1072
STy 0.169

based on Eq. (2-46), and for m= —0.7313, acc. to Eq. (2-43), is given as:
W p=3319-107°m’m~>
The application of Eq. (2-69) requires the following variables:

— the hydraulic diameter of the packing dj:

£ 0.846 .,
dy=4-Z=4.-"—=9024-10"m
a 375

— the droplet diameter dr, based on the Eq. (2-26):

o 0.0242 _3
dT = = == 1.77 N 10 m
(oL — pv) (831 — 41.06) - 9.81

— the numerical value of the Reynolds number of the gas phase Rey, which is calculated
using Eq. (3-10):

uy - d
Rev = d P .
(I—¢)-wy
with a constant particle diameter d,,
1—e¢ 3
dy=6- =2.464-10"m

and the wall factor K

4 N1
K = (1 + ) = 0.936
ds-a

as well as the kinetic viscosity of the gas phase

16.2-107°
=V 2 3045.1077 mis!

v
VT oy 41.06
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and for
uy = 0.169 ms™!
which gives:

0.169 - 2.464 - 1073
Re, = -0.936 = 6415.6 > 2100
(1 —0.846) - 3.945 - 10~7

Based on Table 6-1a, the numerical values K3 and Ky, used for determining the resistance
coefficient Y in the turbulent flow range Rey > 2100, are given as:

K3 = 3.23 K4 = —0.0343
Hence:
¥ =3.23-6415.67003 = 2391

Based on Table 6-1a, the packing form factor ¢p, used for determining the resistance
coefficient { acc. to Eq. (3-27) leads to the same value:

5224

v

v

42306 = 2224 12306 = 2.387 ~ 2.39
T T 64156 T T Y T

Based on Eq. (2-71) for py>> py,ir, the following applies:

Joivs 0.18
K,, = ( ) = 1.90
v 1.165

Equation (2-69) now leads to the following result:

9.024- 107374
1.77 - 103

uy,pr = 1.90-0.566 - 2.3911/6 [

-0.84612 .

—0.3319]7/% =

1.77 - 1073 - (831.0 — 41.06) - 9.81 7" ’
41.06

=0.161 ms™!

Note

The column floods, as the experimental gas velocity uy in the column uy = 0.169 ms~!,
acc. to [75], is approximately equal to the gas velocity at the flooding point uyp =
0.161 ms~!, based on Eq. (2-69), with a relative deviation of: 3(Fyr) = 4.72%.
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Numerical Example 2.5 - Chapter 2

The trays of a demethaniser, operated at approx. 32 bar, are upgraded to Mellapak 350Y.
The aim is to determine the maximum loading capacity of the upgraded packed column
in the rectifying section with a diameter of ds = 1.2 m and in the stripping section with
ds = 2.282 m [72]. The operating data is taken from the article by Ghelfi, Kreis, Alvarez
and Hunkeler [72].

Solution

Table 2-11. Physical properties and operating data of the upgraded column

Column diameter dg [m] dg=1.2 dg =2.282
Top pressure p [bar] 30.8 28.7
Temperature ty = tp, [°C] 19.8 —2.7

Gas density py [kgm_3] 51.46 63.10
Liquid density pr, [kgm™>] 394.6 392.2
Surface tension o1, [MNm™!] 2.5 1.8

Gas viscosity ny [Pas] 8.9-107° 9.0-10°°
Liquid viscosity ny, [Pas] 0.083-10~3 0.078-10~3
Mass stream of gas V [kgh™!] 12438 42930.7
Mass stream of liquid L [kgh™1] 16.060 93731.9
Specific liquid load uy, [ms™!] 10-1073 16.21:1073
Gas velocity uy [ms™!] 0.0534 0.0462

2. The technical data of the Mellapak 350Y, acc. to Table 6-1c¢, is as follows:

a=350m?m™3
£ =0.965m> m™?
Ky =5.756, K, = —0.321, K3 = 1.3662, K4, = —0.133

Cri0= 0.566

The predicted maximum loading capacity of the Mellapak 350Y is calculated itera-
tively, acc. to Eq. (2-69), in the first iteration for:

Xo,[S( ur, ): L-py
uy,Fl pL-V

The following applies to the rectifying section with ds = 1.2 m:

16.060 - 51.46
= ———————— = 0.1684
12438 - 394.6
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and with dg = 2.282 m:

93731.9 - 63.10

= ———— =0.3513
42930.7 - 392.2

0,1

Now the liquid hold-up hg,Fl at the flooding point is determined using Eq. (2-46)
with the parameter m, based on Eq. (2-43):

0.82 4 — 101 0.82 4 1684 0.568 (ds = 1.2 m)
oy + 0.5 0.1684 + 0.5 s
and
03513
m=—082+ ——"  — _0.4073 (ds = 2.282 m)
03513 + 0.5

Equation (2-46) now leads to the following result, valid for ds = 1.2 m and %o =
0.1684:

oo V0.16842 - (—0.568 + 2)2 + (4 - 0.1684 - (—0.568 + 1) - (1 — 0.1684)) -
LH 2-(—0.568 + 1) - (1 — 0.1684)

(—0.568 + 2) - 0.1684
2-(0.568 4 1) - (1 — 0.1684)

= 0.427 m*m™>
and valid for dg = 2.282 m and Ao = —0.4073:
hg,Fl =047 m® m™3

. The gas velocity at the flooding point uy is calculated, using Eq. (2-69) for:

£ 0.965
dy=4.-5=4. 222 — 001103 m
p 350
0.0025
dr = |2 = \/ =862-104m  (ds=12m)
Ap-g V(3946 — 51.46) - 9.81

and/or
dr =7.47-10"*m (dg = 2.282 m)

The resistance coefficient Vs, for the dry column ds = 1.2 m and uy = 4-V/(m- dsZ-pv)
=0.0594 ms™, is given as:
uy - dp 6-uy 6-0.0594 - 51.46
ReV = = =
1—=¢)-vy a-vy 350-8.9-10—°
= ¥ = K3 - Reyy = 0.4306

= 5887.2
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and based on ds = 1.2 m and uy = 0.0462 ms ™'
Rey = 5556.6 and Y = 0.343

Now the gas velocity at the flooding point uyp can be calculated, using Eq. (2-69),
for a column diameter of dg = 1.2 m:

uy,p = 0.566 - 0.43061/6 . 0.971-2 . <

11.03 - 10 — 3\ /4
0.862-10 — 3

8.62-10 — 4 - (394.6 — 5.46) - 9.81\ /2
51.46

51.46\ %18 i .
() (104370 =0.0809 ms

The flood gas load factor is therefore given as:

Fvpr = uv,pr - «/pv = 0.5805 v/ Pa

Following the creation of new phase flow ratios at the flooding point A1 and o,
further iterations lead to the final result, for a column diameter of dg = 1.2 m:

uy g = 0.096 ms ™! and Fyp = 0.69 VPa

and on dg = 2.282 m:

1 and Fyp =044 VPa

uy,p = 0.056 ms—
The column load in the rectifying section is as follows, for a column diameter of dg =
1.2 m:

Fy  uy _ 0.059

FV,Fl - uy fi a 0.096

- 100 = 61.9%

and in the stripping section, for a column diameter of dg = 2.282 m:

Fy _ uy _ 0.0462

= = - 100 = 82.5%
Fv m Uy Fl 0.056

According to information found in literature, the maximum column load [72] is
given as:

F
V. _ 580 for ds=12m
Fy
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and

F
V70 for dg=2282m
Fy g

This leads to the following flood gas load factors Fyp:

Fy p = 0.735 v/ Pa for ds=12m
and
Fy g = 0.509 ~/Pa for d¢=12.282m

The relative deviations 8(Fy ) are therefore:
8(Fy,p) = —6.12% for dg=12m
and

8(Fy.p1) = —13.5% for ds=2.282m

Note

The load values of the Mellapak pressure column, which were calculated using the SBD
model, are safe and only marginally different from the values found in literature, given
the extreme physical properties of the separated system and the operating conditions
under high pressure.
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Annex Chapter 2
Flood Load Diagrams for Various Random and Structured Packings

25mm Pall ring, PP, PVDF
methanol/ethanol, L/V=1, d<=05m, H=2m, 1bar, 057000 1/m’ [23]

toluene-n-octane
L/V=1, dg=022m, H=15m, 133 mbar, ®53050, #5560, *5R0001/1t
Chlorobenzene/e’rhylbenzene
L/V=1, dg=022m, H=15m 029 o7 ¢133mbcu‘
cur/wcfer 1 bar, 293K, ds=022m, H=09m  ¢54500 I’
35mm Pall ring, PP
air/water, 1bar, 296K, H=03+045m, H=14m 416608 1/m’
50mm Pall ring, PP, air/water, 1 bar, 296 K

wd_=045m, H=2m, 6450 1/m’

0do=03m, H=15m, 6700 1/m°

xd Ohm H 1l+m 7330 1/m

15
58 50mm Pall mng, PP, No=6700 1/m3 I l l [
Bl Fo kol 35mn Pall ring, PP
N (e e .
gy 8 =8 —ﬁv - = if"" NO.I,ISOOO 1/m3
A 25mm Pall ring B g\nwl
g plastic, Ng=51000 U LN
S . T
r b4 e

1 2 3 4 6 10 20 L 60

Flow parameter at flooding point XF,-103 XF[=(L/V)F[\/9V/QL

Figure 2-22. Capacity diagram F*y ) = f(Xg) for random 25—50 mm Pall rings made of plastic

chlorobenzene fethylbenzene L/V=1 a33, e67mbar,

d.=022m, H=15m, 6195 1/m?
ulr/wufer 1 bar, 293K
a ds=04m, H=14 m, 6600 Um3, ode=045m, H=1m, 6024 1/m?

a ethanol/water, L/V=1, 1bar, d.=05m, H=1m, N=6400 1Im’

S 0 V=7 A
e =

c K -
B 6 LLLLZ Sroale
£ 50mm Pall ring, ceramic, "
'§’L_';- A 1—‘No—6l+00 1Im3
el 3 [T T TITT

1 2 3 L 56 81 15 20 30 4 60 80

Flow parameter at flooding poinf XF[-102, Xe=(LIV)g Vo, fo,

Figure 2-23. Capacity diagram F*y ) = f(Xg) for random 50 mm Pall rings made of ceramic
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o air/water, d=015m, H=15m, 1bar, 296K
eauqir/water, d =03m, H=144m, 1bar, 296 K
quﬂchlombenzene/efhy benzene, d; _022m H=15m, 33-266mbar
L 50mm _Bialeck mng metal, Ny=6500 1/m3—=
..8 w1 s C 35mm Bialecki ring, metal 3
~ — —0 ——A T— 4
S € =5 e —— Ng=19000 1/m3
c £ . . *~. -~
g =0 25 mm Bialecki ring oAl
g 3 e N
2e Y metal, Ny=52000 1/m SIS
8153 =~
=2
1 2 L 6 10 2 L0 60 100

Flow parameter at flooding point Xg; 102
Xe=(LIVIg Vo, fo,

Figure 2-24. Capacity diagram F*y ) = f(Xp) for random 25—50 mm metal Pall rings

chlorobenzene/ethylbenzene, L/V=1, 667 mbar
o d=25mm, ds=022m, H=15m, N=39000 V/m?
air/water, 1 bar, 293 K
a d=25mm, d -030m H=14m, N=39900 1/m
d=25 mm, d =045m, H=2m, N=37000 1m
e d=50mm, d.=045m, H=2m, N=5150 /m3

a

—_
U

I l
S0mm Hiflow ring, metal —
~L|._ =500 fim?

_711*\1:‘ [ —g— \
125mm Hiflow ring, metal =
o No=37200 tm3 |~ | |

1 2 3 L 6 10 20
Flow parameter at flooding point XF1-102
XFF(L/V)H"/V/?L

—_
o

-102 in m/s

[02)

*

Flood load factor

F\/,Fl

Figure 2-25. Capacity diagram F*y ) = f(Xp) for random 25—50 mm metal Hiflow rings
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Figure 2-26.

Flood load factor
F

—_
U

—_

=107 in mis

*
\

air/water, 1 bar, 293K

o d=25mm, de=03m, H=09 m, N=£45500 1/m3

o d=50mm, d=03m, H=145m . N=6280 1/m?
chlorobenzene/ethylbenzene, L/V=1, 66,7 mbar

o d=25mm, ds=022m, H=15m, N=45000 1/m?

» d=50mm, ds=022m, H=145m, N=6900 1/m?

Somm Hiflow ring, PP, No=6400 1/m’

- O bt

—
J1

——

—_
(=4

hd ——] (s]
I [~C O~

1 25mm Hiflow ring PP, S L
- No=45500 1/m3 ==

1
2 3 4 6 10 20 40
Flow parameter at flooding point X102

Xe= (LIVI Vo /9,

0% in m/s

Fie
=]
I

Flood load factor

~
-

Capacity diagram F*y g = f(Xp)) for random 25—50 mm Hiflow rings made of plastic

air/water, 1bar, 290 K
v d=20 mm, ds=030 m, H=120m, N=121314 1/m3
4 d=35mm, de=030m, H=134m, N=16840 V/m’
a d=35mm, d.=045m, H= 073m N=17560 1/m3
o d=50 mm, dS-O':lOm H=086m, N=4890 1/m
a d=75mm, d,=045m, H=20 m, N=1904 1/m’
chlorobenzene / ethylbenzene, 66,7 mbar
4 d=35mm, d=022m, H=147m, N=152001/m*
v d=20 mm, ds-022m H=147 m, N=116000 1/m3
= d=50mm, dg 022m H 1A7m N l+760 1/m3

- —|— 75 mm Hlflow rmg ceramlc N& =2000 Vm’
. ~|—~<: | | 50 mm Hlflow ring,
0 = = op{ | < ceramic, |
= r o=l No=l950 1]
6 I-_\\\ \vi 4 %\
20mm Hiflow ring,
ceramic, £l ﬂ/ 7 _
4 =118700 1/m3 5mm Hiflow ring, I
No=T16700 /m; ceranic, No=17100 i’
3 | [ 1] L 10
1 2 L 6 10 20 40

Flow parameter at flooding point X102 Xe=(LIV Y W9

Figure 2-27. Capacity diagram F*y ) = f(Xp) for random 25—75 mm Hiflow rings made of ceramic
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chlorobenzene / ethylbenzene
e d=28mm, p;=667mbar, d;=0.22m, N=452001/m®
air/water, 293 K
4 d=38mm, p,=1000 mbar, d=03+04 m, H=145m, 18600 1/m’
o d=50mm, p,=1000 mbar, d =03m, H=145m, N=7320 /m?
A L2 50 Nor-Pat, No=7300 ]
2L =
8¢y s -
c 38 mm Nor-Pac — s
E o N=18000 1/m3 / W Nn
- % 28mm Nor-Pac -
8 *u_%- No=44500 1/m3 [41]
=, I
1 2 3 & 6 8 10 15 2 40

Flow parameter at flooding point X:10,
Xe = (LIV), \/QV oL

Figure 2-28. Capacity diagram F*y 5| = f(Xp)) for random 28—50 mm Nor-Pac packing made of plastic

Figure 2-29. Capacity diagram VSP ring, metal

F*yp = f(Xp)) for random air/wafer, 1bar, 293 K

metal VSP rings, sizes 1 and 2 o size 1, d=03m, H=146m, N=33434 1/m’
¢ sizel, dg *-045m, H=2 m, N=31572 1im?

o S|ze2 d =045m, H=2m, N=7841 1/m3
chlorobenzene / ethylbenzene, 66.7 mbar

e size 1, ds=022m, H=146m, N=30948 Um’

s size 2, d=022m, H=146m, N=7601 Um’

15
o1 |
o, "
107 \‘0-——-%7‘ =
w \6)\ a
SE 8 7 0 <¢
S c VSP ring size 1 P~
:é”sz 6 No=33500 1/m?
;‘jﬁg A VSP ring size 2
8 No=7800 1/m?
[N -
310755 Lol
10" 2 4 6 0 2

Flow parameter at flooding point XH-102

Xe=(LIVI VR 19,
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Figure 2-30. Capacity diagram
F*y.p1 = (X)) for random
Mc-Pac, sizes 1 and 2, and

50 mm Pall rings made of metal

Figure 2-31. Capacity diagram
F*y.p1 = f(Xp)) for random
Dtnpag, sizes 1 and 2, made of
plastic

Figure 2-32. Capacity diagram
F*y p = f(Xg) for random
Envipac, sizes 1-3, made of
plastic

air/water, 1bar, 295K
ds=0316-06m, H=136-3m

. McPac No.2, 7295 1/m? lpu L 1

- crFac No.l 4

1T AR Um?
V\.\

2l 1
—

S0 mm Pall ring
5983 1/m3 d,=045m, H=2m
8 1072 2 3 4L 6 8% 2

Flow parameter at flooding point X,;l~10,2
XFl =( L/V)Fl VQV/QL

F—
A

=
U

~I:‘L\“A\'\
<

g N m/s

-]

F

Flood load factor
*
v,

air/water, 1bar, 293K, d,=03-045m
H=14-2m

-
(94

o | | eDinpac size 2,PP
O-ot+—T @+,
8 OlenpacI size 1, PP
61072

02 2 34 5 10152
Flow parameter at flooding point XF,~10,2

Xey = (LIV); Vo, fo,

—_—
<
A

g N m/s

*
v

Flood load factor

F

air/water, 1bar, 293K, ds=0.3/0,45 m, H=14-2m

P — e l_{‘ Envipac size'3 (d=0.080 m)
M gy Envipac size 2 (d=0060m)

@

—
u

A
®

-
o

>~

Fl in m/s

T~
Envipac size 1(d=0030m)
2902 3 4 6 8 107 16 20 30 40 60
Flow parameter at flooding point XFl~102,
XFlz(L/V)H V?v I?L

»
'
,
o o

F

Flood load factor

4
N

LN
hN
3S
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chlorobenzene /ethylbenzene, d.=0.22m, H=124m, [A]
o p;=66.7 mbar, N=51620 1/m3
¢ DT-‘BB mbar
benzene/toluene, d.=03m, H=2m, 46000 1/m’, Schmidt [7]
a [/V=1, p;=400 mbar
4 L/V=085, pr=400 mbar
a L=, p;=1000 mbar
methanol/ethanol, L/V=1
+ 0g=05m, H=11m, p,=1000 mbar, N=43000 1/m’ Billet (23]
trans-/cis-

-+ d.=0.5m, H=095m, p.=1000 mbar, N=43000 1/m3 Billet [23]
air/wafer, Tbar, 293K,

o ds=03m, H= 076/09m p,=1000 mbar, N=48175 1/m’ [A]

s 8

L v "I+ - T

g = o J 1

2o ‘j.f“ ===

Té‘\b L 25mm _ Raschig ring, ceramic o]

- No=46000 1/m3 =

'81:;-3 lolllllll

8w HHTH P
081 2 L 6 10 20 40 60 100

Flow paramefer at flooding point XF('102

Xe=(LIV)g VQVIQL

Figure 2-33. Capacity diagram F*y ) = f(Xg) for random 25 mm Raschig rings made of ceramic

Air/ Water, 1bar, 293 K

e1'-R-Pac, ceramic, d.=0.316m, H=3m

=25 mm (1")-Intalox Saddle, ceramic d.=03m, H=09m

438 mm (15')-Intalox Saddle, ceramic ds=03/045m,H=134/2m

FV,:I =Uyg - VQLQ‘VQV

+25mm (1) Raschig ring, ceramic, d,=03m H=1m

— 15
£ 1T
& 10" R-Pac, size1 (o)
uf- 8\"..‘& 38 mm Intalox Saddle ()
§ 6\7\--\ﬁ\‘:\$l£\‘ 25mm Raschig ring ()
o T . Ve,
8 [menmnoc | oL T ~
o Saddle (=) '\\ SN
8310 | N
(e 2 3 L 6 81 2 3 L 6
i I 102 x_=(LY /9
Flow parameter at flooding point X -10? XFI_(V)FI\/SJ-L

Figure 2-34. Capacity diagram F*y ) = f(Xp) for random R-Pac size 1, 25—38 mm Intalox saddles and
25 mm Raschig rings, made of ceramic
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Air/Water, 1bar, 293 K, Chlorobenzene / Ethylbenzene
240/530 mbar
o -SR-Pac, ceramic,size?; d.=03/06m, H=136/15m
¢ -R-Pac, ceramic,size?; d.=03/06m, H=136/15m
v -50 mm- Intalox Saddle, ceramic; d;=045m, H=2m
- 50 mm-Raschig ring, ceramic; d.=03/06m, H=1-15m
. 2
Y
= 15
O\—o\\ SR-Pac,size 2
W S0 =, |
N D>—’ [ \V\v’\_\\ \0\
-:é > 8 ¢ ~.i\\ v :
8 = 4 T
- 2 50 mm_Raschig -ring
8.k 50 mm Intalox Saddle
g w4 R-Pac,size 2
° 3
L
210°
10° 2 3 4L 6 81

2 3 4
Flow parameter at flooding point X102 X = < ) \f-g-v
L

Figure 2-35. Capacity diagram F*y g = f(Xp|) for random R-Pac size 2, SR-Pac, 50 mm Intalox saddles
and 50 mm Raschig rings, made of ceramic

Figure 2-36. Capacity diagram o air/water, d=015m, H=15m
Fryp = f(Xp) for stacked 25 = air/water, d=03m, H=14m
and 50 mm metal Biafecki rings ° chlorobenzenelefhylbenzene d=022m, H=15m

— 50mm Bialecki nng, mefal, —
by \'.,_. stacked

—_
(%)

—
(=]

.\ ..\

102 in mfs

*
VFL
-3

_25 mm BICllECkI ring, metal,
|stu§kedl |

2 3 4 6 81 20 30

Flow parameter at flooding point XF(102.

Xe=(LIV), Vo To,

Flood load factor
F

s\
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air/water, 293K
® Mellapak 250Y, p;=1000 mbar, ds=0.30m, Meier [24]
4 Ralu Pak 250YC, p.=1000 mbar, ds=045m, H=18 m
= Montz B1-300, p,=1000 mbar, d=022m, H=145m
= Montz B1-300, p;=1000 mbar, dg=045m, H=17m
v Montz B1-200, p,=1000 mbar, ds=022m, H=14m
v Montz B1-100 , p;=1000 mbar, ds=030m, H=14m
chlorobenzene /ethylbenzene
% Montz B1-300, p-=667mbar, ds=022m, H=14m

15——p
< s -é:. Béizggo Montz structured
I) e [ o - -
€510 A ~B1y 00 Imefal sheet pac-,
g™ S e g
~ 7 -
& rMonftz structured metal eSS
. . R
8, © Osheet packing B1-300, VAR L S 2
';“- . [T [Mellapak 250Y 7] RGN
8 and |Ralu Pak 250YC QF
o 3 [ 1 11
1 2 3 4 6 81 20 40 60 100
Flow parameter at flooding point X,¢,'102
Xey= (LIV) Yoy Tgr
Figure 2-37. Capacity diagram F*y ) = f(Xp) for various structured packingss
Figure 2-38. Capacity diagram Structured packing GEA-H2, PP
F* = f(Xpy) for GEA-H2 N ds H
pla\;’tFilc stn(lctﬂze:i)z)ackings s NE:ZZeﬁO [mf;"z] tem ["’"”ar] [m] 18;"/‘]315
o | FKP327 125 |[air, 293K | 1000 | 0.60 | 3.04
o| FKP319 150 1.2/3.05
30
s
O E
=
o Q
% T
LR %‘\s\@
i a
10

-

10 30
Flow parameter at flooding point Xg-102
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CHAPTER 3

Pressure Drop of Dry Packed Columns

3.1
Introduction

In the counter-current two-phase flow of gas and liquid, a pressure drop occurs in the
packed column. It is important to know the pressure drop in the gas phase in single-
and two-phase counter-current flow through random or structured packings, in order
to assess the operating mode of packed columns. The total pressure drop in the pack-
ing Ap/H per 1 m packing height is often derived from the product of the pressure drop
Apo/H of the dry packing and the quotient Ap/Apg, which takes into account the influ-
ence of the specific liquid load uyg, [1-5]:

Ap _ Apo [ﬁ} (3-1)
H H |Ap

This chapter first takes a closer look at the calculation of the pressure drop of dry pack-
ings Apo/H for various types of packings, followed by the calculation of the pressure drop
of irrigated packings Ap/H in Chap. 4. The application of the SBD model, presented in
Chap. 2, requires the knowledge of the resistance coefficient Vs, for the purpose of accu-
rately determining the gas velocity at the flooding point uyp, which is why the accurate
calculation of this parameter is extremely important for design of packed columns.

3.2
Law of Resistance for Single-Phase Flow in Packed Columns

Deriving the Equation

The flow of gas through a random or structured packing can be regarded as a flow
through a bundle of identical channels with a height H and diameter dy,, see Fig. 3-1.
Therefore, the laws applicable to gas flow through an empty tube must also apply in this
case.

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_3,
© Springer-Verlag Berlin Heidelberg 2010
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Figure 3-1. Hydraulic model
of random packed bed or
structured packing as bundle of
channels of the same length and
diameter d}, in single-phase
flow

This can be described in mathematical terms, using the fundamental equation by
Darcy and Weifibach [1-3]:

-2
% — A ”ZV. dphV (Pa/m). (3-2)
In this work, the dependency of the resistance coefficient A on the Reynolds number Rey
of the gas phase, which characterises the flow, is presented on the basis of the channel
model, which describes the packing as a bundle of parallel tubes with equal diameters,
see Fig. 3-1 and [1-12, 19-29].

Other models, developed by Reichelt [1, 2], Brauer [3, 4], Ergun [5], Kast [11] and
Billet, Schultes [37], are not significantly different from the channel model and will not
be discussed further in this book.

The size of the individual, hypothetical flow channels dj, in the packing is indirectly
determined in the channel model, by calculating the particle diameter d;, of all the dif-
ferent types of packing elements, using the packing-specific variables a and ¢, based on
the following correlation [1-5, 10, 11]:

e Vi _ g VN _ .V
dp=6-2t=6-2-5 =67 (3-3)
=6-1=¢ [m

® ‘

In the case of spheres, d;, is equal to the geometric diameter d. The relative void fraction
of a packing ¢ is given by:

Vs =V, \% Vi-N
Vo Ve Ve NN ), -0

& =
Vs Vs Vs

V) is the volume and A is the surface of an individual packing element, whereas V. is the
material volume and Ap is the surface of all N packing elements in the column volume.
N [m~3] is defined as the packing density, which is given by manufacturers as one of
the most important packing-related variables. If the packing density of the packed bed is
known and found to be different from the manufacturer’s data, then the other geometric
packing data € and a can be easily recalculated.
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The numerical Example 3.1 at the end of this chapter illustrates the calculation of the
geometric packing data a and ¢ for different packing densities N, if the standard packing
data ag, &9 and Ny are provided by the manufacturer.

The work of Brauer [3, 4] and Reichelt [1, 2] as well as [6, 19-24] show that it make
sense to take into account the influence of the column wall on the hydraulic diameter dp
of packed columns with random and stacked packing elements.

The correlation between the hydraulic diameter dy, and the particle diameter dp, tak-
ing into account the peripheral zone and/or the wall area Ag, is given as [3, 4]:

&
1—

-dp-K [m]. (3-5)
€
The wall factor K can also be easily calculated, based on the geometric packing data and
the size of the column ds [3], using Eq. (3-6):

L
1—¢ ds

2
=143 -] (3-6)

1
K

Equation (3-6) shows that values of K < 1 are expected for columns with small diameters
ds. K~ 1 only applies to large column diameters ds.

These considerations are applicable to random as well as stacked packing elements.

In the case of structured packings, the influence of the column wall on the pressure
drop is not taken into account for larger columns, i.e. K = 1. This is described in more
detail in the following parts of this chapter.

By replacing the effective gas velocity uy with the quotient uy /¢ and then substituting
Egs. (3-5) and (3-6) into Eq. (3-2), the single-phase flow pressure drop Apg per 1 m
packing height is given by Eq. (3-7); [1-4]:

Apo E.)\'I—S.u%,pv
H 4 g3 dp-K

[Pamil] (3-7)

Substituting in Eq. (3-7) the resistance coefficient ¥ for 0.75-A and the gas capacity factor
Fy for the product uy - \/pv [7] gives Eq. (3-8):

A 1—¢& Fy?
for y =075-1 = %zw- v

g3 .dp~K

[Pam™'], (3-8)

which is used to determine the pressure drop of the dry packing. This equation can only
be applied in the whole flow range, if the resistance coefficient ¥ is known.

The resistance coefficient ¢ is dependent on the Reynolds number Rey of the gas
phase, i.e. ¥ = f (Rey). Based on the assumed model, the Reynolds number Rey is
defined as:
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uy - dy

Rev = (3‘9)

NSRSV

vy

Analogously, by replacing the effective gas velocity #y with uy/e and then substituting
Eq. (3-5) into Eq. (3-9), it is possible to calculate the modified Reynolds number of the
vapour and/or gas, taking into account the wall influence [3, 4, 6].

Mvdp

Rey -K (3-10)

T -e)wy
The resistance coefficient \{ for a given packed bed, whose packing-specific geometric

data a and ¢ is known, can be determined for any given experimental data Apg/H and
factor Fy using the transposed Eq. (3-8):

Ap

_dp-K~83 [HO]
= . 5
1—¢ Fy,

12

(3-11)

Based on experimental pressure drop data Apg/H of the dry packing in a column with a
diameter dg, it is possible to determine the resistance coefficient ¢ for different vapour
capacity factors Fy and the packing density N.

This correlation ¥ = f (Rey) is known as the law of resistance [1-5]. Empirical laws
of resistance can be found in literature for various types of packed columns, such as the
law of resistance [3, 4] for spheres:

160 3.1
v=—+ (3-12)

Rey Re(\)/'1
and the well-known model developed by Ergun [5] and quoted by Brauer [3]:

150
v = R, +1.75, (3-13)

which was experimentally developed for ceramic Raschig rings, Intalox saddles and Berl
saddles.

The augend in Eq. (3-13) determines the resistance coefficient of the laminar gas flow,
whereas the addend takes into account the turbulent gas flow through the packing.

Further models for calculating the resistance coefficient { can be found in the work of
Reichelt [1, 2], Brauer [3, 4], Schmidt [9], Teutsch [10], Kast [11], Bemer and Kalis [12]
as well as Krehenwinkel [18] and Billet, Schultes [37]. They were developed mainly for
ceramic Raschig rings, Intalox saddles and Berl saddles/spheres, based on experiments
with air as the flow medium. Valuable data and models for determining the resistance
coefficient for numerous classic, but also new lattice and structured packings for high-
pressure absorption can be found in the work of Billet, Schultes [37], Krehenwinkel [18]
and Bornbhiitter [17] for large lattice packings.
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Despite the existence of a number of models, the experimental data from these
authors clearly differs, which highlights the uncertainties that can be found in literature
when it comes to determining the resistance coefficient { for identical types of pack-
ings. It must be assumed that they did not take into account all the important factors
influencing the gas flow in the packing.

Hence, an accurate calculation of the pressure drop, on the basis of these models,
cannot be guaranteed.

This work assumes the empirical correlation [6, 19, 20, 22] for determining the resis-
tance coefficient \{r:

¥ = K - Re}? (3-14)

The constant K; and exponent K, take on different values for the transition range Rey
<2100 and the range of the fully developed turbulent flow Rey > 2100. However, the law
of resistance, as represented here, does not differentiate between gas flow in a random
packing, filled with ring or saddle packing elements, and a structured packing. If there
is incomplete flow through the free volume of the packing, this has a direct effect on
the resistance coefficient {y and does not require a complicated correction of the particle
diameter dp, as pointed out in the earlier work of other authors, e.g. [1-4].

The following example, based on experimental data for Pall rings, shows which
parameters have a substantial influence on the resistance coefficient during gas flow
through random and stacked packing elements.

3.2.1
Determining the Resistance Coefficient s for Pall Rings

Metal Pall rings belong to the group of classic packing elements, which are still the most
widely used packings today. There is a large amount of experimental and accurate data
available, taken by Billet [13] and (7, 8, 14, 16, 17], which illustrates the influence of
various parameters on dry pressure drop.

Figure 3-2 shows the influence of the column diameter dg and the physical properties
of the mixtures investigated on the pressure drop of the dry packing Apy/H for 50 mm
Pall rings, at a constant packing density of approx. 6400 m~>. The pressure drop Apo/H
decreases with the column diameter dg and is lower in columns with small diameters
than in larger-diameter columns.

Figure 3-3 shows the significant influence of the packing density N on the pressure
drop Apg/H. As the packing density N increases, the pressure drop also increases, due
to the larger specific packing surface a and the smaller void fraction ¢ of the packing, see
Eq. (3-8).

The resistance coefficient ¥, as shown in Figs. 3-2 and 3-3, was determined using
experimental pressure drop data for different columns equipped with metal Pall rings,
with column diameters of dg = 0.150—0.8 m, and with various systems. As can be seen
in Figs. 3-4a and 3-4b, the resistance coefficient is independent of the packing density N
and the column diameter dg for diameter ratios of ds/d > 6 throughout the entire flow
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Figure 3-2. Influence of
column diameter dg on
single-phase flow pressure drop
Apg/H, valid for 50 mm metal
Pall rings [8, 13]

Figure 3-3. Influence of
packing density on single-phase
flow pressure drop, valid for

25 mm metal Pall rings [A]
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range. The experimental values in relation to turbulent gas flow, in the range of Rey >

2100, are given by Eq. (3-15a)

¥ =323-Re; " for Rey > 2100

(3-15a)

with a relative error of +8%, which is sufficiently accurate for practical applications.
This takes into account all parameters that have a relevant influence on the resistance

coefficient .
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Figure 3-4a. Resistance 15 + 80 mm Pall ring, metal
coefficient ¥ as function of xn
: TP 10%d system pr ds lit.
modified Reynolds number of m] ¥ [mbar]| [m] [ ™
vapour Rey for 15—80 mm of 15 0.8
metal Pall rings, valid for '; g: 8'§
various tes.t SySt_emS’ prepared % | 35 |ethylbenzene /styrene 133 [ 0.8 [[13]
on the basis of literature data ol s0 0.8
[8,13] 50 0.5
o | 80 0.8
4| 25 0.15
al| 25 |_. 0.22
vl 35 air 1000 0.22 [A]
a| 50 0.3
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In the transition range, for 400 < Rey < 2100, the modified Reynolds number Rey has
a much stronger influence on the resistance coefficient \s. In this range, the experimental
data, plotted in Figs. 3-4a and 3-4b, are given by the empirical Eq. (3-15b):

¥ =10-Re;,"®  for Rey < 2100. (3-15b)
14

The influence of physical properties, operating pressure and constructive parameters on
the resistance coefficient \r is expressed sufficiently accurately by the law of resistance,
according to Eq. (3-15a,b). Experiments based on air flow in packings are therefore
sufficient to allow the law of resistance ¢ = f (Rey) to be transferred to any type of
system under vacuum, in the normal and high pressure range. Equation (3-15a) is applic-
able to the range of Reynolds numbers of 2100 < Rey < 16000 and diameter ratios of
ds/ d>6.

Figures 3-5 and 3-6 show the between the resistance coefficient { and the modified
Reynolds number of the gas phase for Pall rings made of plastic and ceramic. For theses
materials, the same correlations (3-15a,b) for the determination of the resistance coeffi-
cient are applicable.

According to Figs. 3-4a and 3-4b, the fully developed turbulent flow starts at Rey =
2100 to 10000. Based on the rule of thumb, this corresponds to a vapour capacity factor
FV of:

Fy = 0.8 ms~'\/kgm=3 for 50 mm Pall rings

Fy = 1.0 ms~'\/kgm=3 for 35 mm Pall rings
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Figure 3-4b. Resistance
coefficient { as function of
modified Reynolds number of
vapour Rey for ceramic Pall
rings, valid for various test
systems [A]
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In the case of larger packing elements, used for rectification, with diameters of 35, 50
and 80 mm, it can often be assumed that the column operates in the turbulent range and
the resistance coefficient { is only marginally dependent on the Reynolds number Rey

of the vapour phase.

Figure 3-5. Resistance
coefficient {r as function of
modified Reynolds number of
vapour or gas Rey for

25-50 mm plastic Pall rings,
valid for various test
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25 + 50 mm Pall ring, plastic
10%d pr 4 | H N
TP [m] system tmbar] | [m1 | [m] [1/m3]
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Figure 3-6. Resistance
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3.2.2

Determining the Resistance Coefficient for Other Random Packings

As shown in Fig. 3-7, the experimentally derived resistance coefficients {r, applicable
to different rectification systems, have been plotted against the Reynolds number of the
vapour phase Rey for a number of random packings. Figure 3-7 shows that the resistance
coefficients v decrease, as the Reynolds number Rey increases, and range between 0.65
and 9.

There are qualitatively similar curve progressions, comparable with the ones shown
in Figs. 3-4, 3-5 and 3-6, where the resistance coefficient { for turbulent gas flow at Rey
> 2100 is only marginally dependant on the Reynolds number Rey.



132 CHAPTER 3 Pressure Drop of Dry Packed Columns

line 10%d [m] packing type material
1 58 Hiflow ring metal
1 28 Hiflow ring metal
3 28 Hiflow ring PP
4 50 = 90 Hiflow ring PP
5 20+ 50 Hiflow ring ceramic (1988)
6 75 Hiflow ring ceramic
7 50 Hiflow ring pp
8 50 Hiflow ring PP
Biatecki ring metal
9 25+ 53 Pall ring metal
Glitsch CMR ring size 2A PP
10 50 Biatecki ring metal, stacked
11 35 Biatecki ring metal, stacked
12 28-+50 NSW ring plastic
13 15 + 50 Raschig ring ceramic
14 25+50 Intalox saddle ceramic
15a 38 Intalox saddle PP
15b 50 Intalox saddle PP
16 45 Hackette PP
58 Pall ring, VFF metal
17 45 Top-Pak size 1 metal
80 Top-Pak size 2 metal
18 45 Dtnpac size 1 PP
19 70 Dtnpac size 2 PP
20a 32 Envipac size 1 PP
20b 58 Envipac size 1 PP
20c 80 Envipac size 1 PP
21 50 Ralu ring PP
22 R Glitsch CMR ring size 2A metal
Glitsch CMR ring size 3A metal
23 - Glitsch CMR ring size 1A pp
10
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Figure 3-7. Resistance coefficient \{ as function of modified Reynolds number of vapour or gas Rey,
valid for various packing shapes, prepared on the basis of figures in the annex to Chap. 3
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Hence, the principles valid for Pall rings, in relation to the influence of packing density
N, system, operating pressure and column diameter ds, are also applicable here. The
spread of the experimental values around the plotted curve is given as () < 5—10%.

Figure 3-7 also shows the dependency between the resistance coefficient | and the size
of the packing elements. This correlation can be expected, particularly if the individual
packing elements are of the same type but differ in terms of the open wall area of the
individual elements. In the case of Pall rings, the proportion of open wall area is approx.
28%, regardless of the packing diameter. For metal Hiflow rings, the proportion is 44.8%,
for d = 0.028 m, and 65.7%, for a ring diameter of d = 0.058 m. Hence, the resistance
coefficient { for 58 mm Hiflow rings is smaller than the value for the same type of
packing with a diameter of just 28 mm, see Sect. 3.3.

For metal Biatecki rings [6], the following correlations for determining the resistance
coefficient ¥y were found:

¥ =10.17 - Rey,"” for Rey < 2100 (3-16a)
¥ =413 -Re;," % for Rey > 2100 (3-16b)

The resistance coefficients for Biatecki rings are marginally higher than those applicable
to Pall rings. This is due to the fact that the open area in the packing is approx. 23% for
Bialecki rings, which is lower compared to Pall rings (approx. 28%).

Tables 3-1, 3-2 and 6-1a-c list the numerical values for the constants Ky, K3 and the
exponents K,, K4 of Eq. (3-14) for determining the resistance coefficients for a number
of random and structured packings. The tables can be found at the end of the respective
chapters. The value pairs K3, K4 for Eq. (3-14) are applicable in the turbulent flow range,
for 2100 < Rey < 20000, whereas the values K, K, are valid for the transition range, for
the Reynolds numbers 400 < Rey < 2100.

3.23
Determining the Resistance Coefficient Vs for Structured Packings

Influence of the Column Diameter

Experiments using columns with diameters of dg = 0.22 m, 0.3 m and 0.45 m, and using
air flow in non-perforated sheet-metal packing produced by Montz, type B1-300Y, as
well as Ralu-Pak 250 YC with slit perforation, have shown that the column diameter dg
has a significant influence on the pressure drop Apg/H of the dry packing [14, 15, 18,
25]. The results can be found in Fig. 3-8a,b. Figure 3-8c shows the pressure drops of
the dry, perforated Mellapak 250Y as a function of the gas capacity factor Fy, relating to
columns with diameters of dg = 0.15m [18], dg = 0.22—0.3 m [A] and ds = 1.0 m [25].
According to Fig. 3-8a, the pressure drop Apg/H in the column equipped with Montz
packing B1-300 is reduced by 25%, if the column diameter is increased from 0.22 m to
0.45 m, whilst the gas capacity Fy remains the same. The difference in pressure drop
Apo/H shown in Fig. 3-8c is even more noticeable. The pressure drop in the column
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Figure 3-8. Influence of column diameter dg on single-phase flow pressure drop Apg/H, valid for: (a)
sheet-metal packing produced by Montz type BI-300 [15], (b) sheet-metal packing type Ralu-Pak 250
YC, produced by Raschig [15], (c) sheet-metal packing type Mellapak 250 Y, produced by Sulzer [18, A,
25], (d) schematic representation of the installation of structured packings in columns with small and
large diameter
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by 35%, if the column diameter is increased

In contrast to randomly filled packing elements, the pressure drop for single gas

flow Apo/H is generally reduced here as

the column diameter dg is increased, whilst

the gas capacity in the packing system remains the same. It follows from this that the
resistance coefficient s is dependent on the column diameter ds in packed columns
up to a certain diameter dg. According to the manufacturer Sulzer [16], it is only after
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the column exceeds a diameter of ds = 0.5—1.0 m that the resistance coefficient {r
no longer changes. The experimental results, presented in Fig. 3-8a—c, confirm these
findings.

Figure 3-8c also indicates that the single-phase flow pressure drop Apy/H in large
columns remains the same, even if the gas capacity factors Fy are significantly increased.
This leads to a change in the fluid dynamic characteristics of each packed column. Based
on Eq. (2-69), the gas velocities at the flooding point uy of these columns are higher
than those in smaller-diameter columns.

A larger plant with d ~ 1 m would therefore be more suitable for the experimental
determination of the law of resistance for structured packings, based on the assumption
that { # f(ds ). The wall factor K, according to Eq. (3-8) and applied in Eq. (3-14),
for considering the influence of the wall on the resistance coefficient, does not yield the
correct results in the case of structured packings.

The higher pressure drop Apg/H, which occurs in smaller columns with the same gas
capacity factor Fy, is caused by the seal rings at the individual packing elements. They
are installed between the column wall and the packing elements, in order to prevent the
liquid in two-phase flow operation from flowing towards the column wall by channelling
it towards the centre of the column, see Fig. 3-8d. The possibility of predicting the law of
resistance in larger-diameter columns is therefore of great practical value when designing
columns with structured packing, if the experimental results on the pressure drop for
single-phase flow in smaller plants are available.

This task can be approximately solved, based on the example of Mellapak 250Y, by
correcting the resistance coefficient \, in accordance with the model presented in Fig.
3-8d. This is based on the assumption that, for the same gas flow V, the seal rings
have practically no influence on the pressure drop in large columns with a diameter of
ds >, whereas in smaller columns with a diameter of dg;, the single-phase flow pres-
sure drop A po/H is the same, even if the gas capacity factors Fy;; are lower than those
in larger columns. Hence, the following correlation applies approximately to Mellapak
250Y, according to Eq. (3-17):

2

~ %
Ya =9y 5 (3-17)
1
where
d,‘l—25 2 di2—25 2
pp=(——) andpy=|——) . (3-18)
ds,1 dsp

@1 is the ratio of the effective area of the individual packing elements, minus the area
of the seal ring, to the cross-sectional area of the smaller test column. An analogous
correlation applies for ¢, in relation to the larger column with dg, > ds ;.

The substitution of the constructive data for Mellapak 250Y and columns for ds;
= 0.22 m, as shown in Fig. 3-8¢, into Eq. (3-18) gives the conversion formula (3-19),
applicable to Mellapak 250Y, for calculating the predicted resistance coefficient for large
columns v 4:
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2
¢ V1 V1
YA = 1#1% = 72:0.794-—2
ds—1 @y ds—>11.26 - @5 )

(3-19)
The numerical Examples 3.2 and 4.2 illustrate how the approximation correlations
(3-17) to (3-19) for converting the resistance coefficient and determining the pressure
drop of Mellapak 250 Y can be applied to larger columns. In order to apply Eqgs. (3-17),
(3-18) and (3-19) to other packings, the geometric data of the respective packing, seal
ring and column must be known.

Hence, due to the installation of seal ring in the test columns, the fluid dynamic char-
acteristics of structured packings can only be transferred to other column diameters from
ds > 1 m.

Influence of Perforation and Flow Channel Angle in Packing Elements on the Single Flow
Pressure Drop

The pressure drop of the dry sheet-metal Montz packing is shown in Fig. 3-8e for type
B1-300Y, and in Fig. 3-8f for type B1-500Y. The figures indicate that the influence of
the perforation in the individual packing elements increases with the specific pack-
ing surface area a. This results in an enhanced separation efficiency of the packing.
Whilst the differences in the pressure drop for the B1-300Y version are small, they are
more noticeable for the B1-500Y version. At the same time, experiments were carried
out to determine the separation efficiency of non-perforated and perforated packings,
types B1-300Y and B1-500Y, which showed that the packing with the higher separa-
tion efficiency also had the higher pressure drop. Due to the small differences in the
pressure drop of the B1-300Y packings, the differences in the separation efficiency were
also smaller. Investigations carried out on the B1-500Y packing show that the sepa-
ration efficiency of the perforated B1-500Y packing in the main operating range was
found to be higher by a factor ~ 2, compared to the non-perforated packing. The
maximum loading capacity of the packing with the lower pressure drop was higher,
as would be expected, according to Eq. (2-69). Using the above equation, it is also
possible to predict the increase of the maximum loading capacity of type X packings
with flow channel angle a of 30°. In addition to the pressure drop of the type BX
gauze packing, Fig. 3-8f also shows the relevant data for the type X sheet-metal pack-
ing with perforation. The difference in the pressure drop of the dry packing between
type B1-500Y, type X of the same packing and the BX-500 packing is significant. This
manifests itself in the loading capacity and the separation efficiency of the individual
packings.

Law of Resistance

The correlation between the resistance coefficient | and the Reynolds number Rey, with
the wall factor K = 1, is shown in Fig. 3-9 for non-perforated, and Fig. 3-10 for perforated
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Figure 3-8e. Influence of 6 ——— T Y/
perforation on single-phase Metal sheet structured o
flow pressure drop of 4| packings, a=300 mim’ W
structured packings, type '
B1-300, produced by Montz 3 &

2

/
Vi
Cd

B1-300 non-perfo- &/

£
&
€
<
£
&
=)
2
sz rated (¢.0) N //
2 Y/
B a
g 6 ‘3
£ / B1-300 perforated (o)
g b p/
5 3 .
=3 // chlorobenzene/ethylbenzene |
£ 0.0d=022m, H=1bm
o 07 667 mbar B
§ / ¢ air, 1bar, 293K || |
g Ve d.=03 m, H=146m
a
. o
04 06 08 1 2 3 4

Vapour capacity factor F,=uVg,
in (m/s)Vkg/m3

-
<

Figure 3-8f. Influence of

T T — s
perforation on single-phase E g Structured packings, a=500 m
flow pressure drop of & chlorobenzene/ethylbenzene A/
structured packings, type . 6 667mbar | an
B1-500, produced by Montz B3 d=022m, H=14m /4
with various flow channel S L =0 m/s ve / £
angles and materials (sheet 2 | I ) J / a
metal, steel mesh) B 3 metal sheet packing —— A

B perforated * i

£ ol me-sov | AL/

a B2-500X oA

E A

[=} L

o Eydn

£ 4 / £4L

§ 8 /t/ /4 metal sheet
- Y { packing non-
3 ./ / / perforated _|
g [/ VL | Bi-swox

u & . /‘ Sulzer s|f el mt|esh
S + er ste -
g 3 / // / packing BX
/4

2
04 06 1

Vapour capacity fa

2 - 3 4
ctor F=uNg
in (m/s)'\/kg/ms s



3.2 Law of Resistance for Single-Phase Flow in Packed Columns 139
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structured packings. In the case of the perforated packings, Mellapak 250 Y and Montz
B2-500, the size of the packing surface was not found to have any influence on the resis-
tance coefficient s, see Fig. 3-10.

Despite the fact that the specific packing areas of Ralu-Pak 250 YC and Mella-
pak 250 Y are equal, Figs. 3-10 and 3-11 show that the resistance coefficients are
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Figure 3-11. Resistance Ralu-Pak 250YC
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different, even though the Reynolds numbers and columns sizes are the same. The
resistance coefficients { of Ralu-Pak 250 YC are smaller than those of Mellapak
250, for the same gas capacities. As is the case with randomly filled packings, the
physical properties of the system investigated have no influence on the resistance
coefficient.

Table 3-2 contains a list of the values K; — Ky required for calculating the resis-
tance coefficient { for structured packings, according to Eq. (3-14), which were taken
at columns with different diameters ds.

33
Introducing a Channel Model Based on Partially Perforated Channel Walls

The aim of this work is to determine the law of resistance that applies to classic packing
elements as well as modern, lattice packings, which are becoming increasingly popular
for practical use, and structured packings as well as stacked packing elements and tube
columns, in order to perform the fluid dynamic design of packed columns as accurately
as possible.

A standardised description of the pressure drop in packings can be developed in anal-
ogy with gas flow in channels [1-9, 11], on the basis of Eq. (3-2).

In a given random or structured packing with a diameter of dy, acc. to Fig. 3-12 and
Eq. (3-2), a pressure drop Apg occurs in each flow channel with a length of 1, which is
given as:

(3-20)

y—
Po1 = 5

2
LV
dy,
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Figure 3-12. Hydraulic model of packed bed as bundle of channels for single-phase flow: (a) in channel
of the length 1, (b) in channel of the length I for packings with partially perforated wall

Friction forces are generated as a result of gas flow around the channel walls. If the walls
are partially perforated, as is the case with Pall or Bialecki rings as well as lattice-type
packings, the resistance coefficient A in Eq. (3-20) is lower, in comparison to channels
with a non-perforated structure.

If one assumes, however, that the same flow model [34, 35] is valid for any type of
packing with the same law of resistance, then the decrease in the pressure drop Apy |«
for perforated packing elements with identical channel diameters dj, can only be due to
shorter channel lengths I.

Furthermore, if the wall surface of a channel is perforated, the length of the perforated
channel Iy is shorter, compared to non-perforated packing elements, which results in a
pressure drop Apg Ik, see Fig. 3-12.

The form factor @p represents the proportion of the perforated surface area of a pack-
ing element:

Yp=—, (3-21)

where A represents the perforated wall surface area and A = m-d-h is the total non-
perforated wall surface area of a packing element.

For simplification purposes, it also assumed that the influence of deflections within
the packing element on the pressure drop is negligible, compared to the pressure drop
in channels dy. Acc. to Fig. 3-12, the ratio of the pressure drops Apglx and Apg; in
relation to the gas flow through channels with a diameter of d}, can be equated to the
ratio of the equivalent channel lengths 1,/l, assuming the gas capacity factor Fy is the
same, Eq. (3-22):

Apot. _ (3-22)
APO,I I ’
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This ratio, in turn, can be equated to the proportion of the non-perforated packing sur-
face area (I-¢)

%:1_@ — Le=1-(1—¢p) (3-23)

Hence, it is possible to derive the following correlation for the ratio Apg1x/Apg,, based
on Fig. 3-12b and Egs. (3-22) and (3-23):

A
(ﬂ) =1—gp (3-24)
Apo, Fy,dp=const.

Equations (3-24), (3-2) and (3-8) now lead to Eq. (3-25), describing the pressure drop
Apo which occurs during channel flow in a packing with a height H, if the channel walls
have a partially perforated or fully closed structure:

Apo 1—-¢ F} 1
= (1 — . . P ) 3-25
g Vo (men g [Pam] (3-25)
which results in the following equation:
Ka
v =1vo-(1—-¢p) =——+Kp (3-26)
Re,

where o represents the resistance coefficient of flow channels with non-perforated
walls and { represents the resistance coefficient of flow channels with perforated walls
[34, 35].

3.3.1
Determining the Resistance Coefficient for Non-perforated Packing Elements

Most of the recent experimental data which is currently available relates to metal Pall
rings, where the individual packing element, Fig. 1-2a, has a partially perforated wall,
hence ¢p > 0.

The evaluation of the experimental data taken by Mackowiak [1, 2], Krehenwinkel
and Knapp [9] as well as Billet [12], using metal Pall rings, led to the following correlation
for the product ¥ - (1—¢p) in Eq. (3-26), acc. to Figs. 3-4a and 3-4b:

Ky 522.4
VYpall rings = —— + Kp = + 2.300, (3-27)
Rey Rey

The constants Ky = 522.4 and Kg = 2.306 in Eq. (3-27) were determined using the
minimisation procedure.

Based on a Pall ring size of d = 0.015—0.080 m, the proportion of the perfo-
rated surface area ¢ is given by the arithmetic mean numerical value of ¢p =~ 0.28,
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which, acc. to Egs. (3-25) and (3-27), results in the following correlation for the resis-
tance coefficient g in relation to gas flow through non-perforated packing elements
(34, 35]

7256
0= Rev

+ 3.203. (3-28)

The concurrence between the experimental resistance coefficients for non-perforated
packings with ¢p = 0, such as ceramic Raschig rings, and the calculation acc. to Eq.
(3-28) is sufficiently good for practical applications, see Fig. 3-30.

33.2
Determining the Pressure Drop in Single-Phase Flow - Final Equation

Based on the value ¢p ~ 0.28, which is valid for metal Pall rings, Egs. (3-28) and (3-25)
now lead to the final equation for determining the pressure drop in single-phase flow
through random and structured packings [34, 35]:

Apo 725.6 l—¢ F
= = 3.203 ) - (1 — ¢p) - N 3-29
H (Rev + ) R RS (3-29)

To apply this equation, which is based on the evaluation of experimental data and valid
in the range of Reynolds numbers Rey € (200-20000), it is necessary to ascertain the
geometric packing data a and & as well as the proportion of the perforated surface area
of the packing wall @p. This parameter is a form-specific packing factor, also known as
form factor @p.

The numerical values of the form factors @p have been compiled in Tables 6-1a and
6-1b for a number of random packings, including: Pall rings, VSP rings, Hiflow rings,
Biatecki rings, I-13 rings, Intalox made of metal, Envipac, Hackette, Mc-Pac, R-Pac and
other types of packings made of metal, plastic and ceramic.

The same table also contains the numerical values of the form factors @peyp for more
than 200 types of packings, which were determined by evaluating experimental pressure
drop data relating to packings with single-phase flow.

3.33
Evaluation of Results

(a) In the case of the tested classic, ring-type packing elements made of metal and plas-
tic, the concurrence between the calculated values @p,)c and the experimentally derived
form factors @pexp, based on Tables 6-1a and 6-1b, is very good.

For metal Biatecki rings, however, the experimentally derived form factors @p,yp were
marginally smaller than the calculated values, as the proportion of the triangular cut-
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outs in the wall of the individual packing elements, which are bent inwards, provide
additional resistance for the gas flow [34, 35].

In the case of modern, lattice-type packings, such as Hiflow, Nor-Pac, VSP rings, PSL
rings, R-Pac and Mc-Pac, the concurrence between the calculated values and the exper-
imentally derived form factors @peyp was also found to be satisfactory, as illustrated by
the numerical example.

(b) For some ring-type packing elements, such as metal Cascade Mini Rings (CMR),
small 18 mm Ralu rings and 15 mm Hiflow rings or Glitsch Pall rings, the experimentally
determined form factors were considerably higher than the calculated values.

These findings can be explained by looking at the results of the pressure drop inves-
tigations for 30 mm metal Glitsch Pall rings, acc. to Fig. 3-13, which are referred to in
Table 6-1a as 30 mm without collars (oK) and with collars (mK).

Subject to the investigation were two types of identical-sized rings with d = 30 mm,
the only difference consisting in the fact that one type of 30 mm Pall ring had an exterior
distance collar. This minor form difference led to a considerable difference in the packing
density N between both types of packing elements, resulting in a pressure drop reduction.
Hence, the resistance coefficients were substantially lower, see Fig. 3-13. Another result
of this investigation was the fact that the packing density N was reduced by applying a
distance collar to the individual packing ring, thus creating additional void space within
the packing. This, in turn, led to a reduction in the pressure drop and an increase in the
operating capacity of the packing element.

This was confirmed by studies using CMR Glitsch rings, where the effective form
factor @pexp = 0.437 exceeded the calculated value @pcyc = 0.223 approximately by a
factor of 2 [34, 35].

The same result was obtained by comparing the calculated and experimental form
factors for small 15 mm Hiflow rings and 18 mm Ralu rings made of plastic, which also
had collars.

Figure 3-13. Resistance Glitsch - Pall-rings-metal, air, 296K, 1 bar
coefficient ¥ as function of 3 d. TH N
Reynolds number of vapour or Mp ﬂ Pucking = 3
gas Rey, valid for: (a) 30 mm m m|m 1/m
Glitsch Pall ring 0.K - without > | o | 30 |oKlwithout collar)|03 |14 | 32510
collars: @pc, = 0.224 and . -
@Pexp = 0.214, (b)-30 mm 2 * | 30 [mK (with collar) (03 {14 | 28445
Glitsch Pall ring m.K — with § b ® ! I
collars: ¢p s = 0.214 and 5 cal*022 ¢, 1= 0244
Fpexp = 0390 g 3 ey e M
E \\.M_ ) »
) g 2 S_e__P_ B
& Fep=02 |
B0t 0 2 3 4 6 10

Reynolds number for gos phase Revz(-;]—vg";) K
- v
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34
Conclusions Chapter 3

1. Random Packings

1. The influence of the system on the resistance coefficient { is sufficiently described for
practical applications by the kinematic viscosity, expressed in the modified Reynolds
number. In addition, it is sufficient to determine the function ¥ = f (Rey) based
on simulation tests with air under ambient conditions, in order to then calculate the
pressure drop Apo/H of the dry packing, using Eq. (3-8), accurately enough for recti-
fication systems under vacuum and normal pressure and for the high pressure range,
as well as for any type of absorption process.

2. The analysis of the results presented in this work, in relation to the resistance coeffi-
cient \ for different types of packings, leads to the following conclusion: If the indi-
vidual packing elements of one type of packing all have the same amount of open wall
area, as is the case for metal Pall rings, then the law of resistance ¢ = f (Rey), appli-
cable to one packing size, is also valid for the other packings dimensions. Otherwise,
the correlation ¥ = f (Rey) would have to be determined separately for each packing
size of the same type of packing, as it would be impossible to predict.

3. Based on a simple extended channel model [34, 35], it was possible to develop a
description of the dry pressure drop in random and structured packings. It was
assumed that a pressure drop only occurs during gas flow through non-perforated
flow channels. In the case of perforated packing elements, which are mostly used
today, the proportion of deflections and cut-outs in the wall of the individual packing
elements @p can be calculated, which makes it possible to estimate the channel length.

Examples of this type of packing are ring-type packing elements, such as Pall rings,
Bialecki rings, VSP rings, Hiflow rings, PSL rings, I-13 rings, Mc-Pac, SR-Pac, R-Pac,
Ralu-Flow and metal Intalox saddles IMTP.

4. The pressure drops Apo/H of the dry packing, based on experiments with randomly
filled as well as stacked packing elements, can be described by the generally valid
Eq. (3-25):

Ap() 1

Vo (1—gp . 128 TV
H—o @p

g3 'dp-K

[Pam_l] ,

where o represents the resistance coefficient for non-perforated packing elements,
acc. to Eq. (3-28)

725.6
Yo =

+ 3.203
%
which is a function of the modified Reynolds number Rey. Hence, ¢p is a form factor,
representing the perforated surface area of the wall of an individual packing element.
The technical data of the relevant packing elements, a and ¢, and the experimentally
determined form factors @pexp are listed in Tables 6-1a and 6-1b.
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In order to classify a packing and calculate the pressure drop Apo/H, acc. to
Eq. (3-25), it is necessary to ascertain the geometric packing data a and ¢ as well as a
third variable, which is the packing factor ¢p. To determine the pressure drop Apo/H
for complicated types of random and structured packings as accurately as possible, it
is recommended to determine the form factor ¢p by experiment, as shown in Tables
la, 1b and 1c.

Based on the Eq. (3-25), it is therefore possible to predict the pressure drop of dry
packed beds simply by ascertaining the geometric data a and ¢ as well as the shape
of the respective packing element (¢p-factor) without conducting any experimental
studies. This is a significant result, in particular for new designs as well as the modifi-
cation of existing types of packings.

Finally, it can be concluded that it is possible, based on the simple model structure
presented in this book, to predetermine the pressure drop Apg/H in single-phase
flow for given systems and operating conditions purely by ascertaining the geometric
data of the packing element, a and ¢, and the shape of the packing (¢p-factor), in
accordance with Eq. (3-29). In the case of geometrically simple, ring-type packing
elements without any additional exterior distance collars, the form factor ¢p can be
estimated with sufficient accuracy for practical applications without performing any
experiments, see numerical Example 1.

Furthermore, a comparison between the calculated and experimental form factors
shows that by applying collars to the individual packing elements, it is possible to
create additional free packing surface area, thus reducing the packing density N. As
a result, the experimentally determined form factors ¢p are found to be higher than
the calculated values.

Depending on the type and design of the packing, this can lead to a doubling of
the form factor values ¢p, as was reported for Glitsch CMR and Pall rings, Ralu rings
made of plastic and 15 mm plastic Hiflow rings, see Table 6-1a.

The gas flow for Reynolds numbers Rey > 2100 is practically turbulent. In this
range, the resistance coefficient \ is only marginally dependent on the Reynolds num-
ber Rey. In practical applications, columns equipped with larger-diameter packing
elements of d > 0.025 m are always operated in the turbulent range.

The numerical Examples 3.3 and 3.4 illustrate the correlations presented above.

5. During the course of this work, the resistance coefficients { for a number of modern
random and structured packings, shown in Fig. 1-2b, were determined using various
test systems.

The numerical values of the resistance coefficients { for turbulent gas flow are in
the following ranges for packed columns used today:

P~ 0.1-0.3 for structured packings, plate or sheet-metal packings, stacked packings
and tube columns

Y ~0.4-—1 for sheet-metal packings (Sulzer packing, Ralu-Pak, Montz-Pack)

VA1 for random, perforated packing elements (Nor-Pac, Hiflow rings, Envipac,

VSP, Hackette, Ralu-Flow) made of metal and plastic

P~ 1.5 for ceramic Hiflow rings and metal Mc-Pac
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A2 for Top-Pack, VSP metal, Intalox of metal and ceramic
VA 2.42 for Pall rings made of metal and plastic

P~ 2.62 for Biatecki rings made of metal and plastic

VA3 for ceramic Raschig rings

Extensive studies on the pressure drop in single-phase flow in packings have shown
that the resistance coefficient { in Eq. (3-8) for column diameters of dg < 0.8 =
1.0 m is not only dependent on the shape of the packing and the flow range, but is
also a function of the column diameter ds. This is due to the seal rings built into the
individual packing elements, which reduce the free surface area available for gas flow.
In the case of larger column diameters of around d > 1 m, the influence of the seal
rings on the resistance coefficient is negligible.
The dry packing form factor ¢p data are listed in Table 6-1a,b.

2, Structured Packings

1. In contrast to random packings, see Fig. 3-2, the pressure drop Apo/H of dry struc-
tured packings is reduced, as the column diameter dg increases, see Fig. 3-8a—c. This
is due to the fact that the influence of seal rings in large columns becomes less sig-
nificant, and is practically negligible from ds > 1 m. The experimental pressure drop
data for small columns can be up to 65% higher than for large columns. This is why
it is very difficult to predict the pressure drop and the maximum loading capacity of
packed columns, based on experiments with small test columns. Instead, it requires a
method such as the one described above for Mellapak 250Y, shown in Fig. 3-8d.

2. The introduction of the wall factor K into the Reynolds number Rey, according to
Egs. (3-10) and (3-25), for determining the pressure drop Apy/H is not justified.
Instead, K = 1 applies. The Eq. (3-25) for calculating the pressure drop Apo/H is
therefore as follows for structured packings:

Apo 1—¢ FV2 1
I Yo - (1 — ¢p) o 0 [ am ]
where
uy - dp
Yo =f(¢p,Rey), Rey = —— and K=1
(I—¢)-vy

Packing form factors @p are listed in Table 6-1c.

3. The resistance coefficient \ of structured packings also depends on whether they are
perforated, non-perforated or slit. The resistance coefficients \ of slit packings have
been found to be lower than those for perforated packings.

The non-perforated packings have the highest resistance coefficients Vs, see Figs. 3-9
and 3-11. They are comparable to those of modern, randomly filled lattice packings,
see Figs. 3-9 and 3-7.
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The diagrams, see Figs. 3-2 to 3-11 and 3-14 to 3-37, are based on experiments
[1-37], in which the main variables were modified within the following ranges:

0.14 < pv < 128 kgm >

64 <nv-10°< 18 kgm 2 s~

066 < & < 0.987 m?m~3

015 < dg¢ < 1.8 m for packings

0.025 < dg < 0.058 m for tube columns (3-30)
0.008 < d < 0.100 m

0.65 < H < 7.0 m

0033< pr < 100 bar

150 < Rey < 25000 [—1]

4. Tables 3-1, 3-2 and 6-1a-c contain the constants Kj, K3 and/or exponents K,, K4 and
the packing form factors @p for calculating the resistance coefficient, according to
Eq. (3-14) and (3-26), for the random and structured packings tested.

Numerical Examples
Numerical Example 3.1

The aim is to determine the geometric packing surface a and the void fraction ¢ for
50 mm metal Pall rings, based on a packing density of N = 6690 m~>. According to
Table 6-1a, this packing density differs from the standard values provided by the manu-
facturer, which are as follows:

No =6100 m~>
ag =110 m?m~
g0 =0.952 m>m—3

3

Solution

As a rule, the standard values ag, gy and Ny, provided by the manufacturer and referred
to by the index ‘0’ in this book, are valid for a ratio of ¢ = ds/d = 10.

For packing densities of N # Ny, e.g. N = 6690 m~2, the surface a changes, according
to the following equation:

N 6690
a=ay— =110- — =120.63 [m*m~’] (3-31)
No 6100
The required void fraction ¢ of the packing elements can be determined, based on the
quantity N and on g and Ny, provided by the manufacturer, using the transposed
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Eq. (3-4). The following applies for N = Ny, according to Eq. (3-4):
Vi Vi
go=1——-Ny — 1—gy=—'Np (3-32)

and for N # Ny :

Vi Vi
e=1—-— N — 1l—g=—- N (3-33)
Vs Vs
Dividing Eq. (3-33) by (3-31), followed by a simple transposition, leads to the following
dependency:

l-e N 1= (1—g9) - N/N (3-34)
=— gives e=1—(1—¢g)- -
1—e  No g 0 0

As a result the void packing of the packed bed is:

6690 -
e=1—(1-0952) — = 0.947 m’m
6100

Numerical Example 3.2

The aim is to determine the pressure drop of a dry as well as an irrigated Mellapak struc-
tured packing, type 250Y, in a column with dg = 1.0 m, for Fy factors of Fy = 1.6, 2.3 and
3.75 Pa!’2. The constants for determining the resistance coefficient for Mellapak, used in
a pilot plant with dg = 0.22 m, are known. The physical properties are applicable to the
mixture air/water at 293 K and 1 bar.

Solution

Table 6-1c contains the numerical values for the parameters K; to K4 of Eq. (3-14) for
calculating the pressure drop of dry packings in small columns with diameters of ds =
0.22/0.30 m (see Fig. 3-10). They are as follows:

K; =8.19, K, =-0.321, Kz =1936, K4y= —0.133
If the calculation of the pressure drop Apy/H is performed for columns with dg = 1.0 m,
the correction of the resistance coefficient is required, according to Eq. (3-17). g2 ~ 1
can be assumed for dg = 1.0 m. Analogous to Eq. (3-18), the constants K; o and K3 5 for
ds = 1.0 m, according to Eq. (3-19), can now be estimated as follows:

Kja=0.794-8.19 =6.50 and/or K34 = 1.936-0.794 = 1.537

The following correlation applies for Rey > 2100: Y4 = K34 - Re;K‘*.
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The geometric data of Mellapak 250Y, based on Table 6-1c, is given as:

3

a=1250 m’m~> and &=0.975 m’m>

Fordp = 6 - (1 — ¢)/a = 0.006 m and the Reynolds numbers Rey > 2100, calculated
using Eq. (3-10), with K = 1, the resistance coefficients {ro can be calculated as:

(a) Fy = 1.6 V/Pa = Rey = 23353 4 = 0.548
(b) Fy =23 +/Pa = Rey = 3386.6 4 = 0.521
(c) Fy =3.75 /Pa = Rey = 5474.0 4 = 0.489

The numerical values for the pressure drop of the dry packing are calculated as follows,
based on Eq. (3-8) and for K = 1:

APO _ 1// 1—¢ FV2

H e dp
(@) 22 =631 Pam~! (%) exp = 60 Pam™!  [25]
(b) B =126 Pam™! (%) exp = 130 Pam™"  [25]
(c) 280 =309.0 Pam™! (%) exp =300 Pam™'  [25]

Conclusion

The concurrence of the experiment with the calculated estimate confirms the model of
transferability, which allows experimental results on the fluid dynamics of structured
packings to be transferred from small to large-scale plants. This method can also be
applied to other structured packings and column diameters.

Numerical Example 3.3

The aim is to determine the pressure drop Apo/H during air flow through a packing,
which consists of metal packing elements Mc-Pac, size 1, material 1.4571 (SS 316Ti) at
1 bar and 293 K in a column with a diameter of dg = 0.32 m [26, 27, 34, 35].

The following values are given:

Geometric packing data: a=185.1 m?/m’; £ = 0.974 m?/m?

Form factor: @pexp = 0.532 acc. to Table 6-1a
@p,calc = 0.50 acc. to [34]

Physical properties: py = 1.22 kg/m?; vy = 15.2:107% m?%/s

Experimental results: for uy = 2.39 m/s => (Apo/H)exp = 405.2 Pa/m [26, 27]
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Solution
. 1—¢ 1—-0.974
Equation (3-3) for: dp=6- =6 —— = 0.000843 m,
a 185.1
) 2 1 0.000843\ ~*
Equation (3-6) for: K=(14+-+——" = 0.9366,
3 1-0.974 0.32
. 2.389.0.000843
Equation (3-10) for Rey -0.9366 = 4772.9
(1-0.974)-15.2-10-6
and for Fy =uy - /py = 2.39-4/1.22 = 2.64+/Pa

lead to Eq. (3-29) for @p,exp = 0.532 describing the pressure drop of the dry packing
Apo/H

1—0.974 2.64%
0.9743  0.000843 - 0.9366

=390.0 Pa/m

Apy (7256
H 4772.9

+ 3.203)-(1 —0.532)-

The relative error is therefore given as:

- 100 = =3.75%
H 405.2

5 <Ap0> _390.0 —405.2
in relation to the experimental value @pexp.

Using the calculated value @pcy1c = 0.5, based on the geometry of the packing Mc-Pac
size 1, the pressure drop is found to be Apo/H = 416.7 Pa/m, based on Eq. (3-29). Hence,
the relative error is:

s <%> _ 416.7 — 405.2

-100 = +2.6%
H 405.2

Numerical Example 3.4

To determine is the single phase pressure drop Apy/H during air flow through a packed
bed filled with random Mc-Pac, size 2, material 1.4571 (SS 316T1i) at 1 bar and 278 K in
a column with a diameter of dg = 0.60 m and packing height H = 3.0 m [new Envimac
data 2009].

The following values are given for N = 7899 1/m?:

Geometric packing data: a=92.94 m?/m3; £ =0.982 m3/m3

Form factor: PPexp = 0.532 acc. to Table 6-1b
@p,calc = 0.50 acc. [34]

Physical properties: py = 1.262 kg/m?; vy = 14.4-107% m?/s

Experimental results: for uy = 2.356 m/s => (Apo/H)exp = 190 Pa/m [2009]
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. 1—¢ 1—0.982
Equation (3-3) For: dp=6- =6- =0.001162 m,
a 92.94
. 2 1 0.001162\ !
Equation (3-6) for: K=(l14+-+ —uuw—  — = 0.9331,
3 1-0.982 0.6
. 2.356 - 0.001162
Equation (3-10) for Rey = -0.9331 = 9855.4
(1 —0.982) - 14.4-10—6
and for Fy =uy - /py = 2.356 - 4/1.262 = 2.65 /Pa
Solution

lead to Eq. (3-29) for @p,exp = 0.532 describing the pressure drop of the dry packing
Apo/H

Apo 725.6 1—0.982 2.65%
—= +3.203 )-(1 — 0.532)- : =188.78 Pa/m
H 9855.4 0.9823  0.001162 - 0.9331

The relative error is therefore given as:

Apo 188.78 — 190.0
0l — )= ———— 100 = —0.64%
H 190.0

in relation to the experimental value @pexp.

Using the calculated value @pyc = 0.5, based on the geometry of the packing Mc-
Pac size 2, the pressure drop is found to be Apg/H = 201.69 Pa/m, based on Eq. (3-29).
Hence, the relative error is:

Apo 201.69 — 190
0| — )= ———-100 =+6.2%
H 190
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Diagrams for Single-Phase Flow in Packed Columns - Law of Resistance

Figure 3-14. Resistance Biatecki ring, metal
coefficient 1 as function of I ET] I = o T N
Reynolds number of vapour or [m] [SYStem [mbar] | [m] | [m] | [1/m*]
gas Rey, valid for 12—50 mm v | 12 [chlorobenzene/ | 33 1027 1.4 419570
random Biatecki rings made of ethyenzene
metal — @p = 0.208 for Eq ¢ | 25 |ethylbenzene |35+ 1000|0.15( 1.5 | 55000
(3-26) vl 25 0.15| 1.5 | 57800
35 0.22| 1.3 | 18200
2 air, 293 K 1000
e | 50 0.45(0.64( 6700
o | 50 0.3 |1.35[ 6280
o Zh
(w3
c & 4 - e
o .Y 3 v AT =—v v
-— g v & O O g4\
k= ¥R ]
v g9 l (|
o o

L 6 81 152 3 4 6 871
Reynolds number of vapour or gas Re,

Figure 3-15. Resistance TP |system | [miTar] | [::] | [r:] | [1/':13]
coefficient ¥ as function of

Reynolds number ofvapour or VSP ring size 2, produced by VFF, metal (1.4402)

gas Rey, valid for random VSP o c?:‘o:gbenzene/ 66.7 |0.22 | 1.48 | 7621

rings sizes 1 and 2, made of ethylbenzene

metal — op = 0.345 for Eq o |air, 293 K 1000 0.45 | 2.0 7841

(3—26) VSP ring size 1, produced by VFF, metal (1.4402)

chlorobenzene/

ethylbenzene 66.7 0.22 | 1.47 | 30948

T 0.30 | 1.46 | 33434
7] 293K 1000 5725 T 7.0 [ 31572

N

I “Lua I

o Gy e A

S I i s 0

m-.-z ® rid e

2 c

g a

B

AR

x 1
103 2 3 L 6 10 2

Reynolds number of vapour or gas Re,
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Figure 3-16. Resistance
coefficient { as function of
Reynolds number of vapour or
gas Rey, valid for 28 mm (¢p =
0.51) and 58 mm (¢p = 0.63)
random Hiflow rings made of
metal

Figure 3-17. Resistance
coefficient s as function of
Reynolds number of vapour or
gas Rey, valid for 28—90 mm
random Hiflow rings made of
plastic — gp = 0.54—0.736 for
Eq. (3-26)

Resistance co-
efficient W

Hiflow ring, metal

10°d
[m]

pr ds H

system tmbar] | [m] | [m]

N
[1/m’]

66.7 [0.22] 1.5
0.45 2.0
0.60

38857
36638
38534

chlorobenzene/

28 ethylbenzene

1000

0.3
0.45
0.45

1.35
1.45
2.0

5000
5075
5146

58 |air, 293 K 1000

T

g, metal

| 128 mm_Hiflow ri
'[wﬂ—ﬂﬁm

Ul o u

[ — —

‘ T 5%\§I§_n1m_ Hiflow ring, metal
-5%7

- = NN

6

—Iro%f_-sww-
8 103 2 3L 6 81 15

Reynolds number of vapour or gas Re,

Hiflow ring, PP

pPr ds H N

™ [mbar]| [m] [m] |[[1/m%]

system

o |air, 288 K 1000 0.3 1.34 | 42576

¢ | methanol / water 465 0.22 | 1.40 | 47544

N

e $=9-09-Jo.

[ O~0=r—0=~:

Resistance
coefficient W

28mm fifou rlir<g,IPP|

=S

56 8 1° 2

3 4 6 81
Reynolds number of vapour or gas Re,

Hiflow ring, PP
pr |ds| H N )
TP |system [mbTar] [n:] tml | (/m?] lit.
. 1000 | 0.3 [1.45| 6598 |Author
—air, 293 K _
N 1000 | 1| 1 | 1328 _'?gzw:;lgi;"
w >
2415 T I E—
S 50-90mm Hiflow ring, PP
[}
g E1 [] s __|a _H-_-.L-_““_‘_“_
& o8 I
©790° 2 A 6 B 10" 2

Reynolds number of vapour or gas Re,
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Figure 3-18. Resistance 50 mm Hiflow saddle, PP
coefficient { as function of
pr d H N
Reynolds number of vapour or TP|system [mbar] [r:] [m]] [1/m*]
gas Rey, valid for 53 mm u |air, 292,5k | 1000 |0.45(2.0| 9500
random Hiflow Super rings (¢p o 3.2
= 0.618) and Hiflow saddles 2= l
(¢p = 0.583) S .15 = 1 I
2 = M "T‘-—--‘L-—
U @
x gl -
2 3 4 6 8 1 15 2
Reynolds number of vapour or
gas Re,
Hiflow ring, PP
[} d. H N
TP|system tmbar]| tm] | tm] |p1/m*]
NE 0.3 | 1.44| 5509
— air, 291 - 1000
1° {295 0.3 [1.35[ 6050
. 0.45| 2.0 | 6195
o >2
P
85
7 & 15—t
v t -
&8 '
© 2 3 4 6 8 10 15 2
Reynolds number of vapour or
gas Re,
Hiflow ring, ceramic, production year 1988
d10° Pr ds | H N
TP | [my |stem [mbar] | [m] | [m] | (1/m’]
+ 20 1009 0.3 [1.10| 90383
° 38 1007 | 0.45| 1.46 | 13240
air, 292 - 296 K
o 50 996 0.45( 1.0 | 5361
v 75 997 |[0.45|1.85| 1808
]
o 3 :
(=) - ! N LT T
o > ,20-50mm Hiflow ring, ceramic
g 2 =l |
—e
58 15 I i i - o 2
Vg L 0 7 q
= 75mm Hiflow ring, ceramic (1988)
@ v L1 || M yiv—y
L 6 81° 2 34 6 W 2

Reynolds number of vapour or gas Re,

Figure 3-19. Resistance coefficient ¢ as function of Reynolds number of vapour or gas Rey, valid for
20—75 mm random Hiflow rings made of ceramic (1988) — ¢p = 0.47—0.672 for Eq. (3-26)



164 CHAPTER 3 Pressure Drop of Dry Packed Columns

28 mm NorPac ring, plastic
PT ds H N
TP|system tmbar]| 1m1 | 1m1 [[1/m3]
° 1000 | 0.3 [1.35(44500
—air, 289 K
. 1000 [0.45|0.93|47900
¢ |toluene / n-octane 80 ]0.22(1.45|46800
< |chlorobenzene / ethylbenzene | 67 |0.22|1.45(45580
83-2 | T T T TTTT T TooT 1
S E 15 o 28mm NorPac ring, plastic o
-— .= ~rh 1 1
0 9 L .2‘; T
=i to=Bt e O
QO Y= | | P 17%e
o 8 Qe 5 | | | |
L 6 810 2 3 456 81" 152
Reynolds number of vapour or gas Re,
38 and 50 mm NorPac ring, plastic
d10° pr ds H N
TP [my [Vstem [mbar] | [m] | [m] |[1/m’]
chlorobenzene/
a| 38 ethylbenzene 33 0.22 1.45 | 18477
38 997 0.3 1.40 | 18629
38 997 0.45 1.40 | 19881
o | 50 |air, 291K 1000 0.45 1.24 7943
L] 50 1000 1.0 1.0 7119
g 50 1010 0.3 1.45 7320
}2 — — T —
g - 15 38 mmland SOmm NlorPac ring, plastic
S .o TAs 1 1
R7gn=l 7 1 T
2 & 1 | oy Aty
fad 808 I T

1
L 6 810 2 3 456 81152
Reynolds number of vapour or gas Re,

Figure 3-20. Resistance coefficient ¢ as function of Reynolds number of vapour or gas Rey, valid for
28—50 mm random Nor-Pac packing made of plastic — ¢p = 0.694 for Eq. (3-26)

Figure 3-21. Resistance 45 mm Hackette, PP
coefficient { as function of 7 [eystem = R m N
Reynolds number of vapour or [mbar] | [m] | [m] |[1/m’]
gas Rey, valid for 45 mm 3 fain 293k | 1000 | 045 | G%7 | 12252
random Hackette made of 3_2
plastic — gp = 0.665 for Eq. Y~
(3'26) 5 ‘q:,v *—Jge.
% E —.e‘“?i *.1_'.. o
i Tt
x 81
v

102 2 3 4 6 8 W
Reynolds number of vapour or gas Re,
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d10° [ packing pr ds [ H N
™ [m] |material system [mbar]| [m] | [m] [[1/m*]
of s8 :f‘elig;"g’ VFF 5983
Top-Pak sz 2 air, 293 K 1000 |0.45| 2
® | 80x60 metal 2800
Top-Pak size 1 | chlorobenzene/
al| 45 metal ethylbenzene 66,7 |0.221.46 19881
Top-Pak size 1| _.
: 3 A| 45 metal air, 293 K 1000 | 0.3 | 1.45| 7943
8>
8 = 2\‘&.4. TA)
c c ~ P
S .2 | |
- )
R = T T 1 T
¢ =1925 f <
£% | y=1925 for 2100<Re, <1000
1 1 1 1 1 11

10° 2 3 4L 6 81 2
Reynolds number of vapour or gas Re,

Figure 3-22. Resistance coefficient 1 as function of Reynolds number of vapour or gas Rey, valid for
58 mm random Pall rings made of metal and Top-Pak sizes 1 and 2 — gp = 0.417-0.424 for Eq. (3-26)

Figure 3-23. Resistance McPac ring, metal
coefficient ¥ as function of i Pr d; H N
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Envipac, PP
d10? Pr ds H N
TPl Tee | 'm) [ fmbar]| [m] | [m] |[1/m’]
2 0.3 | 0.95 | 49122
o size 1 32 0.3 | 1.39 | 52681
. 0.32 | 4.9 | 53000
° 0.3 | 1.45 | 6339
size 2 (1988)
. 60 |air 293Kk | 1000 | 045 | 1.81 | 6773
e |size 2 (2009) 0.6 | 3.00 | 6422
2 0.3 | 1.44 | 1808
a ) 0.45 | 1.98 | 1962
o | sized 80 0.6 | 2.05 | 2018
a 0.6 | 3.03 | 2094
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Figure 3-24. Resistance coefficient 1 as function of Reynolds number of vapour or gas Rey, valid for
random Envipac packing sizes 1 (¢pp = 0.611), 2 and 3 (¢p = 0.676), made of plastic
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Figure 3-25. Resistance Dtnpac, PP
coefficient \r as function of +70° T v
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Figure 3-26. Resistance R-Pac, ceramic
coefficient { as function of | 107 pr ds H N
ype system
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Figure 3-27. Resistance
coefficient { as function of
Reynolds number of vapour or
gas Rey, valid for random Ralu
Flow packing size 2, made of
plastic — gp = 0.604 for Eq.
(3-26)

Figure 3-28. Resistance
coefficient ¥ as function of
Reynolds number of vapour or
gas Rey, valid for 38 (gp =
0.048) and 50 mm (¢p = 0.28)
random Intalox saddles made
of plastic

Figure 3-29. Resistance
coefficient { as function of
Reynolds number of vapour or
gas Rey, valid for 25—38 mm
random Intalox saddles made
of ceramic — gp = 0.327 for Eq.
(3-26), experimental data acc.
to [A, 30]
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Intalox saddle, ceramic, ds/d > 6
d10° pr ds H N
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Raschig ring, ceramic
d10° pr | ds | H N -
TP [m] system tmbar] | [m] | tm1 | 11/m* Lit.
v| 15 66.7 1.44| 220940
25 66.7 |0.22 Author
: 25 chlorobenzene / 133 1.24| 51620
ethylbenzene
50
50
o | 25 | benzene/toluene | 1000 | 0.3 2 46000 [9]
o| 25 0.3 |0.76 | 48176 | Author
s | 35 air, 293K 1000 [0.5| 2 | 17115 | [11]
a| 50 0.45| 1.4 6400 [6]
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Figure 3-30. Resistance coefficient 1 as function of Reynolds number of vapour or gas Rey, valid for
25 mm random Raschig rings made of ceramic — ¢p = 0 for Eq. (3-26), experimental data acc. to [31]

Figure 3-31. Resistance
coefficient ¥ as function of
Reynolds number of vapour or
gas Rey, valid for 50 mm
random Ralu rings made of
plastic — gp = 0.60 for Eq.
(3-26)

Ralu ring, PP
d10° pr ds H N
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a 0.3 0.87 5913
— 50 |[air, 293 K| 1000
a 0.45 2 5841
022
c % [\\] -
o .2
% 2 15 A ‘-4__A‘_ _
2 % avAhazad Bub-ae
x 381 |
3 7
10 2 4 6 10 15

Reynolds number of vapour or gas Re,



170 CHAPTER 3 Pressure Drop of Dry Packed Columns

Figure 3-32. Resistance Glitsch CMR rings, CMR-304 of metal and CMR-PP of plastic
coefficient { as function of
M TP |Type system Pr ds H N 3
Reynolds number of vapour or - [mbar] [ [m] [m] | [1/m%]
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Figure 3-33. Resistance Raschig Super Ring, metal
coefficient s as function of R Pr ds H ]
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Figure 3-34. Resistance Nutter ring, metal
coefficient ¥ as function of ™ T Pr ds H N
ype system
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Figure 3-35. Resistance Rauschert metal saddle ring, metal
coefficient s as function of d10° Pr
™ T stem
Reynolds number of vapour or ) ;:: [:;] £ [mbar] | [m]
gas Rey, valid for random A 505 %5
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FKP, PP
a PT d5 H ()
TP TyPe | fmamay [YStM  imbar]| [m] | [ml | []
a 327 125 0.60 3.04 0.856
S air, 293 K 1000 3.05
319 150 0.60 0.921
. 1.20
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Figure 3-36. Resistance coefficient { as function of Reynolds number of vapour or gas Rey, valid for
structured packing GEA-H2 FKP made of plastic, sizes 319-327 — gp = 0.856 — 0.921 for Eq. (3-26)
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NET, PP
a Pr ds H o]
TP1 TPe | [mzymap [VStM  Ipmbar]| [m] | [m1 | []
o X 0.60 3.15
. 38-150 80 air, 293 K 1000 0.60 1.80 0.824

-

Resistance coefficient g

0.1
100 1000 10000 100000
Reynolds number of gas Re,

Figure 3-37. Resistance coefficient { as function of Reynolds number of vapour or gas Rey, valid for
structured packing GEA-H2 NET made of plastic, sizes 38—150 — ¢p = 0.824 for Eq. (3-26)
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CHAPTER 4

Pressure Drop of Irrigated Random and
Structured Packings

4.1
Introduction and Literature Overview

411
Significance of Pressure Drop for Packed Column Design

It is important to know the total pressure drop Ap of the irrigated packed bed when
designing packed columns for gas/liquid systems in counter-current flow of the phases.
In absorption as well as desorption processes, the total pressure drop Ap of the pack-
ing determines the blower capacity and thus the major part of the operating costs of
the process. In rectification, the sum of the top pressure p and the total pressure drop
Ap gives the bottom pressure pw, which determines the bottom temperature tw. The
bottom temperature, in turn, determines the effective temperature difference, at a given
heating medium temperature, at which the reboiler in the distillation column must be
operated.

High pressure drops are likely to result in significant changes in the relative volatil-
ity along the column height, in particular in vacuum rectification processes with a high
number of theoretical stages [5, 32], which means that the reflux ratios R, required to
achieve the specified product purity, are considerably higher than in the case of low pres-
sure drops Ap. Higher reflux ratios R lead to an increase in steam consumption and
therefore in operating costs.

The total pressure drop of the packing Ap at a known packing height H, the calcu-
lation of which was the topic of studies such as [13—15], is given by the product Ap =
(Ap/H)-H, in which the quotient Ap/H stands for the pressure drop per 1 m height of
the packed bed.

Based on the known pressure drop Ap/H and the specific pressure drop Ap/ny,
Eq. (1-4) can be used to calculate the theoretical separation efficiency of the random
or structured packing n¢/H, and therefore the total height of the packed bed H, if the
number of theoretical stages n, is known.

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_4,
© Springer-Verlag Berlin Heidelberg 2010
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This chapter takes a closer look at the calculation of the pressure drop of the irrigated
packed bed Ap/H for randomly filled and stacked packing elements as well as structured
packings.

4.1.2
Literature Overview

Table 4-1 contains a list of some important studies [1-21, 25, 41-48] on the pressure drop
of irrigated packings in columns with conventional packing elements, such as Raschig
rings, Pall rings and Intalox saddles. The work can be divided into three groups.

The first group includes the graphic methods and can be found in the fundamental
work of Sherwood et al. [29], Eckert [9], Bolles and Fair [8], Mersmann (2, 21, 44],
Schmidt [7], Schumacher [10], etc. They are based on capacity diagrams, in which the
dimensionless pressure drop lines Ap/(pr-g-H) are plotted against the empirical flooding
point, mostly determined using the test system air/water. The graphic methods allow
for a quick estimation of the pressure drop up to the flooding point. Apart from the
dimensionless pressure drop Ap/(pr-g-H), the capacity diagrams can also be used to
plot other constant parameter curves, e.g. relating to the liquid hold-up (2, 21, 55] or the
volumetric mass transfer area [7], which is one of their additional advantages [7, 9, 21].
This results in system-related capacity diagrams, such as the ones presented by Schmidt
[7], which are relevant for practical applications.

The capacity diagrams, showing the pressure drop parameter [1, 8, 9, 21, 29, 55], are
very useful for estimating the pressure drop Ap/H. Mersmann [21, 55] and Reichelt [1]
give an accuracy of £25% and £20%, respectively. According to Molzahn and Wolf [25]
as well as Blaf and Kurtz [42, 43], the accuracy of the graphic correlations is +50%.

The second group includes empirical methods, which are based on tests using
air/water. Here, the influence of physical properties, operating conditions, such as the
specific liquid load up, and packing-specific variables on the quotient Ap/Apy in
Eq. (3-1) is expressed by the dimensionless numbers Rey, Rey, Fri, and/or empirical
power law models. Please refer to Teutsch [3, 16], Weif$ et al. [11], Mackowiak [17],
Leva [20], Kast [45], Kolev [46], Beck [47] and Kleinhiikelkotten [48] and others, see
Table 4-1b Table 4-1c.

Studies by Weif$ et al. [11] as well as other authors [3, 25] show that calculations
based on these models in relation to irrigated classic packings such as Pall or Raschig
rings used for rectification systems, are only in line with experimental data, if the quo-
tients Ap/Apg, experimentally determined using the air/water system, are multiplied
with the physical property quotients (pL/Ow)nl , (,ov/ow)n2 , (m/yw)ﬂ3 with experi-
mentally derived exponents nj, ny, n3. This improves the accuracy of the experimental
results, which can be given with a mean relative error of £10—25%, [11]. Another dis-
advantage of this group of methods is the fact that their application is restricted to the
range below the loading line. The accuracy of other methods [1, 7, 46—48] in the same
range is approximately similar.
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Other methods, found in literature, for predicting the pressure drop in irrigated ran-
dom packings are based on the model which is applicable to tube flow, Eq. (3-2), [52-54,
56, 64]. They belong to the third group of models, which is discussed in the following.

Deriving the Correlation for the Quotient Ap/Ap, Based on the Channel Model

If liquid passes through the packing, the free cross-section of the channels available for
gas flow is reduced, see Figs. Fig. 3-1 and Fig. 4-1, and is given as 7 - (d — 261)°.

This means that in two-phase flow the effective gas velocity #}, in the channels
increases. The pressure drop of the irrigated packing can be expressed using Eq. (3-2):

Ap _ ity

AL —————— - . 4-1
i L T — 250 oV (4-1)

Dividing Eq. (4-1) by Eq. (3-2) gives the following relation:

A A i d
AP _ M W _7}; (4-2)
Apo A (dp—280) Uy

Following the substitution of the effective gas velocity i, according to Eq. (4-3), Eq.
(4-2) is converted to Eq. (4-4).

individual packing
elements

uc-film velocity

Figure 4-1. Section of packed bed as flow model
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d2
iy =iy - ——— (4-3)
(dn — 281)?
A A >
Ap b [L} (4-4)
Apo A [ (dn—251)
This, in turn, leads to correlation (4-5):
A 28,77
2P o [1 - J] (4-5)
Apo dp

In addition, it is possible to describe the mean film thickness 8, using correlation (4-6)
[19, 12], assuming full wettability of the packing elements.

8 = hfL (4-6)
a

The pressure drop Ap/Apy is now given as:

Ap 2-hg -
S PSR 4-
Apo [ a'dh] @7

With dy, = d, see Fig. 4-1, and therefore with d-a = const. [19], correlation (4-7) leads to
Eq. (4-8):

Ap

=(1-— hp) 73, 4-8
Ao ( const. - hy) (4-8)

which was derived by Buchanan [19] as early as 1967 and verified by means of experi-
mental data for 16 mm randomly filled ceramic Raschig rings, using various liquids. A
numerical value of 2.1 was calculated for the constant in Eq. (4-8). This equation is valid
in the range below the loading line.

Buchanan’s method [19] was further modified by Bemer and Kalis [12], see Eq. (4-9):

Ap hr -
Tm:[l_w-cp-xsﬁ] (+9)

The parameters used in Eq. (4-9) are the efficiency factor ¢ = a’/a of the dry packing as
well as the contraction coefficient x. Both parameters must be derived by experiments.
Bemer and Kalis [12] developed the following equation for calculating the pressure drop
Ap/H per 1 m for turbulent gas flow:

Ap ) ht - -1
= =029-¢ 2 F -Fp-|l— —— P . 4-1
T A A [ 264X [Pam™] (4-10)
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It was verified by means of experimental data for various vapour/liquid systems [5]. In
the case of 15—50 mm ceramic Raschig rings, the numerical values for the model param-
eters ¢ and x were as follows [12]:

¢ =06 and x=0435 (4-10a)

and in the case of 15—50 mm metal Pall rings [12]:

$ =08 and x=0.485 (4-10b)

Based on these parameters, the experimental data, primarily derived by Billet [5], is ver-
ified with an accuracy of 8( Ap/H) < £40% for Raschig rings and 3(Ap/H) < £20% for
metal Pall rings. Equation (4-10) is also applicable in the range below the loading line
and is based on turbulent gas flow.

Billet’s [5] experimental data as well as more recent data [13—15] can be verified more
accurately by using the correlation developed by Billet and Mackowiak [13-15].

Ap l1—-¢ F} hy -5 B
H Y ’ |- P : 4-11
H v g dp-K [ z.g.¢.x5/3] [Pam™'] (4-11)

This equation is applicable for gas flow in the transition range and in the turbulent range
of the gas phase below the loading line.

Table 4-2 contains a list of the newly determined model parameters \r, ¢, x for Eq.
(4-11) as well as the constant C for the empirical Eq. (4-12)

2

1/3
u
h=C-(F)?=cC. [g . dL_ 52} [m’m~?] (4-12)

used for calculating the liquid hold-up hy . The values shown in this table refer to various
types of packings, including Pall rings made of metal, plastic and ceramic, metal Biatecki
rings as well as Nor-Pac (NSW rings) and Hiflow rings made of plastic. The experimental
values for various systems [5, 13—15] are given more accurately by Eq. (4-11) in the range
below the loading line than by using the model parameters ¢, x, according to Bemer and
Kalis [13-15], i.e. 3(Ap/H) < £10—15% [13-15].

Condlusions- Literature Overview

A number of different models have been published, describing the pressure drop in irri-
gated random packings for counter-current flow of the phases. Most of these models
only cover the complex flow behaviour in the operating range below the loading line, see
Table 4-1.

The pressure drop Ap/H can be easily estimated using the capacity diagrams [1, 8, 9,
21, 48, 55, 56], see Table 4-1, a number of empirical methods [3, 11, 16, 17, 20, 45 etc.],
and/or the pressure drop diagrams such as the one shown in Fig. 2-2a.

Using the methods (4-8), (4-9), (4-11), which are based on the method for tube flow
(3-2), it is possible to predict the pressure drop below the loading line for various classic
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Table 4-2. List of numerical values for constant C used for predicting the liquid hold-up hy acc. to Eq.
(4-12), as well as the parameter ¢y x for Eq. (4-11) for various packings, valid for turbulent liquid and
gas flow [13-15]

Packing Material d10? Model parameter for Eq. (4-11)
(m] Vm ¢ X CEq. (4-12)
Pall ring metal 15
25
35 A 2.45 0.81 0.525 1
50
80
ceramic 50 ~ 1.95 0.92 0.64 1.15
plastic 25
35 A 2.45 0.83 0.57 0.88
50
NSW ring (Nor-Pac) plastic 27
38 ~ 1.025 1 0.64 1
50
Biatecki ring metal 25
35 ~2.45 0.79 0.596 1
50
Hiflow ring plastic 50 ~ 1.10 1 0.53 1.068
metal - - - - 1.068
ceramic - - - - 0.92
Intalox saddle ceramic 25 - - - 1
plastic 50 - - - 0.75
Raschig ring ceramic 15 - - - 1
25 1
stacked Bialecki rings metal 25 - - - 0.88
35 1

packing elements and some modern types of packing elements. However, they require
a few packing-specific constants, which need to be experimentally determined. The cal-
culation of the pressure drop above the loading line and close to the maximum column
capacity of approx. 80% of the flooding point is still a difficult task, and there are only a
few empirical methods available, e.g. [42, 43] and [17, 55, 56].

This monograph will present a reliable and simple calculation model for determin-
ing the pressure drop for any types of systems and column internals throughout the
entire operating range up to the flooding point, which can be used to predict the pres-
sure drop of randomly filled and stacked packing elements, tube columns and different
types of structured packings and is applicable for any gas/liquid system, for rectification
and absorption.

4.2
Liquid Hold-Up

It is important to ascertain the liquid hold-up hy throughout the entire operating range
of a packed column, both for the prediction of the pressure drop and for the constructive
design of a packed column. The liquid hold-up at the flooding point determines the con-
structive design of the column support, while h;, under operating conditions determines
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the distance between the support and the liquid level at the bottom of the column as well
as the position of the gas inlet connection.

421
Basic Terms

The prediction of the pressure drop in irrigated random packings, acc. to Buchanan [19],
Eq. (4-8), Bemer and Kalis [12], Eq. (4-9), and/or Blaf3, Kurtz [42, 43] and Mackowiak
[53, 54], requires knowledge of the total liquid hold-up hy. The work of Gelbe [22],
Reichelt [1], Schmidt [7], Buchanan [19], Blass and Kurtz [42, 43] as well as Mers-
mann, Deixler [44] and Stein [58] contains some comprehensive literature research on
the methods for calculating the liquid hold-up in the range below the loading line, and an
evaluation of the influence of the physical properties 1y, o1, pr, the constructive param-
eters ds, d as well as the operating conditions up, and uy. The experimental results pre-
sented in publications to date mostly refer to thick-walled, classic, ceramic packing ele-
ments with d < 0.050 m and/or, in the case of more recent publications [52-54, 58], to
modern random and structured packings. The proportion of the liquid Vi retained in
pores and void spaces can be substantial in packing elements of this type and size. The
amount of liquid V¢ relating to the packing volume Vg is known as the static liquid hold-
up hyt = Vg/Vs. The amount of liquid Vy; relating to the packing volume Vg, which is
part of the liquid flow, makes up the dynamic liquid hold-up, with hy= V4/Vs. The total
amount of liquid Vi, = V4+ Vy is the total liquid hold-up hy, [22], i.e.:

v
Vi=Va+ Vi h= VL =hy+hg [m’m™]. (4-13)
S

422
Static Liquid Hold-Up

According to the model by Gelbe [22], the static liquid hold-up hg is dependent on the
physical properties and the specific liquid load uy . If the liquid load uy, tends to zero, the
static hold-up reaches its maximum value — adhesion hold-up hy. The following applies:

up —> 0 = hp = hs max = hy. (4-14)

As the liquid load uy, increases, the static liquid hold-up decreases and finally reaches
zero at the so-called critical uy ¢ value, i.e.:

up = Uperir. = hp = hg (4-15)
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This means that the total liquid hold-up hy, can be equated with the dynamic liquid hold-
up hp. According to Mersmann and Deixler [44], the static liquid hold-up hy  prevails
in the case of very low, dimensionless liquid load By, acc. to Eq. (4-16):

13 1—¢
By = [ L 2] Ju (4-16)
PL-§ e e-dp

for By < 2-107°.
Here, the static liquid hold-up reaches the value of the adhesion hold-up hy. The
adhesion hold-up hy is dependent on the following number [44], see Fig. 4-2,

Figure 4-2. Adhesion liquid ST
hold-up as function of " 8
dimensionless number Wep /Fry, = 6
according to Mersmann and =
Deixler [44] < Z Zh
£ 2 Z:‘zQ
2
g 1072 3
s 8 2
& 6 -
§ 4 hollow cylinder, d=4-38mm
6 8100 2 aeam* L 68107 2
Dimensionless —J- QL—g
number  Fr_
WeL _pL.g. S'dP 2 (4_17)
Fr oL 1—¢

i.e. on the physical properties o1, pr, and the packing-specific parameters dp and e.
Figure 4-2 was created based on the experimental results presented by Mersmann and
Deixler [45], Gelbe [22] as well as Blafl and Kurtz [42, 43].

The adhesion hold-up values of the packing elements with diameters of d >
0.025—0.090 m and systems analysed in this book are expected to be very low, i.e. approx.
1% and below, as the dimensionless ratio Wer /Frp, is in the range of approx. 70-1300.

4.23
Dynamic Liquid Load Below the Loading Line

When deriving the methods for calculating the dynamic liquid hold-up, it is assumed
that the liquid hold-up is only associated with the trickle film in the random or struc-
tured packing. It is also assumed that there are no droplets in the packing and the liquid
sprays are also associated with the trickle film.



186 CHAPTER 4 Irrigated Random and Structured Packings

There are 3 forces acting upon the liquid trickle films in packed columns: gravitational
force Kg, viscosity force Ky, and resistance force Ky [12, 19, 21, 22, 58]. The gravitational
force can always be regarded as a driving force. Depending on the two other forces Ky,
and K, there are two possible ranges [12, 19, 22]:

(a) The laminar range, in which the viscosity force Ky, has a significant effect on the
liquid flow,

Re; = <1 [22] (4-18)

a- v

and/or 6 [44] and/or 10 [19, 12];
(b) The turbulent range, in which the resistance force Ky, outweighs the viscosity force,
Rer > 1 acc. to [22], 6 [44] and/or Rer, > 10 [19, 12].

About (a): Nusselt, as quoted in [19], has derived the following correlation for the mean
film thickness 8}, in a vertical tube:

3
5, = M] (m]. (4-19)
L pL-g-a

For hy = a3y, see Eq. (4-6), the liquid hold-up is given as:

371/
hy = §i| (g u)'P o [mPmTl], (4-20)

acc. to Bemer and Kalis [12]. There is no evidence for the applicability of this equation
for small-surface, modern packing elements and structured packings, as the comparison
with experimental values was only performed using large-surface, ceramic Raschig rings
[12]. Buchanan [19] has derived the following Eq. (4-21) for randomly filled Raschig

rings:
1/3
Fr/
hp =22 [f} [m’m~?] (4-21)
Re}
with the dimensionless numbers:
ur - d
R, = = (4-22)
VL
and
2
u
p= L w23
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The validity of this correlation has been verified for various systems within the wide
range of the physical properties o, = 29—77 mNm ™!, p, = 800—1250 kgm > and 10°-v,
=0.75-310 m*s™".

About (b): When deriving the equation for calculating the liquid hold-up in the turbulent
flow range, Rep > 1-10, the losses of energy due to the influence of the viscosity forces
on the liquid element in the packing [19, 12] are usually neglected. Based on the balance
of forces acting on a fluid element at an inclined plate, Buchanan [19] derived Eq. (4-24):

hy =5 Fri/2 where S’ = const. (4-24)

Bemer and Kalis [12] used the balance of forces Ky, = K, and correlation (4-25):

1
5'¢L'M12:';0L=,0L-g-8L whereup:uL/hL (4-25)

as well as Eq. (4-6) to derive Eq. (4-26):

v 1P 2/3
hy = [2—] a3 uy [m3 . m73] (4-26)
g

In the case of ceramic and metal Raschig rings as well as ceramic Berl saddles, the quo-
tient (Y/2 g)!/3 was given as 0.34 by Bemer and Kalis [12]. The equation for calculating
the liquid hold-up hy, is as follows:

h=034-a 07 [m® m~?]. (4-27)

It matches the experimental values for the air/water system and the above mentioned
types of packings with a relative mean error of £20% [12].

Buchanan [19] summarised the results of the comprehensive study on the liquid hold-
up by using a correlation (4-28), which covers both flow ranges:

/

FrL 173 1/3 3 3
hp =22 [R—] + 1.8 Fr} [m’m~]. (4-28)

e
The accuracy of this correlation (4-28) matches the one presented by Bemer and Kalis
[12],1.e.8(hy) < =+ 20%.

As is the case with Eq. (4-20), Eq. (4-28) was verified for ceramic Raschig rings of
various sizes between 8 and 50 mm.

Figure 4-3 shows a new diagram, created by Mersmann and Deixler [44], which can
be used to estimate the entire liquid hold-up hy, if the dimensionless liquid load By,
see Eq. (4-16), is known. The diagram is based on experimental data, mostly for ceramic
Raschig rings, with a dimension of d < 0.035 m, taken by Gelbe [22], Blaf§ and Kurtz [42,
43] as well as Mersmann [21]. The parameter, which is used in Fig. 4-3; is the Wer/Fr
number, defined in Eq. (4-17).
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Figure 4-3. Liquid hold-up hy, 6 T TT1 | ]
as function of dimensionless 4 M nn and Deixler J
liquid load B, according to elrsn;u‘ ] a W ! I
Mersmann and Deixler [44] r mz "Dimensionless number T:FeL g
> >
w10 —
= 8
g o2 ==
T 4
n= T s i —
2,12 8=
% L1100 —+—F hollow cylinder, d=4:25 mm
1 1 1 11 Il il Il
5 1000 I O
6 L 1 [ 11 [T 1 5
80° 2 4 680° 2 4 681° 2 4 6810

o\ 1
Dimensionless fiquid load By = (—'E) .EL_:E_
-

Further models for determining the liquid hold-up can be found in literature [7, 12,
13-15, 20, 21, 22, 42, 42—44, 58]. The work of Gelbe [22] contains some fundamental
considerations on the liquid hold-up, and his work was used as a basis for studies by
Reichelt [1], BlaB8 and Kurtz [42] Mersmann and Deixler [44], as well as a publication by
Stein [58], in which he presents new models of “straight tubes” and “structured chan-
nels”, based on trickle film flow.

4.2.4
Analysing the Influence of Various Parameters on Liquid Hold-Up, Based on Literature Data

In the turbulent flow range of the liquid, the liquid load uy, and the packing size d have
the biggest influence on the liquid hold-up hy. In the laminar range, the hold-up is not
only influenced by the variables up and d, but also by the physical properties, viscosity nr,
and density pr, of the liquid as well as, to some extent, by the surface tension oy, [22, 44].
In the range below the loading line, the gas has practically no influence on the liquid
hold-up hy, see e.g. Fig. 2-3.

The influence of the liquid load uy, has been assessed differently in previous studies.
For Rey, > 1, Gelbe [22] found the following correlation:

by~ (4-29a)
and for Re < 1:

hp ~w?, (4-29b)

which is in line with experiments 3, 22, 44] and other models [12, 19].
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Leva [20] found the following correlation:

hp ~ ), (4-29¢)
In the range Rep, > 10, Bemer and Kalis [12] found that:

hy ~u)? (4-29d)
According to Brauer [3] and Buchanan [19]:

hy ~ 12700 (4-29¢)

The work of Billet and Mac¢kowiak [13—15] has confirmed the correlation (4-27) hy ~
u, %3, found by Bemer and Kalis [12], also in the case of modern types of packings. In
addition, Gelbe [22] observed that the exponent n = 5/11 in Eq. (4-29a) is only a usable
mean value for Rey, > 1. For higher Reynolds numbers Rer, the numerical value of the
exponent would be expected to increase, i.e. hy &~ up ", where n > 5/11. Experiments
performed by various authors [22, 12, 44, 13—15] have shown that turbulent liquid flow
starts at Rep, > (1 ... 10).

Based on experimental studies of the liquid hold-up hy, in the range below the loading
line, data found in literature lead to the following correlations:

(a) hy =~ u£/2_2/3 for Re;, > 1-10

and

hp ~ uiﬂ for Rep < 1-10

(b) In the turbulent flow range Rey, > 1-10, the influence of the physical properties pr,
Nt on the liquid hold-up can be practically neglected.

(c) ForRer, <1-10 (1), theliquid hold-up hy is dependent on the viscosity of the liquid,
hence: hy, ~ vy, /3.

(d) As the size of the packing elements increases, the liquid hold-up drops, i.e. hy ~
d~'3 and/or hy, ~ a'? for Re;, > 1-10 (1) and hy, ~ 22> for Rey, < 1-10 (1).

The investigations of this work therefore focus on the turbulent range, which is relevant
for practical applications at vacuum operation as well as for the separation of mixtures
under normal and high pressure. In addition, it is important to determine the numerical
value of the Reynolds number Rey,, at which turbulent liquid flow in modern packing ele-
ments as well as structured packings can be expected. A knowledge of the liquid hold-up
is also important for determining the residence time of the liquid in the packed column,
Eq. (4-30), e.g. for the separation of thermally unstable mixtures under vacuum as well
as for absorption processes with long chemical reactions.

_H-y
-~

T

[s] (4-30)

Literature research has shown that there are well-founded theoretical and empirical
methods, which can be used to describe the liquid hold-up in packed columns. In the
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case of modern, small-surface packing elements and large-surface structured packings,
however, there is still a lack of experimental proof with regards to the validity of the
models presented in literature.

4.2.5
Test Method, Systems and Packing Elements

The entire liquid hold-up h; = V1/Vgs was determined by using the test systems air/water
and/or air/organic liquid under ambient conditions, following the mass transfer and/or
pressure drop tests by simultaneously shutting off the liquid inlet and outlet. The test
plants are shown in Figs. 6-1, 6-2, 6-3 and 6-4. The gas supply was also shut off, in order
to speed up the dripping of the liquid. Within a maximum of 10—15 min, the volume
V1 of the dripping liquid was measured. During this time, even at very low liquid loads
of around 3—5 m® m~2h~!, approx. 95% of the held-up liquid had been accumulating.
This was the case with all larger packing elements, d > 25—90 mm, with a high void frac-
tion €. The experimental error was reduced in the range, in which the liquid hold-up is
influenced by the gas velocity, i.e. experiments above the loading line, and also in the case
of higher liquid loads ur. The subsequent dripping of liquid from the liquid distributor
was prevented by means of a specially constructed tube distributor. The dynamic and
static liquid hold-ups were not analysed separately, due to experimental reasons, and
particularly as the pressure drop Ap/H is determined based on the total liquid hold-up
hy.

During the course of this work, the specific liquid loads were varied from 3 to
80 m*m~2h~! in columns with diameters ranging from 150 to 600 mm and packing
heights H between 0.8 and 4.3 m. The ratio ds/d was ds/d > 5. The experiments were car-
ried out using pre-flooded random and structured packings, i.e. randomly filled packing
elements with a nominal dimension of 15—90 mm, made of ceramic, plastic and metal,
as well as Montz sheet metal packings B1-100, B1-200, B1-300, Mellapak 250Y produced
by Sulzer, Ralu-Pak 250 YC by Raschig and Gempak 2A T304 by Glitsch as well as other
packings made of plastic, see Table 4-3. The evaluation was performed on the basis of
literature data given by Bornhiitter [55], Suess and Spiegel [57], taken at plants with a
column diameter of dg= 1m.

4.2.6
Experimental Results

Some of the experimental results are known from publications, e.g. [13—15, 23]. In those
studies, the total liquid hold-up h; was experimentally determined using the systems
air/water, air/ethylene glycol, air/aqueous ethylene glycol solution and air/methanol, in a
column with diameters of 0.150 m and/or 0.22 m and a packing height of H = 1.5 m. The
more recent results, which were obtained using mostly small-surface, perforated packing
elements in larger-diameter columns, will be discussed in the following.
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Figure 4-4. Total liquid hold-up as function of gas capacity factor Fy for various specific liquid loads
up, valid for random 25 mm Intalox saddles, 50 mm NSW rings, Hiflow rings Super and Mellapak 250Y
made of sheet metal. System: air/water under normal conditions

4.2.6.1
Liquid Hold-Up Below the Loading Line

Typical curves showing the total liquid hold-up hy, can be seen in Fig. 2-2b for 25 mm
metal Biatecki rings and Fig. 4-4a—d for selected types of packings with different gas
capacity factors Fy, and the specific liquid load uy, as the parameter. The influence of the
liquid load ur, on the liquid hold-up of randomly filled Pall rings is shown in Fig. 4-5a—c,
the influence of the packing size in Fig. 4-5a,b and the influence of the material in
Fig. 4-5c.

Figure 4-6a and b show the dependency h; = f(ur) for structured packings and
stacked packing elements. The experimental data of Fig. 4-6a is applicable to structured
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Figure 4-6. Liquid hold-up hy, as function of specific liquid load uj, below loading line, valid for (a)
Montz packings B1-100Y, B1-200Y, B1-300Y made of sheet metal and C1-200Y made of PP, Mellapak
250Y made of sheet metal and Gempak 202AT made of sheet metal, dg = 0.22—0.45 m and (b) valid for
25—50 mm stacked Bialecki rings made of metal, Mellapak 250X, Montz B2-500X and Montz A3-500

type Y packings with a flow channel angle of 45°, such as Mellapak 250Y made of sheet
metal, Gempak 2AT304 and Montz packings B1-100, B1-200, B1-300 made of sheet
metal and C1-200 of plastic. The data shown in Fig. 4-6b is applicable to stacked packing
elements and structured packings with a flow channel angle of 30° to the column axis.

A database was created for the purpose of evaluating the large amount of experimen-
tal data. It includes approx. 1100 test points for randomly filled and stacked packing
elements as well as structured packings made of sheet metal and plastic. Table 4-3, which
can be found in the annex of this chapter, contains more detail on the number of experi-
mental series and points, the tested packing elements and systems as well as information
on the mean deviations 3(hr) of the experimentally derived liquid hold-ups hy ey, from
the hy e values, which were calculated using three selected methods. The individual
methods are defined as hy cyic1, hr calez and hy ca1c3 and will be presented in the following.
They were selected, as they are suitable for determining the liquid hold-up for randomly
filled and stacked packing elements as well as for structured packings.

hL,calcl

Here, the modified correlation (4-20) by Bemer and Kalis [12] was used to calculate
the hy, value for Rep < 2, using a correction factor of 3/4, see Chap. 2. This numerical
value was the result of an evaluation of the available experimental data in the database.
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Equation (4-32) was used to determine the liquid hold ht, for turbulent liquid flow Rep, >
2. This equation is obtained by substituting the Froude number of the liquid, according
to Eq. (4-31), into Eq. (4-26).

Fry = uj -a (4-31)

hy =Cp - Fri/3 [m3m_3] (4-32)
where

Cp =0.57 for2 < Rep <200 (4-33a)

The numerical value of Cp = 0.57 was found by evaluating experimental data, contained
in the database, for randomly filled packing elements and structured packings of type Y,
in the flow range of Rep, > 2 to Rey, & 200.

In the case of structured packings and stacked packing elements of type X, the follow-
ing constant Cp was found, independent of type and material:

Cp = 0.465 for 2 < Rey < 100. (4-33b)

In order to ascertain the operating range, the relative column load (Fy/Fy 1) uL=const Was
determined for each test point. The gas capacity factor at the flooding point Fyp was
derived by iteration, using the method (2-67), and the liquid hold-up in the loading
range was determined based on the method presented in Chap. 4.2.6.2.

hL,cach

The liquid hold-up hy, for Rey, < 5 and Rey, > 5 was calculated based on:
h=22-B [m’m™’] (4-34)

as presented by Mersmann and Deixler [44].

hL,calc3

Here, the liquid hold-up was calculated using the methods by Bemer and Kalis [12], see
Egs. (4-26) and (4-28).

Discussion of Experimental Results — Turbulent Liquid Flow

Figure 4-7 shows a comparison between the experimentally derived liquid hold-ups
hy exp and the hy, values calculated by Bemer and Kalis [12], according to Eq. (4-26). The
comparison, which is valid for Re, < 10 and Fy/Fy < 0.65, shows a systematic deviation
of 60 to —10% for the majority of test points. A good conformance between calculated
and experimental values was only found for ceramic Raschig rings and ceramic Intalox
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Figure 4-7. Comparison of calculated values hy .. acc. to Eq. (4-26) by Bemer and Kalis [12] with
experimentally determined values hy exp, valid for Rep, > 10 and Fy/Fyp < 0.65 as well as for various
packings. Table 4-5 relating to Figs. 4-7, 4-8 and 4-9 incl. symbols can be found in the annex of this
chapter

saddles. The method used in Eq. (4-26) was originally developed for these packing
elements.

Figure 4-8a shows a comparison between the same liquid hold-up data hy ey and the
values calculated using Eq. (4-32), with Cp = 0.57, in the range of Rey, > 2. Here, approx.
75% of around 650 test points deviate from the graph within 3(hy) < £20%, and 85%
within 8(hy) < £25%. The mean error 3(hy) in the determination of the liquid hold-up
hy, according to correlation (4-32), with Cp = 0.57, is 8(hr) = 15%.

Figure 4-8b shows a comparison between the experimental data hy ey, for type X
structured packings and for stacked 25—50 mm metal Biatecki rings and the liquid hold-
up calculated using method (4-32), with a packing constant of Cp = 0.465, acc. to Eq.
(4-33b). The experimental data is spread around the graph in the flow range of Rep = 2
to Rep &~ 100 with a relative deviation of 8(hy) < +15%.

An accuracy, similar to the one relating to the calculation of the liquid hold-up using
Eq. (4-32a) with Cp = 0.57, is achieved when the experimental liquid hold-up data
hy exp is evaluated using Eq. (4-34), acc. to Mersmann and Deixler [44], see Fig. 4-9.
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The deviation of the measured data from the graph is 8(hy) < £25%, with a mean error
3(hr) of 3(hr) = in the determination of the liquid hold-up hy, Table 4-5.

A more detailed analysis of the evaluation results of the experimental data shown in
Fig. 4-9, using Mersmann and Deixler’s [44] calculation, acc. to (4-34), also leads to the
conclusion that the hy values for higher, dimensionless liquid loads By > 2 - 10~ are too
small. In the case of turbulent liquid flow, Rey > 5, the exponent n = 1/2 in Eq. (4-34)
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Table 4-5. Symbols specification for Figs. 4-7, 4-8a,b and 4-9

d-10° . . System | dg H .
TP |m| Packing Material no. lm; /m® | [m] [m] Literature
O |25 Bialecki rings 0.940 0.154 1.5
o |35 random metal L23 looar  lo220 |13 (Al
* |25 R“Z""'g rings 1 0.650 0220 |10
:;m 0In.1 - ceramic
& (25 m:fif):;g rings 1 0.676 0226 |0.676 |[21]
& |25 1'::;2':1? rings | o lass 5 0.820 015 |10 |136.37]
A |25
< . 0.880- 0.22- | 0.91-
ﬂ_ - . as g
¢| .;8 Pall rings plastic 1,4 0.926 045 20 [A]
x 38 Hiflow rings random | ceramic 1 0.834 030 1.34
o |75 8s 1 0.865 0.45 2.00
® (23 0.962 0306 |46
. . . 306 |,
® |58 Hiflow rings ! 0.970 0.45 58
0O |25 0.950 0.30 1.46
m (35 Pall rings random metal 1,2,3 0.950 0.30 1.46
0 |58 0.970 0.45 2.00
32 (size
Y in . 0.976 0.30- 1.46
¥ |50 (size | VP rings random 14 0980 045 [2.00
2
315
& (size 1) o
4 0.930
d) 30 (size Envipac random plastic (PP) 1,4 0.964 0.30- 1.36-
2) 0,956 0.45 2.0
-©- |80 (size :
3)
A |28 0.920 0.30 1.4
43 50 Hiflow rings random | plastic 1 0.935 0.30 1.4
A |9 0.965 0.45 2.0
A |25 Intalox saddles . 0.730 0.9
A |38 random ceramic ! 0.757 0.30 14
e 0.30- 1.45-
&® |50 NSW rings 1,4 0.950 0.45 20
. . 0.30- 1.45-
X |50 Ralu rings plastic 1 0.940 045 20
» |28 L 0.920
o |38 NSW rings random 1,4 0.932 0.30 1.4
><|25 Bialecki rings 0.928 0.15 1.5
e stacked metal L2305 02 |10
60 (size . . 0.30- 1.40-
V? 2) VSP rings plastic 1 0.954 045 20
Q|80 Top-Pac metal 1 0.978 0453 2.0
O | 40 Intalox #40 1 0.940 0.45 2.0
A 53 Hiflow Super 1,4 0.940 g.i(s)- 1.4-2.0
70 (size lasti
¥ 2 Dinoac plastic X 0.938 030 |14
w |45 (size| VTP 0.920 045 |20
1
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is obviously too small. The experimental data, plotted in Fig. 4-9, can be described
slightly better in the range of By > 2-107%, using the modified method presented in
this work, as shown in Eq. (4-35), and correlated with a mean relative error of 3(hr,)
< 14%.

hy =4.39-BY”  [m’m™] (4-35)

Plotting the experimental values from Fig. 4-6 for type Y structured packings in the form
of hy /Fry, 13 = f(uy), as shown in Fig. 4-10, also leads to a constant Cp, whose numerical
value for Rey, > 2 is given as:

Cp = 0.57 +20 %

air/water, 1 bar, 288 K, Fy <0.65Fyr, Re. > 2

. . Fv ds H
TP | packin material
packing [Pa®3] | [m] | [m]
o 1.50 [0.22]1.42
¢ |Montz B1-300 sheet metal | 1.50 [0.30]1.42
S 1.14 |0.45]1.07
A 0.22(1.34
. MontzB1-200 sheet metal | <1.33 0.30 | 1.56
= |Montz B1-100 sheet metal | 1.05 | 0.3 | 1.34
v PP new 0.55
v Montz C1-200 PP old 1.50 0.3 |1.42
e |Mellapak 250 Y sheet metal | 0.94 |0.22|1.25
B |Gempak 2 AT 304 | sheet metal | <1.23 | 0.30 | 1.47
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Figure 4-10. Dependency of value Cp for Eq. (4-32) for Montz-packings of various sizes, Sulzer packing
type Mellapak 250 Y and Gempak 202 AT made of sheet metal on specific liquid load uy,
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This can be used to calculate the liquid hold-up of different types of structured pack-
ings, made of various materials. Hence, based on method (4-32) and Cp = 0.57, it
is possible to determine the liquid hold-up hy for randomly filled and stacked pack-
ing elements as well as for type Y structured packings sufficiently enough for practical
applications.

Figure 4-6 shows the influence of the operating time on the liquid hold-up, based
on experiments using Montz packing C1-200. C-200 “new”, in Fig. 4-10, relates to the
experimental values of new packings, whereas the term “old” relates to packings with
a longer operating time of approx. 2 weeks. After this operating time, the liquid hold-
up increases by approx. 25% and then remains constant. According to Fig. 4-6, no dif-
ference was found to exist between the liquid hold-up of the plastic packing C1-200 Y
and that of the sheet-metal packing B1-200 Y with the same geometric packing surface
area.

In addition, the column diameter was found to have a minor influence on the liquid
hold-up hy, of packings with dg < 0.3 m. The experimental values for sheet-metal pack-
ings B1-300Y in the column with a diameter of ds = 0.22 m are below the values found
for columns with ds = 0.3 m and/or 0.45 m. In the case of the sheet-metal packing B1-
100Y with a packing surface area of 100 m?>m~3, the experimental values are approx.
20% below the values calculated acc. to Eq. (4-32). It follows from this that the column
size was too small for small-surface packings.

Discussion of Experimental Results — Laminar Liquid Flow

The evaluation of experimental liquid hold-up data leads to the following results:

In the case of laminar liquid flow with Reynolds numbers of Rey, < 5, the liquid hold-
up hy, can be described reasonably well using Mersmann and Deixler’s [44] method,
with 85% of the experimental values verified with an accuracy of 8(hy) < £20%,
Fig. 4-11a. Figure 4-11b shows deviations of 0— +50%, in which the hy e, values
are compared to the values calculated acc. to Bemer and Kalis [12], see Eq. (4-20).
Hence, the use of a correction factor of 3/4 in Eq. (4-20) has proved to be useful,
as it leads to a considerably better conformance between the calculated and experi-
mental values, see Table 4-3, with the exception of some experimental data taken at
extremely low liquid loads, which cannot be sufficiently described by any of the methods
available.

Finally, it can be noted that the liquid hold-up hy, for any types of random packing
elements and type Y structured packings can be calculated using Mersmann and Deixler’s
[44] model as well as the modified method by Bemer and Kalis [12] with an accuracy
of £20—-25%.

In the correlations presented by Bemer and Kalis [12], it is necessary to correct the
constant Cp. For Rep, < 2, the correction factor in Eq. (4-20) is 0.75. For Rey, > 2, Cp
= 0.57 in Eq. (4-32), for packings with a flow channel angle of 45°, and Cp = 0.465
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in Eq. (4-32) for type X structured packings and stacked packing elements with a flow
channel angle of 30°. This applies to the following range of operating and property
parameters:

0.15 < Rep, < 200 —type Y
2 < Rer, < 100 — type X
28.8 < Wer, /Fry, < 1300
58 < a < 500 m?m~3
0.57 < € < 0.987 m*>m—3
0.15 < dg < I m
0.676 < H < 43 m
932 < oL < 1110 kgm 3
21 < oL < 72.4 mNm~!
0.58 < n < 14.3 mPas
Fy /Fyp < 0.65
6 < ds /d
Table 4-6. Symbol specification for Fig. 4-11
d-10° . 1 |a & We/Fr, | dg H
Symbol m| Packing System no. im¥m’] | jm¥m?] | -] (m| [m]
O 25 Pall rings I 2335 |0.854  |88.61 0.30 1.46
a 35 metal 1,2 ~180 0.948 197-388  [0.22-0.30 | 1.3-1.4
A 25 Pal rings 1 235 0.883 | 68.6 0.22 0.91
< 35 plastic 1,2,3,4 ~180 0.910 184-350 [ 0.22 0.70
m 35 Bialecki rings 1,2,3 ~160 0.947 161-386 | 0.22 1.25-1.30
metal
Biatecki rings ” N < P n
> 35 metal, stacked 1,2,3 170 1.945 152201 |0.22 1.00
° 28 Hiflow rings 1 <190 |1963 [110-140 |03-06 1.42.0
metal
A 28 'lfl',""w rings ! 1985|0916 103 0.30 134
x 20 Hiflow rings 1 3099  |0.854  [288 030 1.25
ceramic
> 28 Nor-Pac 1 1935|0922 1104 0.30 1.45
© 38 PVDF 1,4 1595|0932 [166-173 [0.30 1.40
¥ 45 :3:,“"“ size 1 1 135 0921 2255 0.45 2.00
A 25 Intalox saddles 1 185 0.724 |74 0.30 0.87
ceramic
- 180 0.676  [50.7
. Raschig rings 1.5 0.154-022 | 0.676-1.0
ceramic, glass 203 0.820 |247
! system no.:
No. System 1, [mPas] pL [kgm”]
1 air / water 1.0 998.2
2 air / ethylene glycol 14.3 1106.9
3 air / aqueous glycol solution 8.2 1095.5
4 air / 4% NaOH solution 1.5 1040.0
5 air / silicone oil 9.6 932.0
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4.2.6.2
Liquid Hold-Up hy s Above the Loading Line and Below the Flooding Point

According to Fig. 2-2b and/or 4-4, the liquid hold-up hy, above 65% of the flooding point
increases at a constant liquid load up, and reaches the maximum hy g value of

hL,Fl ~ 1.8 -h,t020-h [m3m73]

at the flooding point.

Figure 4-12 shows the correlation between the liquid hold-up hy, and the specific lig-
uid load uy, with the gas capacity factor Fy as the parameter. Below the loading line, the
liquid hold-up hy, increases with ug, to the power of 2/3, whereas above the loading line,
the influence of the liquid load on the liquid hold-up hy, is bigger, hy ~ ug ", with an
increasing exponent n, n > 2/3.

Figure 4-12 also includes the phase flow ratios for the respective liquid hold-ups at
the flooding point hy p. As the phase flow ratio increases A, the ratio between hy g and
the liquid hold-up hy, which is on the line hy ~ u, 23 for up = ur pl, and which is
characteristic of the range below the loading line, decreases.

01T 1 1 0-103=185[
25mm Bialecki ring, metal x] -103‘;’151“;/-
20 | air/water, 1bar, 283K R =M —
dg=015m H=15m €094 Y .~
)= 7\-103=25§// 1Y) F/~144
mE 0 /- )/ /..} V~ B
c 10 oFl . V—_
S 8 )\0.103::%1/'/ /A; /,X sz17m p—
:—' 6 /l 1 /
A o / },'
S A /: 1- Vo
A '::2.
R R ATy s e Ak
2 ] A B I
:g /A hL~Uf_’3f0r(UL/UL F])SU.BS
o ¥ :
S 2 S
L
//
e
1 |
6 8 10° 2 3 4 6 1072 2 3 4

Specific liquid load u-%0° in m3/(m2s)

Figure 4-12. Influence of liquid load ur, on liquid hold-up hy in the range up to flooding point with
factor Fy as parameter. Figure is prepared on the basis of experimental data in the Fig. 2-3 symbols: see
Fig. 2-3
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Figure 4-13. Relative liquid 25mm Bialecki ring, metal
hold-up hy, s/hy, as function of air/water. 1bar, 293K g
relative gas capacity Fy/Fy g, 2 L ! T
valid for 25 mm metal Bialecki (‘ fay v
rings; symbols: see Fig. 2-3. —15 i ,z
Parameter: specific liquid load. <
A-loading line, C — flooding 9@ XY ]
point = —%
1 0@ —-V.
08
01 02 04 06 1
Related gas capacity Uty p= Fv”:v, H

Figure 4-13 can be used to correlate the experimental liquid hold-up data above the
loading line. Here, the liquid hold-up hy,s/hy, is presented as a function of the relative gas
velocity Fy/Fyp. The figure was created using the experimental data of Fig. 2-2b.

Figure 4-13 shows that, in the operating range of up, = 2.78:1073 t0 22.2- 107% ms™!,
the liquid hold-up hy s/hy also increases with the relative column load Fy/Fyp and
achieves its maximum value at the flooding point. This is higher, by a factor of 1.8 to 2,
than in the loading range for Fy < 0.65 Fypy, i.e.: hy g &~ 1.8 - bt to 2.0 - hy. Figure 4-13
also shows that the liquid load ug, has a small influence on the liquid hold-up hy s/hy, see
also Eq. (2-47).

In the operating range above the loading line and below the flooding point, the liquid
hold-up hy s can be described using Eq. (4-36):

k—ko 12 F
zp — (zr — 20) - 1—[%] for0.65<ﬁ"’ﬂ<1

20 for % < 0.65

Here, the following correlations have been introduced: z = (hL,S / hL)uL:mnst. and k =

(FV / FV,FZ) iy —const” The function in Eq. (4-36) belongs to the so-called C' class and is
differentiable. In addition, the left and right-hand limit of its derivation equals zero.

The function in Eq. (4.36) has three parameters — ko, zp and zy -, which have
been determined experimentally. The boundary conditions can be determined based on
Fig. 4-13. They are as follows:

20=1, (hs/h)=1
and
ko = 0.65.

Based on the additional descriptions for the ratio hy s/hy,
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_hrs 0 hig

=—15 = hps=z-Cp- Fri/3 for Rey > 2 (4-37)
he  Cp-Fr

and for zp at the flooding point

hom  hom

T

for u; = const. (4-38)

function (4-36) leads to Eq. (4-39) for 0.65 < Fy/Fyp < 1:

k—0.65]2

z=zp—(zp—1) /1 —
F— (zp— 1) [0.35

(4-39)

Hence, it is possible to determine the variable z = hy s/hy, if the relative gas capacity
Fy/Fy g, the specific liquid load ug, the packing surface area a and the void fraction ¢
are known, using Eqgs. (2-47), (2-21) and (4-38). Equation (4-37) is used to define the
parameter z, followed by hy s.

At the end of Sect. 4.2, the application of Eq. (4-39) for determining the liquid hold-
up hy s in the loading range is illustrated by means of a numerical example.

The data in Fig. 4-4 and Table 4-3 can also be determined sufficiently accurately for
practical applications for ds/d > 6, using Eqgs. (4-39), (4-44) and (4-37), with a relative
error of 3(hy,s) +£20%.

4.2.7
Condlusions Section 4.2

The evaluation of the large amount of experimental liquid hold-up data leads to the
conclusion that turbulent liquid flow can be expected in packed columns at Rey, > 2,
whilst laminar liquid flow is expected at Rey, < 2. This corresponds approximately to the
model presented by Gelbe [22].

1. The evaluation of experimental data from literature and the author’s own database
led to the following results.
The modified Eq. (4-32), developed by Bemer and Kalis [12]

hy =Cp- Fri/3 where Cp = 0.57 +20 % [m3m_3]

satisfactorily allows the determination of the liquid hold-up in the operating range
below the loading line for any types of randomly filled packing elements with d =
0.015—0.090 m and different type Y structured packings with a = 100—500 m?>m 3.
Equation (4-32) applies to the turbulent range, Rey, € (2-200). More than 80% of all
1000 experimental data items contained in the database can be verified with a relative
error of less than 4-20%.
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The constant Cp = 0.57 for Eq. (4-32) has been re-determined by means of exper-
iments carried out during the course of this work.

The liquid hold-up of stacked packing elements and type X structured packings is
lower, compared to random packing elements and type Y structured packings, even
if the specific packing surface area is identical. Based on the packing constant Cp=
0.465 for Eq. (4-32), the experimental data for packings with a geometric packing
surface area of 128 to 500 m?*m™ in the flow range of Rey € (2-100) can be verified
with a relative error of £15%.

In the case of higher Reynolds numbers, Rep > 100, the experimental data shown in
Fig. 4-6b can be described with the following correlation:

hp = Cpyo -FT}/6 [m3m73] . (4-40)

where Cpy = 0.2.

The practical advantage of applying Eq. (4-32) lies in the fact that the geometric pack-
ing surface area a is the only variable required to calculate the liquid hold-up. It is pos-
sible to determine the liquid hold-up hy, in packed columns more accurately using Eq.
(4-32), i.e. with a relative error of 3(hy) < & 10—15%, if a packing-specific constant
Cpi # Cp is introduced, see e.g. Eq. (4-12) and Table 4-2.

. In the case of laminar liquid flow, Rep < 2, the model developed by Mersmann and
Deixler [44], known from literature, as shown in Eq. (4-34):

hp=22-B;" [m’m~?],

describes the experimental values sufficiently accurately for practical applications, i.e.
with an accuracy of 8(hy) < £20%. A comparable accuracy in relation to the evalu-
ated experimental data of Table 4-3 can be achieved using Eq. (4-20) and a correction
factor of 3/4. The equation developed in this work for calculating the liquid hold-up
for Rey, € (0.15-2) is therefore as follows:

3 3 1/3
hy = Z . |:,:| -a2/3 (g - ML)I/S [msmfs]‘
g

. The evaluated experimental hold-up data can also be verified for Rer € (0.1-200),
using Mersmann’s [44] model, below the loading line with a relative error of less than
+25%, by means of Eq. (4-34).

hy =2.2- B£/2 [m3m73]

The Wey /Fr, number was varied between 28.8 and 1300 in the experiments. In this
range, the number was found to have no influence on the liquid hold-up h;.
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4. The experimental determination of the liquid hold-up of random or structured pack-
ings of polypropylene (PP) is particularly time-consuming, as the final wettability of
the packing surface is only reached after a certain operating period [39].

Plastic packing elements made of PVDF or those pre-treated with inorganic acid or
alkaline solution do not have these properties.

5. If the liquid hold-up hy is available for a given specific liquid load uy,, it is possible to
determine the liquid hold-up hy s above the loading line for the same uy, value, if the
relative gas capacity Fy/Fyp > 0.65 is known, using the new Eq. (4-39).

Numerical Examples for Section 4.2 — Liquid Hold-Up

Example 1

The aim is to determine the liquid hold-up in the loading range for randomly filled
25 mm Bialecki rings made of metal for the test system air/water at ambient conditions.

The column is operated under the following operating conditions: u;, = 11.1-1073
ms 'anduy = 1.5 ms™ .

Solution

Based on the numerical Example 2.2 and Fig. 2-2b, the gas velocity at the flooding point
uy,p is given as:

uy,p = 1.776 ms~ L.
The numerical value of the relative gas capacity Fy/Fyp is:
Fy [Py = uy [uy,p =1.5/1.776 = 0.845.
The numerical value of zg is given as:
zp = hyp/hy = 0.15/0.08 = 1.875.
Acc. to Eq. (4-39), we obtain:
z=hys/h, = 1.17.
Equation (4-32) is now used to calculate the hy, value below the loading line, based on a
geometric packing surface area of a = 238 m? m~2, which is applicable to 25 mm metal

Bialecki rings:

0.0111% - 238

1/3
=822.107"2 m’m~>.
9.81

h; = 0.57 - |:
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Based on Fig. 2-2b, the experimental value hy ¢y relating to the flow range below the
loading line, Fv/ Fy < 0.65, is given as:

hexp = 0.08 m>m ™.

Now Eq. (4-37) is used for the flow range above the loading line, Fy/ Fyp > 0.65. The
hy,s value is as follows:

hrs=z-hy = 1.17-0.0822 = 0.096 m* m .

Acc. to Fig. 2-2b, we find:

hLs,exp = 0.093 m’m .

The relative deviation of the experimentally derived values is therefore 8(hy) = +2.75%
for the flow range below the loading line and 8(hy,s) = +3.2% for the loading range.

43

Model for Determining the Pressured Drop of Irrigated Random and Structured Packings, Based
on the Known Resistance Coefficient \s for Single-Phase Flow and the Dimensionless Pressure
Drop Ap/Apo

43.1
Deriving the Model

In order to determine the pressure drop Ap/Apy, acc. to Eq. (4-7) or (4-9), it is necessary
to know the specific geometric data of the packing element a and € as well as the packing-
specific constants x and ¢ and the total liquid hold-up hy. The latter can be determined
by using one of the models found in literature [12, 44], as quoted in Sect. 4.2.

To extend the validity of the models (4-7) and (4-9) to the operating range above
the loading line, it is necessary to know the liquid hold-up hy s as well as the contrac-
tion coefficient x at different operating conditions. Both variables hy s and x are load-
dependent in the operating range. Here, the pressure drop Ap/Apy can be determined
more easily throughout the entire operating range up to flooding point by converting
Eq. (4-7).

The starting point for this are correlations (4-7) and (4-32), initially for the turbulent
flow range Rer, > 2. The individual steps are shown in Eqgs. (4-41), (4-42), (4-43), (4-44),
(4-45), (4-46), (4-47), (4-48), (4-49) and (4-50). Equation (4-7) leads to the following
correlation, which is valid for the range below the loading line:

2w

-5 dy=4. -5
ﬂg[l_igﬁ] = ﬂg[l_ﬂ]

(4-41)

-5
= AA—;) = [l—const- ;’E—L]
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Equations (4-41) and (4-32) lead to correlation (4-42) for Rep > 2 and Fy/Fyp < 0.65:

Ap 1o 173772 AT
— P — L
A—po—[l—const.-7~FrL ] —|:1—CB,0- - ]

(4-42)
2/3 1/3 =5
— — Vb et
= [1 CB,O g1/3'€ i|
where Cpy = const. Cp is a constant. As gl/ 3 is also a constant, both constants can be
combined using the variable Cp.

Cgo
Cp=—
g1/3

[Sz/sm—l/s] (4-43)

The dimensionless pressure drop can now be described by correlation (4-44):

-5
A 1/3 ., 2/3
A |:1—C3~a " : (4-44)
&

Analogously, it is possible to derive the correlation for determining the quotient Ap/Apg
for laminar liquid flow below the loading line, Fy/Fyp < 0.65. Here, it is sufficient to
substitute Eq. (4-20) into Eq. (4-40). This leads to correlation (4-45):

13 2/3 -3
Po g €

where Cc is a dimensionless constant, which is given by multiplying (3/g)"/? with the
parameter Cc, acc. to Eq. (4-46):

3\ 1/3
Cc = Ccyp - <7> [s*?m~'/?] (4-46)
g

The dimensionless constant Cc,, used for calculating the dimensionless pressure drop
Ap/Apy, acc. to Eq. (4-45), has the following numerical value, acc. to Eq. (4-46):

Cco=1.

Hence, Eq. (4-45) for calculating the dimensionless pressure drop of irrigated random
packings now leads to Eq. (4-47):

13 23 -
Ap = <1 — (é) R (ug, - VL)1/3) . (4-47)
Apo g 3
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For turbulent liquid flow Rey > 2, Egs. (3-8), (4-41) and (4-42) result in Eq. (4-48) for
determining the pressure drop of irrigated packings:

-5
Ap 1—¢ P Fr)? .,
?_w- e -dp_K- 1—CB,0~T [Pam™'] (4-48)
and/or Eq. (4-49)
-5
Ap l—¢ Fp a? 5 -1
?—w 83 dPK I_CBTuL [Pam ] (4-49)

For laminar liquid flow, Rep < 2, the following equation for calculating the irrigated
pressure drop can be derived (4-50):

Ap 1-¢ Fy

a*? 1/3 - -1
= 3 ~dP.K|:1—CC~T~(vL~uL) ] [Pam ], (4-50)
with Cc = 0.674 as a result of combining Egs. (3-8) and (4-45).

Equations (4-48), (4-49) and (4-50) only include two parameters which need to be
determined empirically: the resistance coefficient for single-phase flow { and the con-
stant Cp for two-phase flow for Rep, > 2, as well as {r and C¢ for Re, < 2, which must
be determined using the experimental pressure drop data Apg/H of the dry packing and
Ap/H of the irrigated packing. By using Eqs. (4-48) and (4-50), presented above, the
liquid hold-up hy, is therefore no longer required in order to determine the pressure
drop Ap/H. In the operating range below the loading line, the variables Cp and C¢ are
expected to have constant numerical values, regardless of the type of random or struc-
tured packing. These can be determined by substituting into Eq. (4-51) the experimental
pressure drop data in single-phase flow Apo/H and that of the irrigated packing Ap/H
for a given packing element with a known void fraction ¢, packing surface area a and
operating conditions uy, and Fy:

(L] (2]
_ H Ap € 2/3,..—1/3
CB = u2/3 . W [S m ] (4-51)
L

This equation was the result of a simple conversion of Eq. (4-44), for Rey, > 2.

43.2
Comparing Calculated and Experimental Values for Laminar Liquid Flow, Re; <2

The applicability of Eq. (4-50) for determining the pressure drop of irrigated random
packings at laminar liquid flow for Reynolds numbers in the range 0.1 < Rer, < 2, was
verified based on experimental pressure drop data for 25 mm metal Pall rings, taken by
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. 10°d| ds H u103 [no103] t |,

TP | packing im1 | ] | system [m/s] | mPas | [°C] lit.
-] air / glycol 5.55-13 ] 18 32

° air / turbine oil| 5.4 - 11 44 42
| — . 25 10.435|1.65 [5]
® ;aég:”g’ 7-12.7 | 515 | 48
— air / engine oil

° 5.3-10.3| 91 33

Ay

. Biatecki ring, 35 | 0.22 | 1.3 air / glycol 0.3-9.4| 18 | 25 |[A]

metal

-

Pa/m

| 01<Re,<2 R
Fy/Fy <075 7

w &~ O o O

N
N
<&
N

Pressure drop (Ap/H),,, in

—

—

2 3 4 6 81
Pressure drop (Ap/H) in Pa/m

Figure4-14. Comparison of pressure drop Ap/H calculated acc. to Eq. (4-50) with experimentally deter-
mined pressure drop for irrigated packed bed, valid for laminar liquid flow Rey, < 2

Billet [5], using the test systems air/water, air/glycol, air/machine oil, air/turbine oil, ng,
from 1 to 90 mPas, as well as based on new experimental data for 17 mm plastic Hiflow
rings, 15 mm Pall rings made of plastic and metal, 17 mm plastic Nor-Pac, 35 mm metal
Pall and Biatecki rings using the test system air/ethylene glycol. Figure 4-14 shows the
comparison between the experimental pressure drop data (Ap/H)exp and the (Ap/H)qlc
values, calculated using Eq. (4-50). 95% of the test points used for the evaluation can be
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verified for C¢ = 0.674, using Eq. (4-50), with a relative error of £10%. The resistance
coefficient | was calculated using Eq. (3-14) as well as the constants and exponents listed
in Tables 6-1a—c, depending on the flow range.

433
Determining the Parameter Cg for Turbulent Liquid Flow

For practical reasons, key importance has been attached to the turbulent flow range, Rey,
> 2, as this is the range mostly used for operating packed columns containing large pack-
ing elements in rectification processes under normal pressure and vacuum conditions
and/or in pressure rectification and in absorption processes at moderate liquid loads.

Acc. to Fig. 4-15 and Eq. (4-51), the variable Cg is proportional to the factor Cp in Eq.
(4-32). Hence, the variable Cg and the factor Cp are expected to be equally dependent
on the operating conditions. If the variable Cp is now plotted against the relative gas
capacity Fy/Fyg, Fig. 4-15, the Cp value only increases, once 65% of the gas capacity
factor at flooding point (loading line) has been exceeded. Above the loading line, the
relative gas capacity Fy/Fyp and the specific liquid load uy, are both relevant, due to the
fact that the exponent for the specific liquid load in Eq. (4-50) is higher than 2/3 and
changes with the operating conditions.

Figure 4-15. Value Cg of 38 mm Pall ring, 15772 Um3
random 38 mm metal Pall rings air/water. 1 bar, 293 K
depending on relative gas - iR |
capacity Fy/Fy . Parameter: 15 dS_OB m, H=146m
specific liquid load uy, r | |
- 4
= 10k u-10% in mis 2.78\%.
& " / A; a2
< 08 VA S
7]
c 06 ‘ik /";/
‘ :D s & 55‘&_
v 4
04 o AA‘.-AAA - 11‘11
03

0 02 0 06 08 1
Relative gas capacity Fi/F,

43341
Determining the Parameter Cg | for Operating Conditions at Flooding Point

The correlation between the parameter Cg and the relative gas capacity factor Fy/Fyp
and specific liquid load uy, acc. to Fig. 4-15, leads to the following correlation at the
flooding point:
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34 6 81° 2 L 6 810° 2 L 6
Phase flow ratio at flooding point Aoz(uL/uV)Fl

Figure 4-16. Dependency of value Cp pj on phase flow ratio at the flooding point A, for various systems
and types of packings. Symbols can be found in Table 4-7 in the annex to this chapter

Cpr = f (M) (4-52)

and for the liquid hold-up hg,Fl =f(No), see Eq. (2-47).

Figure 4-16 shows an empirical correlation, Cp | = f(ho,p) for a number of random
and structured packings. The test points shown here can be correlated for the range ho=
(0.3—60) - 1073, using the following Eq. (4-53):

Cpp = 0407 - 251 [$*°m™?]  for Aop = (0.3+60)-107° (4-53)

Equation (4-53) was developed on the basis of approx. 200 experimental values for
the test systems air/water, methanol/ethanol, chlorobenzene/ethylbenzene, ethylben-
zene/styrene in the pressure range of 33 to 1000 mbar. Their validity for any type of
mixture is shown below.

Equations (4-48) and (4-53) finally lead to the following equation for calculating the
pressure drop at the flooding point:

Ap 1—¢ Fyp 0407 o165 15 23] _
— | = . . — . [1— a0t g3y Pam™'].
[ ]Fl v e dp-K & 0 L [ ]

(4-54)

433.2
Determining the Parameter Cg Below the Loading Line

The evaluation of the experimental pressure drop data Ap/H and Apy/H for
various test systems — air/water, chlorobenzene/ethylbenzene, ethylbenzene/styrene,
methanol/ethanol, toluene/n-octane etc. — acc. to Eq. (4-51), led to the following mean
Cp value for the random and type Y structured packings listed in Tables 6-1a—c:

Cp~040£12% [s*°m~'/] (4-55)
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Table 4-7. Table for Fig. 4-16
d-10°

TP m| Packing Material System no. Tm3 /m3] (ll:"‘ :_rln | Literature
O |25 Bialecki rings A 0.940 0.154 1.5
@ |35 random metal 1,23 0.947 0.220 3 [A]
* (25 Raschig rings | 0.650 0220 |10
random ceramic
& |25 Raschig rings | 0.676 0226 |0676 |[21]
random
Raschig rvings | . <
-, (25 random glass 5 0.820 0.15 1.0 [36.37]
A |25
* . asti 0.880- 0.22- 0.91-
|:I:| 28 Pall rings plastic 1,4 0.926 0.45 20 [A]
x 38 Hiflow rings random | ceramic 1 0.834 0.30 1.34
D (75 2 0.865 0.45 2.00
1.46-
® |23 0.962 0.3-0.6
. . l 3 5
¢ 58 Hiflow rings metal 1 0.970 045 58
O |25 0.950 0.30 1.46
m |35 Pall rings random 1,2,3 0.950 0.30 1.46
IO |58 0.970 0.45 2.00
32 (size
vy . 0.976 0.30- 1.46
Y |50 size VSP rings random L4 0.980 0.45 2.00
2
31.5
\®\ (size 1) ~
. 0.930 N
q) 2)0 (size Envipae random plastic (PP) 1,4 0.964 822_ ;'36_
o |80 (size 0959
3)
A |28 0.920 0.30 14
4& 50 Hiflow rings random | plastic 1 0.935 0.30 14
A |90 0.965 0.45 2.0
A |25 Intalox saddle ceramic | 0.730 030 0.9
A |38 random © 0.757 - 1.4
. ) - 0.30- 1.45-
&® |50 NSW rings 1,4 0.950 045 20
. . . y 0.30- 1.45-
A |50 Ralu rings plastic 1 0.940 045 20
: gz NSW rings random 1,4 3322 0.30 1.4
><q125 Bialecki rings . 0.928 0.15 1.5
- |35 stacked metal 123 0.945 022 1.0
4 g;’ (512¢ | VSP rings plastic 1 0.954 8'22’ ; go-
Q|80 Top-Pac ol 1 0.978 0.45 2.0
metal
HoH [ 40 Intalox #40 1 0.940 0.45 2.0
A 53 Hiflow-Super 1,4 0.940 822- 1.4-2.0
70 (size lastic
¥ |2 Dnos P X 0.938 030 |14
w |45 (size| VPR 0.920 045 2.0
1

and/or the dimensionless constant Cp ¢:

Cpo = 0.8562. (4-56)



214 CHAPTER 4 Irrigated Random and Structured Packings

Based on Eqgs. (4-48), (4-55) and (4-56), the pressure drop of irrigated random and struc-
tured packings Ap/H is therefore given as:

Ap_ Lo F [ 08562
H g dp-K | &

-5
Fri/3i| [Pam_l] , (4-57)

which, following a simple conversion, leads to Eq. (4-58):

A 1— F2 [ 04 -3
?p —y- 838 ¥ VK == a3 ui”] [Pam™!]. (4-58)
4333

Determining the Parameter (g s for the Operating Range Above the Loading Line and Below the
Flooding Point to Calculate the Pressure Drop, acc. to Eq. (4-48)

Figure 4-15 shows the correlation between the parameter Cp g above the loading line and
the specific liquid load uy, as well as the relative column load Fy/Fyp. The values Cp
> 0.4 for Fy/Fyp > 0.65 indicate that the influence of the specific liquid load ug and
of the quotient Fy/Fyp on Ap/Apy is bigger than predicted by Eq. (4-51). Analogous
to Eq. (4-36), the correlation between the Cp value and the operating conditions was
based on Eq. (4-59). For the operating range above the loading line, 0.65 < Fy/Fyp < 1,
the evaluation of all available data items contained in the database led to the following
correlation:

6/575/6
(Fv/Fy,;) — 0.65) [52/3111_1/3] '

Cps=Cpp— (Cop—Cg)-|1— ( 0.35

(4-59)

For random and structured packings of type Y, the Cp value is given as Cg= 0.40, acc. to
Eq. (4-55), and the Cg p value is given by correlation (4-53).

434
Comparing Calculated and Experimental Values for Turbulent Liquid Flow

Figure 4-17 shows the relative deviation 8( Ap/H) of the experimental pressure drop data
up to the flooding point (Ap/H)exp from the values calculated acc. to Eqs. (4-48) and
(4-50) for 15 to 50 mm randomly filled Pall rings made of metal, plastic and ceramic.
The experimental values are applicable for the test systems air/water and air/4% NaOH
solution as well as for various rectification systems, acc. to Table 2-2. The symbols used
in Fig. 4-17 are each shown with a number that links them to the respective mixture in
Table 2-2. Figures 4-17, 4-18, 4-19, 4-20, 4-21, 4-22, 4-23, 4-24, 4-25, 4-26 and 4-27show
the spread of the experimental pressure drop data throughout the entire operating range
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Pall rings, metal: e 15 0 25 © 30 e 35/38 @ 50/58
PP; O25 o 35 m 38V B 50
PVDF: © 25
ceramic: A 25 A 50
30 —sT o
XL
25 Als 8L 5 7289
Q; 2 e B &g

20 %

[(Ap/H)zq - (5pr)exp]"(Ap"H)a:p 100in %

Relative deviation 6(Ap/H)

Pressure drop (Ap/H)ey, in Pa/m

Figure 4-17. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for 15—50 mm metal Pall rings
made of metal, plastic and ceramic. No. of system see Table 2-2. Test conditions see Table 4-4

for additional random and structured packings. A total of 10500 experimental data items
were evaluated, which are presented in Figs. 4-17, 4-18, 4-19, 4-20, 4-21, 4-22, 4-23, 4-24,
4-25, 4-26 and 4-27. Tables 4-4a—e contain information on the number of test points for
the individual packing elements as well as on the test conditions and the mean relative
errors

18 (Ap/H) below the loading line; Fy/Fyp < 0.65

25, (Ap/H) above the loading line up to the flooding point; 0.65 < Fy/Fyp < 1

3 § (Ap/H) mean relative error throughout the entire operating range including flood-
ing point, Fy = Fyp.
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Bialecki rings, metal: e 12 O 25 o 35 © 36 ® 50 e 535

PP: H 50

1-13 rings, metal: ¢ 25

PSL rings, metal: A 50
30 T [¢]

[} o
6
w,Cg model ‘13- o ; l
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[{ﬂnpr)cm - (‘é‘p‘fH)exp]"r("—“p‘rH)np"lm in %

Relative deviation &(Ap/H)

Pressure drop (Ap/H),,, in Pa/m

Figure 4-18. Relative deviation 3(Ap/H) of measuring data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Egs. (4-49) and (4-54), valid for random Biatecki rings made
of metal and plastic and for PSL rings and I-13 rings made of metal. No. of system see Table 2-2. Test
conditions see Table 4-4

For the purpose of evaluating the experimental data for vapour/liquid systems held in the
database, a computer programme called FDPAK was created for Windows, with which
the changes in the substance flows and properties along the column can be taken into
account. The programme is described in more detail in Sect. 6.8.

The pressure drops (Ap/H)c,lc were determined using the correlations for the respec-
tive ranges, i.e.:

1 Equation (4-49) with Cg = 0.4 = Eq. (4-55) for the operating range below the loading
line FV/FV,FI < 0.65,
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Packing type: RVT (Rauschert), Germany

Hiflow rings, metal: O 28 ® 58
PP: = 17 O 28 W 50 © 90 ® 90x65
PVDF: © 28 ¢ 50
ceramic: A 20 4 3B A 58 &+ 75
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Figure 4-19. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for random packing of type Hiflow
by RVT (Rauschert) made of metal, plastic and ceramic. No. of system see Table 2-2. Test conditions see
Table 4-4

2 Equation (4-49) with Cg, acc. to Eq. (4-59), for the operating range above the loading
line and below the flooding point,

3 Equation (4-49) with Cpp, acc. to Eq. (4-53), for the flooding point, Fy/Fyp =
1£0.05

Figures 4-17, 4-18, 4-19, 4-20, 4-21, 4-22, 4-23, 4-24, 4-25, 4-26 and 4-27 show that
the experimental values for the range below the flooding point are practically spread
within an error range of & 20%.

Deviations of &= 30% mostly occur at higher relative gas capacities above 95% of the
flood load, which is partly due to the inaccurate determination of the gas velocity at
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Packing type: NSW, Germany
MNor-Pac, PVDF: ® 17 O 22x27 © 28 @ 38

PP: = 17 0O 22x27 O 28 W 35 = 50
Packing type: Sulzer, Switzerland
IMPT, metal: & 40
30 =
o mAT 6" 1
; Bils, & 4
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Figure 4-20. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for Nor-Pac packing type NSW made
of plastic and metal saddles by Sulzer. No. of system see Table 2-2. Test conditions see Table 4-4

the flooding point uyp and the pressure drop of the dry random or structured packing
Apo/H. This applies to around 2% of the test points.

Based on the example of Pall rings, the relative error § (Ap / H) for the 873 experi-
mental values listed in Table 4-4a throughout the entire operating range, including the
pressure drops at the flooding point, is given as:

Ap 1 &
Sl—)=—" 8i| ~ 8.14 % 4-60
<H> ” ;u o (4-60)
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Packing type: Envimac, Germany
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SR-Pac by ENVIMAC made of metal

Figure 4-21.
see 4-4

valid for Envipac, Dtnpac, Mc-Pac, R-Pac,

54),

) and (4
plastic and ceramic. No. of system see Table 2-2. Test conditions

-49

>

with

(4-61)

for the operating range of Fy/Fyp < 0.65, and

(4-62)
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Packing type: VFF, Germany
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Figure 4-22. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for VSP rings, Top-Pak and Hackette
by VFF made of metal and plastic and for plastic Tellerette by Ceilcote. No. of system see Table 2-2. Test
conditions see 4-4

for the operating range of 0.65 < Fy/Fyp < 1, where n; is the number of test points.
Following thorough evaluation of the experimental data for the various random and
structured packings, it can be noted that the mean error & (ap / H) for the range below
the loading line, up to approx. 80% of the flooding point, remains constant and only
increases above this point, see Figs. 4-17, 4-18, 4-19, 4-20, 4-21, 4-22, 4-23, 4-24, 4-25,
4-26 and 4-27.

The mean relative deviations & (Ap / H ) are listed in Tables 4-4a—e at the end of this
chapter. They apply to the following random and structured packings made of metal,
plastic and ceramic etc.:
as well as to various structured packings:

Montz, Gempak 2AT202,Ralu-Pack 250 YC, Mellapak 250 Y of sheet metal, plastic
and gauze tube column with regularly stacked 25—50 mm Bialecki rings etc.
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8 -+ 50 mm Raschig rings of metal and ceramic

15+ 58 mm Pall rings of metal, ceramic and plastic

12 + 50 mm Bialecki rings of metal and plastic, PSL rings and I-13 rings of metal

17 + 90 mm Hiflow rings of metal, ceramic and plastic

50 mm Hiflow saddles of plastic

17 + 50 mm Nor-Pac (NSW rings) of plastic

15 + 50 mm Intalox saddles of ceramic and plastic

50 mm Ralu rings and Ralu-Flow of plastic

25+ 50 mm stacked Raschig rings, PSL rings, Hiflow rings, Pall rings and
Biatecki rings of metal and plastic

VSP rings sizes 1 and 2 of metal and plastic, Hackette, Top-Pak and Interpak

R-Pac sizes 1 and 2 of ceramic

SR-Pac size 2 of ceramic

Envipac sizes 1, 2 and 3 of plastic

Dtnpac sizes 1 and 2 of plastic etc.

Mc-Pac sizes 1 and 2 of metal

Top-Pak sizes 1 and 2 of metal

Ralu Flow no. 2 of plastic

Glitsch, CMR rings sizes 0.5A, 1.5A and 2A of metal and plastic

Hackette, Tellerette sizes 1 and 2 of plastic

Intalox super saddles sizes 2 and 3 of plastic

The concurrence between the calculated and experimental values, in particular in
the range below the loading line, in which columns are preferably operated, is found
to be good. Acc. to Tables 4-4a—e, the mean relative error is approx. 8% for all types
of randomly filled packing elements and around 11.2% for all types of structured pack-
ings. The above-mentioned method of determining the pressure drop in packed columns
for the respective ranges has therefore proved to be useful. It should be noted that
it was possible to describe the comprehensive data material of approx. 10500 exper-
imental pressure drop items sufficiently accurately, using a single correlation, i.e. Eq.
(4-48), for the flow range below the loading line, which is relevant for practical appli-
cations, and for any types of packing elements. It should also be pointed out that the
uncertainties in the determination of the gas velocity at the flooding point and the
pressure drop of the irrigated random or structured packing Apo/H were taken into
account in the calculation of the pressure drop Ap/H above the loading line and at the
flooding point.

Based on the system of Egs. (4-48), (4-53), (4-57), (4-58) and (4-59), it is possi-
ble to determine the pressure drop of irrigated packings Ap/H sufficiently accurately
for absorption processes as well as for rectification in the vacuum and normal pressure
range up to 30 bar, as the geometric and physical influencing factors can be properly
ascertained. In the case of turbulent liquid flow, Rer, > 2, and for larger packing elements,
the wettability of the packing material and the surface tension and viscosity of the trick-
ling liquid has practically no influence on the pressure drop Ap/H. Larger errors can
be expected when determining the pressure drop of structured packings above the load-
ing line, which are caused by the installation of downcomers in columns with smaller
diameters. The influence of the downcomers decreases, as the column diameter gets
bigger.

The physical properties of the systems, as shown in Table 2-2, and the operat-
ing parameters and geometric data, used for the evaluation, vary within the following
ranges:



222 CHAPTER 4 Irrigated Random and Structured Packings
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Figure 4-23. Relative deviation §(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for saddles made of ceramic
and plastic, plastic Ralu rings and Ralu-Flow by Raschig. No. of system see Table 2-2. Test conditions
see Table 4-4
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4.3.5
Conclusions Section 4.3

The correlations for determining the pressure drop Ap/H of irrigated random and struc-
tured packings, presented in Sect. 4.3, lead to the following conclusions:

Packing type: Koch-Glitsch

CMR 304, metal: ¢ no.0,5A + no.1A
¢ no.1,5A ¢ no.1,5A (Turbo) + no.1,5E
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Figure 4-24. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for CMR rings by Koch-Glitsch
made of metal and plastic. No. of system see Table 2-2. Test conditions see Table 4-4.
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Figure 4-25. Relative deviation §(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for Raschig rings made of metal

and ceramic. No. of system see Table 2-2. Test conditions see Table 4-4

1. In this work, correlation (4-7), which was developed by Buchanan [19], was con-
verted and simplified in such as way that the quotient Ap/Apy can be determined
without having to ascertain the liquid hold-up hy, or the packing-specific constants.
Instead of a determining a number of packing-specific constants, it is sufficient to
determine just one universal, dimensionless variable Cp , based on the experimental
pressure drop data Ap/H and Apo/H for any types of random and structured pack-
ings, acc. to Egs. (4-55) and (4-59) in the turbulent flow range of the liquid. The

this work has shown that

the turbulent flow range of the liquid starts at Rej, > 2 [44]. The dimensionless con-

stant Cp o for the operating range below the loading line was given as Cgy = 0.8562,

evaluation of the experimental data during the course of

Eq. (4-56).
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Equation (4-57) for calculating the pressure drop Ap/H for Rey, > 2 is given as:

-5
gzw.l_bﬂ.i. I_CBO.FT£/3
H e dy-K ’

which, for Cp acc. to Eq. (4-43), leads to Eq. (4-49):

==y

Ap l—¢ F L C
H g3 dp-K

&

[Pam_l] ,

-5
il al’?. ui/s] [Pamfl]

(4-57)

(4 — 58)

where K = 1 for tube columns with regularly filled packing elements and struc-
tured packings, and K < 1, acc. to Eq. (3-6), for randomly filled and stacked packing

elements.
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Figure 4-27. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eq. (4-49) and (4-54), valid for random 15 mm Pall rings made
of PP, 15 mm ceramic Berl saddles and Mellapak 250Y made of metal sheet. Literature: experimental data
by Krehenwinkel [56]. No. of system see Table 2-2. Test conditions see 4-4

The pressure drop Ap/H above the loading line, Fy/Fyp > 0.65, is calculated using
the same Eq. (4-49). The only difference lies in the calculation of the variable Cg,
which, for 0.65 < Fy/Fyp < 1, is as follows, acc. to Eq. (4-59):

6/5775/6
(Fv /Fy,m) — 0.65)

2/3 —1/3
0.35 [S m ]

Cps = Cpr— (Cgn—Cg)- | 1— (

(4-59)
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In this case, the Cp value must be substituted by the Cp s value in Eq. (4-49). In order
to determine the pressure drop (Ap/H)g at the flooding point, the following value is
used to replace the Cp value, acc. to Eq. (4-53):

Co = 0407 3501 [m=1], (4-60)

see Fig. 4-16.

In order to apply the equation, presented above, for determining the pressure drop
Ap/H of irrigated packings, it is sufficient to ascertain the packing-specific geomet-
ric data a and ¢ as well as the operating conditions uy, and Fy. The gas velocity at
the flooding point is determined using Eq. (2-69) as well as the resistance coefficient
P, acc. to Eq. (3-14), based on the empirically derived packing constants Kjand K3,
which are listed in Tables 3-1 and 3-2 and/or 6-1a—c, or according to the new, univer-
sally valid model acc. to Eq. (3-27).

As described above, it is possible to determine the pressure drop Ap/H of irrigated
random and structured packings relatively accurately for practical applications for the
entire parameter range of the varied systems, packing elements and constructive vari-
ables ds and H, see Eq. (4-63). The mean errors & (Ap / H) relating to the individual
packing systems can be found in Tables 4-4a—e.

2. In the case of laminar liquid flow, Rer, < 2 and C¢ = 0.674, the pressure drop Ap/H,
acc. to Eq. (4-50):

A l—¢ F? Cc -3 B
?pzw. = .dPYK.[1_?.a1/3-(uL-vL)l/3j| [Pam 1]

with K = 1 for structured packings, is dependent on the operating variables ur, Fy,
the geometric data a and ¢ of the respective packing element and on the viscosity of
the liquid ni. In the case of larger-diameter, perforated packing elements, the surface
tension oy is not expected to have any influence on the pressure drop, as long as the
number Wey,/Fry, is higher than 100, which means hy, is not dependent on Wey /Fry,
acc. to Mersmann and Deixler [44].

3. The following calculation examples illustrate the application of the models, presented
above, to determine the pressure drop Ap/H throughout the entire flow range up to
flooding point.

Numerical Example 4.1

Based on the operating data for the Bialecki rings, mentioned in task description 2.2, we
must determine the pressure drop Ap/H per 1 m packing height.



228 CHAPTER 4 Irrigated Random and Structured Packings

Solution

The pressure drop Ap/H below the loading line, Fy/Fyp < 0.65, is calculated using
Eq. (4-58). The following variables are required:

uy = I1ms™! up = 0.0111 ms~!
Acc. to Eq. (3-3):
dp=6-(1 —0.942) /238 = 1.462 - 10 °m

Acc. to Eq. (3-6):

2 1 1462107377
K=|1+Z=. : =09
3 (1—0.942) 0.15
Acc. to Eq. (3-10):
1.0 - 0.001462
Rey 0.9 = 1492.5

T (1-0.942)-152-10-°

Acc. to Eq. (3-16) and Table (2-5a), [17]:
Y1 = 10.17 - Rey, "7 = 2.935

or acc. to Eq. (3-27) and ¢p = 0.208:

vo = (2220 43203) (1 —gm) = (222 +3203) - (1 - 0.208) = 2.922
2= R T3 9= \Tao2s T T

Acc. to Eq. (4-58) we obtain:
for ¥} = 2.935 acc. to Eq. (3-16)

A 1-0942 108142 0.4 .238!/3 -
l(%’) =2.935- [1 s -0.01112/3] =
1

0.9423  0.001462-0.9 0.942
= 365.2 Pam™!

for ¥, = 2.922 acc. to Eq. (3-27) and (3-29)

Ap 1 —0.942 1.08142 0.4 -238'/3 23 -
I =) =2922- : 1 - ——=—— 00111 =
H ), 0.9423  0.001462 - 0.9 0.942

= 363.5 Pam™!

Relative deviation from the experimental value, see Fig. 2-2,
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A
[—P] = 343.4 Pam™!
H exp

5 (Ap/H), = [(365.2 — 343.4) /343.4] - 100% = +6.34 %
8 (Ap/H), = [(363.5 — 343.4) /343.4] - 100% = +5.85 %

Numerical Example 4.2

We must determine the pressure drop of the irrigated, random 25 mm Biatecki packing at
the flooding point, if the specific liquid load is up. = 0.0111 ms~!. The physical properties
are applicable to the air/water system at 1 bar and 293 K. The gas velocity uyp at the
flooding point is given as uyp = 1.776 ms~!, acc. to numerical Example 2.2.

Solution

A. Calculation of the pressure drop in the loading range, 0.65 < Fy/Fyp < 1, using Eq.

(4-49), where the parameter Cps is determined by means of Eq. (4-53). The following
applies for uy = 0.8 - uyp:

uy =0.8-1.776 = 1421 ms~! = Fy = 1.537 V/Pa
up = 00111 ms™", g =u/uyp=00111/1.776 = 6.25 - 107>
Acc. to Eq. (3-10):

1.424 - 0.001462
Rey = £09=2118 > 2100
(1—0.942) - 15.2-10°

Acc. to Eq. (4-53):

Cpp = 0.407 - (6.25 - 10—3)—0.16

=0.917
Acc. to Eq. (4-59):
5/6

(Fv /Fy,pm) — 0.65 o
0.35

Cp,s = Cpp1 — (CB,FZ - 0.4) 1= (

0.8— 065\
Cps=0.917 — (0.917 —0.4) - [ 1 — (W) = 0.5613
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Acc. to Eq. (3-14) with K;=4.13 and K, = -0.0522, [17]:
Y1 = 4.13- 211870022 = 2 769

or acc. to Eq. (3-27) and ¢p = 0.208:

725.6 725.6
Yp=|———+3203) - (1 —¢p) = == +3.203)-(1—0.208) = 2.808
Rey 2118

And acc. to Eq. (4-58) we obtain:
for ¥ = 2.769 acc. to Eq. (3-14):

Ap _ 1-0.942 1.5372 0.561 1/3 2/317° _
(ﬁ)l = 2769 - 5405 " 000146203 [ ~ 004y 238 /2 -0.011% ] -
= 951.4 Pam™!
and for {, = 2.808 acc. to Eq. (3-27):
Ap _ 1-0.942 1.5372 0.561 1/3 2/317° _
(?)2 = 2.808 - G505 - Gooidez0s [1 - 55 - 238 /2 0.0112R] T =
= 964.8 Pam™!
[Ap/H]eXp = 860 Pam ! based on Fig. 2-2a
Relative error:
951.4 — 860
8 (Ap/H), = g0 " 100%=+10.6% resp.
964.8 — 860
8 (Ap/H), = —eo " 100% =+12.2%

B. Calculation of the pressure drop Ap/H at the flooding point, using Eq. (4-49), for
uyp=1.776 ms~!, up =0.0111 ms~! and Fyp = 1.921 Pa!/?(based on numerical Exam-
ple 2.2). The parameter Cg p is determined using Eq. (4-53).

Crp1 = 0407 - 1516 = 0.407 - (6.25-107) " *'° = 0.917

Acc. to Eq. (3-10):

1.776 - 0.001462
Rey = 0.9 =2650.7 > 2100,
(1—0.942) -15.2-10°

= acc. to Eq. (3-14) for K;=4.13 and K; = —0.0522, [17]:

Y1 = 4.13 - 2650.7 709522 = 2 737
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or acc. to Eq. (3-27) and ¢p = 0.208:

Yy = 725.6 +3.203) - (1 —0.208) = 2.754
2=\ 26507 e

Acc. to Eq. (4-54):
for ¢} = 2.737 acc. to Eq. (3-14):

(%),

1—0.942 1.9212 0917 s
=2.737 - . 1= == 23813 .0.0111% =
0.9423  0.001462 - 0.9 0.942
= 3173.2 Pam™!

for Y, = 2.754 acc. to Eq. (3-27):

(%),

1—0.942 1.9212 0.917 " 517
=2.754 - . 1= === .2381/3 . 0.0111% =
0.9423  0.001462 - 0.9 0.942
= 3193.0 Pam™!

[(AP)/H]eXp = 2800 Pam~! based on Fig. 2-2a

Relative errors:

2800 — 3173.2

8 (Ap/H), = —soo100% =—133%
2800~ 3193.0

8 (Ap/H), = g0 100% = —14.0%

Numerical Example 4.3

Based on the data given in numerical Example 3.2, the aim is to determine the pressure
drop of the packing Mellapak 250Y in a column with dg = 1.0 m for the test system
air/water at ambient conditions. The pressure drop will be determined for a liquid load
of Vi, = 15.7 m® h™! and for the gas capacity factors Fy = 1.6 +/Paand Fy = 2.3 +/Pa.

The experimentally derived values are as follows, acc. to Kuzniar and Nizanski [25,
Chap. 3]:

A
(—p> =100 Pam™' for Fy = 1.6 +/Pa
H exp

A
(—p> =190 Pam™' for Fy = 2.3 v/Pa
H exp
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Solution

Based on numerical Example 3.2, the pressure drop of the dry packing is given as:

A
(ﬂ) =63.1 Pam~! for Fy = 1.6 VPa
H /3,

A
(ﬂ) =126 Pam™! for Fy = 2.3 /Pa
H 3.2

For a liquid flow rate of 17.5 m>h~!, the specific liquid load for dg = 1.0 m is uy, = 0.0062
m>m~2s~!. Based on Eq. (4-49) and Cg = 0.4, the dimensionless pressure drop Ap/Apg

is given as:
-5
Ap 1—04 a‘/3-ui/3 _
B =\ 1704 =

=(1-04- 250”2’_‘;#)_5 =1.577

Equations (3-1) and (4-49) for Fy = 1.6 +/Palead to:

=63.1-1.577 = 99.5 Pam ™!

Ap _ Apo  Ap
H H Apy
and for Fy = 2.3 /Pa:

Ap  Aps A
8P _ 2P0 AP 1561577 = 200.3 Pam ™!
H  H Ap

This results in the following deviations from the experimental data:

5(3%)
H Jp,=16

Ap
5 (ﬁ

Fy=23

Note

An accurate determination of the pressure drop of irrigated packings acc. to the above
model can only be guaranteed if the correlations for predicting the resistance coefficient
 for the respective column size are known, see Sect. 3.2.3.
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CHAPTER 5

Pressure Drop of Irrigated Random
and Structured Packings Based on the Law
of Resistance for Two-Phase Flow

5.1
Introduction

Chapter 4 presented a model for determining the pressure drop of irrigated random and
structured packings. This model is applicable, if the law of resistance, i.e. function { =
f(Rey), for single-phase flow through the packing, is known. There are cases, in which
experimental pressure drop data is only available for irrigated packings, which means the
model presented in Chap. 4 cannot be applied unrestrictedly. In the case of tube columns
and packings with a flow channel angle other than a = 30° or 45°, for which no Cp values
for determining the pressure drop, acc. to Eq. (4-45), are available, the calculation of the
pressure drop can only be carried out with insufficient accuracy. Here, it is advisable to
apply the method developed by Mackowiak [1, 2], which is based on the law of resistance
Pvi= f(Rey,) for gas/liquid two-phase flow.

5.2
Deriving the Model for Determining the Pressure Drop of Irrigated Random
and Structured Packings

In packed columns with two-phase flow, the formation of films and runlets occurs on
the surface of the packing elements and within the packing. A formation of droplets is
also possible, especially in the case of random packings with larger-diameter packings
elements. The droplets fall through the packing, causing a reduction of the void spaces
within the packed column. As a result, the effective void fraction €. of the packed col-
umn in two-phase flow is reduced by the liquid hold-up hy, compared to a packing with
single-phase gas flow, . = e—hy. Analogously to the correlation in single-phase flow, the
initial Eq. (3-8) is used to calculate the pressure drop Ap/H per 1 m packing height in
two-phase flow. The following applies:

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_5,
© Springer-Verlag Berlin Heidelberg 2010
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A 1-(e—h)  E
H "VF T Ch)? dp K

[Pam_l] for uy >> ug (5-1)

A simple converstion of Eq. (5-1) now leads to the following Eq. (5-2):

Ap_ l—¢ Fp hr hr -3 -1
g =V 3 ~dP.K-<1+1_8>~<1— . [Pam™!] (5-2)

In order to determine the pressure drop acc. to Eq. (5-2), the only data required is the
packing-specific data, such as specific geometric packing surface area a, void fraction &,
resistance coefficient {ryy, for two-phase flow and liquid hold-up hy. The method based
on Eq. (5-2) therefore offers the possibility of determining the presure drop throughout
the entire operating range up to the flooding point. More information on determin-
ing the pressure drop within the operating range of packed columns can be found in
Sect. 4.2.

5.3
Law of Resistance {ry = f(Re| ) for Packed Columns with Two-Phase Flow — Deriving the Model

Contrary to expectations, the resistance coefficient Yy, in counter-current two-phase
flow under certain operating conditions has been found to be merely a function of the
Reynolds number Rey, acc. to Eq. (4-18) [1, 2]:

ur

Re; = (4-18)

a-vyr

The resistance coefficient Yy, is dependent on the type and also the size of the packing
elements [1, 2] and is given as:

Yvi = 1 - fvr(Rer) (5-3)
with
fvr (Rer) = A - Reé? (5-4)

The parameter p in Eq. (5-3) is a packing-specific form factor. A and B are packing
parameters, which were determined for a given reference packing element [1, 2].

The resistance coefficient Yy, in two-phase flow is likely to be the highest in the case
of non-perforated, ceramic Raschig rings, whereas for lattice packing elements, the resis-
tance coefficient Py, is expected to be smaller, depending on the size of the perforations
in the packing surface. For the purpose of evaluating the experimental data, it was useful
to determine the numerical value of the form factor p for ceramic Raschig rings:

(M)Raschinging =1 (5-5)
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Acc. to this definition, the p values for modern packing elements are expected to be
below one, i.e. pu < 1.

The constant A and the exponent B as well as the numerical values of the packing-
specific form factors p were determined on the basis of approx. 10,000 experimental
data items from the available database, using the minimisation procedure. The numerical
values of the form factors  are listed in Tables 6-1a—c.

Based on the evaluation of the experimental data for the packed columns tested, the
following equation was found for calculating the resistance coefficient {yy, [1, 2]:

Yvp = - 5.4 Rep O (5-6)
Equation (5-6) is applicable for a liquid flow range of 0.3 < Reg, < 12.3.

For higher Reynolds numbers Rep, > 12.3, an approximately constant resistance coef-
ficient Yy, was found by experiment and given as:

YvL = - 3.8 (5-7)

The following approximate Eq. (5-8) is valid for the flow range of 0 < Re, < 0.3 and
based on {r = f(Rey), acc. to (3-14):

R
Yvi=p (U + (64— 1)) - O—ZL (5-8)

5.4
Deriving the Equation for the Calculation of the Pressure Drop of Irrigated Random Packings

In the case of larger-diameter packing elements, e.g. in absorption with a mostly mass
transfer resistance in one phase, the liquid flow is mostly turbulent, with Rep, > 12.3.

Here, Egs. (5-2) and (5-6) lead to the following equations for calculating the pressure
drop of irrigated packed columns with any type of column internal:

Ap —oqa [(1—¢€\ Fv? hr h\ 73 .
=Y — j1-5.4.Re; 14 : (1 1-= P 5-9
H o L &3 dp-K +1—8 £ [am ] (5-9)
This leads to Eq. (5-10) for Rey, > 12.3:
1—¢ Fy? hr hr - -1
3.8 - . |1 1—-— P 5-10
c(F)awlern) (%) e ew

For randomly filled and stacked packing elements, K # 1, and for structured packings
and tube columns, K = 1.

1

Ap
H
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5.5
Comparing Calculated and Experimental Values Throughout the Entire Operating Range
of Packed Columns

Tables 5-1a—c show the results of the evaluation of approx. 10,000 experimental data
items for numerous types of packed columns. The mean relative error in these tables
is given as 6 (Ap/H). It is used to determine the pressure drop of irrigated packings
in the operating range below the loading line, i.e. for Fy < 0.65 Fy . The numerical
values of &, (Ap/ H ) are applicable for the operating range between the loading line and
the flooding point, whilst & (Ap / H) is valid for the entire operating range up to and
including the flooding point.

The physical properties of the tested systems as well as the operating parameters and
geometric data were in the following ranges:

6.3 < Reg < 200 (and/or Rey .y acc. to Tables 5-1a — 5-1c
54 < a < 550m?’m~?
0.008 < d < 0.09m

0.025 < ds < 18m

660 < pp < 1260kgm~>
0.03 < opy < 40kgm™

14 < oL < 746mNm™!
02 < 7;-10> < 8kgm 's7!
65 < 1My-10° < 18.2kgm !s7!
063 < ¢ < 0.987m’m™3
2 < Ap/H < 4000Pam™!

(5-11)

Figures 5-1, 5-2, 5-3, 5-4 and 5-5 show the comparison between the calculated pressure
drop data, acc. to Eq. (5-9), and the experimental data, on the examples of metal Pall
rings.

Figures 5-6, 5-7, 5-8, 5-9, 5-10, 5-11, 5-12, 5-13, 5-14 and 5-15 show the spread of
the experimental pressure drop data for various random packings: Pall, Biatecki and
Hiflow rings, Mc-Pac and Envipac, VSP rings, Hackette, Top-Pak, Ralu-Flow, Ralu rings,
Intalox saddles, Raschig rings, SR-Pak, R-Pak, Nor-Pac at al. as well as for structured
packings.

5.6
Evaluation of Results

The concurrence between the calculated and experimental data was found to be very
good, particularly in the case of randomly filled packing elements. As could be expected,
the experimental data below the loading line was verified more accurately by calculation,
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Figure 5-1. Comparison of 15 mm Pall ring, metal, F,<065 F\J.Fl
experimentally determined ds=022-08 m, 2m
pressure drop Ap/H with 6 T T T ~
calculated values acc. to Egs. = toluene/ n-octane, L/V=1, s /;
(5-9) and (5-10) for 15 mm ‘g il 82-133 mbar i 1% /s
metal Pall rings in the range a = methanol/ethanol, L/V=1, (
below the loading line € L 1bar gy 2 ?_/
Fy/Fyp| < 0.65, valid for o ./
various rectification systems £ 5% /7
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Figure 5-2. Comparison of experimentally determined pressure drop Ap/H with calculated values acc.

to Egs. (5-9) and (5-10) for 25 mm metal Pall rings in the range below the loading line Fy/Fy p < 0.65,
valid for various rectification systems
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Figure 5-3. Comparison of
experimentally determined
pressure drop Ap/H with
calculated values acc. to Egs.
(5-9) and (5-10) for 35 mm
metal Pall rings in the range
below the loading line
Fy/Fyp < 0.65, valid for
various rectification systems

35 mm Pall ring, metal, F,<065-F

=022-08m, H=145-4m v
d
L o air/water, 1bar, 293 K 2
£ || o ethylbenzene/styrene, _| |/ 4"
o PN 7 A
o L/v=1, 133 mbar /I/qJe
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§ | L=t | A
— 2 . Z
= 5% /,%:/\-15%
S R%
.§102 é'én-r{:é/l
d / )
g a8 « chlorobenzene/ethyl- |
2 1. benzene
£ L/V=1, 33-133 mbar 7
N2 L1 1]
L 6 10° 2 3 4 6

Pressure drop (Ap/H),, in Pa/m

with a mean error §;(Ap/H) of 8.45 % for randomly filled packing elements and
11.33 % for structured packings, as shown in Tables 5-1a, b. The experimental values
above the loading line, including the pressure drop at the flooding point, were verified
by experiment with a mean relative error §,(Ap/H) of approx. £12 % for randomly

Figure 5-4. Comparison of
experimentally determined
pressure drop Ap/H with
calculated values acc. to Egs.
(5-9) and (5-10) for 50 mm
metal Pall rings in the range
below the loading line
Fy/Fyp < 0.65, valid for
various rectification systems

50 mm Pall ring, metal, FV<0.65~FV H
. d,=05-08m, H=1-4'm '
a ethanol/water, p
€ 317 Lm=1, 1bar 4,
a = ethylbenzene/styrene Y o4
Ag. 2= L/V=1, 133 ‘mbulr 7V
£ l15°/I 2
= +
X /‘;—’!:/ 2
8 &S 5%
: “ /4 { = trans-decaline/cis-decaline
5 202 L/V=1, 133 mbar |—]
a 3 S =methanol /ethanol
a7, L/V=1, 1bar "
gl L1 |
2 3 4L 6 102 2 3 4

Pressure drop (Ap/H),,, in Pa/m
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15-50 mm Pall ring, metal
ol5mm, ©25mm,
a35mm, v50mm
d=015-08m, H=1-4m

065, <k, <F g

w

Systems:
1. air/water, 1bar
2. chlorobenzene/ ethylbenzene
33-266 mbar
3. ethylbenzene /styrene, 133 mbar
L, methanol/ethanot, 1 bar
5.toluene/n-octane, 82-133 mbar
6.trans-decaline/cis-decaline, 13.3 mbar
7.1,2 propylene glycol/ethylene glycol,
13.3 mbar

N

10

6

L

Pressure drop (Ap/H), in Pa/m

Az
0. 6 810 2 3
Pressure drop (Ap/H)exp. in Pa/m

Figure 5-5. Comparison of experimentally determined pressure drop Ap/H with calculated values acc.
to Egs. (5-9) and (5-10) for 15-50 mm metal Pall rings in the range above the loading line 0.65 <
Fy/Fyp < 1, valid for various rectification systems

filled packing elements, see Table 5-1a. It must be noted, however, that the equation for
calculating the pressure drop (Ap/H) within the load range takes into account the uncer-
tainties in connection with the determination of the gas velocity at the flooding point
uypl and the liquid hold-up hy sand/or hy . The relative error in the determination of
the pressure drop of is higher for irrigated structured packings than it is for random
packings, see Table 5-1b. This is basically due to the use of seal rings in the test columns.

Which of the models, presented in Chaps. 4 and 5, is selected for determining the
pressure drop Ap/H of packed columns is down to the user’s preference. However, the
decision should be based on the accuracy of the calculated pressure drop Ap/H value. A
comparison of the accuracy of the pressure drop data can be found in Tables 4-4a—e and
5-la—c.

The advantage of the model, presented above, for determining the pressure drop of
irrigated packings, acc. to Egs. (5-9) and (5-10), also lies in the fact that just one packing-
specific constant | is sufficient to allow for a direct comparison between the pressure
drop of the individual packing and other types of packings. In addition, the calculation
of the flooding point of irrigated packings does not necessarily require knowledge of the
pressure drop, but it does require the resistance coefficient s in single phase flow.

The application of the model for determining the pressure drop, acc. to Egs. (5-9)
and (5-10), which is presented above, is now illustrated for various operating conditions,
using a numerical example.
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Figure 5-9. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Egs. (5-9) and (5-10), valid for plastic Nor-Pac packing by NSW
and metal IMPT and Nutter rings by Sulzer. No. of system see Table 2-2. Test conditions see Table 5-1a—c
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Packing type: VFF, Germany

VSP rings, metal: ®* no.1 O no.2
PP: O no. 2
Top-Pak, metal: A no.1 A no2
Hackette, PP: * 45
Packing type: Ceilcote. Germany
Tellerette, PP: + no.1 < no?2
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Figure 5-10. Relative deviation §(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Eqgs. (5-9) and (5-10), valid for VSP rings, Top-Pak and Hackette
by VFF made of metal and plastic and for plastic Tellerette by Ceilcote. No. of system see Table 2-2. Test
conditions see Table 5-1a—c



5.6 Evaluation of Results 259
B no.3

no. 2

0O no.1A O no. 2
no. 2

A

O no.2
<&

® no.1
= no.1

no. 1
+ no.1
* no.2

metal:
PP:

PP:
ceramic:
ceramic:

Packing type: ENVIMAC, Germany

McPac,
Envipac,
Dtnpac,
R-Pac,
SR-Pac,

1000

—g e —e T O—as,
P, - <
| RO

> L}

o — 1

% e
[ T y
L —Lle = ]

p |
4 ! 4

1

— 1

1

A}

-0 0

-

3 1

1

b L}

|

]
1
]
1
!
1
0 -0 i
Lo mu1x ~H !
o o
S~ -0 “wn....
ol < N -
o ~i»
o uw o Te] o 9] (=] [Tp] o Ts] o [Te] o
™ o™ o™ — -— 1 s b (8] (o] )

% Ul 004 *(H/AVII®°(H/AV) - "(H/dV)] = (H/dV)Q uoneIASp BAlEIeY

00
Pressure drop (Ap/H)e,, in Pa/m

1

10
Relative deviation 3(Ap/H) of experimental data for determination of pressure drop

(Ap/H)exp up to flooding point acc. to Eqgs. (5-9) and (5-10), valid for Envipac, Dtnpac, Mc-Pac, R-Pac,

SR-Pac by ENVIMAC made of metal, plastic and ceramic. No. of system see Table 2-2. Test conditions see

Figure 5-11.
Table 5-1a—c



260 CHAPTER5 Law of Resistance for Two-Phase Flow

Ralu rings, PP: + 50
Ralu-Flow, PP: * 58
Intalox saddles, PP: O 35 B 50
ceramic: A 25 A 35 A 50
Super saddles, PP: ¢ no.2 ¢ no.3
RSR, metal: ° 0.3 o 05 e 07
o 1.0 @ 15 ® 20 ® 30
30 T T1 ] LI N T | |
+A + + #H 1 1
o 25¢ *‘1 u g“ 1 j
> . i 1 ny T 21+ ;
= 2 1) + 1 1 1
S 20 V% + -4#5% ety 1
T 15}
o
g
'*;‘5 10 }
T
g st
IE 1
£ ofF
a
g
o -5
z
= -10}
o
e
(o]
g 15}
2 i
k= 1 ¢ 1
@ -20 & T E &l 11
2 20 [50% — T e
= * + 11 1
e 25} A o oola
A | L a0
&
 F
=30 P M AT S S S 0 2 ks M
10 100 1000

Pressure drop (Ap/H)e,, in Pa/m

Figure 5-12. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
(Ap/H)exp up to flooding point acc. to Egs. (5-9) and (5-10), valid for saddle packing made of plastic
and ceramic, for plastic Ralu rings and Ralu-Flow and for metal Super rings by Raschig. No. of system see

Table 2-2. Test conditions see Table 5-1a—c
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Figure 5-14. Relative deviation 3(Ap/H) of experimental data for determination of pressure drop
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Numerical Example 5.1

The aim is to determine the pressure drop of an irrigated packing, consisting of 50 mm
plastic Pall rings in a column with a diameter of 1 m and a height of H = 3.5 m. The
column is operated at a gas velocity of uy = 0.92 ms~! and a specific liquid load of
ur, = 5.56 107> ms~ . The test system is air/water at 1 bar and 293 K. What is the pressure
drop, if the gas velocity is increased up to 2.3 ms~!?

The technical data of the 50 mm Pall rings made of PP is as follows:

— geometric packing surface area a = 112.0 m*m >

— void fraction & = 0.929 m*m 3
— experimentally derived pressure drop values, acc. to Bornhiitter, [3] references Chap. 5,
Fig. 3-9b:

(Ap/H)exp = 90 Pam™! for uy = 0.92 ms™!
(Ap/H)exp =650 Pam™! for uy =23 ms™!

Solution
The physical properties for the air/water system at 1 bar and 293 K are:

- pL = 998.2 kgm 3
- g=19.81ms?

— oL =0.0724 Nm™!
- pv=1.17kgm™3
-1y = 11073 Pas

Table 6-1a shows that {rp = 2.42 and p = 0.572.

The gas velocity at the flooding point uyp is calculated iteratively, based on
Eq. (2-69), and is given as uyp = 2.756 ms~!. The liquid hold-up at the flooding point
is calculated acc. to Egs. (2-46) and (2-43) and is given as hg,Fl =9.05-10"2 m*m~3 and

hyp =h)p-e=841-10"m’m™>.
The Reynolds number Rer, acc. to Eq. (4-18), has the following numerical value:

5.56 - 1073
ReL =

= ————— =49.64 > 123
1-107°-112.0

The resistance coefficient Yy, acc. to Eq. (5-7), is given as:

Yyr =3.8- 1 =3.8-0.572=2.174

The following variables are required for calculating the pressure drop Ap/H, acc. to
Eq. (5-10):
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— the particle diameter dy, acc. to Eq. (3-5):

1—c¢ 1—0.929
dpzs-( ):6-( ):3.804-10*3m
a 112.0
— the wall factor K, acc. to Eq. (3-6):
2 1 3.804 1073\ '
K=[(1+2. . = 0.966
3 (1—0.929) 1

— the dimensionless irrigation density By, acc. to Eq. (4-16)

=263-107*4

(10 N\ oss6.100° (1-0.929)
P 99829812 0929 0.929-3.804-10-3

— the liquid hold-up hy, acc. to Eq. (4-35):

4)0.575

hy =4.39-(2.63-10° =384-107"m’m’

Compared to the experimental value given by Bornhiitter [3] hy exp = 3.51-1072 m’m ™2,
the deviation amounts to:

I, ep = hr.cate 35— 3.84

8 (hy) = 2100 = ————.100 = 9.7 %
(hy) 35 0

hL, exp

The numerical value of the pressure drop Ap/H, acc. to Eq. (5-9), at a relative column
load of

uy 0.92
= —— =0.334 < 0.65
Uyl 2.756
is given as:

Ap 1—0.929 0.92%-1.17 0.035 0.035 \’
— =3.8-0.572- . N1+ —) |1 —

H 0.9293 3.804 - 1073 - 0.966 1-0.929 1-0.929

= 86.9 Pam™!

The experimental pressure drop of a column with ds = 1.0 was found to be (Ap/H)exp =
approx. 90 Pam~! [3], which leads to a relative deviation from the calculated value of:

§(Ap/H) = W - 100 = 3.44 %.
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The pressure drop above the loading line at a high dynamic gas load is calculated as:

uy FV 2.3

= = =835-1072 = 83.5%
uvy i FV,FI 2.756

Equation (2-46) leads to the following correlation, for hg n = 9.05- 1072 m’m™3 =
hpp = 8.41 - 1072 m*m~—3:

0.835 — 0.65

2
=454-10"° m’m™’
0.35

hrs = 0.0841 — (0.0841 — 0.0385) - \/1 - (

Based on Eq. (5-10), the numerical value of the pressure drop of irrigated Pall rings is
given as:

Ap 1—c¢ F‘z/ hr hr -3
X _38.pu- . 1 1= 22
H ” < &3 ) dy-K +1—s &

1—0.929 2.32.1.17
0.929 3.804 - 10—3 - 0.966

0.0454 0.0454\ ~3
1+ ———) (1=
1—0.959 0.929

= 617.7 Pam™!

=3.8-0.572 -

The experimental pressure drop value, acc. to Bornhiitter, was found to be approx. 650
Pam™! [3], which results in a relative error 3, (Ap/H) of:

617.7 — 650 .
8 (Ap/H) = g0 100=—496%

The pressure drop at the flooding point for uy = uyp = 2.756 ms~! and for hyp =
0.0841 m*m™3 is calculated as:

Ap 1-0.929 27562 -1.17 <1 0.0841) <1 0.0841)‘3

— =3.8-0572- . . -
H 0.929  0.003804 - 0.966 0.071 0.929
= 1351.8 Pam™!

A
(—p) = 1250 Pam™!
H exp

1250 — 1351.8
§(Ap/H) = % -100 = —8.145 %
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CHAPTER 6

Fluid Dynamics of Packed Columns for
Gas/Liquid Systems — Summary of Results

6.1
General Information

One the major objectives of this book was to consolidate the extensive research material
available on the fluid dynamics of packed columns in counter-current two-phase flow
and to extend the application range, compared to the first German edition of this book.
This was possible by deriving some generally valid equations for individual packing-
specific parameters, such as gas velocity at flooding point uyp, liquid hold-up hy at
operating and flooding point and pressure drop Apo/H of dry and Ap/H of irrigated
random and structured packings.

This work has looked at calculation principles for approx. 200 classic as well as mod-
ern randomly filled and stacked lattice packing elements, tube columns and structured
packings of various types and sizes. Today, these packings are used not only in rectifica-
tion in the vacuum and normal pressure range, but also in many areas of high-pressure
rectification and high-pressure absorption as well as in waste-air and wastewater treat-
ment and groundwater treatment.

The design of these plants is based on the so-called SBD model, see Chap. 2, which can
be used to determine the gas velocity at the flooding point for various types of internals,
if the resistance coefficient { of the dry packing is known.

If the resistance coefficient { is known, it is also possible to calculate the pressure
drop of dry and irrigated packings for different operating conditions.

The law of resistance { = f(Rey), see Chap. 3, is the basis for the entire fluid dynamic
design of packed columns and for the calculation of the following parameters:

— gas velocity at the flooding point, see Eq. (2-69)

— pressure drop of the dry packing, see Eq. (3-29)

— pressure drop of the irrigated packing in the operating range below the flooding point,
see Eq. (4-49) and (4-50)

— pressure drop of the irrigated packing at the flooding point, see Eq. (4-54)

The limit of validity of the derived correlations was verified based on 32 mixtures with
different physical properties, see Table 2-2. The experiments, which were drawn on

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_6,
© Springer-Verlag Berlin Heidelberg 2010
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Figure 6-2. Picture of test plant, shown as diagram in Fig. 6-1, for investigation of packings under nor-
mal conditions. dg = 0.45 m, H = 1.45-2.0 m, system: NH3-air/water
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Figure 6-3. Three dimensional drawing of ENVIMAC test plant for investigation of packings

with air/water system and absorption systems under normal conditions. Column diameter dg =
500/600/800 mm, packed bed height H=1-3.2 m

Figure 6-4. Picture of ENVIMAC test plant, shown as drawing in Fig. 6-3, for investigation of packings
under normal conditions. dg = 0.6 m, H = 3.2 m, system: air/water
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Figure 6-6. Picture of rectification test plant DN 200, shown as diagram in Fig. 6-5
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for the numerical evaluation, were based on a variety of physical properties, operating
parameters Fy and ug, packing types, sizes and materials as well as column diameters
and packing heights. Figures 6-1, 6-2, 6-3, 6-4, 6-5 and 6-6 show diagrams and pictures
of the plants used for some of the experiments carried out by the author.

The evaluation of experimental data also took into account numerous publications of
the 90s, which include some experimental results of studies carried out at larger plants,
with dg = 0.6, 1, 1.2, 1.6, 1.8 and 3 m, see Chap. 2 [6, 7, 66—69, 80] or at higher pressures,
see Chap. 2 [39, 68, 69, 75].

6.2
Determining the Flooding Point

The suspended bed of droplets (SBD) model, which was developed further in this work,
describes the processes at the flooding point at low, moderate and high phase flow ratios
in the range of 10™* < % < 1 with an accuracy of < £8-12% for 80-90% of the exper-
imental data evaluated. At higher pressures up to 100 bar, the accuracy is < +15%, see
Sect. 2.2. For the purpose of determining the gas velocity at the flooding point, a gen-
eral, dimensionless flooding point correlation, see Eq. (2-73), was derived and verified by
evaluating approx. 1200 experimental data points. It is applicable to any types of column
internals:

— random packings

— stacked packing elements

— structured packings

— tube columns with stacked packings

The dimensionless Eq. (2-73) leads to the following dimension-dependent Eq. (2-69):

B d 1/4 d CAp - 1/2
L e o B ]RGS M iy
T

with
725.6
YE = Yo (1 —¢p) = <7 + 3-203) (1 —op)
Rev

acc. to Eqs. (3-26) and (3-28).

This equation was validated for randomly filled and stacked packing elements, structured
packings and tube columns for resistance coefficients g of 0.15 to 8.5 for single-phase
flow through the packed bed. Equation (2-69) for determining the flooding point was
found to be suitable in the vacuum and normal pressure range as well as in the range of
high pressures of up to 100 bar.
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6.3
Liquid Hold-Up at Flooding Point

In order to predict the liquid hold-up hg,Fl at the flooding point, it is necessary to ascer-
tain the phase flow ratio at the flooding point g = V1/Vyg.

Based on experimental data, it was possible in the course of this work to derive a new
equation, which describes the liquid hold-up at the flooding point h(L),Fl only based on the
phase flow ratio at the flooding point A9 = V1/Vy |, independent of the type, material
and size of the packing or the physical properties.

In the first edition of this book (1991), it was possible to validate Eq. (2-46) by means
of experimental liquid hold-up data up to a phase flow ratio of Ay ~ 0.030. Thanks to
the availability of more recent research material, mainly from the 90s, the application
range has now been extended to include very high phase flow ratios. The equation is
now applicable to phase flow ratios between hg = 10~% and % = 1. This range is of par-
ticular interest for high-pressure absorption and high-pressure rectification processes.
The generally valid Eq. (2-46) for determining the liquid hold-up at the flooding point
is as follows:

Rt 22 40 (m 1) (1= 20) — (m+2) - g
2-(m+1)-(1=20)

The parameter m depends to a small extend on the liquid flow and the phase flow ratio
at the flooding point X, see Egs. (2-43) and (2-44).

For Rep, > 2, Eq. (2-46) leads to Eq. (2-47) for X¢< 0.030 and m = —0.8. This applies
to random and structured packings of any type and size.

The parameter m = —0.88 is valid for small Reynolds numbers of 0.5 < Rey. < 2, Eq.
(2-49).

The gas velocity at the flooding point for any type of packing can be calculated, acc.
to Eq. (2-69), if the physical properties of the system to be separated and the phase flow
ratios )¢ at the flooding point as well as the resistance coefficient { of the packing in
single-phase gas flow are known. In the turbulent flow range of the gas phase, Rey >
2100, at which packed columns are normally operated, the parameter of the phase flow
ratio is approximately constant. The numerical values yyy, for the packings tested are
listed in Tables 6-1a—c. The experimental effort required for designing packed columns
is therefore reduced to the experimental determination of the single parameter yr,,,. The
required tests can be carried out using air at ambient conditions. Based on the evalu-
ation of the experimental data contained in the database, it was possible to verify the
transferability of the law of resistance {» = f(Rey) to any type of system and operating
pressure.

h?,,Fl = m m73]

6.4
Pressure Drop and Liquid Hold-Up

The flow of gas as well as liquid in packed columns containing large random and struc-
tured packings is usually turbulent at the operating point below the flooding point. In
this range, the viscosity forces acting on the liquid, which occurs in the form of films,



6.4 Pressure Drop and Liquid Hold-Up 283

runlets and droplets, can be neglected, which simplifies the correlations used for describ-
ing the pressure drop of irrigated packed beds Ap/H as well as the liquid hold-up hy..

The liquid hold-up hy, which occurs in the form of films, runlets and droplets,
reduces the void space available for the gas phase, i.e. the free, effective void fraction
g of the packing. According to the general law of resistance, Eq. (3-2), which applies to
channel flow, this results in an increase in the pressure drop of the gas in two-phase flow.
If the gas capacity factor Fy remains constant, the pressure drop Ap/H increases with
the liquid load ur, see Fig. 2-2a, which is due to an increase in the liquid hold-up of the
packing. The pressure drop of the packing, however, decreases, as the size of the packing
increases.

These correlations are described by the equations for calculating the pressure drop
Ap/H, developed in this work. It has proved useful to describe the pressure drop Ap/H
of irrigated packings in relation to the following individual ranges:

(a) below the loading line, Fy/Fyp < 0.65
(b) between the loading line and the flooding point, 0.65 < Fy/Fyp < 1
(c) at the flooding point Fy/Fyp =1 £ 0.05

The range below the loading line (range a) is characterised by a parallel run of the pres-
sure drop curves for different liquid loads uy, and the Apy/H curve for single-phase flow,
see Fig. 2-1. Below the loading line, the gas has practically no influence on the liquid
flow. In the range close to or on the loading line, which is often used as a design point
for packed columns, both phases are usually in turbulent flow, i.e.:

(al) Rer > 2 and Rey > 2100.

The following flow conditions may also occur:

(a2) Rer > 2 and Rey <2100
(a3) Rer <2andRey > 2100
(a4) Rep <2 and Rey < 2100

The ranges al and a2 are very significant for the design of vacuum and normal pres-
sure distillation columns as well as for most cases of application in gas absorption with
packing elements of d > 0.025-0.100 m, which are commonly used for the separation of
low-viscosity mixtures.

6.4.1
Pressure Drop Below the Loading Line

The pressure drop Ap/H of irrigated packings for cases al and a2 is given by Eq. (4-48)
and/or Eq. (4-49), derived from the channel model:

AP 1—¢ F%/ tll/3 2/3 -
-{1—-Cg-—- uy [Pamfl] N
&

H &3 . dp-K
withy = g - (1 — gp) = (71%2;6 +3.203) (1 — ¢p)

acc. to Egs. (3-26) and (3-28).
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In the case of random or structured packings with a flow channel angle of 45° (type Y),
the following applies:

Cg =04 §2/3 m_1/3,

whereas for stacked packing elements and type X structured packings:
Cp = 03255 m™'/%.

A generally valid Eq. (3-8) was derived to calculate the pressure drop of dry, non-
irrigated, random and structured packings.

Here, the resistance coefficient \ is dependent on the Reynolds number Rey as well
as on the type, material, form factor ¢p and size of the packing. The numerical values
of the form factor gp used for calculating the resistance coefficient Vs, acc. to Eq. (3-27)
and/or for Eq. (4-48), are listed in Tables 6-1a—c.

Based on the constant value of the parameter Cg = 0.4s*>m~1/3, it is possible to ver-
ify by calculation 85% of the experimental pressure drop values for irrigated packing
elements of any type or size as well as for type Y structured packings (for the latter, the
wall factor K = 1 must be substituted into Eq. (4-48) or (4-49), see Chap. 3). The calcu-
lation is performed with a relative error of less than £ 15 %. This was the result of the
evaluation of approx. 10000 experimental data items of various systems. The resistance
coefficients { of the tested packing elements for the transition range and the turbulent
flow range of the gas phase are listed in Tables 6-la—c.

In the operating range below the loading line, Fy < 0.65-Fy gy, it is possible to deter-
mine the pressure drop of irrigated packings Ap/H using Eq. (4-50) for a liquid flow of
Rer, < 2 and any given Reynolds number Rey. It applies to cases a3 and a4.

-5
Ap 1-¢ F 317 @ 1/3 .
F:w. Rkl 1— . ~T~(]}L~ML) [Pam™']

—1/3

This correlation has been validated up to Rer, > 0.1 and for Fy < 0.75-Fy g, see Fig. 4-14.

6.4.2
Liquid Hold-Up Below the Loading Line

Figure 2-2b shows the liquid hold-up hy relating to the packing volume Vs as a function
of the gas capacity factor Fy for the liquid loads ur, shown in Fig. 2-2a (more information
on the liquid load can be found in Sect. 4.2). Up to the loading line, the liquid hold-up
hy, is dependent on the liquid load uy, and the size of the packing, assuming a turbulent
liquid flow, Rey, < 100, through the random or structured packing with a flow channel
angle of 45°. In this case, it is possible to describe the total liquid hold-up sufficiently
accurately for practical applications using the following dimensionless Eq. (4-32), 8(hy,)
< £20%:

hy = Cp-Fr;”” [m>m™]
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where

Frp = (u% - a)/g acc. to Eq. (4-31) and Cp = 0.57 acc. to Eq. (4-33a) for randomly
filled packing elements and type Y structured packings and/or Cp = 0.465 for stacked
packing elements and type X structured packings.

For turbulent liquid flow, the constant Cp in Eq. (4-32) is not dependent on the type,
size or material of the packing. It was determined by experiments carried out in the
course of this work. Equation (4-32) is easy to use and, based on a given liquid load
and We/Fr;, numbers ranging between 100 and 1300, only requires a knowledge of the
geometric packing surface area a.

In the laminar range, Rep, < 2, however, the viscosity forces must not be neglected.
Based on the modified model by Bemer and Kalis [12], Eq. (4-20),

3 131 5 1/3 3 -3
hL:Z~|:§j| ca*® (v up)Y [m’m~]

it is possible to verify by calculation the experimental liquid hold-up data for this flow
range, with a satisfactory accuracy of 3(hr) < £20%. The factor 3/4 in Eq. (4-20) was
also determined based on experiments carried out in the course of this work.

In the model chosen by Mersmann and Deixler [44], h; = f(By), with the Wey /Fry,
parameter, the experimental data is also described with a satisfactory accuracy of approx.
£20%, using Eq. (4-34):

hy =22 Bi/z [m3 -m_3]

An evaluation of the experimental results of this work has shown that this equation is
applicable to a Wer/Frp, number range of around 28.8 to 1300. Based on the results on the
liquid hold-up, it can be concluded that by modifying the models known from literature
[12, 19, 44], the total liquid hold-up below the loading line can be determined with
satisfactory accuracy for practical applications.

6.4.3
Pressure Drop and Liquid Hold-Up in the Range Between the Loading Line
and the Flooding Point

When describing the pressure drop and the liquid hold-up for counter-current two-
phase flow, it is recommended to use the gas capacity factor Fy relating to the maximum
value at the flooding point Fyp. The liquid hold-up hy as well as the parameter Cg,
Fig. 4-15, are dependent on the relative gas capacity Fy/Fyp). The liquid hold-up can be
determined using Eq. (4-39), and the parameter Cp based on Eq. (4-55). The calculation
of the pressure drop above 65% of the flooding point, based on Egs. (4-48) and (2-72),
can be performed with an accuracy of approx. +20%, Fig. 4-17.

The advantage of determining the pressure drop of irrigated random and structured
packings acc. to Eq. (4-48) lies in the fact that this method is applicable to a wide range of



286 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

packing parameters and physical properties as well as a wide operating range. In addition,
it does not require a knowledge of the liquid hold-up, see Sect. 4.3.

6.4.4
Pressure Drop at Flooding Point

The pressure drop (Ap/H)g at the flooding point can be determined using Eq. (4-54):

2/377°
Ap 1—¢ F‘Z, _0.16 al/3. uy 1
=) =y —= | 1-0407- 2700 2L P
( )Fl Ve g3 dp-K 0 & [ am ]

which is valid for Rep, > 2 and for phase flow ratios at the flooding point of A < 0.020.
Equation (4-54) can be used to verify 85% of the experimental values with an accu-
racy of < 20 % and 95% of the values with an accuracy of < £30%. When designing
new plants, it is very important to ascertain the pressure drop at the flooding point for
regulation purposes and stress calculations. For practical applications, a quick estima-
tion of the pressure drop at the flooding point can also be performed using Mersmann’s
diagram, see Figs. 2-5a—d. The plotting of the experimental values for the random and
structured packings tested led to the following pressure drop values Ap / (0-g-H):

(a) For 15-20 mm randomly filled packing elements with a specific surface area of
a~ 300 m?>m~3:

Ap .
—— ] = 0.30 see Fig. 2-5a.
pL-&-H/p

(b) For randomly filled 1" packing elements with a &~ 220 m?>m~3:

Ap .
—— ] = 0.25 see Fig. 2-5a.
pL-g H/p

(c) For randomly filled 1.5” packing elements with a ~ 140 m?>m~:

A
(717) ~ 0.15 see Fig. 2-5b.
pL-g-H)p

3

(d) For classic, randomly filled 2"’ packing elements with a = 95—120 m?*m ™2 as well as

for structured packings with a = 100—300 m?>m~3:

A
(71?) ~ 0.10 see Fig. 2-5¢,d.
pL-g-H)p

(e) For 2”-3" lattice packing elements with a = 50—110 m?> m~:

A
(7})) ~ 0.05 see Fig. 2-5d.
pL-& - H/p
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6.5
Pressure Drop Calculation Acc. to the Vry; Model Presented in Chapter 5

Chapter 5 presented a model, derived from Eq. (5-2), for determining the pressure drop
of any types of irrigated packings, based on the resistance coefficient for two-phase flow

Py

Ap 1—c¢ FZV hr hr, -3 -1
! . . 1 14+ = P
H v e3 dp-K < +1—8> <+5> [am ]

The equation is valid throughout the entire operating range up to the flooding point.
The resistance coefficient for two phase flow vy, acc. to Egs. (5-6), (5-7) and (5-8), is a
function of the Reynolds number of the liquid and the form factor p of packings, {ry;, =
f(M)ReL)-

The form factors | for the individual packings can be found in Tables 6-1a—c. They
provide a direct comparison between the predicted pressure drops for the individual
types of packings without requiring any calculations or experiments.

The application of the model, based on Eq. (5-9) and/or (5-10), is reccommended in
particular for operating ranges above the loading line and at the flooding point. In these
cases, the correlations presented in Chap. 5 should not be used, as they are not within
the validity range.

For the purpose of comparing the results of the pressure drop calculation, acc. to the
models presented above, with those shown in Chap. 4, Eq. (4-48), as well as Eq. (5-2),
Tables 5-1a-c contain a list of the relative errors for the individual flow ranges and types
of packings. They indicate which of the correlations for determining the pressure drop
are preferable.

6.6
Notes on Tables Containing Technical Data of Random and Structured Packings as Well as Model
Parameters g1/ \rp,m for Determining Flooding Point and Pressure Drop

The numerical examples at the end of each chapter are given as a quantitative illustration
of the derived correlations. They correspond to the calculations used as a basis for the
hydraulic design of plants.

Tables 6-1a—c contain the numerical values of the model parameters as well as the
technical data for approx. 200 various types of randomly filled and stacked packing ele-
ments and structured packings. These can be used as a basis for the fluid dynamic design
of packed columns according to the model presented in this book.

The individual Tables 6-1a—c also show the technical data of the individual packing
elements ag, €9, Ng, Go, according to the manufacturer’s specifications, the numerical
values of the parameters Kj, K, and K3, K4 for determining the resistance coefficient r as
well as arithmetically determined {, values for the turbulent flow range for the Reynolds
numbers Rey € (2100-10000). The form factor data @peyp for all tested packings is listed
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in Table 6-1a—c. With regards to the structured packings, the parameters K; to K4, which
are dependent on the column diameter, are specified in order to determine the resis-
tance coefficient. If the influence of the column diameter ds on Ap/H is not taken into
account, the differences may be up to 65% when determining the pressure drop and up
to 10% for the flooding point, as explained in Chap. 3. There are separate numerical
values listed as reference values for K; to Ky, relating to structured packings with larger
column diameters from dg > 1 m.

The most important literature references used for developing the model of the fluid
dynamic design of packed columns are listed in the following. They refer to individual
random and structured packings, see — when not other mentioned — Chap. 4:

— metal Pall rings, [5-8, 1315, 26, 40, 55, 56, 66] and new data [A]

— plastic Pall rings, [13-15, 23, 24, 55, 56, Chap. 2: 96] and new data [A]

— Pall rings made of ceramic etc. [28, 34] and new data [A]

— Bialecki rings made of metal and plastic etc. [17, 18, 36, 41, 60, 65, 66, 81-Chap. 2] and
new data [A]

— stacked Biatecki rings made of metal etc. [18, 65] and new data [A]

— metal Hiflow rings etc. [37, 55] and new data [A]

— Hiflow rings made of plastic etc. [35, 55] and new data [A]

— Hiflow rings made of ceramic etc. [38] and new data [A]

— NSW (Nor-Pac) rings [23, 24, 50, 51] and new data [A]

— ceramic Intalox saddles, new data [A]

— saddle packings, new data [A]

— Raschig rings made of ceramic etc. [7, 17, 56, 61, 62] and new data [A]

— VSP rings [40, 57] and Top Pak, as well as VFF Pall rings, metal [A]

— Glitsch rings CMR [A]

— Plastic ENVIPAC and DTNPAC [49, 54, 59, A]

— VSP ring and Intalox saddle, size 3, plastic [A]

— Mellapak Sulzer packings types 250Y, 250X, 500Y made of sheet metal [56, 57], sheet-
metal Montz packing B1-100 to B2-500Y,X and PP, Ralu-Pak and other structured
packings [30, 31, 39] as well as new data [A]

— metal Raschig rings [5]

— Mc-Pac, R-Pac, SR-Pac [Chap. 2: 79, 80, 82, 83; Chap. 3: 34, 35]

— Ralu-Super rings [Chap. 2: 86]

— metal Nutter rings [Chap. 2: 95]

— Raschig Super rings [Chap. 2: 86, 94]

— RVT metal saddle rings [Chap. 2: 93]

6.7
Validity Range of Correlations

The experimental validation of the correlations developed to calculate the flooding point
uyp and the pressure drop of dry Apo/H and irrigated packings Ap/H was achieved
by means of a systematic analysis of the random and structured packings, shown in
Figs. 1-1a and 1-1b.



6.8 FDPAK Programme for Fluid Dynamic Design of Columns

289

More information on the parameters used for the experiments can be found at the
end of Chaps. 2, 3, 4 and 5. Below is a summary of the most important parameters for
the variables required for the design process, uy g, Apo/H, Ap/H, hy, hg I

40 < Rey < 35000

0.15 < Rer, < 200

5 < dg /d < 56

0.0133 < PT < 100 bar

0.025 < dg < 3.0m

0.4 < H < 7m

390 < oL < 1800 kgm 3
0.03 < pv < 130 kgm 3
14 < oL < 80 mNm !
0.3 < nL 103 < 91 kgm_ls_1
6 < ny -10° < 182 kgm™1s™!
0 < ur, 103 < 70 ms~!

0 < Ap/H < 4-10* Pam™!

Number of experimental data items:

— Flooding points: more than 1200

— Hold-up data: more than 1100

— Pressure drop data: more than 10.500
— Number of packings: more than 200
— Number of systems: 32

6.8
FDPAK Programme for Fluid Dynamic Design of Columns with Modern Random
and Structured Packings

6.8.1
Programme Information

In 1990, the first DOS programme was developed to supplement this work on the fluid
dynamics of columns containing random and structured packings, which has since been
improved and is now available as a WINDOWS version with graphic representation of
the calculation results.

This FDPAK programme provides chemical engineers with a fast calculation the
hydraulic parameters of any types of column internals (more than 200) and allows the
user to assess the individual types of packings in terms of their maximum capacity, pres-
sure drop and liquid hold-up. The experience of the past 20 years has shown that the
programme is also suitable for teaching purposes at colleges and universities.

Thanks to the programme, it is possible to determine the gas velocity at the flooding
point, pressure drop, percentage of distance from flooding point as well as liquid hold-
up at operating and flooding point, based on a given column diameter (upgrading of
existing plants) as well as physical and operational variables.
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START

Entry of operating conditions:
pressure / temperature
system parameters

| Packing selection |

—

4 | Entry of flow rates V,, and V |

Entry of relative
> column load
no Fy/Fyp<1

l

iterative calculations

Column diameter
dg=7

iterative calculations
h°, . €GN.(2-46) resp. (2-47) Uy €QN.(2-69)
Uy gy €4N.(2-89) -> F, ) h°_ g, €an.(2-46) resp. (2-47)

Entry: new dy

dg> 0

Calculation: F, u, [

¥

Calculation:
Ap/H, eqn.(4-48) et al.
h,, eqn.(4-20) resp. (4-32)

A
Output:
table with results
o U, Py Fypn PPy
he, 19, e AP, (Ap/H),,

'

Print of results
and graphs:
o ApIH=f(Fy, u)
o h =100
+ flooding load diagram

New
calculation?

yes

Figure 6-7. Block diagram of program FDPAK for hydraulic dimensioning of packed columns
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Figure 6-8. FDPAK for Windows — individual work templates
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Figure 6-9. Hydraulic characteristics of random 50 mm Pall rings, valid for the system air/water under
normal conditions. Pressure drop Ap/H as a function of the gas capacity factor Fy, up, with the specific
liquid load uy, as a parameter
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24.07.2009

ENVIMAC Engineering GmbH; Im Erdengrund 27; 46149 Oberhausen; Tel: +49-208/541 044-0; Fax: +49 208/841 044-100

FDPAK

System: Air (saturated) - Water - FDPAK - Hydraulic

ENVIMAC

Desian Data

Gas flow 1050 mi/h{wet)

Liquid flow 3185 mih

Operating pressure-inlet gas 1000,0 mbar

Gas temperature 200 -°C

Liquid temperature 200 -°C

Properties of the system

Liquid density 9977 kgim®

Gas density 1,177 kalm?®

Liquid viscosity 1,025 mPas

Gas viscosity 0,0179 mPas

Surface tension 0.0728 Nim

Internals: 50 mm Pall-Ringe PP

a=106 4m?fm?; =0,923mYm*, s=1,3mm; N=6480 1/m*
Column diamety 0,45 m
Result
Hydraulics: Operating point Flooding
F-Factor 199  PaMi2 309 PaMi2
Gas velocity 183 mis 2,847 mis
Hold-up 10,0396 mm? 00,0898 mfm?®
Pressure drop 2983 Paim 13463 Pa/m
Gas Liquid
Reynolds number 6275,66 50,89
Mass flow rate 12359 kg/h 3177.7 kgth
Gas volume rate: Operating conditions Mormal conditions
- wet 1050,0 mfh 965,6 Nmh
-dry 10254 mfh 943,0 N
Absolute humidity Relative humidity

Humidity 0,01489 kgikg(dry) 100,0 %
Liquid volume rate 32 m¥h
Ligquid velocity ul*10* 556 mis
Specific liquid load 20,03 mA/(rmh)
% of flooding 644
Column diameter 0,45 m

Project; Envimac FOE

Figure 6-10. Printout of dimensioning results for 50 mm Pall rings column, PP, using FDPAK for Win-

dows — results report
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10.02 2009 ENVIMAC Engineering GmbH: Im Erdengrund 27; 46149 Oberhauser: Tol: «49. 208041 044.0; Fax: +48 208941 044-100 ENVIMAC

FDPAK - Hydraulic

[
an 067 o8 1

155
Fy[Pa iz
Fig.1 Function dpiFv) for 50 mm Pub-Ringe PP

Progect. Ervimac FOE. System: Ak {saturated) - Waber, FDPAK - Mprausc

Progect : Envimac FOE

Figure 6-11. Printout of dimensioning results for 50 mm Pall rings column, PP, using FDPAK for Win-
dows — pressure drop diagram Ap/H = f(Fy, u, = const.)

10.02 2009 ENVIMAC Engineering GmbH: Im Erdengrund 27; 46149 Oberhauser: Tol: «49. 208041 044.0; Fax: +48 208941 044-100 ENVIMAC

FDPAK - Hydraulic

o (s [ 124 148
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ig 2 Funcon HIFY) for 50 me Palk-Ringe PP

Propect: Ervamas FOE. Systes Air (satrabed) - Water:  FDPAX - iydrautc

Progect : Envimac FOE

Figure 6-12. Printout of dimensioning results for 50 mm Pall rings column, PP, using FDPAK for Win-
dows — hold-up diagram hy, = f(Fy, up, = const.)
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The column diameter ds is calculated iteratively, based on a given relative column
load Fy/Fyp (as a percentage of the gas velocity at the flooding point).

The flow chart in Fig. 6-7 shows the procedure of the fluid dynamic design of packed
columns.

Once the programme has been started, a type of packing is selected from the list,
for which the volumetric flow rates of the gas Vy and the liquid Vy are input. The pro-
gramme then calculates the gas velocity at the flooding point uyp and/or the gas capacity
factor at the flooding point Fypy, acc. to the SBD model, Eq. (2-69), the pressure drop
Ap/H, acc. to Eq. (4-48) etc., for the selected operating range as well as the liquid hold-
up below the flooding point hy, and at the flooding point hy pj. The programme can be
used for the design of a known packed column with a given column diameter dg. This is
useful, e.g., for the upgrading for columns. By selecting the relative percentage of the col-
umn load Fy/Fyp < 100, the column diameter ds is determined iteratively. This function
is used for new designs.

Finally, it is possible to select a new operating point or a new type of packing in order
to perform a new calculation. The units of the input values can be selected prior to the
calculations.

The calculation results are then displayed on the screen in the form of table, see
Fig. 6-8, and diagrams, which can be printed out, see Figs. 6-10, 6-11 and 6-12. Thanks
to its simple structure, the programme does not require a special user manual.

Table 6-2 shows the example of results of fluid dynamic calculations for column with
50 mm Pall rings made of plastic and comparison of the results with the experimental
data shown in Fig. 6-9. The printout of the design, produced by the FDPAK programme,
is shown in Figs. 6-10, 6-11 and 6-12.

Table 6-2. Comparison of experimentally determined data and calculation using the FDPAK pro-

gramme valid for 50 mm Pall rings, PP and system: air/water, 1 bar, 293 K, dg = 0.45 m, Vy = 1050
m>h~ 1, vy =3.185m3h~ !

Parameter Unit Calculation Experiment 3 (i) [%]
Fy /Pa 1.99 1.99 -

Fypl VPa 3.09 3.13 —1.28

h{ 102 m’m— 896 9.67 ~7.34

hy 102 m3m—3 3.96 3.60 +10.28
Ap/H Pam~! 298 290 +2.76
(Ap/H)g Pam™! 1346 1350 —0.30
u-10° ms~! 5.56 5.56 -

6.8.2
Condlusions

Thanks to the FDPAK programme, it is easy to follow the steps for calculating the
hydraulic parameters Fypy, uyp, Ap/H, hy, hg,pp based on the numerical examples given
in this work. In addition, the FDPAK programme is an excellent tool for the upgrading of
existing plants or the design of new plants. It is available in German, English and Polish.



296 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

(dd) Suyosey 4q

$99°0 60S°0 9950 60'1 01S0°0— 9L'T 120°0—  S8S°S <79 ¥6'0 06 Y1 0T 06 06 onserd sSuna [req
60€°0 °LS0 99¢°0 we €ve0'0— €re 81'0— 01T 0y LS6°0 099 0s'T 91 08 08
60€°0 °°Lso 99¢°0 we €ve0'0— €Te 810— 0L 0CL 60 0011 0L9 Gl 0s 0S (dd) OVINIANG 4q
60€°0 T°LS0 99¢°0 wT €¥€0°0— €T¢ 8T0— 0t €18 716'0 0°8¥1T 0SSt €1 LE LE onserd sSun [req
60¢°0 °LS0 9950 we €ve0°0— €re 81'0— 0t (24 026'0 0Tt 0L9 €1 6% 0s
60€°0 °LS0 99¢°0 we €ve0'0— €Te 810— 0L g'e8 S06°0 091 0081 €1 s¢ S€ AT IIA
60€°0 T°LS0 9950 wT €¥€0°0— €T¢ 8T0— 0t 66 068°0 0Tt 00'1S €1 ST St (dd) Buyosey 4q
60€°0 °LS0 9950 we €ve0'0— €re 810— 01 80T 088°0 0s¢ 0061z 01 ST SI onserd sgu [ed
06¢€°0 0LT°0 99¢°0 s6'l €SY0°0— 68T 81'0— 8 002 SL6°0 0°081 §8C €0 0¢ W og d 0¢ Psugo 4q
Y0 097°0 99¢°0 w9T °Ts00— €Ty LT0— 0t re LS6°0 6'891 §Te <0 0¢ MO 0¢ [erowr sSuna [req
L1¥°0 00s°0 9950 S6'l €5V0°0— S8'C 810— 8 0¥¢ 0L£6'0 0501 09 90 8¢ 8¢
087°0 00S°0 99¢°0 we €ve0'0— €Ue 810— 0L 0z¢ 096'0 0'8L CAA 08 08
087°0 00S°0 9950 wT €v€0°0— €T¢ 8T0— 01 8¢ 7560 0011 19 80 0s 0s
087°0 00S°0 9950 we €ve0'0— €re 81'0— 01T 9L €560 8161 091 90 8¢ 8¢
087°0 00S°0 99¢°0 we €ve0'0— €Te 810— 0L 91y 8¥6°0 (IX941 06l 90 s¢ s¢
087°0 00S°0 99¢°0 wT €¥€0°0— €T¢ 8T0— 0t Ts¢ 956'0 0°61T s 70 ST 14 AT JIA
087°0 00S°0 99¢°0 we €ve0'0— €re 81'0— 01T vor w60 0°61T §1s S0 14 ST (VPA'VTIA) Byosey 4q

087°0 00S°0 99¢°0 we €ve0'0— €Te 810— 0L [48 9¢6'0 0°09¢ ovee  vo St St [e3owt s3uni [req

'] X o Iy

001z < Aoy 001 >3y [w]  [w] o [w]
(@) (e) (OIS 0T (0P
(-] (-] -1 e [wy] —
10108)-ddb  103003-71l 0Ty  WTdp EN B TmE\mV: O [(_wew]s [_wow]e . TN 371§ [eLIIRN Sunpeg

(01-¢ “6-5) 'bg {ppowt
— TAf 03 20w [y/dy doip amssaxd jo uoneurwI)ap 10§ 1 S10)08J WLIOY JO ISIT *(FS-F) Pue (8F-F) sby 03 -ooe 1y/dy doap amnssaxd pue (9-7) by 03 ooe MAn
jurod Surpooyy e £1100]94 sed «(9z-¢) "bg 01 -23e A Sunped L1p Jo JUIDYJ0> 2oUE)SISAI JO UONRUTULIIAP 10J ddy $10108) WI0] 10 (F[-¢) by 03 20w I Jusrdy0d
9DUR)SISAT JO UONBUIULIRP I10] Y syueisuo)) suwnjod Junped jo Juruorsuswrp 10y sSunpded pajednsaaur jo ejep [eoruyda) parmbar jo Isr] “e[-9 dqel,

9 1dey) so[qey,
9 19)dey) xouuy



Annex Chapter 6 297

LEV'O SLT°0 995°0 86'T S¥P0'0—  €06'C 081°0— A8 96 886°0 101 - S0 [44 99 (V0€)
LEV'O SLT'0 9950 86'T S¥PP0'0—  €06'C 081°0— [48 96 686°0 0°¢tt 00T 70 L1 15 (Vs
LEVO 0710 995°0 86'T S¥PO'0—  €06'C 08T0— 4% 88 686°0 L0ST 0'¢e 70 v1 €7 (V0D
SLY0 LYT0 995°0 SLT  €€L00—  T¥TE OF1°0— 0v's 61 9.6'0 0°0LT 8'09 ¥'0 11 ve  (VvS1)
SL¥0 LYT0 99¢°0 SLT  €€L00—  T¥TE OFT0— 0¥'S 80¢ ¥L6'0 G9LT 809 70 11 ve  (0QMIVST) Y0€-dAND
SLV'0 L¥T0 995°0 SLT  €€L00—  IFCTE OFT0— 0¥'s (474 1260 L¥ET 0°091 - 8 sz (VoT) sSurr
S1¥°0 €8¢°0 99¢°0 00'C 0T60°0—  0€€y 8F1°0— €99 09¢ §S6°0 896¢ 8'09¢ - S 91 (VS0) [epw PSNO
07€0 99¢°0 9950 W €ve00— €T¢ 810~ 01 00T ¥SL6°0 TSIt S9 70 0S 0s  (VPA VZA)
0ze0 9¢¢’0 995°0 e €ve00— €Te 810~ 01 w99 ¥SL6°0 TSTI S9 70 0S 0s (Iv) resow s8uL 1sd
sSurx
820°0 S8%°0 9950 99T TTS00— €Iy LT0O—  LTOT €9 €60 GIt ¥'9 91 67 6v  (dd)onserd Ppoperg
€670 - 995°0 €LT 800~ 8¢C ¥00—  I8€T 8¥IS 99L°0 §'69 - 0T 00T 00T SIEISS
8S1°0 SIS0 99¢°0 8T €FE00— LLe 8T°0—  0S'IT 89¢ ¥56°0 0'¢TT 0TS 90 sC 14
8S1°0 SIS0 99¢°0 8T €¥€00— LL¢ 8T°0—  0S'IT (493 956°0 0%91 061 9'0 S¢ 9¢ (9861 "poid)
8ST°0 SIS0 995°0 8T €FE00— LL¢ 8T0—  0S'TIT ¥9¢ £96°0 eIt L9 90 0S 0s [eowr
807°0 G8¥%°0 9950 99'C  TTS00— €Iy LT0—  LTOT 08¢ S96°0 0°0TT S9 80 05 §€s
807°0 S8%°0 99¢°0 99'C  TTS00— €Iy LT°0—  LTOT 00% 056°0 0°6ST 061 9'0 s€ 8¢
8070 S87°0 995°0 99T TTS00— €%y LT0—  LT'OT [Uig S¥6°0 0°6TT 0'Cs S0 14 LT (¥L61 "poid) sgurr
8ST°0 0S0°T 995°0 8T €¥€00— LLe 8T°0—  0S'IT ¥¥S €60 '88¢ a4 €0 4! 4 [erout Dporerg
0€¥°0 wuso 9950 €6'T CI800— I8¢ €0~ 89Tl €209 LL0 0zt ¥'9 0's 0S 0S Suysey 4q
0870 TLS0 995°0 e €ve00— €T¢ 8T°0— 0001 0£9 €L°0 0zT 6'6¢ 0¢ 14 14 Jnetad sguL [ed
(dd) ui4q
¥09°0 L6€°0 9950 €T 01S0°0— L0°C  TT0— 9489 8¢ 960 98 ¥l 80 06 06 onseid  adAy xnpey
™ o o D
0012 < Ay 001 >AY (w]  [w]  [uw]
(@) (®) (OIS (0T (OT-P
-1 (-] (-] 0) [e—wrt]
10108)-dd  10308)-71 0Ty WTdf E EN ﬁmE\mV: O [(_wow]s [_ww]e . OT.N 71§ el Sunpeg
(ponunuod) er-9[qeL



298 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

0000 000°T 995°0 0€T €7€00— e - - 89S 192°0 S'Cs %80 0°0T 00l 00T
0000 000°T 995°0 S0°¢ 690°0— S0'9 L0€0— 9¥¢ 9¢9 TLLO S°00T 09 09 0s €S
0000 000°T 995°0 S0°¢ 690°0— S0'9 L0€0— 9¥¢ ¥6S 0€L°0 86 79 0¢ 0S 0S
0000 000°T 995°0 S0'¢ 690°0— G0'9 L0€0— 9¥¢ 8¢9 01L°0 0v1 S8l 07 S€ 19
000°0 000°T 995°0 S0°¢ 690°0— S0'9 L0€0— 9¥¢  ¥'SL9 €690 LLT 09 0% 14 St
0000 000°T 995°0 S0°¢ 690°0— G0'9 L0€0— 9ve  9TEL £99°0 6T 000C LT ST S1 sSur
0000 000°T 995°0 S0°¢ 690°0— G0'9 L0€0— 9¥¢ 0LL 0590 0SS 000s ST 8 8 Jrurerad Sryosey
L0T°0 - 995°0 00°¢ 6L0°0— 06's  8T°0— 871 SLT $96°0 091 - S0 0¢ 0¢
L0T°0 - 995°0 00°¢ 6L0°0— 06'S  81°0— 871 10¢ 796°0 ST §T0T  ¥0 0t 0t
L0T°0 - 995°0 00°¢ 6L0°0— 06'S  81°0— 871 9¢ ¥56°0 0S¢ 069 €0 ST ST ddA 2dhy
L0T°0 - 995°0 00°¢ 6L0°0— 06's  8T°0— 871 959 026°0 029 0000 €0 01 01 [epPw Jedrajuy
8¢°0 0LT°0 995°0 0Tt 0S0°0— Le'¢ 8T°0— 6 091 086°0 ¥01 8L V0 0¥ 0s  (zazs) JdA 2dfy
8¢°0 0LT°0 995°0 0Tt 0S0°0— L€ 8T°0— 6 (44 60 00T see €0 14 ze  (19718) [powt surr gsA
¥Tro 0LT°0 995°0 1t S¥0°0— Le'¢ 8T°0— 6 091 086°0 SL 08C L0 €9 08  (V¥A) gazs
¥ro 0L€°0 995°0 S6'1 S¥0°0— 8T 8I'0— 08 061 9560 SOT s89 T'1 8¢ v (v) 19us JdA 2dfy
¥LV0 0L€°0 995°0 S6'1 S¥0°0— G8'C 80— 08 811 SL60 SOT S89 S0 8¢ v (VPA) [Bow yeq-doy,
YOC-AND
S¥E0 0050 995°0 we €ve00— €T¢ 8I'0— 00T 1€s 1¥6°0 ToetT €9 60 97T 69 (Vzaz1s)  (dd) sSunt
967°0 0S€°0 995°0 8S'1 €€L0°0— 00¢  ¥I0— 0's G'8S S€6°0 961 §sT 0T S91 ¥ (V1 2z1s) onserd PSID
[ o o Dl
0017 < Aoy 001 >A%y (w]  [w] [w]
(@ (®) (0TS (014 (OIP
(-] (-] - e [qu/By] [_wour] [_ww] [ _w]
10108)-ddp  1031003-7 07dy W g S o) 3 L) BN 71§ [eLIIRN Sunpeg
(ponumuod) e1-9d[qel,



Annex Chapter 6 299

0870 590 995°0 SV $€0°0— €T 8I'0— (s 18 16°0 0z1 §8 6T (44 0s (,00)
7110 0220 99¢°0 0T’e 801°0— 11°8 - - 18 16°0 0L1 0°9¢ - - 8¢ (,8T)
870°0 0220 995°0 0T’¢ 801°0— 118 - - 66 680 14 0°06 - - sz (,071)onserd
0%€0 S0L°0 995°0 01'e [L0°0—  008°€ SST0— 66l 905 0LL°0 66 06 9 (44 0s (,0)
ov<0 <0270 99¢°0 01°C 1L0°0— 008°¢ SST0— ¢el 7'99S €vL0 el 0°0T 19 L€ 8¢ (,S°T)
0%€0 S0°0 995°0 0r'e 1£0°0—  008°¢ SSTO— §SsT  TIS9 ¥0L°0 L61 089 8¢ [44 st (,01) JdA 4q
095°0 S0L°0 9960  S9¥'L 0ZI'0—  696°¢ 881°0—  ¥999  ¥¥%99 869°0 ST 6'9¢1 80 €1 0T (,¥/¢€) sa[ppes
09<°0 S0L0 990 SOF'T 0CI'0—  696°¢ 881°0—  ¥99°9  ¥'¥.LL 8%9°0 LT€E 0°£8¢ - - STl (/1) orurerad xofejuf
97€0 £98°0 €690 1¢7C 160°0—  8IS€ 90T0— 96T'TI €€l ¥86°0 929 00Ty €0 - — (0¢ ou)
97€0 £98°0 €690 1€e 1S0°0—  8IS'€ 90T0— 961'TI SP1 786°0 €8 0088 €0 - — (g ou)
9T€0 £98°0 €69°0 1€°C 160°0—  8IS'¢ 90T0— 961'TI €L1 6L6°0 96 009¢T €0 - — (0z-ou)
97€0 £98°0 €690 1€7C 160°0—  8IS€ 90T0— 96I'TI 181 8L6°0 4! 0089C €0 - — (¢'1ou) 1z[ng 4q
97€0 £98°0 €690 1€7¢ 1S0°0—  8IS'€ 90T0— 961'TI 8L1 8L6°0 891 00129 €0 - — (01 ou) sSurt
97€0 £98°0 €69°0 1€°C 160°0—  8IS'¢ 90T0— 961'TI 9LT 8L6°0 97T 00¥L91 €0 - — (L0 ou) [pow pnN
0000 000 9950 818 SSY00— 0Tl 61'0— SPT9€ 00% S6°0 01T §9 01 0S 0S
0000 000 995°0 818 SSP00— 0Tl 61'0— SPT9E 095 €60 0ST 06l 01 19 S€
000°0 000°C 99¢°0 8T8 SSY0°0— 07l 61°0— SPT9¢ 0%9 60 07T SIS 80 ST ST (VPA'VZA) sSurt
0000 000 995°0 818 SSY0°0— 0Tl 61'0— SPT9€ 0¥9 w60 0S¢ 00¥c S0 S1 SI [epPw Sryosey
0000 - 995°0 8¢¢ 6TS0°0—  ¥9TS 60T0— 80SLI 09¢ 968°0 0z1 s9 0% 0S 0S
0000 - 99¢°0 8¢’¢ STS0°0—  ¥9T'S 60T0— 80SLT <Te 0£8°0 091 0c 0% (i [0l
0000 - 995°0 8¢¢ 67S0°0—  ¥9T'S 60T0— 80SLI  SLTY 678°0 €0T Ivs 0T 4 14
0000 - 995°0 8¢¢ 6TS0°0—  ¥9TS 60T0— 80SLI  SLIS €6L°0 9°€¥T 6L6 0T 0t 0t
0000 - 995°0 8¢'¢ STS0°0—  ¥9T'S 60T0— 80SLT  S'TLS 1220 GLE st ST ST ST
0000 - 995°0 8¢¢ 67S0°0—  ¥9T'S 60T0— 80SLI 059 0¥L°0 0S¥ 00 01 01 01 sSun
0000 - 995°0 8¢¢ 6TS0°0—  ¥9T'S 60T0— 80SLI <89 9TL’0 00S 00 L0 8 8 sse[8 Srpsey
o o o D
0017 < Ay 0017 >0y [w]  [w] [w]
(C)) (®) (0TS 014 (OT-p
(-] (-] - o [ew/B] [_wow] [_wow] [ w]
10108j-dd  10100)-7l 0dy W g T o 3 e o 01N 71§ [eLIIRN Sunpeg
(penunuod) “er-9d[qey,



300 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

(Aueurion) yoequuneg-yoeqsuey — OY "0 X HqUID) uNLIqe]-12dI1oqn 21S1unpIA = JIA

(Auewiron) ussarmuralg — Hquo juswdinby ssad01g JAY = 141
(Auewrion)) uayeysSmpnT — Hquio) Styosey

(PUBIIZIIMG) INYLIIUIMN — DY Yo2IWdY)) Z[NG

(A[ea]) oweS1ag— [1'S BIEI] YISH[D-YPOY

(FOE SS) TOEY T [993s SSa[UIRIS = VTA

(LLOTE SS) TLSH'T [9938 SSI[UTRIS = VA

Ieaf uononpoid = -poid

IE[[0D INOYIM = YW

Te[[0d YIIM = YO

{00001 — 0012} 3 A2 (3) £ 001 < A2y 4of L2 - € = Hip (q) 001z > Ay 40f Ja - Ly = M (¥)

1¥S°0 - 99¢°0 99¢'1 L££60°0— wre 881°0— 80°L 168 S65°0 €0¢ 8¢TC - <l <l
0570 - 99¢°0 o'l ro— 696'¢ 881°0— 7999 168 S65°0 98¢ 079 - o1 (1] JIUrelad  sa[ppes [1og
H&\gﬁmuo.ﬂs
nL
S91°0 7950 99¢5°0 09°C °s00— €Iy LI0— L1°0T 91v 8¥6°0 G81¢T SIS S0 ré ST (VTA) oW s3urr ¢1-1
S6€°0 €LT0 99¢5°0 00°C 0S0°0— LT°€ 8T°0— L8 8T1 ¥86°0 L°8T1 'S 90 LT or [erouwr 0v# dLINI
L¥9°0 70S°0 99¢°0 601 150°0— 6€8°'T 90T°0— €G8'¢ 8¢1 86°0 L9 - 90 - 0L 11 4q
L¥9°0 ¥0S°0 99¢°0 601 160°0— €68°'T 90T°0— €68'¢ 911 86°0 L9 - <0 - 0L (s8unx
€G6s°0 11€°0 99¢5°0 jaat 160°0— €TeT 90T 0— L6E°L 651 860 06 - <0 - 09 a[ppes
Ses’0 6C7°0 99¢°0 jaa 150°0— STeT 90T 0— L6E°L 861 L6°0 SIt - <0 - 0S Terowx
82€°0 o 99¢°0 S0'C 160°0— 9vT’€ 90T°0— 8TEOI 844 L6°0 0L1 - 7’0 - ov JYdsSney)
S€G6s°0 870 995°0 j4at 150°0— STET 90T 0— L6E°L <o¢ 96°0 14 - 70 - 14 [erow YSINA
sa[ppes
0¥9°0 5570 996°0 Tl SLO0—  S0€T SLO0—  SIET 9¢ 960 06 T - - 06 12dng
870 SLEO 996°0 L1 SLO0—  0ITE SL00—  OIT€ S 60 o1t 08¢ - - 05 onseyd xofejuy

o o1 o Dt
001z < Aoy 0012 >A%y (w]  [w] [w]
(@ (®) OIS (014  (O-p
-] [-] [-] ) [gw/By] [(_wew] [o_wpw] [o_wi]

10085-dd  103085-11 0y WTdfp EVY EVY ) 3 e . 0IN £ [eLIEIN Sunpeq

(panunuod) ‘e[-93[qeL



Annex Chapter 6 301

009°0 €670 9950 8¢'1 L010—  OFE 1Te0—  SLI s 0¥6°0 011 Ls 6T IS ss (dd)
009°0 €670 9950 8¢'1 L010—  OF€ 1T€0—  SLL ¥6S Y60 0s1 071 TI 8¢ 8¢ onserd Sigsey 4q
009°0 - 9950 THT  €PE00—  €TE 08T°0— 00T  ¥TT 60 01 oy - - 05 (g az1s) [erowr sSurr npey
AT 4q
€850 9LT0 9950 9¥'1 6900~  T9T 6900—  T9T  8§'SS 860 598 001 0T <€ 05 (dd)onsed  sa[ppes mopIH
(daAd dd) 1ar4q s3urx
8190 970 9950 09TT  9¥80'0—  019T SPI0—  8LIF S 0¥6°0 8 079 €T 08 €S onserd Tadns moyry
90 SI€0 9950 LOT  €FE00—  SLFL $E00—  SLPT TS 090 00, 0z oL 0L 9
S50 0050 9950 ¥9'1 90°0—  LILT PPLO—  99I'S  TSLY ¥8L0 01zt el 0¢ L€ 8¢ (8861) poid
w610 0050 9950 ¥9'1 90°0—  LILT FFLO—  99T'S  8€6¢ 128°0 S¥eT 006 TE T 07 S
985°0 69€°0 9950 0I€'L §90°0—  00F'T S90°0—  00F'T  80€ 0980 895 0T 0% 9 9
¥S°0 0050 9950 STLT G900~  LPO'C SPL'0O—  619C  LOF S18°0 £98 0s 07 <SS 05 (¥861
750 0050 9950 STLL §90°0—  LPOE SPI'0O—  SITY  TLE 1€8°0 0011 L 0¢ s 8¢ ‘z861) "poid
£85°0 80¥°0 9950 0091 €900~ 009l SPL'0O— SITV LS €920 0'08C L811 €T 0T 0z druwressd
9¢L°0 061°0 9950 LS80 FEROO—  SLI'T PEO0—  SLI'T  9'6€ 9560 8L 081 91 <9 06
¥69°0 0020 9950 SSOT  8IFO'0O—  00S'T SPI0—  00€€  SIE $96°0 9 ST1 91 06 06
00£0 061°0 9950 0860 8IFO'0O—  T6E'T SPI0—  S90°€ 65 0€6°0 o011 09 <1 0 0s
819°0 08€°0 9950 0ITT  01S00—  T06'T 90T0—  8F0'9 8s 76°0 0s1 - <1 8¢ 8¢
750 0£€°0 9950 009T  8IFO0O—  STT SPI0—  SI6F w° 0260 061 0SSy €1 8¢ 87 (dAAd dd)
7S50 €00 9950 0STT  9¥80'0—  019T SPI0— 8L 18 0160 LT o¥81 01 LI L1 onserd
€90 SLT0 9950 €91 990°0—  S/8T 8IT0—  8TF  T6I 9L6°0 €16 s <0 0 8¢S 1 4q
6050 8920 9950 €91 990°0—  S/8T 8II'0—  8TF 08T $96°0 0°s81 T V0 ST 8T [e1ow sSurx mopIH
ot o1 o DS
0017 < Aoy 0017 > Aoy [w]  [w] [w]
(@ (®) (OIS 014 (OT-P
(-] (-] (-] ©) (/] [(_wew] [_wpw] [o_wi]
10085-dd  10308)-71 0y Wl [E0 S 1) 3 e . OLN 371§ [BLIIRIA Suppeq

(01-S ‘6-5) by ‘Ppowt

— 1A 03 2oe [/dy doip amssaxd Jo uoneuruir)ap 10§ 1 $10)08J WLIOY JO ISIT *(FS-F) Pue (8F-F) sby 03 “ooe H/dy doap amssaxd pue (69-7) by 03 oo M'An
jurod Surpooyj e £110094 sed <(9z-¢) *bg 03 *2oe s Sunped A1p Jo JUIDYJ0D 25UE)SISAI JO UONRUTULIP 10§ dd s10)08) WLI0] 10 (F1-¢) by 03 doe e JusrdLze00
25UL)SISAT JO UOTRUTWLINAP 10 B sjue)suo)) suwnjod Sunped jo Suruorsuawip 10j [em pajerojrad Aysiy yaim sSunped jo ejep [ed1uydpa) jo 1T *qI-9 dqeL,



302 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

00%°0 995°0 ory 7180 '8¢ 0¢ 08 06 08  (g2z)
00%°0 S79°0 9950 00T T°00—  €SHPT SOTO— TOL6'6  £E£F 808°0 €1el 0Te  0F €1 ss  (zous) OVINIANA 4q
0750 68570 9950 €51 7600~  T8ET 6SI'0—  OF'S  #0S 1LL0 0981 09  0¢ <0l 0¢ (I 92S)dlwerd sed-y
€50 S91°0 650 €51 7500~ T8ET 6510— sl 860 9'06 LL %0 0E €9 (¢ ozs) OVINIANA 4q
€50 0120 650 €1 TS0°0—  T8ET 6S10— s 00T SL60 0'681 €€9 €0 SI 0 (1 9715) [erowr Seg-OW
9,90 192°0 9950 SLOT  €IS00—  L69'1 L810— T6LF  00F 856'0 0°09 St 0T 08 06  (goms)
990 S120 9950 SLOT  €ISO0—  L69'1 L810—  T6LE  8'8¢ L56'0 918 89 0T ¥ 09  (zoms)
0650 81€°0 9950 00F'T  €I1S00—  OPI'T £L81°0— 0S09  9S 960 6'3€1 0¢s ST Lz ge  (19715) (dd) OVINIANG Aq
vEro w0 9960 6T 00T00—  0TI'T 0L00— 18T  TI9 €60 7951 ¢t 0T 0 te  (viozs)onsed sediaug
(daad
9£9°0 €VT0 9960 SLOT  €IS00—  L69°0 L81°0—  TELY  L'9S ££6'0 00T 001 0T ST 0L  (zows) dd) OVINIANG Aq
0SS°0 81€°0 9950 ¥S'T 7600~  T8ET 6SI'0—  OF'S [ 026°0 esel 067 ST 81 L¥ (1 2z15) onserd seduqg
(dd) JdA 4q
769°0 STT0 995°0 01 S00—  €€9T  S00—  €€9'1 8¢ 7560 6'SL 0s It SS 8¢ (z az1) onserd SSULL JSA
(dd) ddA 4q
§99°0 0£T°0 9950 <8T'1 §90°0—  TCT LTO— 8601 €9 €60 cel vaooosT 8F T onserd anPey
0590 LT0 9950 8I'L 1S00—  8¥8'T 90T0—  6/8'S  0SI 860 08 €y - — s&  (0gou)
0L5°0 0%°0 9950 6¥'1 1S0°0—  SPTT 90T0—  €¥IL <91 $86'0 9'L6 6 — — 05 (0zou)
0590 34 9950 8I'L 1S00—  8¥8'T 90T0—  6/8'S  OLI SL60 98 et — - 8¢ (§1ou)
0£5°0 79°0 9950 6¥'1 1S00—  SPTT 90T0—  €PI'L <91 0860 091 € - = 0¢ (010w
0L5°0 9¢°0 9950 6¥'1 1S0°0—  SPTT 90T0—  €¥IL 81 SL6'0 AL 9y —  — st (roou) Bupsey 4q
0€r°0 S€0 9950 ¥TT 1S00—  S66T 90T0—  1€56  SLT SL60 0sT /1 —  — 0z (§0ou) s8urr 1adng
0€r°0 170 9950 ¥TT 1S00—  S66T 90T0—  1€56 0¥ 0960 c1¢ 081 — = 81  (g£0-ou)[epw Sryosey
(dd) Srppsey 4q
S0L0 S120 9950 760 0S00—  OF'l TIIO— 9T 9¢ 960 9 L8791 85 8¢ (¢ az1) onserd MopI-ney
> o1 o D
001 < Ay 0017 >0y (w]  [w] [u]
(@ (e) (01 (014 (O1-P
(-] (-] (-] ©) [ew/By] [_wew] [ wpw] [o_wi]
1010ej-ddp  103003-7l 0dy Wl EN [ ) 3 e 0IN 71§ [eLIareN Sunpeg

(panunuod) ‘qr-99qeL



Annex Chapter 6 303

(Aueurron)) yoequuneg-yoeqsuey — DY "0D) 33 HqUWIO) uayriqe-1odioymn A81umnIon = 1A
(Aueurion)) wesaIMuI)g — Hqun) juswdmby ssa0o1g JAY = 1aT

(Aueurran)) uayeysSimpnT — Hquio) Styosey

(Aueur1on)) WEYUIPION — HAUWID) D[I2M[2QENS AYISINIPPION = MSN

(Auewrron) wasneyraqO — Hquo) Suraurdug DVINIANT

(Auewrran) JpersSunyd — HqUID) 2InD-Iy SunjeyuIaniny 90d[1)

(FOE SS) TOEH T [993S SSA[UTLIS = YTA
(LLOTE SS) TLSH T [998 SSI[UTEIS = VA

Teaf uononpoid = -pord

{00001 — 0012} 3 A2y (3) ‘001 < A2 4of L2 - £ = Hip (q) 001z > Ay 40f Ja - Ly = Mo (¥)

769°0 09C°0 99¢°0  ST0'T 690°0—  ST8T 9ST0— €9°L L 0260 0°0€¢ 0¥9  0¢C LT (44

7690 0020 99¢°0  STO'T 690°0—  ST8T 9ST0— €9°L (454 560 0°06 €L 0'¢ 0S 0S

769°0 0020 99¢°0  ST0'T 690°0—  ST8'T 9ST0— €9°L ¥S 0¥6°0 9'1C1 081 ST 8¢ 8¢
769°0 000 99¢°0  STO0'T 690°0—  ST8T 9ST0— €9°L (4} L2760 0081 Svr 07T 8¢C 8¢C (ddAd dd) MSN £q
7690 00€°0 99¢°0  STO'T 690°0—  ST8T 9ST0— €9°L S'9L S16°0 0°00¢ 000 01 ST L1 oused  sBurroeg-1oN
199°0 0L2°0 99¢°0 SI't 81¥0°0—  0S9'T 1¥0°0— 91 €9 0€6°0 oIt 0Tl 0'¢ 1 0L (zaz18) (dd) 012D 4q
79°0 00€°0 99¢°0 8¢'T s0°0—  TvI'T 6ST°0— 98F €9 0€6°0 061 - ST 81 ¥ (1 9z15) onserd ANPIIAL,
DVINIANA 4q
0090 0L€°0 99¢°0 LT'T T20°0— T0€9'T SO0T0— 89%9'9 LEY 2080 LS0T 7y 0¢ 0S 69 (g 9z1s) drwre1d sed-gs

ot o1 o Dt

001z < Aoy 0017 >4y [w]  [u] [w]

(@ (®) OIS 014 (OTP

[-] -] -] ©) [ew/dy] [(_wew] [ wow] [ w(] ———
10108)-dd  10308F-1 0Ty WTIh 0 [ 0 3 e 01N 71§ [eLIIRN Sunpeg

(ponunuod) ‘qr-9 A[qEL



304 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

068°0 L2070 €690 vLE0 ovI'0— 01T'T ¥1°0— 171 00% 0S6°0 00S S0 €V
0L8°0 - €690 LEVO or1I'0— 0S¥'1 ¥1°0— Pl 00% 0S6°0 00S 7o €V azned [ejowr
£88°0 - €690 98¢°0 ovI'0— 0SsT'1T ¥1°0— T 96¢C €96°0 00¥% o (a4 yed-ZyuoN
(uopaL)
06L°0 0€T°0 99¢°0 0120 660°0— W'l 8€T0— 9LV 06 006°0 00¢ 0€0 00€-1D onserd
w90 0€T°0 99¢°0 0Tl €ero— 8TLE S1c0— 00°L S0 SS6°0 00T 0€0 (dd) 002-2O yed-ZyuoN
«Dvﬁ—w ~&u0E
papuedxs
7180 - 99¢°0 7790 0S0°0— 826°0 96€ET0— 06'T 9¢1 €86°0 0y 0€°0 09%-S4 yed-ZyuoN
0r6°0 - €690 2070 €ET'0— 8190 12€°0— 09°C 09¢ SS6°0 00S 00°1 X 00S-2d
S6L°0 0cI1°0 99¢°0 869°0 €ero— (4 Ieo— L6'8 ji44 °L6°0 00¢ S0 X 00¢-19d
8920 0Z1°0 995°0 0S2°0 €Ero— 06C°C 12¢°0— <96 jia4 °L6°0 00¢ 0€0 X 00¢-1d
8020 0cro 99¢°0 €86°0 €ero— 000°¢ 810— 9¢Y 9L1 82670 00T 0€0 X00Z-1d
€190 0c1°0 99¢°0 0051 w0910~ e8¢ €91'0— 78'¢ 01 £86°0 00T 0€°0 X00I-19
8650 - 0€9°0 0L€'1 GL00— vLST 0ST°0— 18°6 ove 026°0 081 7o X 08I-1IS
<180 sTo 99¢°0 0€9°0 €ero— 9¢6'1T 12€°0— 618 00¥ 0S6°0 00S o X 00S-29d
016°0 - €690 70€°0 €ero— 676°0 12¢°0— [ 0ce 096°0 00S o X 00S-2d
0920 0Z1°0 99¢°0 918°0 €ET'0— 06¥°C 12€°0— 0S°01 [ (44 °L6°0 00¢ 7o X 00¢-1d 199Ys [ejoux
169°0 0cro 99¢°0 L7201 €ero— 0cT'e 810— 0L'¥y 9L1 8L60 00T o X00Z-1d yed-ZyuoN
" o o D
0017 < Aoy 0017 >Aay
(Q) (e)
[-] [-] (-] ) [ew/dy] [e_wew] [o_w,w] [w] Sunped
10085-dd 1030051 0y Wy [E0 [EVY ) 3 e Sp ad4T, pamyonng

(01-6 ‘6-6) ‘b ‘ppour — TAd 03
"o H/dy doxp amssaid Jo uoneurwIaldp 10§ 1l $10308) WLIOY JO ISIT *(FS-F) pue (8F-%) "sby 03 “20e [/dy doxp amssaxd pue (69-7) *bg 03 o€ HAn jurod Surpooyy
e L31209A sed (9z-¢) by 01 o€ A Sunpded L1p Jo JULIOYI0D OUEISISIT JO UORUTIWINAP 10] Jd S1010B] WIO] IO (F-¢) *bF 01 "398 [Jh JUSDYF20d dUR)ISISAI JO
UONBUIULIANIP 10 I SIUBISUOY) *dIUIe1dad pue dnse[d 999ys [e1oul Jo apeu (D) suwnjod aqn) pue sgunped paydels ‘paInjonis Jo eyep [ed1uydal Jo sty *31-9 d[qey,



Annex Chapter 6 305

PSUD-Y0Y 4q

¥SL0 0Z1°0 99¢°0 £L8L°0 881°0— 008°¢ 17€°0— 16701 [lig4 L6°0 0T 0€0 199Ys [ejoux
SsTL0 010 99¢°0 €60 881°0— 00S'¥% 12¢°0— STl Vg4 L6°0 0¢ o Y0¢-L-TV Neduran
ruyny 4q
008°0 860°0 €690 0£9°0 150°0— €201 90T°0— e 0¥ L6°0 0€T <T0 129ys [ejowx
0S8°0 860°0 €690 00S°0 0Zv'0— vIel wo— vrel Vg4 L6°0 0€C 0¥°0 g edoquioy
780 080°0 99¢°0 9¢¥°0 0ST°0— 0TS¢ €8€°0— vL'6 967 €96°0 05T S¥o Siyosey 4q
9680 080°0 99¢°0 s¥'0 0ST°0— 959°¢ €8€°0— 6001 96T €96°0 0S¢T 0€0 129Ys [ejoux
SG8°0 080°0 99¢°0 S67°0 0SC°0— 000'% €8¢€°0— 90°TT 96T €96°0 0T o DA0ST yed niey
068°0 - €690 vLE0 Y1I0— 01C'1 ¥1°0— 171 14 S6°0 00S 0s°0 azne3 [ejowr
0880 - €69°0 8070 S90°0— €70L°0 ¥1°0— Tl 14 €60 00S o Xq Supped 1ozng
(dd) onserd
7€8°0 - 99¢°0 95°0 690°0— 000'T €1'0— w91 Sor GS6°0 0S¢C 0€'0 X 0S¢ yede[pPN
0760 - €69°0 070 €€10— 8190 1760~ 097 09¢ SS6°0 005 00'1 X 008
898°0 - 950 8PY0 €610 S9ET  1ZE0— oL 09¢ $S6°0 005 001 X008
0v6°0 - €690 2070 €ero— 8190 12¢°0— 09°C 08¢ S96°0 0S¢ 00°T X 0S¢
898°0 - 99¢°0 8770 €ET0— S9¢'1 12¢€°0— 9L'G 08T S96°0 0S¢ 00°L X 0S¢
076°0 - €690 W00 €€10— 8190 1760~ 09 091 086°0 05z 001 X 052
7580 - 995°0 Y050 €€1°0— LEST 1TE0- 059 002 SL6'0 05z 001 X087
668°0 - €690 weo €ET'0— Pr0'1 12€°0— [liad 0Z1 G86°0 STl 00°L X STl
S98°0 - 99¢°0 8¥¥°0 €ero— 99¢'T 12¢°0— 9L'G 0cl S86°0 el 00°T X STl
197[ng £q
9180 160°0 9950 0€9°0  €€T°0— 9¢6'T  17€0— 61'8 0ze 096°0 0sz o X0ST 109s [eour
9120 510 $95°0 888°0  €CI0— 01T 12€0— Wt 0zg 0960 057 S10 X052 Yede[py
" o1 o1 DS
001Z < Aoy 001T >Ny
(Q (®)
[-] -] (-] ©) [ew/d] [ wew] [ _wow] [w] Supped
1010e)-dd 1030031 0%1dry W fy g [ I5) 3 e Sp ad4y, parmpnng

(panunuod) *31-9 3[qey,



306 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

HZ vaD 4q

968°0 - €690 670 €160°0— ¥SL°0 €e0T0— LTSY'T 0°09 Sv6°0 a8 090 LzedDId (dd) >nserd
260 - €69°0 65SC°0 €1S0°0— SL6E°0 SS0T0— 0€6C'L 0°0S S¥6°0 0ST 090 elcddd Supped g4
HT VED 4q
0ST-8€ (dq) >nserd
0280 - 879°0 9190 €1S0°0— ¥ere'o SS0T0— 9690°¢ L'Le 6560 08 090 LAN Supped AN
noYdS 4q
SI8°0 - 99¢°0 0€9°0 €ET0— 9€6'L 12€°0— 61'8 00L L0 00¥ — 00¥ vdNna sse[3
S18°0 - 99¢°0 0€9°0 €ero— 9¢6°'1 12¢°0— 618 0S¥y 80 08¢ — 08tvdna yedenq
s1oyuNiy Aq
onserd
2080 SY1°0 99¢°0 0€L°0 ¥01°0— 0SL°T ¥01°0— SLT 9°LS 9€6°0 Ortr 0€0 d-dq-0S Supped uiojomy
11 4q
STUIeI?d
90L°0 00%°0 €90 000°L SITro— 019C SITo— 19T yLE €8°0 01 050 O-dI-0S Supped spdug
J4A 4q
(dq) >nserd
SL8°0 29070 €9°0 STvo 690°0— 09L°0 690°0— 9.0 (443 796°0 0S¢ S¥'0  d-09T-Xd Supped X4
MSN 4q
(dd) onserd
€56°0 - €690 8S1°0 YT 0— L20°T 8S¥0— 19 S6¢l <80 0°0€T 0€0 € 9718 Supped pms ded-10N
MSN 4q
o 0S¥°0 99¢°0 0L6°L 7s0°0— 960°¢ ¥80°0— 6'¢ 089¢ ¥€6'0 €LIT 0€0 Tazs (dd) onserd
SLY'0 0S¥°0 99¢°0 STLT 750°0— LL9T 780°0— €¥'€ 89L 060 0°0%¢ 0€0 19z1s preduwoy] ded-10N
OVINIANG 4q
199ys [ejow
890 - 6€L°0 LLO'T 620°0— SLE'T 620°0— 8¢l Eli4 8%6°0 861 o J€1-1 Hed-1d4
snserd
SS6°0 - 0820 LSTO 0ST°0— 1660 SE0— {4 0L1 L18°0 ¥'60¢ ST0 Supped quiod {ouoy
™ o1 o X
001 < Aoy 001 >0y
(Q (®)
(-] (-] [-] ©) [cw/dy] [ wew] [_w,w] (w]
1010e)-dd 103003-7l 01y W gy g G0 0 3 e Sp ad4], Sunped pamionng

(Ponunuod) *>1-93[qeL,



Annex Chapter 6 307

STuIeI?d
Jed-ys wur oo
0S2°0 - €690 S¥8°0 wro— 6LL'T  TYI'0— 6LL'C VLY €8L°0 8¢l - §-0-9ed-¥S 0S paypers
STuIeIdd
sSunx [reg wur g
€LL0 SLTO 0¥L'0 ¥sL°0 680°0— 6€9'1 81°0— °€60'C TSLy ¥8L°0 Ui} 00SZ S-0-4d-0¢ paypers
SIueIsd
sSurx
Snysey wrar (g
7s8°0 or1r'o 7690 w6¥'0  8560°0— 't L0€0— 0€s’S 9999 L69°0 LET 89/8 S$-0-d4-0S paypers
(pazirydoipAy uou
pue paziiydoIp4y)
onserd
sSurr mopIH wur oG
L¥8°0 yero ¥L'0 01s’0 00— €119°0  SS0T°0— €6V'C e 160 1oVl 0sI8 S-dd-MOQTH 0¢ paypers
STureI?d
sSurr mopTH ww (g
906'0 680°0 €69°0 887°0 SL00— 1760 SL00— 17S°0 (43 78SL°0 9¢°701 €896 S-O-MOJJIH 0S paypers
[e1w
0590 002°0 9950 vLT'T 780°0— 0peT  €S1°0— 00y 9t 896°0 wl 0S9. S-IN-1Sd-0S sSurr 154
0€S°0 - 9950 PLS'T  9960°0— ¥rse vET0— 61LY 96¢ €96'0 [4Y4 00009 S-IN-1Sd-ST paypers
9290 S8T°0 9950 00T°T  9960°0— SLY'T  081°0— SL9Y 08¢ S96'0 8C1 0592 (1661) S-IN-4d-0S
faval} S8T'0 €69°0 0€0°T  9960°0— 1ec 81— 0LEY 9¢s €€6°0 SLT 00S€9  (LL61) S-N-dd-ST [erPw
09¢°0 907°0 €69°0 8LV'1 8560°0— 0¢'e 81'0— 0879 8¥C 696'0 Pell vL19  (VL61) S-IN-UG-0S sSuL1 ppaferg
0290 - €69°0 1LT1 0880°0— €99°CT  16T°0— 0s'CI res 176°0 el 0000¢ S-IN-¥9d-S€ paxypels
snserd
sSurr ppoperg
%S0 00%°0 €69°0 STe'l 8560°0— 0s'e ¥I'o— 806'% 18 016°0 Lyl 00s8 S-d-44-0S parpers
™ o o Iy
001C < Aoy 001Z >A2y
(@ (®)
(-] (-] (-] 0) [qu/dy] [¢ wew] [o wow] [o wi]
10308§-dd 1010031 0'ldry Wiy ETY g I5) 3 e N adAf, Sunped payoelg

(Ponunuod) *>1-93[qeL,



308 CHAPTER 6 Fluid Dynamics of Packed Columns for Gas/Liquid Systems

(Aueurron)) yoequuneg-yoeqsuey — HY "0 X HqUID) uayLIqe-1odIoyng 2181umnIon = LA
(PUBLIZIIMG) INYIINUIMN — DY IZ[NG

(Auewrran)) Zutely — DY 10YdS

(Aueuwrrany) uayeysSmpnT — Hquio) Sryosey

(AuetrIon)) WeYUIPION — HAUID) MIIM[IGeI9S AYISINIPPION = MSN

(Aueurron)) UAPRY — HQUID) WIOJOINY SINUNJA

(Auew1an)) uapIH — HQWL) ZJUON

(PUBHRZIMG) [IMYIS[[Y — DV Tuyny

(Aueurron)) uadurnyopy — HQUD) SAIS0[oUPIL, 1AM HZ VID

(Auewron)) uasneyraqQ — Hquin) Suneauidug DVINIANT

(YO€ SS) TOEY'T [991S SSO[UIRIS = VTA

(LLOTE SS) TLSH'T [9918 SSAUTRIS = VA

1eaf wononpoid = -poxd

paq 3unped paxoeis 10§ T#Y -

suwnjod aqn) pue sunped pamionns 10§ [=Y -

:doxp a1nssaid Jo uoneurura)ap Ag

{00001 — 001} 3 A2y (3) 001T = A2y 4of (Lo - € = Hip (q) f001z > Ay 40f [ - 1y = Mo (®)

[e1ow
uwmgod aqny
056°0 §20°0 08270 891°0 €ero— 607'0  €€T0— 607°0 89¢ 6760 Leve 8TSI8 W-DL-Yd ST sSum [red wuwr g7
sa[punq sqmy LT
S0L°0 - 08£°0 8L6°0 £60°0— 00T°C  08T0— il 4 00% 0S6°0 ¥'961 0v.L8 W-OL-99 €S
sa[punq aqn) £
08¢0 07€0 §29°0 090°C S00—  ¥8LTE ¥Io— 09 [14% 96°0 9¥%S1 we JARON R £ 4
s[punq aqn) | [erowx
se0 0S¥°0 0090 09T°C 180°0— €SF¥y  S0T0— [4nt 00% 056°0 0 TLT €610T1 W-OL-44 0S uumyos sqmy
0¥s’0 - €690 086’1 0 086’1 0 08S°'T 809 ¥26'0 rece LLESL W-O1-94 <¢ sSuLt ppaperg
™ o o D
001C < Aoy 001Z >A2y
(@ (®)
(-] (-] (-] ©) [qw/B]  [e-wew] [ wuw]
10)08)-ddh 101003-11 0'1dry W g g o) 3 e adAy, uwnjod aqnJ,

(Panunuod) *21-93[qeL,



Part 2

Principles of the Fluid
Dynamic Design of Packed
Columns for Liquid/Liquid
Systems



List of Symbols for Part 2

Formula Variables, Latin letters

Dax

m? m—3
m2m—3

sm~!

kmol

m—3

m?s!

m?s7!

BEEB8SE

geometric packing surface area per unit volume
effective mass transfer area per unit volume
constant for a given system

constants

concentration of solute

diffusion coefficient of dissolved substance

dispersion coefficient

diameter of the largest stable droplet

packing diameter

hydraulic diameter of packed bed

column diameter

diameter of droplet according to Sauter, dr =
Zn,’-d?/Zn,'~di2

extraction factor, E=m - A - (pD / pc)

local acceleration due to gravity

height of individual packing element

height of packed bed

model parameter in Eq. (7-21)

slope of equilibrium line

packing density of packed bed

specific flow rate of the continuous phase, specific flow rate
of the dispersed phase

characteristic droplet velocity

slip velocity

volumetric flow rate
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WE ms™! end rising or falling velocity of droplets in empty column
according to Mersmann in Eq. (7-16) or Levich in Eq. (7-15)

ws ms~! middle rising or falling velocity of single droplet in packing
bed

x, X0 m’ m~3 dispersed phase ratio or liquid hold-up of dispersed phase

to empty column volume Vs or to effective column volume

0= x/¢

Formula Variables, Greek Letters

caApo 3 >® oo
~
da
8

Dimensionless Numbers

. uc - H
Dax

Bo

_ wg-dr-pc
nc

Rer

u-dr - pc
nc

Re =

Indices

cal

C

D

e

exp
In/Out
Fl

flow channel angle in packed bed, see Fig. 1-2b
relative error, based on experimental value

void fraction of packed bed

phase flow ratio

viscosity

density

difference in densities of immiscible liquid phases
interfacial tension

resistance coefficient for single-phase flow

Bodenstein number

Reynolds number of individual droplets

Reynolds number of individual droplets

calculated

continuous phase

dispersed phase

effective

experimental

Inlet/Outlet

flooding point

middle value based on Table 6-1a,b,c
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Abbreviations

TC

BR

M

MIBK
PP/PVDF
Sy
D—C

C—D
Chap.

Eq.
s.

tube column
Bialecki rings
metal

methyl isobutyl ketone

polypropylene / polyvinylidene fluoride - plastics

used symbol

mass transfer direction from dispersed phase D to continuous

phase C

mass transfer direction from continuous phase to C dispersed

phase D
chapter
equation
see



CHAPTER 7

Basic Principles of Packed Column Design
for Liquid/Liquid Systems

71
Introduction

Extractors used in industry can be operated with or without mechanical energy agitation,
by pulsation or rotation [5, 10, 16, 17, 21].

Some of the simplest designs are spray columns without internals and packed
columns containing randomly filled and stacked packing elements, tube columns or
columns with structured packing, see Fig. 1-2a.

The basic design of liquid-liquid-extraction test plant with packed columns is shown
in Fig. 7-1. It largely corresponds to the structure commonly used for gas/liquid sys-
tems. A distributor with bore holes is used for the pre-distribution of the dispersed
phase, with the hole diameter roughly matching the expected droplet size. A distributor
is also used for the pre-distribution of the continuous phase, in order to achieve an even
flow of both phases in the packed extractor. Practical experience has shown that a poor
pre-distribution of the continuous and dispersed phases results in strong back-mixing,
which, in turn, leads to a significant reduction of the extractor’s separation efficiency
[3,4, 10, 21].

If the dispersed phase, moving upwards in the extractor, is lighter than the continu-
ous phase (i.e. pp < pc), it rises from the bottom to the top of the packing in counter-
current to the heavier continuous phase. Phase separation then takes place at the top of
the column, with the lighter phase being extracted from the column in the form of the
continuous phase, see Fig. 7-1.

However, if the heavy phase is dispersed in the light phase at the top of the column
(i.e. pp > pc), phase separation takes place in the lower column section, followed by
extraction from the column.

The internals used in extraction columns consist of randomly filled or stacked packing
elements or structured packings, mostly made of ceramic, metal or plastic, as shown in
Fig. 1-2a or 1-2b.

To intensify mass transfer, pulsed packed columns are used, especially in cases where
extremely high product purities must be achieved and energy-efficient pulsators can be
used [7, 18, 21].

There are many areas of application for liquid/liquid extractors, where non-pulsed
packed columns are preferred, e.g. for the separation of corrosive products, which must

J. Mackowiak, Fluid Dynamics of Packed Columns,
Chemische Technik/Verfahrenstechnik, DOI 10.1007/b98397_7,
© Springer-Verlag Berlin Heidelberg 2010
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7.2 Two-Phase Flow and Operating Ranges 317

be extracted under higher temperatures and pressures, and for larger column diameters,
where no additional energy input is possible due to technical reasons.

Low back-mixing is a particular advantage of tube columns or columns containing
stacked Bialecki rings, metal Fi-Pac and structured packings. Billet and Mac¢kowiak [3, 4]
have carried out experiments to confirm that the mixing of the continuous phase in tube
columns is low and that droplet flow can be assumed when determining the separation
efficiency. The Bodenstein numbers Boc of various systems were found to be high, in the
range of 30—40 [3, 4].

The mixing effects are not discussed further in this work. More information on this
topic can be found in the relevant literature [3, 4, 10, 16, 21].

There are a number of studies and monographs available on the subject of designing
packed columns. However, these are restricted to the empirical presentation of design
documents, mostly for small ceramic Raschig rings, spheres or Berl saddles and occa-
sionally for Pall rings or Bialecki rings made of metal [10, 16, 21].

It was the objective of this book to present a uniform calculation model, based on
previous publications [1, 2, 3, 6, 9, 11, 12, 13, 14, 15], which is applicable to any type
of column internal and can be used to determine the main dimensions of extraction
columns equipped with modern random or structured packings. They apply to randomly
filled packing elements (Fig. 1-2a), stacked and structured packings or tube columns
(Fig. 1-2b), which were tested using various systems, see Table 7-1.

7.2
Two-Phase Flow and Operating Ranges

For the design of non-pulsed extraction columns, it is necessary to ascertain the following
parameters for a given flow rate of the raffinate phase: the flow rate of the extract phase,
the concentration range of the transferring component, the specific flow rates up and/or
uc in the operating range of the extractor below the flooding point and the loading line.
It is then possible to determine the column diameter ds, based on the volumetric flow
rate of the continuous phase V¢ and the specific flow rate uc.
The following parameters are required for describing the operating range:

(a) dispersed phase hold-up
x=Vp/Vs (7-1)

) Sauter droplet diameter dt

) effective mass transfer area a.

(d) mass transfer coefficients for mass transfer direction D —- C or C — D
) mixing effects

7.21
Dispersed Phase Hold-Up in Packed Columns Containing Random and Structured Packings

Figures 7-2, 7-3, 7-4, 7-5 and 7-6 illustrate the behaviour of the dispersed phase through-
out the entire operating range of packed columns up to the flooding point.
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Figure 7-2. Dispersed phase hold-up x as function of specific flow rate of the continuous phase uc,
valid for various packings made of metal, plastic and ceramic [11-14]. Parameter: specific flow rate of
dispersed phase up

Figures 7-2 and 7-3 show the dispersed phase hold-up x as a function of the specific
flow rate uc of the continuous phase, using various specific flow rates up of the dis-
persed phase as a parameter. The experimental data shown in Fig. 7-2 is applicable to
different random packing elements, such as metal Pall rings, Biatecki rings, Hiflow rings
with a dimension of 25-38 mm, whereas the data shown in Fig. 7-3 is valid for 50 mm
tube columns and other structured packings. The test system used for the experiments
under normal conditions was toluol (D)/water, which has a high interfacial tension and is
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Figure 7-3. Dispersed phase hold-up x as function of specific flow rate of the continuous phase uc,
valid for various packings made of metal, plastic and ceramic [11-14]. Parameter: specific flow rate of
dispersed phase up

recommended by the EFCE (European Federation of Chemical Engineering). The exper-
iments were carried out using columns with a diameter of ds = 0.156 m and/or 0.0532
m and a packing height of H = 2.4 m and/or 1.45 m [4, 11, 12]. The properties of the
tested systems are listed in Table 7-1.

The figures show that all packings are characterised by a qualitatively equal course of
the function of the dispersed phase hold-up x. Up to a certain distance from the flooding
point uc< ucp, Fig. 7-2, line A-A, the dispersed phase hold-up x is not dependent on
the specific flow rate of the continuous phase uc.

The dispersed phase hold-up x, as a function of the specific flow rate of the dispersed
phase up, is now plotted in a graph, using the flow rate uc of the continuous phase as a
parameter, Figs. 7-4 and 7-5. The result is a linear relationship.
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continuous phase uc

x=C)-up andx #f (uc) [mSm_3] (7-2)

between the dispersed phase hold-up x and the specific flow rate of the dispersed phase
up, where Cj is a system-specific packing constant.

Figures 7-4 and 7-6 illustrate the different behaviour of the dispersed phase in rela-
tion to different types of packings, e.g. the system constant C; in Eq. (7-2) is higher for
random 25 mm metal Pall rings than it is for the 50 mm Bialecki ring tube column. It can
therefore be concluded that flooding occurs earlier in the random packing than it does
in the tube column. An operating range, which is characterised by a linear relationship



7.2 Two-Phase Flow and Operating Ranges 321

Influence of test system on dispersed phase hold-up
x under normal temperature and pressure.
Ue<<Uc - U 10° i mP/(mPs)

ds=0154 m b, Js701m. H=32m
“f25mm stacked "{25mm stacked| [/
24, [Bictecki rings AToluol (D)/-k/8,4 19 [Biatecki ring A
iso-butanol Hy0 V3 Dichioroethang/D)
D)/Hy0 C1=20 Fu%4 L H0, Cr=18 gt
C4=37 sim o Dichloroethg/- #\Jo,Z
16JoH=15m T - rye(D)—goecﬁ- &
e kerosenel(D) ] - tic g(‘d' P/ without
o o[ 1 Hy0 6r HZZ 1847+ mass
E 8 / [ & H=1.25m ;:[‘;'; 7. _ll transfer|
c ] Cy=19.4 s/m oCCl, [DVH,0
~ ] ®H=125m ACCl, (D)-acetic
2 4 OH-15 m 1| lacidi,0_| ]
x ozl [ 0 1] l'
2 0 I 8 12 0 2 & 6 810
o C d
-8 . .
9 1*8\-25|:nn"1 ﬂiflo'w'ring';, PVDF f icobuta, L1 1 V7
8 [ v L TOT Ry
a  [water (Dioluol ] / MR ey & 4
o ., }ds=0154m, H:225m 2 sim M7
g 36 i G=36 17 o
£ 1 yir
@
a Jimi 2 1 'y
S Her=238sm HH 7 Jkerosene(D)
2 1 7l [H0] |
é C1=187—
to' . ou-~=0 6H
12 uuC;392 = tube column,50 mm+
y, -7‘26 1] I— stacked Biotecki'—
¥ Y rings |
7 ] dg=005m, H=15m ]
0 1 0 | [TTTTI
0 [A 8 2 1% 0 A 8 12

Specific flow rate of the dispersed phase up-10° in m3/(m?s)

Figure 7-5. Influence of test system on dispersed phase hold-up x as function of specific flow rate of the
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between the dispersed phase hold-up x and the specific flow rate up of the dispersed
phase, was also found for other random and structured packings with different systems,
see Eq. (7-2) and Figs. 7-2, 7-3, 7-4, 7-5 and 7-6.

The linear relationship between the dispersed phase hold-up x, acc. to Eq. (7-2), can
be seen in Figs. 7-2, 7-3, 7-4, 7-5 and 7-6. It therefore applies to liquid/liquid systems in
the range below the loading line, i.e. for:

up < 0.65- upp (7-3a)
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and/or for

uc < 0.65 - uc,p. (7-3b)

This behaviour of packed columns was already discussed in previous chapters in relation
to gas/liquid systems.

Acc. to Fig. 7-5b and 7-6a, the dispersed phase hold-up x decreases for the mass trans-
fer direction D — C and increases for C — D [11-13].
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The numerical values of the system constants C; for Eq. (7-2), which were experimen-
tally determined for the packing elements tested, are summarised in Tables 7-2 and 7-3.

Based on the correlations x = f(up, uc), shown in Figs. 7-2, 7-3, 7-4, 7-5 and, 7-6 it
can be concluded that there is a linear relationship between the dispersed phase hold-up
x and the specific flow rate of the dispersed phase up in the operating range below the
loading line, which for packed columns lies at approx. 65 % of the flooding point. This
is shown by the schematic representation in Fig. 7-7.

The following approximate equation (7-4), derived in previous studies [11, 12], can
be used to determine the dispersed phase hold-up x for any type of system:

) 1/4
x = C] s Up = ! . pC - Up [m3m_3] 5 (7-4)
Co-e |4g-Ap-o



324 CHAPTER 7 Basic Principles of Packed Column Design

This equation can be used to verify the experimental data by calculation with an accuracy
of approx. 10 %.

Tables 7-2 and 7-3 contain a list of constants Cy for a number of tested packings
[11-13].

The experiments on the dispersed phase hold-up x, using systems with various prop-
erties shown in Fig. 7-6, also indicate that the variable Cy in Eq. (7-4) is a system-
independent constant, which is not dependent on the constructive design and size of
the plant, see Table 7-2.

7.2.2
Droplet Diameter

Based on comprehensive experiments, using a tube column stacked with metal Biatecki
rings with a dimension of 25 and 50 mm as well as a structured packing of metal Bialecki
rings with a dimension of 25 mm, it was possible to determine the Sauter diameter dr
of the droplets by means of the photographic method [11-13]. The results are shown
in Fig. 7-8. The experiments were carried out with the density difference of the liquids
varying between 131.5 and 595.8 kgm™ and an interfacial tension between 2.8 and
44.5mNm™".

Using the photo-electric method developed by Pilhofer, it was possible to obtain com-
prehensive data material on the droplet diameter dr in the 25 mm metal Bialecki ring
packing in a column with a diameter of ds = 0.10 m and a packing height of 2.95 m
[6, 11, 12, 14]. There were two test points in the packing, located at a packing height of
H = 0.75 m and H = 2 m. It was at these points that the droplets were removed and
the droplet size distribution was measured. The test systems, used under normal con-
ditions, were toluol (D)/water [6, 11] as well as toluol (D)-acetic acid/water and toluol

system uc10® | ds10° H
TP | Column type at 1bar, 293K | m3/mes)| [m] | [m]
o |25 mm tube column | | 1.5 255 | 1.25
iso-butanol (D) / H,0
[} 1.3 53.2 1.5
o |50 mm tube column kerosene (D)/ H,0 2.8 53.2 | 1.25
- toluol (D)/H,0 3 53.2 1.5

>300 drops/1 test point
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%08 %] | F

0 2 b 6 8 10 2 1 %6 18
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Figure 7-8. Quotient dr/,/o/ (Ap . g) as function of specific flow rate of the dispersed phase up, valid
for 25 and 50 mm tube columns stacked aligned with metal Biatecki rings made [11, 12]
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(D)-acetone/water (C). During each test, the Sauter diameter dr as well as the dispersed
phase hold-up x were determined. The results are shown in Fig. 7-9a—c.

Using the test system toluol (D)/water, the droplets in the metal Bialecki ring packing
were found to have a diameter of dr= 5-10"> 4 0.005 m, irrespective of the location of
the test point [6, 12].

In the range above the loading line, uc < 0.65-uc g, in which the dispersed phase
hold-up x, at a constant flow rate of the dispersed phase up, increases with the specific
flow rate uc of the continuous phase see Fig. 7-9b, the droplets were found to be larger.
At the flooding point, the droplets were around 20 % larger, compared to the range below
the loading line for uc < 0.65+ucp.

drp ~12-dr (7-5)

The Sauter droplet diameter dr is therefore dependent on the physical properties of the
relevant mixture:

dT =f (pD> 0C> O, g) (7'6)

and is calculated using Eq. (7-7).

dr =CryJo [Ap-g [m] (7-7)

Based on Figs. 7-8 and 7-9, this equation is valid for pure binary mixtures and the
mass transfer direction C — D for systems with low and high interfacial tension, acc.
to Table 7-1. The following applies, based on Fig. 7-9a—c:

Cr = 1.00. (7-8a)
The mass transfer direction D — C has a significant influence on the system limit and

leads to an increase in the droplet diameter dy, compared to the pure test system toluol
(D)/water under the same operating conditions, see Fig. 7-9a. The following applies:

Cr =125 (7-8b)
for systems with a high interfacial tension for the mass transfer direction D — C and

Cr = 1.55 (7-8¢)
for systems with low and moderate interfacial tension for the mass transfer direction D
— C[4,12,19].

In the operating range, which is characterised by a linear relationship between the dis-

persed phase hold-up x and the specific flow rate up of the dispersed phase, the droplet
diameter dr is practically load-independent, see Eq. (7-2).
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Figure 7-9. Sauter droplet
diameter d as function of: (a)
specific flow rate of the
dispersed phase up; (b) relative
column load uc/uc s (¢)
mean acetone concentration in
water for mass transfer
direction C — D [11-14]
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73
Determining the Flooding Point

7.3.1
Introduction

In order to determine the column diameter ds of a packed column at given volumetric
flow rates of the raffinate and extract phases, it is necessary to ascertain the flooding
point. In extraction columns, flooding occurs if:

(a) the specific flow rate of the continuous phase uc is too high or
(b) the specific flow rate of the dispersed phase up is too high

In the first case (a), droplet entrainment from the extraction column occurs at the flood-
ing point. In the second case, the dispersed phase gathers at one end of the column and
fills the entire column volume with droplets, which strongly obstructs the flow of the
continuous phase, leading to its build-up.

The typical hydraulic characteristics of a packed column are shown in Fig. 7-7, plot-
ting the correlation between the dispersed phase hold-up hp and the specific flow rate
of the dispersed phase up. The parameter here is the specific flow rate of the continuous
phase uc. This figure shows the course of the most important parameters of a packed
column in a single diagram. Up to 65 % of the flooding capacity up g, the flow rate of
the continuous phase uc has practically no influence on the dispersed phase hold-up.

The following Figs. 7-10, 7-11, 7-12 and 7-13 show the capacity diagrams for a num-
ber of different packed columns, using various systems, acc. to Table 7-1 [11, 12, 13, 14].
They form the basis for the development of the author’s own model for determining the
flooding capacities in non-pulsed extraction columns [15].

The models used in practice to determine the specific flow rate of the disperse upp
and/or the continuous phases uc | at the flooding point are usually based on the two-
layer model, developed by Gayler, Roberts and Pratt [8].

According to this model, the relative velocity of the droplet flow of both phases ug
is linked to the dispersed phase hold-up x° and the falling or rising velocity of the
individual droplet ws. The best known models for determining the relative velocity ugr
for liquid/liquid systems are as follows:

Up uc

uR:g.x°+s~(l—x0)' (7-9)
and
ug = ws - (1 —x°), (7-10)

acc. to Thornton [20] or

ug = ws - e %, (7-11)
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acc. to Latan, Kehat, quoted by [2] or

up = ws- (1 —x)""", (7-12)

acc. to Mersmann [17].

Mersmann (1980) [17] has developed a graphic model for determining the spe-
cific flow rate of the dispersed phase at the flooding point, using a capacity diagram,
see Fig. 7-14, which is applicable to any types of packings, packing structures and
materials.

The flooding point diagram, developed by Mersmann, uses the falling or rising velo-
city ws of an individual droplet as a parameter. Acc. to Fig. 7-14, the ordinate axis shows
the dimensionless volumetric flow rate of the continuous phase

u
ot (7-13a)
ws - €

plotted against the dimensionless volumetric flow rate of the dispersed phase
u
DM (7-13b)
ws - €

The experimental data range is based on experimental values mainly for small, ceramic
packing elements with d < 0.035 mm [1, 8, 10, 17, 20]. It is marked by the hatched area
in Fig. 7-14.

Figure 7-14. Flood load 1%“ [T I
diagram according to flooding range of packed
6 =3 4
Mersmann [17] for non-pulsed 7 o~ columns
packed column. The 4 %\Q ~J -
experimental data is marked by o \ \<<
the hatched area 5 2 \\ ) P
> N \% \/\
$ >
2 10 \ X A
P VI A% %
5 ¢ \ |
g3 \
wn
é Ws acc. to eqn. \ \‘
2 2——(7-11)
2 |
[
& ’ \ \ '
[} 10 1

02 4 680 2 4 7
Dimensionless volumetric flow rate
[up/wg-€)l
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7.3.2
Rising and Falling Velocity of Droplets in Packings — New Model

While the droplet is falling or rising through the packed bed, it collides with the individ-
ual packing elements, which means that the falling or rising velocity of the droplet ws is
lower than that of the empty column wg. The studies of Mackowiak and Billet [11—13]
and of Billet, Mackowiak and Pajak [2] have presented the following correlation for the
individual droplet velocity wg:

ws=C-wg whereC < 1, (7-14)

is different for each packing element.
The droplet velocity of an individual droplet in an empty column, acc. to Levich and
quoted in [2], is given as:

Ap -
we = 1414 T8 [ms™'] (7-15)
Pc

The only difference between the above and the correlation (7-16), developed by Mers-
mann [17], consists in the constant numerical value:

. Ap -
wg = 1.55- 4 aing [msfl] (7-16)
Pc

Based on the experiments carried out by other authors, Mersmann [17] was able to derive
the following empirical equation for determining the rising and falling velocity wg of
individual droplets in random packings, containing ceramic packing elements:

W = = [ms™!] (7-17)
WEg * PD
1+14- | ——7F———
|:(dF —dg) - Ap -gi|
with a droplet diameter d, acc. to Eq. (7-18):

o

dp =244 . [m] (7-18)

Ap-g

and d as the nominal packing diameter. Equations (7-16) and (7-17) are applicable to
large, deformed droplets in excess of 107> m [17] in the range, in which the rising or
falling velocity of the individual droplet is not dependent on the droplet size.

In the case of structured or random packings with the same diameter dp but different
geometric data a and ¢, the droplet velocities wg are likely to differ. However, this is not
taken into account by Eq. (7-17).
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single droplets in swarm of droplets in
puckep bed, e<1 packed bed, e<1

— Ws=Uc g
T o

[
i 7 _|-for x
WS(% h ? S|
|
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velocity of the
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ding point

0

m
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ws=effective velocity of single droplet in packing bed
Uy=effective velocity of continuous phase Ty=u/e by xp—=0

Figure 7-15. Model of suspended bed of droplets (SBD) for description of flooding point in liquid/liquid
extraction column with packed bed

Based on the suspended bed of droplets (SBD) model, presented in Chap. 2, and the
assumptions shown in Fig. 7-15, it possible to apply Eq. (2-57), derived in Chap. 2, to
liquid/liquid systems. Assuming that ur equals ws (ur = Wws), the following correlation
can be derived for determining the mean rising or falling velocity wg of large, deformed
droplets in liquids:

~ ANYE Cde . Ap .o\ V2
Wws =ur = 0.8 - cosa - wm’lé? . <£) . (%) [ms_l] (7-19)

The following applies for o = 45°:

B d 1/4 d CAp - 1/2
ws=o.566.wm”6-<£) _(Tpicpg) [ms™!]. (7-19a)

Ump in Eq. (7-19) denotes the resistance coefficient of the continuous phase, which
practically becomes constant in turbulent single-phase flow, Rec > 2100, for a packing
element or a family of packing elements, see Tables 6-1a—c. In the case of liquid/liquid
systems, the resistance coefficient yr, p can be regarded as a packing-specific parame-
ter, as packed columns used for extraction are operated in the range of low Reynolds
numbers of the continuous phase, Rec < 100.
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dy, represents the hydraulic diameter of the packed bed, acc. to Eq. (7-20):

=4 [m]. (7-20)
Based on Egs. (7-19), (7-9b) and (7-9c¢), the droplet velocities for the mass transfer direc-
tion D — C are predicted to be higher than for pure binary mixtures and systems with
the mass transfer direction C — D.

Equation (7-19), which was derived for gas/liquid systems in view of determining
the mean rising or falling velocity of droplets in random and structured packings for
liquid/liquid systems, has been verified using a number of modern and classic, randomly
filled and stacked packing elements and structured packings made of plastic, ceramic and
metal, based on the data found in publications [2, 11-14]. The evaluation was based on
experimental data relating to the following systems, acc. to Table 7-1:

— toluol (D)/water,

— water (D)/toluol,

— kerosene (D)/water,

— isobutyl alcohol (D)/water,
— MIBK (D)/water,

— CCly (D)/water

The packings and systems used for the experiments as well as the mean ws values are
listed in Table 7-4. The table contains the wg values calculated by Mersmann, acc. to
Eq. (7-17), and presented by Mackowiak [15], based on Eq. (7-19).

A comparison between the calculated and experimental values, see Table 7-4, shows
good concurrence between both formulas and the experiment. An additional advantage
of Eq. (7-19) lies in the fact that it allows a prediction of the individual droplet veloc-
ity in structured packings, stacked packing elements and small, randomly filled ceramic
packing elements, which is sufficiently accurate for practical applications.

733
Modified Flooding Point Diagram [15]

The flooding point diagram, developed by Mersmann [17], is shown in Fig. 7-14.
The hatched area covers the experimental results found in literature and evaluated by
Mersmann [17]. A more accurate prediction of the loading line, however, requires a more
accurate plotting of the loading curves, as the loading capacity of an extractor is highly
dependent on the mass transfer direction [9-11]. For this purpose, the experimental data
[2, 11, 14], together with new data [6, 9] is plotted in Fig. 7-16.

Equation (7-19) [15] was used for determining the mean droplet velocity ws, which
is required as a variable. The properties of the system were varied, as shown in Table 7-7.

The experimental data plotted on the diagram in Fig. 7-16 are grouped around 3
curves [15].
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Casel: Curve 1in Figure 7-16 — Pure Components and Ternary Systems C — D

The plotted test points for pure binary mixtures or ternary mixtures with the mass
transfer direction C — D are grouped around curve 1, see Fig. 7-16. This curve is
therefore valid for any types of column internals, Table 7-4, made of metal (with
bare surface), ceramic and plastic (PP), if there is a droplet flow prevalent in the
column.

Case2: Curve 2 in Figure 7-16 — Ternary Systems D — C

If, however, the organic phase is used as the dispersed phase, droplet flow in pack-
ing elements with an easily wettable surface can only be achieved for ternary mix-
tures for the mass transfer direction C — D. For the mass transfer direction D — C,
the fast coalescence of droplets leads to schlieren formation [2, 6, 11-13]. In schlieren
flow, the droplets are significantly larger than in droplet flow, which occurs in the
mass transfer direction C — D. The loading capacity of the extractor is consider-
ably higher, as ws~ le/ 4 ace. to Eq. (7-19), and the falling velocity of the individual
droplet is increased by the factor 1.1 for the mass transfer direction D — C, com-
pared to the mass transfer direction C — D. This results in the second limit line in
Fig. 7-16.
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Limit line 2 was created by the plotting of experimental data, which was based on
the mass transfer conditions for the mass transfer direction D — C, using the following
ternary mixtures:

— isobutyl alcohol (D)-acetic acid-water
— toluol (D)-acetic acid-water

— toluol (D)-acetone-water

— water (D)-acetone-toluol

and various internals:

— 15-25 mm metal Pall rings

— 20-38 mm Hiflow rings made of plastic and ceramic

— 25 mm metal Bialecki rings

— metal VSP rings, size 1

— stacked metal Biatecki rings, 25 mm

— tube column with stacked Biatecki rings, 25 and 50 mm

— sheet-metal packings produced by Montz B1-300, C1-300 and metal packing Fi-Pac

The experimental data points, which are valid for the binary system toluol (D)/water and
for the plastic Montz packing C1-300, are also grouped around the second curve.

Case3: Curve 3 in Figure 7-16

If the packing surface is easily wet by the dispersed phase, as is the case with the ran-
dom 25 mm Pall rings made of PVDF and the metal 1” VSP ring with a matt V2A sur-
face, using the organic dispersed phase, the packing elements are covered with a film.
In the case of film flow, the maximum flow rates in the extractor are found to be even
higher. The few experimental values available are on the border of the hatched area in
Mersmann’s diagram, Fig. 7-14. In Fig. 7-16, they are grouped around curve 3.

1.3.4
Model for Determining the Specific Flow Rate of the Dispersed Phase at Flooding Point
for Liquid/Liquid Systems

Mersmann [17] has developed the following approximate equation for calculating the
specific flow rate of the dispersed phase at the flooding point:

YA 5

Ws ws m WS _ 1. |:1 - (5—9)0'6}
m S
7
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In order to apply this equation, it is necessary to ascertain the droplet velocity ws as
well as the specific flow rate uc of the continuous phase, the void fraction of the pack-
ing € and the parameter m. The numerical values of this parameter were determined
n [15]. However, the model parameters m are limited to cases 1 and 2, described in
Sect. 7.3.3, as they are particularly important for practical applications in liquid/liquid
extractions.

Based on the experimental values shown in Figs. 7-11, 7-12 and 7-13, the parameter
m, required for solving equation (7-21) for the mass transfer direction C — D and for
pure binary mixtures, was found to be:

m=1.9 (7-22)

see solid line 1. The experimental values for the mass transfer direction D — C, which
are grouped around curve 2 in Fig. 7-16, can be described by Eq. (7-21), using the
parameter:

m=15 (7-23)
Figure 7-16 shows an additional flooding point curve for the parameter:
m=3.0 (7-24)

For the higher values of the dimensionless flow rate of the continuous phase
uc/(ws=£e) > 0.25, Fig. (7-16) shows considerably lower values of the dimensionless
flow rate of the dispersed phase up/(ws=e), compared to the values calculated using
Eq. (7-21) with the parameter m = 1.9. The parameter ranges between m = 1.9
and 3.

Here, it is recommended to perform the graphic estimation of the specific liquid flow
rate of the dispersed phase at the flooding point up p using Fig. 7-16.

Figure 7-17 [15] shows a comparison between the experiment and the calculated
flooding point data, Eq. (7-21), with the parameter m= 1.9 for pure binary mixtures and
ternary mixtures C — D and for the mass transfer direction D — C with the parameter
m = 1.5. As can be seen from the comparison, the experimental data has been verified
by calculation with an accuracy of less than £20 %. It was therefore possible to sig-
nificantly consolidate and generalise the information available on the loading capacity
of non-pulsed extractors, compared to Mersmann's flooding point diagram shown in
Fig. 7-14.

Comparison of the Model Based on Eqgs. (7-21) and (7-19) with Literature Data

Comprehensive studies on the operating characteristics of pulsed and non-pulsed packed
columns have been carried out by Author [A, 2—4, 11-15], Bender, Berger, Leuckel and
Wolf [1], Brandt, Reissinger, Schifer [5] as well as Pilhofer [18].

Their experiments are particularly significant from a practical point of view, as
they cover a wide range of constructive, operational and material parameters, with the
packing height ranging from 3 m [5, 18] to 5 m [1], to name one example. It is also
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Figure 7.17. Comparison of experimentally determined specific flow rates at flooding point up p and
values calculated according to Eq. (7-21) using Eq. (7-19) and model parameter based on [15]: m = 1.9
for mass transfer direction C — D; m = 1.5 for mass transfer direction D — C

the application of modern experimental methods for determining the flooding point
by means of differential pressure techniques [18] as well as the long-term experience of
Berger et al. [1], which make the comparison with the model based on Egs. (7-12) and
(7-21) particularly interesting.

Table 7-5 shows a comparison between the values calculated throughout this work
and the literature data for 10-25 mm Pall rings and 15-25 mm Raschig rings made of
metal and ceramic. The accordance between the experimental data and the calculated
values is quite satisfactory.

The same goes for the comparison between the calculated values and the new exper-
imental data presented by Pilhofer [18] for 15 mm ceramic Berl saddles, see Table 7-6.
In the case of systems with the ratio d/dr > 1, the prediction of the maximum capacity
of the packing by means of Eq. (7-21) is very accurate. Table 7-6, point 4, shows that
the droplet size occurring in the system toluol (D)/water corresponds to the size of the
free channels dy,. Hence, the droplet fall in the packing is marked by a strong decelerat-
ing effect, which means that the experimental values (up + uc)may. clearly fall below the
values (up+uc)ca calculated acc. to Eq. (7-21).

This can be explained by Eq. (7-19). The separation of systems with high interfacial
tension requires the use of larger packing elements. The presented new model applicable
is only if dy, > dr.
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Dispersed Phase Hold-Up at the Flooding Point xg

The dispersed phase hold-up at the flooding point is calculated iteratively by solving
Egs. (7-9) and (7-12).

The application of the model, presented above, for determining the specific flow rate
of the dispersed phase at the flooding point up g and the dispersed phase hold-up x° g
is illustrated by means of the numerical examples 7.1-7.3.

7.4
Condlusions

According to fluid dynamic behaviour of packed column, a maximum mass transfer
area in non-pulsed packed columns is expected during droplet flow, mostly for the mass
transfer direction C — D from the continuous to the dispersed phase.

a,=6- d [mz/mS] (7-25)
dr

The column diameter of the extractor can be determined using the flooding point dia-
gram, acc. to Fig. 7-16 and Egs. (7-19) and (7-21). Curve 1, with the parameter m = 1.9,
applies to the transfer direction C — D and to pure binary mixtures as well as to random
and structured packings as well as tube columns of various types and sizes. The operation
of packed column below the loading line uc < 0.65 - uc,p is recommended.

The flooding point diagram, Fig. 7-16, contains the falling or rising velocity of the
individual droplet ws as a variable, which is calculated using Eq. (7-19) and based on
the SBD model, Chap. 2. This equation produces numerical values, which match the
results of Mersmann’s Eq. (7-17), see Table 7-4. Equation (7-19) covers a wider range of
random and structured packings, compared to Eq. (7-17). The numerical values of the
mean resistance coefficients yr, g for the packings not mentioned here can be found in
Table 6-1a, b and c.

The current work shows that Eq. (7-19), which was derived for gas/liquid systems in
Chap. 2, is also applicable to liquid/liquid systems. The range of constructive, operational
and material parameters can be found in Table 7-7.

In the case of mass transfer of droplets into the continuous phase D — C, the loading
lines are considerably higher, curve 2 Fig. 7-16, compared to the mass transfer direction
C — D, curve 1, which is due to schlieren formation in the packing. The parameter
for Eq. (7-21) was found to be m = 1.5.

The loading lines are even higher in the case of packed columns, in which no droplet
or schlieren flow occurs, curve, in Fig. 7-16. Packing elements made with easily wettable
materials, such as PVDE, treated PP and matt, metal surfaces, are characterised by film
flow. This was the result of studies with the systems toluol (D)/water, using 25 mm Pall
rings made of PVDE.

Figure 7-1 shows a diagram of a test plant used for determining the hydraulic and
mass transfer parameters of packed columns for liquid/liquid extraction. A photo of this
plant can be seen in Fig. 7-18.
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Figure 7-18. View of test plant dg = 0.15 m for investigating fluid dynamics and mass transfer of pack-
ings for liquid/liquid extraction, filled with stacked 25 mm metal Biatecki rings
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The following numerical examples illustrate the application of the correlations, pre-
sented above, for the design of packed columns for liquid/liquid systems.

Numerical Examples Chapter 7
Numerical Example 7.1

The aim is to calculate the specific flow rate of the dispersed phase at the flooding point
up ), using Eq. (7-21), and to determine the dispersed phase hold-up at the flooding
point xp for 38 mm ceramic Hiflow rings in an extraction column with a diameter of
0.156 m for the toluol (D)/water system.

The column is operated at a specific flow rate of the continuous phase of uc =
3.37£107° mm~2s7 L.

The experimentally determined value is given as (up fi)exp = 11.42:1073 m®m~2s~ 1.

Solution
Physical properties:
op =998.2kgm™>;  pp = 866.7kgm™%; o = 0.0351Nm~!
Packing data acc. to Table 6-1b (38 mm Hiflow ring, ceramic):
a=110m’m > ¢=0831m’m> vy, =1.725
Based on Eq. (7-20), the hydraulic diameter is given as:

0.831
dp=4.-—— =0.0302m
110

and, using Eq. (7-8a), the mean droplet diameter d, based on Eq. (7-7), is given as:

0.0351
dr =1.00 - = 0.00522 m
(998.2 — 866.7) - 9.81

Hence, the falling velocity of the individual droplets for the contact angle of the packed
bed o = 45° and 0.8-cos o = 0.566, based on Eq. (7-19), is as follows:

302\"*  [0.00522-131.5 - 9.81 .
— . = 0.0657 ms

wg = 0.566 - 1.725~1/¢ .
5.22 988.2

The specific flow rate of the dispersed phase at the flooding point, acc. to Eq. (7-21),
with m = 1.9, acc. to Eq. (7-22), has the numerical value of upp = 11.6:1073 ms~! for
uc =3.37£1077 ms~ !,
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Hence, the deviation from the experimentally derived value is:

1142 —11.6
8 (up,r) = TV 2100 % = —1.6 %

The dispersed phase hold-up xp at the flooding point is determined iteratively, using
Egs. (7-10) and (7-12) for m= 1.9. Trial and error led to the value x = 0.40 m*m™3. The
following applies, based on Eq. (7-9):

_ UpnF UC,FI __ Upn + UC,FI
URFI = 3 0 —
£ X g (1 —xY) x £—x

_11.6-107° L 337 1077
o 0.4 0.841 — 0.4

=3.66-1072 ms~!
and, based on Eq. (7-12):

ug =ws - (1 —x)""!

0.4 \%
=0.0657- 1 — ——
( o.537>

=3.64-10"2 ms™!

Hence, the numerical value ug, acc. to Eq. (7-9), matches the ug value, acc. to Eq. (7-12).
The experimental value xpj, based on Fig. 7-4d, is given as x| exp = 0.41 m’m—3.
The relative deviation is now as follows:

0.41 — 0.40

5 (xpp) = ( 7

) - 100 % = +2.43 %.

Numerical Example 7.2

Assuming a specific liquid flow rate of the dispersed phase of up = 6x107% m*m~—2s7!,

the aim is to determine the dispersed phase hold-up, based on the data presented in the
numerical example 7.1.

Solution
The relative column load for the flow rate up is given as:

up 6-1073
upp  11.6-1073

=51.7-1002=51.7%
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The extractor is therefore operated below the loading line. Here, correlation (7-4) can be
applied, with Cy = 0.47, acc. to Table 7-3:

1 998.22 174
x= : .0.006
0.47-0.831 | 4-9.81-(998.2 — 866.7) - 0.0351

=132-102m’m—3 and C; = 22.05 sm™!

The experimentally derived value, based on Fig. 7-4d, is as follows:
Xexp = 13.0- 1072 m’m™>

The relative deviation is therefore:

13.0 — 13.2
8(x) =|——=——] 100 % = —1.54 %.
13.0

Numerical Example 7.3
The aim is to extract acetic acid from toluol by means of pure water in an extraction
column with a diameter of 0.154 m.

The column containing Montz packing, type B1-300Y, is operated at a specific liquid

flow rate of the continuous phase of uc = 3.18x 1073 ms™! (11.45 m®>m—2h~1). What is
the predicted flooding capacity of the dispersed phase up p?

Solution
Physical properties:
pp = 998kgm™>; pp = 862kgm; o = 0.026Nm™!
Technical data of the Montz packing, acc. to Table 6-1c:
a=300m’m™>; £=0972m’m~>; Ypm = 0.888
1. Determining the falling velocity of the droplet wg acc. to Eq. (7-19):

£ 0.972
dy=4-—=4-—— =0.01296 m
a 300

and for D — C with Eq. (7-8b), Eq. (7-7) leads to a droplets diameter dr of:

o 0.026 .
dr=125- [— =125-,/————=55-10"m
Apg 136.9 - 9.81
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Based on Eq. (7-19), the falling velocity of the droplet, with o = 45°, is given as:

_ e (1296\Y* [55.107% 136 - 9.81
ws = 0.566-0.888 71/ . | —— ) .
5.5 988

=6.16-1072 ms™!
Equation (7-21), for uc = 3.18x107% ms~! and for D — C and m = 1.5, leads to:
upp =18.25-107> ms™!
The experimentally derived value, acc. to [10, 11], is as follows (see Fig. 7-11):
upp = 18.3- 1073 ms™!
Hence, the relative deviation is:

18.3 — 18.25
8 (up,p) = — 55 100% = +0.27 %.
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Table 7-4. List of mean velocities of single droplets in packed bed wg for packings and systems investi-
gated, symbols for Fig. 7-16

T W
P S cale. S cale §
d*10* | Packing or column a _| System | — Yh.F1
S B 3 We o acc. toeqn. | acc. to eqn.
y (mll | type [ [n;lm 0. S.exp. .19 017 s. Z:yle Crio
[ms™'] [ms™']

o] I s o 061 | 0.060 0.060 .
- 28 Hiflow ring, PP, random 185.3 0.922 > 0.66 0.06 0059 1,60 |0.566
of| 38 |Miflowring, ceramic, 110 0.831 1 0.066 | 0.0654 0.071 1.725 |0.566

random
o[] 25 |Pallring, metal, random 215 0.942 1 0.051 0.054 0.056 242 [0.566
w| 25 |!ntaloxsaddlc, ceramic, 207 0.69 1 0.041 [ 0.0516 0.056 21 [os66
random
al| 20 [Hiflow ring, ceramic, 283 0.763 I 0.033 | 0.0510 0.045 1.60 [0.566
random
VSP ring. metal (bright), 1 0.062 0.060 0.065 N
5
Al 3% | random 20001 0972 0062 | 0,056 0065 | 22 [0366
| * ] Bialecki rings, metal, 1 0.077 0.071 -

%] 25 |stacked, 275 | 0933 4 | 0.047 | 0.050 - 1.030 |0.693
I N = 63,300 m™ S 0.12 0.112 -

+ 25 | Pall ring, PVDF, random 182 0.909 3 0.0546 0.0557 0.056 2.42 [0.566
0 - Fi-Pac 200 0.944 1 0.069 0.0825 - 1.077 10.739
x| tube column (7 tubes) 4 0.032 0.0412 -

— 25 with 25 mm metal 339.1 0.924 1.55 10.693
*| Bialecki rings S 0.078 | 0.0888 -

Montz packing C1-300, 5 <
o) - PVDF 300 0.95 1 0.068 0.060 - 0.71 [0.566
gl| - |Monizpacking B1-300 300 0972 | 1 | 0066 | 0.062 - - |os66
h=0.050 m
vi| - |Monzpacking BI-300 30 |o0972| 6 |[o06s| 0062 - - o6
h=0.135m
Montz packing C1-300, N </
¢ - PVDF 300 0.9 1 0.068 0.0654 - 0.71 [0.566

%— tube column (1-7 tubes) ; gg:z 83(7’::2 =

— 53 with 53 mm metal 156.4 0.95 — —— 1.55 ]0.693

i Biatecki rings 2 0.055 0.064
k=1 N 0.104 0.1081 =
al 15 Pall ring, metal, random 354 0.95 10 — 0.036 0.0260 242 10.566

5
v|| 32 |VSPring, metal (mat), 200 [o92| 1 - 0.060 - 22 |0.566
random
Biatecki rings metal,
All 25 |random 225 0.945 1 0.0533 0.0528 0.056 2.66 |[0.566
N = 52,000 m*
up, Ue — i

&1) = (fexp—ica)iexp 100 %

System no. 1: toluol (D) / water

System no. 2: water (D) / toluol + acetic acid. C — D
System no. 3: water (13) / acetone — toluol, C — 1)
System no. 4: iso-butanol (D) / water

System no. 5: CCl, (D) / water
System no. 6: toluol (D) / acetone — water, C — D
System no. 7: water (D) / toluol

System no. 8: kerosene (D) / water

System no. 9:MIBK (D) / water

System no. 10: iso-butanol (D) — acctic acid / water, C — D

System no. 11: water (D) / acetone — toluol, D — C

Sy? = symbol with * valid for ternary mixtures and mass transfer direction D — C; transferred components: acetic acid, acetone and cinnamic

acid. For calculation of WS according to eqn. (7-19). experimental values were used for d- .
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Table 7-6. Comparison of calculated values acc. to Eqgs. (7-19) and (7-21) of this work with experimen-
tally determined values by Pilhofer [18] for maximum total load in non-pulsed packed columns

System (up+uc)el 3j(up+uc)m

(m3m—2h~ 1]
exp. cal. [%]

1 methylene chloride (D)/water 40.3 41.0 —1.74

2 MIBK (D)/water 31.7 30.6 +3.5

3 ethyl acetate (D)/water 24.4 22.4 +8.2

4 toluol (D)/water 20.2 28.4 —40.6
24.0 28.9 —20.4

up,uc =1

3(i) = (iexp_ical)/iexp'loo %

Table 7-7. Range of various materials, designs and operating parameters, valid for the correlation for
determining the specific flow rate of the dispersed phase at the flooding point, based on Egs. (7-21) and

(7-19) [15] and investigated packings

0.7 < Vi < 8.5[—]

0.025 < dg < 0.22m

0.696 < e < 0.972m’m=3

110 < a < 515 m?m™3

1.25 < H < 5.0 m

866 < PC < 1260 kgm 3

800 < oD < 1594 kgm 3

99.5 < Ap < 596 kgm ™3

1 < ¢ < 445 mNm™!

0.596 < nc < 1.5 mPas

0.596 < 1D < 9.28 mPas
dy/dt >> 1

10—25 mm Pall rings made of metal and plastic

12—25 mm metal Bialecki rings

20—38 mm Hiflow rings made of ceramic and plastic

20—25 mm Intalox saddles

15 mm metal Raschig rings

15 mm Berl saddles made of ceramic

15 mm Raschig rings made of ceramic

25,50 mm tube column with Bialecki rings

25 mm packing with metal Bialecki rings

Fi-Pac 200 sheet-metal packing

B1-300, C1-300 Montz packing

10—25 mm Pall rings made of metal and plastic

12—25 mm metal Bialecki rings

20—38 mm Hiflow rings made of ceramic and plastic

20—25 mm Intalox saddles

15 mm metal Raschig rings

15 mm Berl saddles made of ceramic

15 mm Raschig rings made of ceramic

25,50 mm tube column with Bialecki rings

25 mm packing with metal Bialecki rings

Fi-Pac 200 sheet-metal packing

B1-300, C1-300

Montz packing
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Slip velocity, 57

Slit perforation, 73, 75, 133

Small ceramic rings, 325

Snowflake, 34

Specific flow rate, model for determining, 335

Spirals, 35

Stacked packing, 13, 77, 84, 88-89, 125, 127,
145, 176, 183, 191, 193—-194, 199,
205, 225, 249, 281, 284-285, 287,
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technical data of, 159-160, 304-308
Static liquid hold-up, 184
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models of, 188
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275, 281-282, 284-285, 287-288,
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technical data of, 159-160, 312-316
Styrene, 91, 95, 101, 212
Sulzer gauze packing, 76, 95, 101
Superficial velocity, 45, 54
dimensionless, 54
Suspended bed of droplets model (SBD
model), 20, 45, 47, 56, 77, 85, 8889,
91, 109, 123, 275, 281, 332, 338

U

Tellerette, 73

Test plant for investigation, 279

Theoretical separation efficiency, 17, 175

Thermal process engineering, 12

Toluene, 94, 212

Top-Pak, 14, 250, 288

Trickle film, 12, 41-42, 185-186, 188

Tube columns, 13, 29, 75, 77, 89-90, 127, 183,
225, 249, 275, 281, 315, 317-318

Two-phase flow, 317

A%

Vacuum distillation columns, 93

Vacuum rectification, 15, 61, 63, 77, 175

Validity range, 288-289

VFF pall rings, 288

Void fraction, 26, 29, 33, 42, 77, 87-88, 124,
128, 148, 190, 204, 247-248, 264,
283, 336

Volumetric mass transfer coefficient, 20-21

Vortex shedding, 69

VSP ring, 14, 34, 42, 60, 69, 73, 144, 250, 288,
335

metal, 72, 335
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