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A new approach to fluid separation modelling in the columns
equipped with structured packings
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Abstract

An analogy between the flow patterns in real separation columns equipped with structured packing and film flow is used to develop a
new modelling approach. The packing is represented as a bundle of channels with identical triangular cross section. The dimensions of the
channels as well as their number are derived from the packing geometry. The channel inner surface is wetted by a liquid flowing downwards,
whereas the rest of the volume is occupied by a countercurrent vapour flow. Both phases are assumed to be totally mixed at regular intervals,
determined by the corrugation geometry of the packing. The mathematical model is based on a set of partial differential equations describing
hydrodynamics and mass and heat transport phenomena. These equations are complemented by the conjugate boundary conditions at the
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hase interface. A numerical solution of the model yields velocity profiles as well as concentration and temperature fields throu
olumn. The model is verified using experimental data for a binary distillation in a column equipped with Montz-Pak A3-500.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The general tendency of chemical engineering is to reach
ncreased efficiency and capacity of separation units at pos-
ibly minimal cost. This has brought about a novel genera-
ion of column internals, providing enhanced mass transfer
erformance and relatively low pressure drop. Among these

nternals, corrugated packings of the regular type, also re-
erred asstructured packings, have gained a wide acceptance
1–4]. Over the years, serious efforts have been made regard-
ng the choice of an appropriate packing material as well as
he optimisation of the corrugated sheet geometry[4–6]. This
an be achieved only if transport phenomena in the pack-
ngs are properly understood, and, hence, the development
f sound predictive models is required. The modelling accu-
acy strongly depends on the appropriate description of phase
nteractions. For the separation processes taking place in ge-
metrically simple flows like films, jets, drops, etc., physical
oundaries of the contacting phases can be spatially localised.

∗ Corresponding author. Tel.: +49 231 755 2357; fax: +49 231 755 3035.

In this case, the partial differential equations of convec
mass and heat transfer offer the most rigorous way to des
the transport phenomena. However, even for the regula
ometry provided by corrugated sheet structured packing
exact localisation of the phase interface represents a
cult problem, due to intricate interphase interactions dict
by packing geometry and surface characteristics. There
most often, the modelling of separation processes is ac
plished with the traditionalstage concept[7], either using th
equilibriumor rate-based stagemodels.

2. Stage concept

2.1. Equilibrium stage model

The equilibrium stage model was largely used for
description of separation processes during the last ce
Since 1893, after the first equilibrium stage model was
forward by Sorel[8], numerous publications have appea
in the literature, discussing different aspects of its fur
E-mail address:e.kenig@bci.uni-dortmund.de (E.Y. Kenig). development and application[9]. Equilibrium stage model
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Nomenclature

ae effective mass transfer area (m2/m3)
at geometric area (m2/m3)
b corrugation base on the plane normal to column

axis (m)
briv width of a rivulet (m)
b0 corrugation base on the plane normal to chan-

nel direction (m)
B widths of corrugated sheets in a packing seg-

ment (m)
C vector of concentrations (kmol/m3)
CE correction factor for surface renewal
dh channel hydraulic diameter (m)
D diffusion coefficient of a component (m2/s)
[D] square matrices of multicomponent diffusion

coefficients (m2/s)
Dpac packing diameter (m)
F rivulet flow rate in thex, y or zdirections (m)
F-factor uGs

√
ρG (Pa1/2)

g acceleration of gravity (m/s2)
h corrugation height (m)
(�H)T vector of heats of phase transition (J/kmol)
k mass transfer coefficient (m/s)
� total channel length in a packing segment (m)
L height of packing segment (m)
[M] phase equilibrium matrix
n number of corrugated sheets in a column cross

section
P pressure (Pa)
q volumetric flow rate (m3/s)
Rh hydraulic radius of the triangular channel

(dh/2) (m)
Re Reynolds number (UGes0ρ/µ)
s corrugation side on the plane normal to column

axis (m)
s0 corrugation side on the plane normal to channel

direction (m)
Sc Schmidt number (µ/ρD)
Sh Sherwood number (kdh/D)
Se wetted inner surface of channels (m2)
St total inner surface of channels (m2)
te exposure time (s)
T temperature (K)
u velocity vector (m/s)
uGs superficial velocity of the gas phase (m/s)
UGe effective velocity of the gas phase (m/s)
ULe effective velocity of the liquid phase (m/s)
w total wetted area in a column cross section (m2)
z length of undisturbed laminar flow (m)

Greek symbols
α gravity flow angle (◦)

β angle defined by Eq.(7) (◦)
γ crimp angle (◦)
δ liquid film thickness (m)
ε angle defined by Eq.(8) (◦)
θ solid–liquid contact angle (◦)
κ thermal diffusivity (m2/s)
λ thermal conductivity (J/m s K)
µ viscosity (Pa s)
ν kinematic viscosity (m2/s)
ρ mass density (kg/m3)
σ surface tension (N/m)
φ plane inclination angle (◦)
ϕ corrugations inclination angle (with respect to

column axis) (◦)
ψ number of channels in a packing segment

Indices
G gas phase
L liquid phase

assumes that the streams leaving a stage are at thermody-
namic equilibrium. This idealisation is usually far from real
process conditions, and therefore, process equipment is de-
signed using the “height equivalent to a theoretical plate”
(HETP), a gross parameter including the influence of pack-
ing type, size and material.

The limitations of the equilibrium stage model have long
been recognised. For a multicomponent mixture, the same
HETP is assumed for all components, this value being con-
stant through the packing height. The latter is in contradiction
with the experimental evidence and may lead to a severe un-
derdesign[7]. Moreover, this model is not able to consider
the packing geometry characteristics, which play a key role in
actual mass and heat transfer. Therefore, for kinetically con-
trolled processes, it is very difficult to use the equilibrium
stage model without significant loss of accuracy.

2.2. Rate-based stage model

The so-called rate-based stage model presents a different
way to the modelling of separation processes, by directly con-
sidering actual mass and heat transfer rates[7,10]. A number
of models fall into the general framework of the rate-based
stage. In most cases the film[11] or penetration and surface
renewal[12,13]models find application, whereas the neces-
s rrela-
t eous
d ture
(

ass
t hase
i eters
ary model parameters are estimated by means of co
ions. In this respect, the film model appears advantag
ue to numerous correlation data available in the litera
see, e.g.[14]).

According to the film model, all the resistance to m
ransfer is concentrated in two thin films adjacent to the p
nterface. The film thicknesses represent modelparam
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which can be estimated using the mass transfer correlations
[7,15]. It is also postulated that the mass transfer occurs
within these films solely by molecular diffusion and that out-
side the films, in the bulk fluid, the level of mixing is so
high that all composition gradients disappear. Mass trans-
fer occurs through the films in the direction normal to the
phase interface, whereas both molecular diffusion and con-
vection parallel to the interface are neglected. Contrary to
the equilibrium stage model, thermodynamic equilibrium is
assumed here only at the phase interface. The mass bal-
ances are established for each phase separately and related
by means of component diffusion fluxes[7]. In the case of
multicomponent separations, which are most commonly en-
countered in industrial practice, multicomponent diffusion in
the film phases is described by the Maxwell–Stefan equations
which can be derived on the basis of the kinetic gas theory
[16–18].

Certainly, the accuracy of the film model depends heavily
on the proper estimation of the film thicknesses. As men-
tioned above, they are calculated using the mass transfer cor-
relations obtained either experimentally[14] or on the semi-
theoretical basis[19–23]. In the next section, a closer look
at several major approaches to estimation of internals-related
parameters is given.
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expected incomplete surface wetting for structured packings
of the corrugated sheet type. The authors used earlier inves-
tigations of wetted-wall columns provided by Johnstone and
Pigford[29] and considered the gas flow in structured pack-
ings as passing through a series of wetted-wall columns with
the dimensions related to the actual angle and size of the cor-
rugations (seeFig. 1). In compliance with this analogy, the
gas mass transfer coefficient was determined by the known
expression for wetted-wall columns[29]:

ShG = 0.0338(ReG)0.8(ScG)1/3 (1)

In Eq. (1), the Reynolds number is determined based on the
hydraulic diameter of the flow channel. For the liquid phase,
the penetration theory[12] is applied, whereas the exposure
time is taken equal to

te = s0

CEULe
(2)

corresponding to the time necessary for the liquid to pass over
the corrugation sides0 (seeFig. 1). The main differences as
compared to the model proposed in Ref.[19] are another ge-
ometry of the channels (a combination of a diamond-shaped
and a triangular channel), different treatment of the hydrody-
namic picture and application of other correlations for mass
t

n-
t pack-
i
o ets,
i ace
t vulets
s o two
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w ing
a r
A ach
r i and
. Estimation of internals-related parameters

The first comprehensive study on hydrodynamics
ass transfer performance of structured packings was

ied out by Zogg[19] for Sulzer BX and Sulzer BY gauz
ackings. The purpose of his study was to correlate the
ific geometric characteristics of the analysed packings
heir mass transfer performance.

The model proposed in Ref.[19] is based on the obse
ations of the gas flow phenomena in corrugated pass
he experiments were carried out in a plexiglas installa
ith transparent walls, reproducing two adjacent corrug
heets of a structured packing. Based on observed flow
erns, the gas flow through corrugated passages is mo
y a hydrodynamically similar one, namely as a flow thro
bundle of identical channels with the triangular cross

ion. Using this analogy, the average gas velocity in the c
els and corresponding Reynolds number can be calcu

The liquid motion over a packing surface is approxima
y a flow of a planar laminar gravitational film (the so-ca
gravity flow”) over an inclined smooth surface. The grav
ow angle corresponds to a minimal angle with the colu
xis (see also Refs.[24,25]). To take into account distu
ances caused by interactions between the liquid films

ng over adjusted corrugated sheets, the length of undist
aminar film is introduced as a correction factor for the
ulation of the liquid mass transfer coefficient.

Later, a similar model for mass transfer in gauze pack
as proposed by Bravo et al.[20] and further extended b
air and Bravo[26] and Rocha et al.[27,28], to include the
.

ransfer coefficients.
A further model for the liquid distribution, effective co

act area and mass transfer performance of structured
ngs was proposed by Nawrocki et al.[21]. Liquid motion
ver packing surface is approximated by a flow of rivul

.e. narrow films, their width depending on packing surf
ension and structure. The authors assumed that the ri
plit at each crossing of adjacent corrugated sheets int
arts, with the fractionPpassing into the neighbouring cha
el and the fraction (1−P) remaining in the original chann
seeFig. 2). Furthermore, no mass transfer is suppose
ccur between two sides of a corrugated sheet and n
ial mixing at the crossings. When approaching the col
all, the liquid is partially reflected back into the pack
nd partially flows down the wall according to the factoP.
fter the flow distribution is established, the width of e

ivulet is determined using the formula suggested by Sh

Fig. 1. Cross section of a flow channel (adapted from[27]).
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Fig. 2. Model of liquid distribution (adapted from[21]).

Mersmann[30]:

briv = 3.49F0.4
L ν0.2

L

(
ρL

σLg

)0.15

(1 − cosθ)−1 (3)

whereas the effective wetted area of the structured packing is
set equal to the total area of individual rivulets.

Following the common practice, Nawrocki et al.[21]
adapted the Johnstone and Pigford[29] correlation for the
calculation of the gas mass transfer coefficient, while for
the liquid phase the penetration theory previously applied
in Refs.[20,26]was utilised.

More recently, Olujíc [31,32] reported an alternative
model based on packing geometry for prediction of corru-
gated sheet structured packing separation performance. The
model is grounded on a representation of a packing as a bun-
dle of wetted wall channels with the characteristic triangular
cross section, similar to the methods considered above. As
in Refs.[26–28], liquid motion is approximated by the film
flow over an inclined surface. Particular attention is given
to several packing geometric characteristics, e.g. corrugation
dimensions and inclination angle, which are explicitly taken
into account in the model. A detailed comparison between
the model, proposed in Refs.[26–28]and those reported in
Refs.[31,32] was performed by Fair et al.[33]. The model
suggested in Refs.[26–28]was judged as less amenable for
f king
t

rfor-
m posed
b
t ow-
i t the
c rther
m to be
p
t tions
q
t ted

sheet perforation fraction. In the subsequent model devel-
opment, the links between the possible flow directions and
perforation properties are analysed more comprehensively
[35].

After the flow rates of liquid rivulets from the crossing
points have been determined with the above model, the width
and average thickness of an individual rivulet can be esti-
mated using the modified Shi and Mersmann approach[34]
to enable calculations for varying inclination angle.

As usual, the authors resorted to the traditional technique
for estimation of mass transfer characteristics, applying the
penetration theory[12] and Eq.(1) suggested by Bravo et al.
[20] for the liquid and gas phase mass transfer coefficients.

In such a way, all models discussed in this section are
based on the rather simplified geometric consideration of the
packing. They take into account only major geometric and
surface characteristics which have a considerable impact on
the process hydrodynamics. It is important that these mod-
els are simple enough to allow the application of continuum
mechanics equations. However, the authors do not use this
opportunity and resort to the traditional application of mass
transfer coefficients in terms of the film model.

4. A closer look on the film model

rob-
l lysis
s es-
t om
t ends
o
c sion
c and,
t ent.
T film
t ngi-
n to be
e .

efi-
n sport
urther development since it is based on the fixed pac
ype and size specific parameters.

Another approach for predicting mass transfer pe
ance of corrugated sheet structured packings was pro
y Aroonwilas and Tontiwachwuthikul[34]. Liquid motion

hrough a packing is considered as a network of rivulets fl
ng over an inclined flat surface, merging and splitting a
rossing points between adjacent corrugated sheets. Fu
ore, the flow from any given crossing point is assumed
ossible only in four directions (shown asq1 to q4 in Fig. 3)

owards the crossing points at the lower level. The direc
1 andq2 correspond to the channel flow, whereasq3 andq4 to
he gravity flow in the proportions dictated by the corruga
-

Though widely used, the film theory reveals some p
ems, when applied to complex processes. A critical ana
hows, that the difficulties are mainly connected with the
imation of the film thickness. First, it is determined fr
he mass transfer correlations and therefore directly dep
n the diffusion coefficients (cf. Eq.(1)). However, multi-
omponent mixtures are characterised by several diffu
oefficients related to different component binary pairs,
herefore, the film thickness is different for each compon
his leads to a formal contradiction, as, according to the

heory, the film thickness should be unique. Thus, in e
eering practice this important model parameter has
stimated as an average of component film thicknesses

Another difficulty is related to convection, as, by d
ition, the films are stagnant and hence no mass tran

Fig. 3. Liquid distribution model (adapted from[34]).
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mechanism, except for molecular diffusion in the direction
normal to the interface, is possible[36]. Nevertheless, con-
vection in films is directly accounted for in correlations.
Moreover, in case of reactive systems, the film thickness
should depend on the reaction rates, which cannot be con-
sidered in terms of this model.

The film theory, once developed for equimolar binary mass
transfer in non-reactive systems[11], was free from contra-
dictions. Nowadays, it is widely applied for much more com-
plicated processes and therefore additional assumptions have
to be made. These assumptions are in conflict with physical
backgrounds and application of the model becomes problem-
atic [36].

5. The idea of hydrodynamic analogy

The main reason for the application of simplified descrip-
tions, as the film, penetration or surface renewal models is
extremely complex hydrodynamics in the majority of indus-
trial processes. When describing the hydrodynamics of such
processes, it is hardly possible to localise the phase bound-
aries and specify the boundary conditions there. Therefore,
the rigorous equations of continuum mechanics cannot be
usually applied to the modelling of separation columns.

An opportunity to employ the rigorous equations of con-
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equipped with structured packings. In the subsequent sec-
tions we discuss the modelling approach for the gas and liquid
flows, mathematical description and the solution strategy.

6. Hydrodynamic analogy for structured packings

Generally, corrugated sheets structured packings are in-
stalled into a column as a bed of certain height and diameter.
It is composed of a number of stacked elements (segments).
The segments are perpendicular to each other to produce the
mixing effects for both gas and liquid at each transition from
one packing segment to another[23]. Each packing segment
consists of a number of corrugated sheets manufactured from
gauze, metal, ceramics or plastics and additionally mechan-
ically or chemically treated to improve their wetting char-
acteristics. A typical geometry of such corrugated sheets is
sketched inFig. 4.

The structured geometry of corrugated sheets results in a
geometrically ordered fluid flow, which is different from the
flow through random packings. The geometric characteristics
of structured packings provide valuable information which
helps to capture the gas and liquid flow patterns.

6.1. Gas flow

such
a cer-
t e
p r flow
c tated
b el is
f
f e both
c

gated
s
w t can
b with
d
F the
w ore,
inuum mechanics even for the cases, in which real p
oundaries cannot be exactly localised, is associated wi

dea ofhydrodynamic analogybetween complex and simp
ow phenomena. More precisely, some particular simi
ies are meant between complex flow patterns encoun
n industrial separations and geometrically simple flows
lms, jets, drops, etc. as well as their combinations[37]. Hy-
rodynamic analogies provide a means to process mode
ombining the rigour of exact continuum mechanics e
ions and rather simple geometric description.

An example of the hydrodynamic analogy is discusse
ef. [37], where pertraction in falling liquid films is co
idered. This process represents a combination of extra
nd re-extraction in a system comprising three liquid fi
owing cocurrently, with the middle film being a liquid me
rane[38,39]. The pertraction process is modelled basin
simpler flow of parallel liquid films with constant thic

esses[40,41].
The hydrodynamic analogy idea has been also use

he modelling of zero-gravity distillation[42], where the rea
wo-phase vapour–liquid mass transfer under countercu
ow conditions is simulated by a film-flow approximatio
o account for the change in the diffusion and hydrodyna
haracteristics caused by the porous support used in thi
ess, certain modifications of the governing equations
ade. In all these examples, the simplified hydrodyna
llows the use of rigorous equations of continuum mecha

or the description of the separation units[36].
In the present paper, the hydrodynamic analogy ide

pplied to rigorous modelling of distillation in colum
The corrugated sheets are installed counter course in
way that they form channels crossing each other at a

ain angleϕ with column axis (seeFig. 4). Therefore, th
acking segment can be visualised as a set of triangula
hannels, with identical cross sections and lengths dic
y the channel proximity to the column wall. Each chann

ormed by the two wall sidess0 and one open sideb0, which
aces a neighbouring channel and is shared between th
hannels[23].

Based on geometry and spatial arrangement of corru
heets and taking into account previous studies[19,21,27,31],
e assume that the gas flow through a packing segmen
e approximated by a flow through a bundle of channels
imensions derived from the corrugation geometry (Fig. 4).
or simplicity, we assume round channels, based on
idely used hydraulic diameter approximation. Furtherm

Fig. 4. Geometry of a corrugated sheet.
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we consider the gas flow in the channels as laminar and fully
developed, being ideally mixed at regular intervals[19,43].
The mixing points subdivide the laminar flow into fragments
of a certain length. They are necessary to take into account
the experimentally observed mixing of the gas flow due to
an abrupt change in the gas flow direction towards the sub-
sequent channel, either at the column wall or at a transition
between the neighbouring packing segments. To be on line
with experimental observations, we assume the length of the
undisturbed laminar flow to be equal to an average channel
length in a packing segment.

6.2. Liquid flow

The main purpose of corrugated sheet structured packings
is to ensure continuous thin film flow[31]. In reality, the
form of liquid flow over the packing surface is an intricate
function of both liquid and surface properties as well as the
packing geometry. A number of papers concerned with liq-
uid flow over complex surfaces are available in the literature
(see, e.g. Refs.[44–47]). Among others, a comprehensive ex-
perimental study of viscous film flow over various surfaces,
similar to those encountered in industrial structured pack-
ings, was carried out by Zhao and Cerro[48] and Shetty and
Cerro[49]. They discriminated between two types of struc-
tures to be associated to structured packings: macro-structure
r ture
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fl
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g ied
b -
s ame.
T n is
n ap-
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H dif-
f le
d e
t ng a
c inar
fl eigh-
b e
c lated
b

Fig. 5. Physical model for the flow structure (the mixing points are indicated
by dash lines,zL andzG represent the lengths of undisturbed laminar liquid
and gas flow, respectively).

7. Determination of the model parameters

According to the physical models for gas and liquid flows
through corrugated sheet structured packing formulated in
the previous section, laminar gas flow occurs through the
bungle of inclined channels, whereas the liquid, in form of
laminar films, wets their inner surface. The inner diameter
of a channel is set equal to the hydraulic diameter of the
corresponding triangular channel (seeFig. 4):

dh = b0h

s0
(4)

A schematic view of the flow in the channel is given inFig. 6.
The gravity flow angleα is calculated from the analysis of

nel.
esulted from the corrugation geometry and micro-struc
elated to the packing material type and treatment. Fur
hey confirmed experimentally that liquid flow over str
ured packing surfaces can be approximated by a seq
f fully developed laminar viscous films flowing over fl
urfaces with alternating inclinations.

According to experimental study of liquid flow over ad
ent corrugated sheets under influence of gravity[50], liquids
enerally tend to move in form of laminar films at the m
al angle with the column axis, corresponding to the gra

ow angleα defined above.
Based on these considerations we assume that liquid

ion over packing surface represents a laminar and fully
eloped film flow. This film wets the inner surface of
hannels inclined in accordance with the gravity flow
le (seeFig. 5), whereas the rest of the volume is occup
y a countercurrent gas flow (see Section6.1). We also as
ume, that for all channels, the film thickness is the s
his means that, at this stage, any radial maldistributio
eglected. Similar to the gas flow model, we apply the
roximation of the periodic ideal mixing at regular interv
owever, the mixing in the liquid phase results from a

erent mechanism. Namely, since the gravity flow angα
oes not coincide with the corrugation inclination anglϕ,

he liquid changes its flow direction abruptly when reachi
orrugation ridge. Thus, the length of the undisturbed lam
ow is assumed equal to the distance between the two n
ouring corrugation ridges[19]. The total inner surface of th
hannels represents a model parameter, which is calcu
ased on the packing wetted area.
 Fig. 6. Two-phase gas–liquid laminar countercurrent flow in a chan
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Fig. 7. To the calculation of the gravity angle (adapted from[19]).

a corrugated sheet single channel, with the length equal to
unity (Fig. 7).

The segment BC represents an intersection of the plane
BCD, normal to the base AC, and horizontal plane. Using the
packing dimensions shown inFig. 4, the following relation
for the gravity angle can be derived[19]:

α = arctan

(
cotϕ

sin[arctan(cosϕ cot(γ/2))]

)
(5)

The length of undisturbed liquid laminar film flow corre-
sponds to the interval BE and can be also derived fromFig. 7:

zL = b0

2sin(γ/2) sinβ
(6)

where

β = arcsin(sinϕ cosε) (7)

ε = arctan(cosϕ cot(γ/2)) (8)

As mentioned above, the length of undisturbed laminar gas
flow is equal to the average channel length in a packing seg-
ment. Total channel length of a corrugated sheet in the pack-
ing is related to its dimensions (seeFig. 8) by the following
formula:

�i = 2BiL = 2BiL
, i = 1, . . . , n (9)

w r of
c off to

the nearest smaller integer number):

n = int

(
Dpac

h

)
(10)

The width of ith corrugated sheetBi is calculated from the
crimp heighth and the packing diameter:

Bi =
√
D2

pac− (h(n− 2(i− 1)))2, i = 1, . . . , k (11)

with

k = 1
2n

due to symmetrical arrangement of the corrugated sheets.
Whenn is an odd number,k is rounded off to the nearest
bigger integer number andBk represents the width of the
central sheet.

It can be proven, that the number of channels built up by
a single sheet is equal to

ψi = 2Bi
b

+ 2L tanϕ

b
− 1

= 2(Bi cosϕ + L sinϕ) − b0

b0
, i = 1, . . . , n (12)

T total
c
n

z

F

z

w

z

T king
s rea

S

w tted)
m

S

b cosϕ b0

heren is an integer number representing the numbe
orrugated sheets in a column cross section (rounded
he average channel length is defined as a ratio of the
hannel length in a packing segment (seeFig. 8) and the
umber of the channels:

G =
∑n

i=1�i∑n
i=1ψi

(13)

or an evenn, it follows from Eq.(13):

G = 2L
∑k

i=1Bi

2cosϕ
∑k

i=1Bi + k(2L sinϕ − b0)
(14)

hereas for an oddn:

G =
2L
(
2
∑k−1

i=1Bi + Bk

)
2cosϕ

(
2
∑k−1

i=1Bi + Bk

)
+ (2k − 1)(2L sinϕ − b0)

(15)

he total inner surface of the channels comprising a pac
egment is related to the packing geometric (installed) a

t = at
πD2

pac

4
L (16)

hereas their wetted surface to the packing effective (we
ass transfer area

e = ae
πD2

pac

4
L (17)
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8. Governing equations and solution strategy

8.1. Hydrodynamics

The hydrodynamic part of the problem is usually assumed
independent of the heat and mass transfer part. Hence, is can
be solved separately. The system of Navier–Stokes equations
in the film flow approximation[51] (Fig. 6) can be presented
as follows[36,40]:

µp

(
∂2up

∂y2

)
− ∂Pp

∂x
+ gρp sinα = 0,

∂Pp

∂y
= 0, p = L,G (18)

From Eq.(18)

∂PL

∂x
= ∂PG

∂x
= constant= �P (19)

The boundary conditions are[36,40]:

• on the wall

y = 0, uL = 0 (20)

• at the interface

y = δ, uL = uG, µL
∂uL

∂y
= µG

∂uG

∂y
(21)

• at the channel symmetry axis

y = Rh,
∂uG

∂y
= 0 (22)

In addition to the boundary conditions, Eqs.(20)–(22), the
mathematical description is supplemented by the flow con-
servation conditions:

qL = wL

∫ δ

0
uL(y) dy = constant (23)

qG = wG

∫ Rh

δ

uG(y) dy = constant (24)

where

wL = Se
sinα

L
(25)

and

wG = St
sinα

L
(26)

are the widths of the wetted and total area in a packing cross
section, respectively.
Fig. 8. Segment of a typical corrugated sheet structured packing
 ((a) top view, (b) isometric projection, (c) side view, (d) front view).
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8.2. Solution of the hydrodynamic equations

The solution of Eq.(18) is a parabolic function:

up = Apy
2 + Bpy + Cp, p = L, G (27)

The coefficientsAp, Bp, Cp can be derived from the follow-
ing relations resulted from the boundary and conservation
conditions (Eqs.(20)–(24)):

AL = �P + ρLg sinα

2µL
(28a)

AG = �P + ρGg sinα

2µG
(28b)

BG = −2AGRh (28c)

CL = 0 (28d)

µL(2ALδ+ BL) = µG(2AGδ+ BG) (28e)

ALδ
2 + BLδ = AGδ

2 + BGδ+ CG (28f)

qL = −wL

(
AL

δ3

3
+ BL

δ2

2

)
(28g)

qG=wG

(
AG

(R3
h − δ3) + BG

(R2
h − δ2) + CG(Rh − δ)

)

C r-
m

E
T .
( s-
s flow
r n the
fi
p ed
f

8

sta-
b di-
r tions
i ase
( ns.
U ans-
f nts

and invokes the matrix equations whenn> 2. To simplify the
solution, we assume here that the channel curvature is negli-
gible. Then the mass transfer equations are:

uL(y1)
∂CL

∂x1
= [DL]

∂2CL

∂y2
1

, uG(y2)
∂CG

∂x2
= [DG]

∂2CG

∂y2
2
(30)

and the heat transfer equations are:

uL(y1)
∂TL

∂x1
= κL

∂2TL

∂y2
1

, uG(y2)
∂TG

∂x2
= κG

∂2TG

∂y2
2

(31)

Boundary conditions are formulated as follows[36,40]:

• at the liquid entrance

x1 = 0, CL = C0
L, TL = T 0

L (32)

• at the gas entrance

x2 = 0, CG = C0
G, TG = T 0

G (33)

• at the wall (adiabatic and non-permeable)

y1 = 0,
∂CL

∂y1
= 0,

∂TL

∂y1
= 0 (34)

• at the channel symmetry axis

• ass

T ary
c t is
s
t each
s ture
a the
c and
t val are
a values
o exit
o

-
p used
f the
t xes or
a e col-
u

3 2

(28h)

ombining Eqs.(28), the following expression for the dete
ination of the liquid film thicknessδ can be derived:

gwGδ(Rh − δ)2(ρL − ρG)(3µGδ+ 4µL(Rh − δ))sinα

6µGµL(3Rh − δ)

+ qLwG(δ− Rh)(3µGδ(2Rh − δ) + 2µL(Rh − δ)2)

µGwLδ2(3Rh − δ)

− qG = 0 (29)

q. (29) is solved numerically using Brent’s method[52].
he values of the liquid film thicknessδ obtained from Eq
29) differ from those calculated from the well-known Nu
elt approximation. This difference depends on the gas
ate and may reach 10–25% for higher gas loads. Give
lm thickness, solution of Eqs.(27) and (28)yields velocity
rofiles in both phasesup(y). These values are further us

or the description of mass and heat transfer.

.3. Simultaneous mass and heat transfer

To avoid difficulties connected with convergence and
ility of calculations, the use of two different, oppositely
ected reference frames in accordance with flow direc
s advantageous[36]. Mass and heat transfer in each ph
Fig. 6) is described by the convective diffusion equatio
nlike the hydrodynamic part of the problem, the mass tr

er part essentially depends on the number of componen
y2 = 0,
∂CG

∂y2
= 0,

∂TG

∂y2
= 0 (35)

at the phase interface (thermodynamic equilibrium, m
and heat conservation conditions)

y1 = δ, y2 = Rh − δ; CG = [M]CL, TL = TG;

[DL]
∂CL

∂y1
= −[DG]

∂CG

∂y2
;

λL
∂TL

∂y1
= −λG

∂TG

∂y2
+ (�H)T[DL]

∂CL

∂y1
(36)

he periodic ideal mixing is incorporated into the bound
onditions in the following way: the total channel heigh
ubdivided into equal fragments with the lengthszL andzG for
he liquid and gas phase, respectively. At the entrance of
ingle interval of an undisturbed fluid flow, the tempera
nd concentration profiles are uniform with respect to
oordinatesy1 andy2. This means that the concentrations
emperatures at the entrance into each subsequent inter
ssigned constant values calculated as integral mean
f the concentration and temperature distribution at the
f the preceding interval.

Solution of Eqs.(30)–(36)yields concentration and tem
erature fields in the liquid and gas phase that can be

or the determination of any arbitrary characteristics of
wo-phase mass and heat transfer, e.g., component flu
verage concentration and temperature profiles along th
mn[36].
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8.4. Solution of mass and heat transfer equations

Eqs.(30)–(36)are solved numerically, using the solution
method similar to that suggested in Refs.[36,53]. The initial
system of equations is reduced to an uncoupled (scalar-type)
form and discretised by an implicit finite difference scheme.
The resulting system is solved by the Thomas algorithm[54]
with the use of the matrix-form coupled boundary conditions
at the phase interface, Eq.(36).

This solution method is advantageous because of its sim-
ple implementation and stable performance. Contrary to
the commonly used variations of the Newton’s method, the
Thomas algorithm allows a consecutive solution and – what
is most important – does not depend on the choice of starting
values.

9. Model verification

9.1. Experimental data

The proposed modelling approach has been verified us-
ing the total reflux distillation data for the binary mixture
chlorobenzene/ethylbenzene (CB/EB) obtained at the Uni-
versity of Dortmund[55]. The experiments were carried out
in a column of 100 mm inner diameter, equipped with struc-
t rac-
t
w m.
T tions
c odel
a

were
t obes
w ell as
f nal-
y re at
t sduc-
e ass-
fl by a
g

9

-
r ines

T
G

a
ε

h
b
s
L
γ

ϕ

Table 2
Model parameters

dh (m) 0.0045
α (◦) 66.5
zL (m) 0.0228
zG (m) 0.0965
St (m2) 0.718
Se (m2) 0.718

are arranged in two modules covering hydrodynamic and si-
multaneous mass and heat transfer calculations. The neces-
sary physical data are calculated using Aspen Properties®

data base[56]. To access the properties data base, the writ-
ten routines are compiled and linked into a shared library via
Aspen simulation engine. This allows automatic loading and
execution of the FORTRAN files directly from Aspen Plus®

interface during simulation runs. The FORTRAN code has
been developed in a general way to allow any arbitrary modi-
fication of the component list (including the number of com-
ponents) as well as the physical property calculation meth-
ods from Aspen Plus® without recompilation of the FOR-
TRAN code. Complementary to our own model, the built-in
FLASH2 model[56] is used for the modelling of the column
reboiler.

9.3. Simulations

In the simulations, the average concentration and temper-
ature profiles were obtained based on the calculated local
concentration and temperature fields. The measured concen-
tration, temperatures and flow rates at the condenser outlet
were used as input parameters. Our purpose was to reproduce
the measured concentration profiles along the column. The
packing specific model parameters calculated with the use
o e
p nce,
t

F on-
d :
q

ured packing Montz-Pak A3-500. The geometric cha
eristics of this packing are given inTable 1. The packing
as installed in 1 m high beds, with the total height of 3
he experiments were accomplished for operating condi
hanging in a wide range in order to reveal the area of m
pplication regarding the assumptions made.

For each packing section of 1 m height, the samples
aken at three locations: 0.1, 0.5 and 0.9 m. Moreover, pr
ere taken above and below the packing sections as w

rom the reflux and bottom streams. All samples were a
sed off-line with a gas chromatograph. Absolute pressu
he top of the column was measured by pressure tran
rs. The distillate flow rate was determined by coriolis-m
ow-meter, whereas the bottom flow rate was measured
raduated glass using a stop watch.

.2. Model implementation

The model described in Section8 and the solution algo
ithms have been implemented in FORTRAN. The rout

able 1
eometric characteristics of Montz-Pak A3-500

t (m2/m3) 500
(–) 0.95
(m) 0.006

0 (m) 0.009

0 (m) 0.0075
(m) 0.183
(◦) 74
(◦) 30
f Eqs.(4)–(16)are summarised inTable 2. Since the gauz
ackings generally exhibit a very good wetting performa

he packing surface was assumed to be fully wetted.

ig. 9. Calculated velocity profiles for two different operating c
itions (P1G:qL = 0.0277 m3/h, T 0

L = 384.15 K, x0(CB) = 0.8944; P1H

L = 0.0575 m3/h, T 0
L = 393.15 K, x0(CB) = 0.8220).
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Fig. 10. Calculated concentrations of chlorobenzene (a,b) and mixture temperature (c,d) for the lower 0.25 m part of the column(qL = 0.0277 m3/h,
x0(CB) = 0.8944, total packing height = 3 m).

Fig. 9shows the velocity profiles resulted from the solu-
tion of the hydrodynamic equations (see Section8.1) for two
different experiments. In these experiments, the flow rates are
such that the interfacial shear stresses take relatively small
values resulting in the observed semi-parabolic velocity pro-
files for both phases. A strong influence of the liquid flow on
the vapour flow can be observed, namely, there are negative
velocities indicating the reverse vapour flow, clearly seen in
the enlarged fragment inFig. 9. Increasing the vapour flow
rate results in a rapid grow of the liquid film thicknessδ, since
the vapour slows down the flowing liquid and, hence, makes
it thicker.

Fig. 10demonstrates the chlorobenzene concentration and
temperature fields in the neighbouring liquid and vapour
phases for the lower part of the column. To render the trends
presented here clearly to the reader, the packing height axes
for concentration ((a) and (b)) and temperature ((c) and (d))
fields are orientated oppositely. The concentration gradients

in the vapour phase are significantly higher and concentration
profiles steeper than in the liquid phase. Obviously, the influ-
ence of the regular mixing manifested in form of the stepwise
changes in the concentration and temperature is much more
pronounced in the vapour phase (see (b) and (d)). It should be
pointed out that the same trends observed in the liquid phase
are caused by the mixing in the vapour phase. Influence of
ideal mixing on the concentration field in the liquid phase
cannot be noticed at given conditions. This can be explained
by the prevailing resistance to the mass transfer in the vapour
phase which is typical for distillation.

9.4. Comparison with experimental data

In Fig. 11, the calculated concentration profiles for
chlorobenzene are compared with measured data. Simula-
tions are carried out for two different operating pressures,
when F-factor calculated under the packing ranges from
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Fig. 11. Comparison of calculated and experimentally obtained chlorobenzene (CB) concentration profiles.
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0.458 to 1.144 Pa1/2. Under the total reflux conditions, an
increase in the gas flow rate implies a corresponding increase
in the liquid load. For the given operating conditions, the val-
ues of liquid phase Reynolds numbers varied through a small
range up to 30, which corresponds to viscous laminar flow
with constant film thickness.

Based on the comparison shown inFig. 11, some con-
clusions regarding the range of application of the proposed
model can be drawn.Fig. 11demonstrates a very good agree-
ment between the predicted and measured data in the range
of F-factor up to approximately 1.0, whereas for higher val-
ues, the discrepancy between the calculated and measured
concentrations becomes considerable (seeFig. 11g–h). Fur-
ther simulation studies showed that this discrepancy increases
with increasedF-factor, even at constant values of the liquid
load. The latter suggests that at the values ofF-factor starting
from 1.0, the gas flow in channels attains a behaviour strongly
deviating from the laminar flow assumed in the model. It can
be concluded that even under assumption of regular total mix-
ing of the vapour phase, the model fails to predict the mass
transfer performance at the transitional flow regime. From
Fig. 10b it is evident that the vapour phase experiences a very
intensive mixing and this effect cannot be fully mirrored by
considering the total mixing at channel transitions.

1
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t

e in-
d rately
I ap-
p gate
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e film
t
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conduction. Similar to the hydrodynamic problem, these
equations are applied to both phases and coupled by the
boundary conditions at the phase interface. The solution gives
local concentration and temperature fields, which are used
for calculation of the concentration and temperature profiles
along the column.

The proposed model has been verified using the to-
tal reflux distillation data for binary mixture chloroben-
zene/ethylbenzene in the column, equipped with the Montz-
Pak A3-500 structured packing. The comparison of the calcu-
lated and measured concentrations shows a very good agree-
ment for values ofF-factor corresponding to laminar flow
regime, what is in accordance with the assumptions of the
model. Next objective is to extend the approach to transi-
tional and turbulent flow regimes for the vapour phase. The
model will be tested for different packings and multicompo-
nent systems at relevant operating conditions.
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0. Conclusions

A new approach to rigorous modelling of separation
esses has been applied to modelling of columns equ
ith corrugated sheet structured packings. This approa
ased on the hydrodynamic analogy between real com
ydrodynamics dominating most industrial separations
eometrically simpler flow patterns.

The physical model gives a simplified geometric repre
ation of the packing. It consists of a bundle of channels
dentical triangular cross section. The inner surface of t
hannels is wetted by a liquid flowing downwards, whe
he rest of the volume is occupied by a countercurrent va
ow. Both flows are presumed to be laminar and fully de
ped within intervals of a certain length, being totally mi
etween them. The interval lengths for each phase repr

he packing specific model parameters and are derived
he packing geometry. This simplified hydrodynamic pic
llows an exact localisation of the phase boundaries, w
ermits a direct application of continuum mechanics e

ions.
The hydrodynamic part of the problem is assumed to b

ependent of the mass and heat transfer and solved sepa
t comprises the Navier–Stokes equations in the film-flow
roximation for both phases supplemented by the conju
oundary conditions at the phase interface. Solution o
quations system yields velocity profiles and the liquid

hickness.
Mass and heat transfer phenomena are described b

artial differential equations of convective diffusion and h
t
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