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containing envelopes: experiments vs. CFD simulations
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Abstract

We have studied the hydrodynamics of a reactive distillation sieve tray column in which catalyst containing wire-gauze
envelopes are disposed along the liquid flow direction. The gas and liquid phases are in cross-current contact on the tray.
Experiments were carried out to determine the clear liquid height on the tray as a function of tray geometry and operating
conditions. The transient gas–liquid hydrodynamics on the tray was simulated using CFD techniques. The agreement between
the experiments and CFD simulations was found to be very good, suggesting that CFD simulations can be used for design
and scale-up purposes. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is a great deal of industrial interest in reac-
tive distillation [1]. For heterogeneously catalysed
liquid phase reactions, the liquid phase has to be
brought into intimate contact with catalyst particles.
Both packed columns (random packed or structured)
and tray columns could be used [1–6]. In order to
avoid diffusional limitations, the catalyst particles
have to be smaller than about 3 mm in size. Such cat-
alyst particles are usually encased within wire-gauze
envelopes as in the KATAPAK-S and KATAMAX
constructions of Sulzer Chemtech and Koch-Glitsch
[2–4,7–12]. An alternative to the KATAPAK-S and
KATAMAX construction is to dispose the wire gauze
containing catalyst parcels along the liquid flow di-

∗ Corresponding author. Tel.: +31-20-525-7007;
fax: +31-20-525-5604.
E-mail address: krishna@its.chem.uva.nl (R. Krishna).

rection of a sieve tray distillation column as shown in
Fig. 1(a) and (b). The liquid hold-up is usually much
higher in sieve tray columns as compared to packed
columns and this is an advantage when carrying out
relatively slow, catalysed, liquid phase reactions. A
further advantage of a catalytic sieve tray construc-
tion is that the contacting on any tray is cross-current
and for large diameter columns, there will be a
high degree of staging in the liquid phase; this is
advantageous from the point of view of selectivity
and conversion. Of course, from an overall point of
view, in a multi-stage catalytic sieve tray column the
vapour–liquid contacting is counter-current. The cat-
alytic sieve tray construction has been patented [13]
and is being used in industrial practice, there is no
published information on the hydrodynamics of such
contacting devices. The present study was undertaken
to fill this much-needed gap. We use both experi-
ments and CFD simulations to study the gas–liquid
hydrodynamics.
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Nomenclature

CD drag coefficient (–)
dG diameter of gas bubble (m)
g acceleration due to gravity (9.81 m/s2)
hcl clear liquid height (m)
hw weir height (m)
M inter-phase momentum exchange

term (N/m3)
p pressure (N/m2)
QL liquid flow rate across tray (m3/s)
u velocity vector (m/s)
UG superficial gas velocity (m/s)
Vslip slip velocity between gas

and liquid (m/s)
W weir length (m)

Greek letters
ε volume fraction of phase (–)
µ viscosity of phase (Pa s)
ρ density of phases (kg/m3)
τ stress tensor (N/m2)

Subscripts
cl clear liquid
G referring to gas phase
k index referring to one of the

three phases
L referring to liquid phase
slip slip

Superscript
B from Bennett correlation

2. Experimental

The experimental set-up is shown in Fig. 1(c),
which consists of a rectangular sieve tray and ancillary
gas and liquid distribution devices. On the sieve tray,
four containers (containing 1.1 mm glass spheres) are
mounted. The sieve tray consists of 132 holes of 5 mm
diameter. Experiments were also carried out without
the four catalyst containers; in this case, the number
of holes on the trays is 276. A calibrated rotameter
(8) is used to control the gas flow rate (7). The gas
enters the sieve tray trough a 0.025 m diameter copper

tube, which has a chimney on top to ensure uniform
outflow of gas. The liquid from the storage tank (2)
is fed to the downcomer (6) by means of a centrifu-
gal pump (3). The liquid flow rate is measured by a
calibrated liquid flowmeter (4). Weir heights, hw, of
60, 80 and 100 mm were used in the experiments.
The liquid inlet tube (5) with an inner diameter of
15 mm is placed above the downcomer (6) and dis-
tributes the liquid uniformly over the downcomer. For
a specified set of operating conditions, the dispersion
height is read from the graduated scale attached to
the side of the tray. To measure clear liquid height,
hcl, the gas inlet and liquid inlet are simultaneously,
and instantly, switched off. The clear liquid height
is read from the graduated scale attached to the side
of the tray after a short period to allow for releasing
the gas bubbles from the liquid. Demineralized water
was used in the experiments. Further details of the
experimental set-up, including photographs of the rig,
and measurement technique are available on our web
site: http://ct-cr4.chem.uva.nl/kattray.

3. CFD simulations

In order to describe the hydrodynamics, we also
undertook CFD simulations. The model development
is essentially the same as described in earlier work
[5,6]. For either gas or liquid phases in the two-phase
dispersion on the tray, the volume-averaged mass and
momentum conservation equations are given by

∂(εkρk)

∂t
+ ∇ · (ρkεkuk) = 0,

∂(ρkεkuk)

∂t
+ ∇ · (ρkεkukuk − µkεk(∇uk+(∇uk)

T))

= −εk∇p + Mk,j + ρkεkg

where ρk , uk , εk and µk represent, respectively, the
macroscopic density, velocity, volume fraction and
viscosity of the kth phase (=G or L), p the pressure,
Mk,j , the inter-phase momentum exchange between j
and k phases, and g the gravitational force. The gas
and liquid phases share the same pressure field, pG =
pL. For the continuous, liquid, phase, the turbulent
contribution to the stress tensor is evaluated by means
of k–ε model, using standard single phase parameters
Cµ = 0.09, C1ε = 1.44, C2ε = 1.92, σk = 1 and
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Fig. 1. (a) Sieve tray with catalyst filled containers in a wire-gauze envelope. (b) Details of container. (c) Experimental set-up for
measurements of clear liquid height.

σε = 1.3. No turbulence model is used for calculat-
ing the velocity fields within the dispersed gas phase.
For gas–liquid bubbly flows the inter-phase momen-
tum exchange term is

ML,G = 3

4
ρL

εG

dG
CD(uG − uL)|uG − uL|

where CD is the inter-phase momentum exchange
coefficient or drag coefficient. For the air–water sys-
tem, the bubble rise velocity depends on the size and
morphology of the bubbles [14–17]. For the high gas
velocities normally used for operation on trays, the
hydrodynamics corresponds to that of a bubble col-
umn operating in the churn-turbulent regime [18–22].
Following our earlier work, we estimated the drag
coefficient of a swarm of bubbles using

CD = 4

3

ρL − ρG

ρL
gdG

1

V 2
slip

where Vslip is the slip velocity of the bubble swarm
with respect to the liquid, Vslip = |uG − uL|. The slip
between gas and liquid can be estimated from super-
ficial gas velocity and the gas hold-up Vslip = UG/εG.
In this work, we use the Bennett et al. [23] correlation
to estimate the liquid hold-up:

εB
L = exp


−12.55

(
UG

√
ρgas

ρliq − ρgas

)0.91



with εB
G = 1 − εB

L .
In our CFD code, we used

ML,G = εGεL(ρL − ρG)g

× 1

(UG/εB
G)2

1

εB
L

(uG − uL)|uG − uL|

for the momentum exchange term where (1/(UG/εB
G)2)

(1/εB
L ) is estimated a priori from the Bennett relation.

When above expression for the gas–liquid momentum
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Fig. 2. (a) Computational space for CFD simulations. (b) Details of distributor plate used in the simulations.

exchange within the momentum balance relations the
local, transient, values of uG, uL, εG and εL are used.

A commercial CFD package CFX 4.2 of AEA
Technology, Harwell, UK, was used to solve the equa-
tions of continuity and momentum for the two-fluid
mixture. This package is a finite volume solver using
body-fitted grids. The dimensions of the computa-
tional space are 0.39 m×0.12 m×0.22 m as shown in
Fig. 2(a). Grid cells of 5 mm size are used in the x-, y-
and z-directions. The choice of the grid size is based on
our experience gained in the modelling of gas–liquid
bubble columns operating in the churn-turbulent
regime; the chosen grid size of 5 mm is smaller than
the smallest grid used in our earlier studies [18–22],

where grid convergence was satisfied. The total num-
ber of grid cells within the computational space is
78 × 24 × 44 = 82 368. Fig. 2(b) shows the layout
of holes at the sieve plate in the bottom of the sys-
tem. The fractional free-area in the computations is
the same as that used in the experiments; however,
square holes (112 in number) are used in the simula-
tions rather than circular holes because a rectangular
Cartesian coordinate system is used. The catalyst
containers are modelled as solid, impervious, blocks
80 mm high, 25 mm thick and 370 mm long. The sim-
ulations have been performed on a Silicon Graphics
Power Challenge with six R10000 processors running
in parallel at 200 MHz. A representative dynamic
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simulation took about 2 days to attain steady state.
From the simulation results, average liquid hold-up as
a function of height has been determined. Dispersion
height has been defined by the height at which the
average liquid hold-up drops below 10%. Clear liquid
height has been determined by calculating the total

Fig. 3. Snapshots of liquid hold-up and liquid velocity vectors at different times. Animation on our web site: http://ct-cr4.chem.uva.nl/kattray.

amount of liquid in the system. Average liquid hold-up
has been calculated by dividing clear liquid height by
dispersion height. Further details of the computational
algorithms used, boundary conditions, including an
animation of a typical simulation are available on our
web site: http://ct-cr4.chem.uva.nl/kattray.
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Quasi-steady state values are obtained by running
a dynamic simulation until no more changes in the
total liquid hold-up in the system are observed. The
largest time step used in the simulations is 2 ×10−3 s.
Approach to quasi-steady state by monitoring the liq-
uid in the system. Typically, 4000 time steps are re-
quired to attain quasi-steady state conditions. Steady
state values of the clear liquid height, presented later
in this work, have been taken from a time period in
which the total amount of liquid in the system re-
mained practically constant. Fig. 3 presents snapshots
of the front view of the tray operating with catalyst
containers. The slice is in between the two centre con-
tainers. Two liquid circulation zones, near the inlet and
near the weir, can clearly be distinguished.

4. Experiments vs. CFD simulations

Fig. 4 presents typical simulation results for the
variation of the liquid hold-up along the height of the
dispersion. The values of the hold-up are obtained
after volume-averaging along the x- and y-directions,
ignoring the volume of the catalyst containers. The
increase in liquid hold-up right above the weir height
(equal to the catalyst container height) seen in this
figure is caused by liquid sitting on top of the con-
tainers; this has also been observed experimentally.
In the absence of containers (see Fig. 4(b)), there can
be no such accumulation of liquid.

Fig. 4. Liquid hold-up profiles along the height of dispersion on tray from CFD simulations for (a) sieve tray without containers, and (b)
sieve tray with catalyst containers.

Fig. 5 compares the experimental data for the
clear liquid height, hcl, with the results from CFD
simulations. For a constant liquid height and fixed
weir height, the clear liquid height decreases with
increasing superficial gas velocity UG, see Fig. 5(a).
The superficial gas velocity UG is defined based on
the area available for flow of gases (tray area minus
the cross-sectional area occupied by the containers).
When comparing the results with and without con-
tainers, we note that the presence of the containers
tends to increase hcl; this is due to the suppression
of the large-scale liquid circulations. For a constant
superficial gas velocity and liquid load, increasing the
weir height tends to increase hcl, see Fig. 5(b). For
reactive distillation application, the liquid hold-up
is an important parameter because it will determine
the residence time of the liquid on the tray. Large
weir heights are to be used to increase the liquid
residence time. It is to be noted that for conventional
distillation, weir heights are usually limited to below
about 50 mm and the operation is in the spray regime.
For reactive distillation, much higher weirs are to be
used and the operation in the bubbly froth regime is
preferred. With increasing liquid load per unit length
of weir, QL/W, the clear liquid height increases, see
Fig. 5(c). Considering the fact that the only empirical
input to the CFD simulations is the Bennett relation
in calculating ML,G, the agreement between CFD
simulations and experiment is remarkably good.
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Fig. 5. Comparison of experiments vs. CFD simulations of clear liquid height.

5. Conclusions

In this, we have studied the hydrodynamics of a
novel contactor for reactive distillation. Catalyst con-
taining wire-gauze envelopes are disposed along the
liquid flow path of a sieve tray column. The staging
in the liquid flow direction is beneficial for RD appli-
cations. The experiments and CFD simulation work
focussed on the most important parameter determin-
ing the sieve tray, namely the clear liquid height. The
clear liquid height is an essential parameter in the
estimation of tray hydrodynamics and mass transfer
in sieve tray columns [24] and it is heartening to
note that CFD techniques allow the estimation of this
parameter for a catalytic distillation tray. Our CFD
model is now considered to be validated.

The strategy we advocate is to use this validated
CFD technique for design and scale up of catalytic

distillation trays. With CFD simulations, we obtain
detailed information of liquid velocity distributions,
hold-up distributions, dispersion, etc. Such infor-
mation is required for a rational design of catalytic
distillation columns.
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