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A model based on the hydrodynamic analogy approach was developed for the predic-
tion of temperature and composition profiles in structured packing distillation columns.
Compared to the traditional models based on the film theory, the proposed model is more
rigorous. It comprises Navier-Stokes equations, convection-diffusion and heat-conduction
equations to describe the transport phenomena under condition of two-phase gas-liquid
flow in an entire separation column. As a result, modeling the column efficiency is
accomplished without application of the mass-transfer coefficients. For the model verifi-
cation, total reflux distillation data for binary and multicomponent mixtures are used.
Calculations with both the hydrodynamic-analogy-based, and the film model are per-
formed for a wide range of operating conditions. The proposed model is shown to have
a more stable performance than the traditional one. Therefore, it can be recommended for
design, revamp and optimization of distillation columns equipped with corrugated sheet
structured packings. © 2006 American Institute of Chemical Engineers AIChE J, 52: 3055–3066,
2006
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Introduction

Since the early 1980s, when corrugated sheet metal struc-
tured packings appeared on the market, great advances toward
the process intensification in distillation and absorption have
been made. Being initially developed for separation of ther-
mally unstable components in vacuum distillation, structured
packings have permanently been gaining in popularity and
cover a large field of applications in chemical, petrochemical
and refining industries1 due to their more effective performance
characteristics. Most commonly, at sub- and near-atmospheric
pressures, structured packings outperform random packings
and trays in capacity and/or separation efficiency. For instance,

Kurtz et al.2 reported that the distillation capacity can be
increased by as much as 30%–50% at the same separation
efficiency, when trays are replaced with structured packing.

It is widely known that structured packing performance
characteristics depend heavily on the corrugation geometry. To
match the ever growing demand on capacity, some 15 years
ago, most manufacturers offered modified structured packings
in which the corrugation inclination angle with respect to
horizontal was increased from standard 45 to 60°. Performance
characteristics of both conventional 45 and 60° packings were
thoroughly investigated experimentally by the Separation Re-
search Program (SRP), Fractional Research, Inc. (FRI), and the
TU Delft group.3-6 It has been found that the improved capacity
of the 60° packings was largely counterbalanced by the dete-
riorated separation efficiency. Therefore, recent efforts have
been directed toward investigation of the mechanisms contrib-
uting to the structured packings performance, using both ex-

Correspondence concerning this article should be addressed to E. Y. Kenig at
e.kenig@bci.uni-dortmund.de.

© 2006 American Institute of Chemical Engineers

AIChE Journal 3055September 2006 Vol. 52, No. 9



periments and computational fluid dynamics (CFD).7 These
studies have brought about a new generation of structured
packings on the basis of the standard high-efficiency 45° pack-
ing, with the modified bottom or top and bottom ends of each
layer.8,9 This geometry optimization resulted from the better
understanding of complex interplay between the phase inter-
actions and packing geometry, and allowed a substantial (20%–
30%) gain in capacity.6 The development of this so-called
high-capacity packing represents the major breakthrough in
structured packing design during the past 10 years.

An accurate model-based design of separation columns
equipped with structured packings represents a challenging
task, and becomes increasingly important due to the growing
implementation of these packings. According to the estimate
by Brunazzi and Paglianti,10 about 25% of the refinery vacuum
towers worldwide were equipped with structured packings in
1997. The modern modeling approaches are expected not only
to deliver reliable results on the column hydraulic and separa-
tion characteristics, but also to fill the gaps in understanding of
the mass-transfer mechanisms. Therefore, the predictive mod-
els based on physically consistent considerations become es-
pecially important. This would make it possible to properly
account for hydrodynamics and transport phenomena, and to
represent them as functions of the corrugation geometry and
packing surface characteristics.

A number of modeling approaches for the prediction of the
column hydraulic and separation performance are available in
the literature. The most advanced of them are based on direct
consideration of the packing corrugation geometry. An over-
view of main geometry-based models is given by Shilkin and
Kenig.11 In these approaches, actual rates of multicomponent
mass and heat transport are taken into account directly. Most
commonly, mass transfer at the gas-liquid interface is de-
scribed using the film theory.12,13 According to this theory, all
the resistance to mass transfer is localized in thin films adjacent
to the gas-liquid interface. Mass transfer occurs within these
films solely by steady-state molecular diffusion in the direction
normal to the interface. For multicomponent separations which
are most commonly encountered in industrial practice, multi-
component diffusion in the films is described by the Maxwell-
Stefan equations which can be derived on the basis of the
kinetic gas theory.14,15 Outside the films the level of mixing is
assumed so high that no composition gradients in the bulk-fluid
phases exist. Thermodynamic equilibrium is assumed only at
the interface. The hydrodynamic and mass-transfer effects are
taken into account by applying correlations for mass-transfer
coefficients kL, kG for the liquid and gas phases, as well as for
the holdup and pressure drop. Usually, these correlations are
empirical. Along with hydrodynamic and physicochemical
characteristics, such as Reynolds and Schmidt numbers, they
may include explicitly different packing geometric proper-
ties.4,16-18

The film model is relatively simple and applicable for dif-
ferent types of column internals. Nevertheless, its application is
not always problem-free. Due to rather limited physical repre-
sentation of this model, influence of the broad spectrum of
packing geometric characteristics and operating conditions is
translated into empirical correlations to estimate two imaginary
stagnant film thicknesses. Since the film model does not con-
tain any momentum transfer equations, its accuracy depends
heavily on ability of the employed correlations to account for

changes in the flow conditions, due to different packing geom-
etry and fluid physical properties. Considering that these cor-
relations are usually determined experimentally for a certain
packing, chemical system, and within a definite range of op-
erating conditions, their extrapolation to other conditions is
inherently risky.

Further difficulties arise when the film theory is applied to
complex multicomponent and reactive separations. Being de-
veloped for a binary mass transfer,12 this theory directly relates
the film thickness with the binary diffusivity. However, in a
multicomponent mixture, different diffusivities related to dif-
ferent component binary pairs are available, which result into
several thicknesses. To obtain the only film thickness for each
phase, this model parameter has to be estimated as an averaged
value. Moreover, in reactive systems, the film thickness should
also depend on the reaction rates. This dependence cannot,
however, be reflected by the model. A formal contradiction is
often related to the consideration of convective mass transfer
by the film theory, since the main elements of this model
represent stagnant films.

Nowadays, the film model is used for much more compli-
cated processes, than those considered in the original study.12

This requires additional assumptions, which are frequently in
conflict with the physical backgrounds. As a consequence, the
straightforward application of the film model becomes difficult.

The objective of this work is to present an alternative way
for the description of the mass-transfer efficiency of separation
columns equipped with structured packings, based on the hy-
drodynamic analogy approach,19 and more specifically, on the
model reported recently by Shilkin and Kenig.11 This model is
extended here to improve the accuracy for higher gas loads by
directly incorporating the gas-phase turbulence. The proposed
model has been verified against experimental data on distilla-
tion of binary and ternary mixtures in columns equipped with
different types of structured packings.

Hydrodynamic Analogy Approach

The hydrodynamics, heat and mass transfer in separation
columns can be rigorously described by the partial differential
equations governing momentum, energy and mass transport
(Navier-Stokes, convection-diffusion and heat conduction
equations). These equations should be supplemented by the
appropriate boundary conditions at the phase boundaries. In the
case of geometrically simple flow patterns, as, for instance,
planar films, spherical drops, and so on, their boundaries can be
exactly localized, and, thus, for these simple geometries, the
heat and mass transfer can be described on a purely theoretical
basis, without application of any adjustable parameters.20

However, the majority of industrial separation processes
occur under extremely complicated flow conditions, and, thus,
exact localization of the phase boundaries is hardly possible.
The real hydrodynamics is, therefore, replaced by a simplified
one, whereas the film or other similar model is usually applied.
To describe real conditions, the necessary model parameters
have to be estimated experimentally.

Hydrodynamic analogy approach is an alternative way to
describe the hydrodynamics and transport phenomena in pro-
cesses in which the exact location of the phase boundaries is
not possible. The basic idea of the approach is a reasonable
replacement of the actual complex hydrodynamics in a column
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by a combination of geometrically simpler flow patterns (see
Figure 1). Such a geometry simplification has to be done in
agreement with experimental observations of fluid flow, which
plays a crucial part for the successful application of this ap-
proach. Once the observed complex flow is reproduced by a
sequence of the simplified flow patterns, the partial differential
equations of momentum, energy and mass transfer are applied
to describe the transport phenomena in an entire separation
column.

Fluid Dynamics in Structured Packings

Corrugated sheets structured packings are installed in a
column in the form of beds of certain height and diameter. The
beds consist of layers (segments) of approximately 200 mm
height, with each subsequent layer rotated usually by 90° with
respect to the preceding one to promote lateral spreading of the
liquid in all directions. The structured packing layers are com-
posed of a number of corrugated sheets manufactured from
gauze, metal, ceramics or plastics. The surface of the corru-
gated sheets, usually provided with a regular pattern of holes,
can be additionally treated mechanically or chemically to pro-
mote liquid spreading and to enlarge gas-liquid interfacial area.
The corrugation inclination angle is reversed in adjacent sheets
which results into a “toblerone-like” structure,21 with the alter-
natively oriented flow channels.

Liquid flow

The main purpose of corrugated sheet structured packings is
to ensure continuous thin film flow providing well developed
interfacial area between liquid and gas flows in channels.17 In
reality, the liquid flow over the packing surface depends in an
intricate way on the liquid and surface characteristics, corru-
gation geometry and operating conditions. To understand the
influence of these factors on the liquid-flow behavior is essen-
tial for an accurate prediction of the packing mass-transfer
efficiency, especially when the resistance to mass transfer is
mainly located in the liquid phase (for example, in absorption
of CO2).

Investigations of liquid flow over the structured packings,
both experimentally and by means of CFD, have been a subject
of considerable interest during the last years.22-25 It has been
shown that for a wide spectrum of flow rates, the liquid flow

paths remain the same, thus, being independent of inertial
effects (except for the packings with sharp corrugation ridges),
and follow the minimal angle with respect to vertical (the
so-called gravity or effective flow angle).26 The observed liq-
uid-flow path is sketched in Figure 2. The mixing points are
related to the corrugation ridges, where the film flow structure
is disturbed due to the abrupt change in the flow direction and
influence of intersection points with adjacent corrugated sheets.

Depending on both liquid and gas flow rates, as well as on
the packing geometric and surface characteristics, the form of
liquid flow may vary from laminar films with constant thick-
nesses to rivulets. Since the best structured packing separation
efficiency is achieved under conditions of stable film flow, in
engineering practice, the packing characteristics are deter-
mined to ensure just this flow type.

Gas flow

The countercourse assemblage of the corrugated sheets in a
packing layer (see Figure 3) results into a set of channels with
identical cross section and alternating (�� and �) inclinations
with respect to the column axis. The lengths of individual
channels depend on the packing layer height L, and the corru-
gation inclination, �. Channels ending at the column walls are
generally shorter than those in the bulk of the packing. Ac-
cording to the observations,27 gas flow takes place in the
channels in the direction dictated by the corrugation inclina-
tions. Each channel is formed by two wall sides s0 and one
open side b0, which faces a neighboring channel, and is shared
between these two adjacent channels (see Figure 3c).

Dissipation mechanisms responsible for the pressure drop in
structured packings have been studied experimentally by Olu-
jić17 who distinguished between the following three major
components:

1. Gas-liquid interfacial friction,
2. Gas-gas friction at the open channel side between the two

adjacent channels (cf. Figure 3c),

Figure 2. Corrugation geometry and observed liquid
flow path.

Figure 1. Modeling approaches.
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3. Abrupt flow redirection at the column wall and at the
transitions between the packing layers.

Recently, Petre et al.28 performed a comprehensive CFD-
based study on the impact of different dissipation mechanisms
on the total pressure drop under conditions of a single-phase
gas flow. It has been shown that the most dominant part (60 to
80%) is contributed by the gas-gas friction at the open-channel
side, following by form drag at the transitions between the
packing layers and at the column wall. Similar results have
been obtained by Egorov et al.29

Although the contribution of each dissipation mechanism to
the dry pressure drop in structured packings is well investi-
gated, their influence on the mass transfer still remains unclear.
The reason is that the gas-liquid phase interactions are very
complicated, especially if the conditions near and above the
loading point are considered. Therefore, direct CFD simula-
tions of such complex two-phase flows accompanied by the
heat and mass transfer appear unrealistic in the near future.30

As a consequence, the influence of each mechanism on the
packing mass-transfer efficiency is estimated empirically. For
instance, an experimental study performed by Olujić17 led to
the assumption that only the gas-liquid friction at the phase
interface enhances the mass transfer substantially. The other
mechanisms were found irrelevant, thus producing just the
“useless” pressure loss. This is particularly important with
regard to the gas-gas friction (mechanism 2), which, according
to Stoter et al.,24 is responsible for local, that is, small-scale gas
flow mixing. Based on this assumption, some attempts to
eliminate the gas-gas friction at the open-channel side have
been done, by introducing thin flat sheets between the corru-
gated sheets in order to isolate the channels.31,32 By adopting
this so-called monolith-like structure with a set of closed in-
clined channels, a considerable reduction of the total pressure
drop has been anticipated. At the same time, replacement of the
gas-gas friction “useless” for the mass transfer by the “useful”
gas-liquid friction at the surface of the isolating sheets was
expected to increase the packing separation efficiency.

The experimental investigations of the monolith-like struc-
tured packing hydraulic characteristics proved the expected
pressure drop reduction accompanied by a significant capacity
enhancement, despite the substantially increased geometric (in-
stalled) specific packing area due to inserted sheets.32 The total

reflux distillation experiments showed, contrary to the expec-
tations, a rather poor separation efficiency in the preloading
region. In the loading region, under all investigated operation
conditions, the best achieved separation efficiency was not
better than that of standard structured packings, although the
geometric specific area of the modified packing was consider-
ably larger. Such a behavior was explained by a severe liquid
maldistribution, which, especially in the preloading region,
appeared to be highly detrimental to the packing mass transfer
efficiency.32 The pronounced efficiency drop, while eliminat-
ing the gas-gas friction, may also indicate that the effect of this
mechanism on the mass transfer was underestimated. Hence, it
should be accounted for in the model development.

Model Development
Physical model

In line with the hydrodynamic analogy concept, the basis for
the physical model is provided by the observations of fluid-
flow together with the geometric characteristics of structured
packing. The observations given in the previous section can be
summarized as follows:

1. Gas flow takes place in channels built up by the counter-
course assemblage of the corrugated sheets;17,33

2. There is a strong interaction between the gas flows in
adjacent channels through the open channel side (Figure 3c),
responsible for small-scale mixing (that is, via turbulence) of
the gas phase;

3. Liquid generally tends to flow in form of films over the
packing surface, while the wave formation is largely sup-
pressed due to the corrugations;23,25

4. Liquid flows at the minimal angle built by the packing
surface and the vertical axis (the so-called gravity-flow an-
gle);26

5. Abrupt flow redirection at the corrugation ridges together
with the influence of intersection points with the adjacent
corrugated sheets cause mixing and lateral spreading of the
liquid phase;32

6. Side-effects (abrupt flow redirection at the column wall
and at transitions between the packing layers) result into large-
scale mixing of the gas phase.

The physical model represented in Figure 4 comprises all
these effects. The pronounced channel flow of the gas phase
makes possible to consider the packing as a bundle of parallel
inclined channels with identical cross sections. For simplicity,
the circular channel shape is adopted. The number of the
channels, as well as their diameter is determined from the
packing geometric specific area and corrugation geometry,
respectively. The gas-flow behavior depends on the operating
conditions and varies from laminar to turbulent flow. The
liquid flows countercurrently to the gas flow in form of laminar
nonwavy films over the inner surface of the channels. Addi-
tionally, a uniform distribution of the both phases in radial
direction is assumed, that is, no maldistribution is taken into
account in the model. The ratio of wetted to total number of
channels is the same as the ratio of effective (interfacial)
specific area to geometric specific area of the packing

nw

nt
�

ae

at
(1)

Figure 3. Gas flow through a packing layer (a), sectional
view (b), adjacent gas flow channels (cross-
over) (c)
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The channels are inclined at the gravity-flow angle � to satisfy
the observation 4. The large-scale mixing of the both phases
caused by the abrupt flow redirection and redistribution (see
observations 5 and 6) is approximated by a periodic ideal
mixing. Length of the undisturbed liquid flow zL is set to be
equal to the distance between the two neighboring corrugation
ridges (see Figure 2), whereas for the gas flow, zG is calculated
as an average length of all channels in a packing layer.11

Mathematical Model
Hydrodynamics

The liquid flow is described by the system of Navier-Stokes
equations in the film-flow approximation34

1

r

�

�r �r�L

�uL

�r � �
�PL

� x
� �Lg sin � � 0 (2)

�PL

�r
� 0

whereas for the description of the gas phase, the Boussinesq
approximation is adopted

1

r

�

�r �r�̃G

�uG

�r � �
�PG

� x
� �Gg sin � � 0, �̃G � �G

lam � �G
turb

(3)

�PG

�r
� 0

The boundary conditions (see Figure 5) are as follows:11,35

● at the solid surface, the no-slip condition is applied

r � Rh; u � 0 (4)

● at the channel symmetry axis, the symmetry condition is
used

r � 0;
�u

�r
� 0 (5)

● at the gas-liquid interface, velocities and normal shear
stresses are coupled via the conjugate boundary conditions

r � Rh � 	; uL � uG, �L

�uL

�r
� �G

�uG

�r
(6)

Integration of Eqs. 2 and 3 and substituting the boundary
conditions (Eqs. 4 – 6) yields a system of algebraic equations,11

which is supplemented by the following flow conservation
conditions

qL� x� � �2
 �
Rh�	

Rh

uL�x, r�rdr � const (7)

qG� x� � 2
 �
0

Rh�	

uG� x, r�rdr � const (8)

The negative sign of the lefthand side of Eq. 7 is due to the
selected reference frame (see Figure 5).

The solution yields velocity profiles in the both phases u(x,r)
together with the values of liquid film thickness along the
channel height 	(x), which are used for the description of heat
and mass transfer.

Figure 5. Two-phase countercurrent flow in a wetted
channel.

Figure 4. Physical model of structured packing.
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Simultaneous Heat and Mass Transfer

Heat and mass transfer in each phase in a system comprising
n components is described by the following transport equations

u� x, r�
�T

� x
�

1

r

�

�r �r�̃
�T

�r� , �̃ � �lam �
�turb

� APr
(9)

u� x, r�
�Ci

� x
�

1

r

�

�r �rD̃i

�Ci

�r � , D̃i � Di
lam �

�turb

� Sci
,

i � 1 · · · n (10)

where the turbulent Prandtl and Schmidt numbers Pr and Sci,
are set equal to unity.36

Boundary conditions are formulated as follows:11

● at the entrance

x � 0; T � T0, Ci � Ci
0, i � 1· · ·n (11)

● at the channel wall (adiabatic and nonpermeable) and
symmetry axis

r � Rh, r � 0;
�T

�r
� 0,

�Ci

�r
� 0, i � 1 · · · n (12)

● at the phase interface, concentrations and temperatures in
both phases are linked via the conjugate boundary conditions
(thermodynamic equilibrium, energy and mass flux continuity)

r � Rh � 	; TG � TL, CG,i � KiCL,i, i � 1 · · · n

�L

�TL

�r
� �G

�TG

�r
� �

i�1

n

�HiDL,i

�CL,i

�r
(13)

DL,i

�CL,i

�r
� DG,i

�CG,i

�r
, i � 1 · · · n

To incorporate the periodic ideal mixing (cf. Figure 4), the total
channel length is subdivided into equal fragments with the
lengths zL for the liquid and zG for the gas phase. At the
entrance of each interval, the temperatures and concentrations
are assigned constant values defined as integral mean temper-
atures and concentrations at the exit of the preceding interval.
For the liquid phase, for example, the integral mean tempera-
ture is defined as

T� � x� �
�Rh�	

Rh T� x, r�u� x, r�dr

�Rh�	
Rh u� x, r�dr

(14)

Equations 9 – 13 are solved numerically, using the Tri-Diag-
onal Matrix Algorithm.37 For this purpose, the lefthand side of
Eqs. 9 and 10, and the boundary conditions (Eq. 12) are
discretized using the finite backward difference scheme,
whereas for the righthand side, a second-order, central differ-
ence approximation is used. The first derivatives at the phase

interface in Eq. 13 are obtained from a parabolic fit to the
boundary and two inner points (second-order approximation).38

Numerical solution of Eqs. 9 – 13 yields local temperature
and concentration fields in the both phases. These values are
further used to obtain the average temperature and concentra-
tion profiles along the packing height.

Model Parameters
Geometry-related parameters

Channel Length. Length of the channels in the model
presented in Figure 4 is related to the total packing height Hpac

by the following formula

H �
Hpac

sin �
(15)

where � represents the channel inclination angle.
Channel Diameter. Inner diameter of the channels in

Figure 4 is determined as an equivalent (hydraulic) diameter of
the actual channels made by the corrugated sheets (see Figure
3b). For the triangular cross-section (with one open channel
side, b0), the equivalent diameter is

dh �
b0h

s0
(16)

Inclination angle. Channel inclination angle with respect
to horizontal, �, is assumed to be the gravity-flow angle, in line
with the experimental observations discussed above. Accord-
ing to Spekuljak,22 it is a function of the corrugation geometry
and the packing corrugation inclination angle. For channels
with a triangular cross section, Zogg33 proposed the following
expression for the gravity-flow angle, which is adopted in our
work

� � arctan� cot �

sin�arctan�cos � cot�
/2���� (17)

Channels Number. Total number of channels nt is a func-
tion of the packing geometric specific area at. The volume of
the packing layer shown in Figure 3a is equal to

Vpac �

Dpac

2

4
L (18)

Hence, a packing layer of height L and diameter Dpac contains
a surface

apac �
at
Dpac

2

4
L (19)

On the other hand, the total inner surface of the channels in
Figure 4 is

achn �
nt
dh

sin �
L (20)

3060 DOI 10.1002/aic Published on behalf of the AIChE September 2006 Vol. 52, No. 9 AIChE Journal



Setting apac � achn, the total channel number is expressed as

nt �
atsin �Dpac

2

4dh
(21)

Lengths of Undisturbed Fluid Flows. Length of the un-
disturbed laminar liquid flow zL corresponds to the distance the
liquid passes between the two neighboring corrugation ridges
on its way over the packing surface. Given the flow angle with
respect to horizontal �, the length of the undisturbed liquid
flow can be estimated using the following expression33

zL �
s0

tan � cos � sin �
(22)

where

� � arctan�cos � cot�
/2�� (23)

For the gas flow, the length of the undisturbed interval is equal
to an average channel length in a packing layer, defined as a
ratio of the total channel length to their number11

zG �
¥i�1

n 2BiL

¥i�1
n 2�Bicos � � L sin �� � nb0

(24)

Here n is a number of corrugated sheets in a packing layer,

n �
Dpac

h
(25)

rounded off to the nearest smaller integer number, and

Bi � �Dpac
2 � �h�n � 2�i � 1���2, i � 1 · · · k (26)

is the width of ith corrugated sheet, with k � n/2, due to
symmetrical arrangement of the corrugated sheets in a packing
layer. If n is an odd number, k should be rounded-off to the
nearest bigger integer, with Bk being the width of the central
sheet.

Hydrodynamics-related parameters

Wetted Channels Number. Number of the wetted channels
can be calculated from the packing effective specific area ae.
From Eq. 1 it follows:

nw � nt

ae

at
(27)

Determination of the packing effective specific area ae on a
purely theoretical basis represents a challenging task, due to
intricate interactions between hydrodynamics and geometrical
characteristics of the packing, physical properties of the system
and operating conditions. Therefore, in this work, it is esti-
mated using the following empirical correlation recently pro-
posed by Olujić et al.39

ae � a*e�1 � 	��sin 45


sin � �n

(28)

Here a*e is defined by the well-established Onda correlation40

a*e � at�1 � exp��1.45�0.075

�L
�0.75

ReL
0.1FrL

�0.05WeL
0.2�	 (29)

with dimensionless numbers

ReL �
�LuLs

at�L
(30)

WeL �
�LuLs

2

at�L
(31)

FrL �
uLs

2 at

g
(32)

where uLs � 4ML/(�L
Dpac
2 ) is the liquid superficial velocity,

	 is the fraction of packing surface occupied by holes (for
unperforated packings, 	 � 0), n is exponent of the correction
term expressed as

n � �1 �
at

250��1 �
�

45� � ln� a*e
250�

� �0.49 � �1.013

P ��1.2 �
�

45� (33)

Gas-Phase Turbulent Viscosity. In this work, gas-phase
turbulent viscosity in the channels with circular cross-section
has been estimated using the following empirical correla-
tion41,42

�G
turb�r� � �GRhu�

�

2 A
�1 � r2��1 � � A � 1�r2� (34)

Here, u� � �
�w
⁄�G is the shear velocity, �w is the shear stress
at the gas-liquid phase interface, � is the von Karman constant
(� � 0.41), and A is an empirical constant, which value is taken
A � 3.0 according to Reichhardt.43

Model Verification

Verification of the suggested approach is carried out by
comparing the simulated and experimental composition pro-
files in distillation columns operated at total reflux. Addition-
ally, a comparison with the film model over a wide spectrum of
gas loads is performed to reveal the application range and
accuracy of the both modeling approaches.

Experimental data

For the verification, experimental data available in the liter-
ature are utilized. The results of pilot scale distillation tests
were obtained at the University of Dortmund44, and at the
Nagoya Institute of Technology.45
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The column in Dortmund was equipped with the Montz-Pak
A3-500 gauze wire packing and had an inner diameter of 100
mm. It consisted of three sections, each 1 m high, resulting into
the total packing height of 3 m. As the test systems, the binary
ideal mixture chlorobenzene/ethylbenzene (CB/EB), and the
ternary nonideal mixture methanol/acetonotrile/water (MeOH/
ACN/WATER) were used. The tests were conducted at ambi-
ent pressure with varying feed compositions.

Widely used commercial packing Montz-Pak B1-250 was
tested at the Nagoya Institute of Technology, with the metha-
nol/ethanol/water (MeOH/EtOH/WATER) system at ambient
conditions. The column had an inner diameter of 210 mm, with
the total packing height of approximately 2.2 m divided into
four sections. A detailed description of the experimental facil-
ities and the sampling technique can be found elsewhere.44,46,47

The bed configuration employed in both these experimental
studies allowed taking liquid probes along the packing height,
as well as at the column top and bottom. These probes were
analyzed off-line by gas chromatography.

Model Implementation

The model proposed in this article is implemented in FOR-
TRAN. The FORTRAN routines comprise two modules, one
for hydrodynamic, and one for heat and mass transport calcu-
lations. Aspen Plus� simulation engine is taken to compile the
coded routines and link them to a dynamic link library (DLL-
file), which can be accessed from the Aspen Plus� user inter-
face. The main purpose of this procedure is to make the Aspen
Properties� database available for calculations of the necessary
physical properties. Therefore, FORTRAN coding is done in a
general form, enabling any arbitrary modification of the com-
ponent list without recompilation. The calculation method for
the physical properties, as well as the component list can be
selected using the Aspen Properties� interface. This informa-
tion is stored in the Aspen Properties� problem definition files
(APPDF-files) and used by referring to the databases.

As a reference model, a steady-state film model is used. It is
implemented into the simulator PROFILER, created in the
context of the European research project “Intelligent Column
Internals for Reactive Separations (INTINT)”.48 For the esti-
mation of model parameters, the well-established correlations
elaborated at the University of Texas at Austin3,4,16 and at the
Delft University of Technology (the so-called Delft model17,39)
are applied.

During the simulations, both the film model (PROFILER)
and the model proposed in this article used the same APPDF-
file for each chemical system which is necessary for an ade-
quate comparison of the models.

The liquid-phase nonideality of the test mixtures is ac-
counted for by the use of the UNIQUAC model.49 The required
binary interaction parameters are taken from the literature.50

Simulation results and discussion

Both modeling approaches use the same set of process
operating parameters, namely, flow rate, composition and tem-
perature of the reflux, as well as the column top pressure, in
addition to the corrugation geometry and packing bed dimen-
sions data, which are utilized in accordance with the individual
model requirements. Liquid composition and temperature pro-

files calculated along the packing height are compared. Geo-
metric characteristics of the modeled packings are summarized
in Table 1. It should be noted that in the simulations, the
complete surface of Montz-Pak A3-500 packing was assumed
to be wetted. This assumption is appropriate for the organic
mixtures. On the contrary, the application of the effective
specific area correlations for the gauze wire packings proposed
in Rocha et al.4 leads to a systematic underprediction of the
packing separation efficiency.

In Figures 6 and 7, a comparison of the both models with
measured liquid composition profiles for different test systems
and operating conditions is demonstrated for Montz-Pak A3-
500 packing. F-factors given in the plots are calculated above
the packing bed. Plots shown in Figure 6 compare composition
profiles for the binary mixture CB/EB. Except for very small
gas flow rates (see Figure 6a), agreement with experimental
values is satisfactory for both hydrodynamic analogy and the
film model, independently of which mass-transfer correlation is
applied. It is remarkable that the hydrodynamic analogy ap-
proach reproduce the measured values especially good at low
F-factors. The reason is that, under these operating conditions,
assumptions of the formulated hydrodynamic analogy are very
close to the real flow behavior (continuous laminar film flow of
the liquid phase).

Figure 7 shows predicted and measured composition profiles
for the ternary mixture MeOH/ACN/WATER. Only two com-
ponents, methanol and water, are shown here in order to
facilitate the presentation. Obviously, both modeling ap-
proaches are capable of predicting the compositions in the
column reboiler, within the investigated F-factors range. How-
ever, when applying the film model, a proper choice of the
mass-transfer correlation is crucial for the prediction accuracy.
This can be well recognized in Figure 7a, in which only Bravo
et al.16 correlation yields a good agreement and Figure 7c),
where both Bravo et al.16 and Olujic et al.39 correlations per-
form well. In Figure 7b, however, none of the correlations are
able to predict the composition profiles throughout the packing
height. The hydrodynamic analogy approach, on the contrary,
exhibits a very good and stable performance for all the test
studied.

Figures 8 and 9 demonstrate a comparison between the
measured and predicted temperatures and compositions in the
column equipped with the Montz-Pak B1-250 packing. Again,
only two components, ethanol and methanol, are shown in
Figure 8 to gain a clearer view. Similarly to Figures 6 and 7,
nearly perfect agreement with the experimental data can be
observed for the composition profiles predicted with the hy-

Table 1. Geometric Characteristics of the Modeled
Structured Packings

Montz-Pak A3-500 Montz-Pak B1-250

Layer height L, (m) 0.183 0.196
Geometric specific area at,

(m2/m3) 500 247
Void fraction (�) 0.95 0.98
Corrugation angle �,

(grad) 30 45
Crimp angle 
, (grad) 74 90
Corrugation base b0, (m) 0.009 0.0219
Corrugation side s0, (m) 0.0075 0.016
Corrugation height h, (m) 0.006 0.011
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drodynamic analogy approach for the lower F-factors (see
Figures 8a,b,c). However, for higher loads, discrepancies ap-
pear in the lower part of the column for the mixture with
low-water content, Figure 8d. The discrepancies can be ex-
plained by the change in the flow conditions, namely the liquid
starts to buildup in the bottom part of the column at increasing
vapor flow rate. As a consequence, droplets are formed which

become involved into the mass transfer, thereby, enlarging the
interfacial area. The developed hydrodynamic analogy does not
consider this effect, and, therefore, the discrepancy between the
computed and measured compositions appears reasonable. For
the water-reach mixture, however, the higher surface tension is
most likely to suppress the droplets formation, resulting in the
stable performance of the proposed model even for higher
F-factors (cf. Figure 8e).

As it can be seen in Figures 6 to 8, the film approach
provides qualitatively correct composition profiles for the both
packings investigated. Obviously, the employed mass-transfer
correlations were developed to maintain their validity within a

Figure 6. Predicted (lines) vs. experimental (circles) liq-
uid composition profiles in the column with the
Montz-Pak A3-500 structured packing: test
mixture: chlorobenzene/ethylbenzene (CB/EB).

Figure 7. Predicted (lines) versus experimental (sym-
bols) liquid composition profiles in the column
with the Montz-Pak A3-500 structured pack-
ing: test mixture: ternary methanol/acetoni-
trile/water (MeOH/ACN/WATER).
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certain range of operating conditions near the loading point.
For low-gas loads, a good agreement with experimental pro-
files can only be achieved with the Bravo et al.16 correlations
for the gauze wire structured packing. However, when their
more recent model covering both gauze wire and metal sheet
structured packings is applied (see Rocha et al.4), a consider-
able underprediction of the packings mass-transfer efficiency is
evident. Similar results under these process operating condi-
tions are obtained with the Olujic et al.39 correlations (see
Figures 6a, 7a, and 8a). It is worth noting that, contrary to the
model based on hydrodynamic analogy, the accuracy of pre-
dictions with the film approach is different for different com-
ponents of the multicomponent mixture. This can be explained
by sensitivity of the mass-transfer correlations to the chemical
systems tested.

Concluding Remarks

A model based on the hydrodynamic analogy approach has
been developed for the prediction of the temperature and com-
position profiles in distillation columns equipped with corru-
gated sheet structured packings. Compared to traditional mod-
els based on the film theory, the proposed model is more
rigorous. It comprises the partial differential equations govern-
ing momentum, energy and mass transport (Navier-Stokes

equations, convection-diffusion and heat conduction equations)
to describe the transport phenomena in an entire column. As a
result, modeling the packing efficiency characteristics is ac-
complished without the traditional application of the transport
coefficients. The direct application of the basic transport equa-
tions becomes possible because the actual complex two-phase
flow in the packings is replaced by a combination of the
geometrically simpler flow patterns.

In the proposed hydrodynamic analogy, the structured pack-
ing is considered as a bundle of round channels, their number
and dimensions depending on the packing geometry. Liquid
flows over the inner surface of some channels in accordance
with the given liquid flow rate and packing wetting character-
istics. The ratio of wetted channel to total channel number is
defined using the correlations for the packing effective specific
area. Turbulent gas flow is uniformly distributed over the
whole amount of the channels occupying the rest of the volume
left by the liquid flow. The gas-phase turbulence is explicitly
incorporated into the model by applying an empirical correla-
tion for the turbulent viscosity distribution in round channels.
In addition, both flows are presumed to be ideally mixed at
regular intervals, to account for the observed large-scale mix-
ing due to the abrupt change of the flow directions. The lengths
of these undisturbed flows represent model parameters derived
from the corrugation geometry and packing layer dimensions.

It should be noted that the packing effective surface area and
the gas-phase turbulent viscosity, defined here using empirical
correlations, can be estimated on the basis of CFD simulations
too. Specifically, a reasonable description of the turbulent
viscosities as a function of F-factor and packing geometry is
expected to improve the prediction accuracy for higher gas
loads. Further model developments are, therefore, directed
toward elimination of the above empirical correlations and
introduction of the more rigorous CFD-based methods.

The system of equations to be solved comprises partial
differential equations written for the gas and the liquid phases,
coupled through the boundary conditions at the phase interface.
Numerical solution of this system yields the local temperature
and composition fields. The computed averaged compositions
over the packing height are compared with measured data for
distillation at total reflux for two different structured packings
under a variety of operating conditions. In addition, calcula-
tions with the film model are performed, in which the necessary
model parameters are estimated with the well-established cor-
relations developed at the University of Texas and at the Delft

Figure 8. Predicted (lines) vs. experimental (symbols)
liquid composition profiles in the column with
the Montz-Pak B1-250 structured packing: test
mixture: methanol/ethanol/water (MeOH/
EtOH/WATER).

Figure 9. Example of predicted (solid line) and experi-
mental (circles) temperature profiles in the col-
umn with the Montz-Pak B1-250 structured
packing: test mixture: methanol/ethanol/water
(MeOH/EtOH/WATER).
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University of Technology. The main purpose of this compari-
son is to evaluate prediction accuracy of the traditional and the
novel modeling approaches.

The accuracy of the film model strongly depends on the
applied correlations, chemical systems and operating condi-
tions. On the contrary, the model based on the hydrodynamic
analogy approach demonstrates a stable performance with all
tested systems and over a broad range of investigated F-factors.
Also a better agreement with experiment is observed for the
both packings. Some deviations appear only in the lower part
of the metal sheet structured packing bed for the mixture with
the low water content, when the flow conditions close to the
loading point are considered. These deviations are attributed to
the change in the flow regime, which is not considered in the
model developed.

The proposed approach is more rigorous and physically
consistent than the traditional film model. It demonstrates an
excellent agreement with experimental data and can be recom-
mended for design, revamp and optimization of (reactive)
distillation columns equipped with the corrugated sheet struc-
tured packings.
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Notation

ae � packing effective specific area, m2 / m3

apac � surface contained in a single packing layer, m2

achn � inner surface area of channels corresponding to a packing layer, m2

at � packing geometric specific area, m2 /m3

B � width of a single corrugated sheet, m
b0 � corrugation base, m
C � molar concentration of a component, kmol / m3

D � binary diffusivity of a component, m2 / s
D̃ � effective binary diffusivity of a component defined by Eq. 10, m2/s
dh � channel hydraulic diameter, m

Dpac � packing layer diameter, m
Fr � Froude number defined by Eq. 32
g � acceleration of gravity, m / s2

H � channel height, m
�H � vaporization enthalpy of a component, J/kmol

h � corrugation height, m
K � phase equilibrium constant of a component
L � packing layer height, m

M � mass flow rate, kg / s
nt � total number of channels

nw � number of wetted channels
P � pressure, Pa

Pr � Prandtl number, �/(��)
q � volumetric flow rate in a single channel, m3 / s

Rh � channel hydraulic radius, m
Re � Reynolds number defined by Eq. 30
s0 � corrugation side, m
Sc � Schmidt number, �/(�D)
T � local temperature, K
T� � average temperature, K
u � local velocity, m / s

u� � shear velocity, m / s
Vpac � packing layer volume, m3

We � Weber number defined by Eq. 31
z � length of undisturbed fluid flow, m

Greek letters

� � gravity-flow angle, grad


 � crimp angle, grad
	 � liquid film thickness, m
� � angle defined by Eq. 23, grad
� � thermal diffusivity, m2 / s
�̃ � effective thermal diffusivity defined by Eq. 9, m2 / s
� � thermal conductivity, J / (msK)
� � molecular viscosity, Pa s
�̃ � effective viscosity defined by Eq. 3, Pa s
� � mass density, kg / m3

� � surface tension, N / m
� � corrugations inclination angle (with respect to column axis), grad
	 � fraction of packing surface occupied by holes

Subscripts and Superscripts

0 � initial value
G � gas or vapor phase
L � liquid phase

Ls � liquid superficial velocity
lam � laminar flow
turb � turbulent flow
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