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Abstract

Keywords

Type of packings and characteristics of their geometry can affect the
flow behavior in the reactive distillation columns. KATAPAK SP is one
the newest modular catalytic structured packings (MCSP) that has
been used in the reactive distillation columns, recently. However, there
is not any study on the hydrodynamics of this packing by using computational fluid dynamics. In the present work, a 3D VOF model was developed to evaluate dry and wet pressure drops of catalytic structured
packings, MCSP-11 and 12. The module of MCSP is made of alternating
vertical layers of structured packing sheets (Mellapak Plus) and catalyst bags. The goal of this paper is to illustrate the effect of geometry on
the hydrodynamics and characterization of flow in the MCSP modules.
Results showed that the mean relative errors for prediction of dry and
wet pressure drops were 17% and 7% for MCSP-11 and 11% and 12%
for MCSP-12, respectively. According to CFD results, pressure drop in
closed channels was higher than that in open channels. The catalyst
bags were simulated as porous media. The simulation led to determination of the liquid velocity distribution in the catalyst bags.

Reactive separation;
Modular catalytic structured
packing;
Mellapak Plus;
Multiphase model;
Hydrodynamic;
Computational fluid dynamics.

1. Introduction

R

eactive separations1, in which chemical
reaction and separation take place in one
unit, are becoming more important in several areas of chemical engineering [1, 2]. These
processes have many
advantages over conven1
Introduction
tional
methods (reactor-separator systems), especially by reducing investment and operational
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RS

costs. Therefore, in many cases, the use of these
systems is preferred. Despite all the benefits of
reactive separation, there are some limitations,
which are summarized in Table 1 [1, 3, 4].

Due to high complexity and lack of commend in
RS process, the need for further investigation in
this area can be seen. Due to the cost of hydrodynamic experiments and various internal equipment (including various packing and catalysts),
the use of CFD simulation has led to wider research on various types of packing and synthesis.
Although numerous laboratory studies have been
published in the field of reactive separation [5-
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14], few studies have been reported by using
In the first part of this paper, a 3D VOF model is
computational fluid dynamics. Van Baten et al.
developed to evaluate dry and wet pressure
[15] studied the hydrodynamics of a reactive disdrops of MCSP-11 and 12. The aim of this part is
tillation sieve tray column in which the catalyst
to illustrate the effect of geometry on the hydrocontaining wire-gauze envelopes were disposed
dynamics and characterization of flow in the
along the liquid flow direction. A 3D two-phase
MCSP modules. In the second part, catalyst bags
model was developed to determine liquid clear
of MCSP are simulated as porous media. The reheight on the tray as a function of tray geometry
sults show the liquid velocity distribution in the
and operating conditions. A 3D steady-state onecatalyst bags.
phase model was presented by Kloker et al. [2] to
1
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Table 1. advantages and limitations of reactive separations [1, 3, 4].

Advantages
Simplification or elimination of the separation system (capital savings)
Improved selectivity and reduced by-product formation
Significantly reduced catalyst requirement
Avoidance of azeotropes
Heat integration benefits
Avoidance of hot spot formation

limitations
Volatility constraints
Residence time requirement
Scale up to large flows
Process conditions mismatch
The liquid phase reaction
Long-lifetime catalysts strongly required

ble, the steady-state assumption is acceptable.
Also, due to complicated geometry of catalyst particles in the reactive section, the Catalyst bags are
assumed as porous media [16].

Figure 1. Schematic depiction of MCSP; left: MCSP-12,
right: MCSP-11 [23]

The detailed characteristics of geometry, computational domains, and boundary conditions are
presented in section 3.3. Because of the complicated geometry, lack of appropriate understanding of multi-scale phenomena in MCSP, and timeconsuming simulations, several assumptions have
been used in the simulations. The hydraulic parameters such as dry and wet pressure drops
slightly change over simulation time. Also, they
show a periodic or ‘‘quasi-steady state’’ manner.
These parameters have some effect on the gas–
liquid contact time and mass transfer rate between two phases. As these changes are negligi-

Figure 2. Process flow diagram [23]

The continuity and momentum equations are
numerically solved for each phase. In singlephase flow, the air is used as gas phase and in
two-phase analysis, air and water are assumed as
the gas and liquid phases, respectively. Simulations are done at atmospheric pressure and ambient temperature. Therefore, one can neglect the
use of energy balance equations. The ﬂuids are
assumed to be Newtonian, isothermal, and incompressible. Therefore, their physical properties are kept constant. Physical properties of water and air are listed in Table 2. Mass transfer and
reactions as well as capillary rise are neglected in
this part of research.

Table 2. Physical properties of air and water.

property
Density [kg/m3]
Dynamic viscosity [Pa.s]
Surface tension [N/m]
Static contact angel of air and steel [deg]

symbol
ρL ,ρG
μL , μ G
σL

water
998
0.00115
0.073
70

air
1.2
1.82×10-5
----

30

M. Mazarei Sotoodeh et al. / Journal of Chemical and Petroleum Engineering, 51 (1), June 2017 / 27-37

The maximum dynamic liquid hold-up is reached
when the void fraction of the catalyst containing
pocket is just completely filled with flowing liquid. This point is characterized as the catalytic
load point, which is a function of physical properties of the liquid, particle size, and void fraction of
the bed [23]. Simulations are done at the liquid
load point for both geometries. All the walls are
assumed impermeable; therefore, the liquid cannot move from catalyst bags to corrugated sheets
and vice versa.
3.2. Governing equations
The VOF model is well suited for tracking the interface between the two immiscible phases,
which has been validated by many researchers
for gas-liquid CFD simulations of structured packing [30, 31, 32]. Therefore, in the present study, it
is used to predict two-phase flow in the structured packings and the effect of surface tension
along the interface between the phases. The mass
transfer between the immiscible water and air
phases is neglected.

In this model, no relative velocity between phases
is considered and all phases share a single set of
momentum equations throughout the domain.
But, the volume of phases in each computational
cell is tracked as well. The resulting velocity in
each cell is the mass averaged values of the velocity of phases that are presented in the cell. The
corresponding momentum balance equation for
the steady-state two-phase flow is given as follows:


.(   )  .P
 
 
 .[  (   T )]  g  F

(1)

Eq. (1) involves the volume fractions of both
phases that enter through physical properties of
phases, such as density and viscosity. Hence, the
phase averaged properties are given as:

  1 1   2  2
  1 1   2  2

(2)
(3)

where ρ and α are density and volume fraction,
and subscripts correspond to the phases.

In each control volume, the summation of volume
fractions of all phases is equal to unity. That is:
n


i 1

i

1

(4)

The tracking of the interface is done in cells
where the volume fraction is different from 0 or
1. If a cell is completely filled with one phase, the
volume fraction of that phase in the cell is equal
to unity (α = 1) and the cell is considered to be in
the main flow region of that phase. A cell is considered to be on the interface (free surface) when
the value of volume fraction is between 0 and 1 (0
< α < 1).

The tracking of the interface(s) between the
phases is accomplished by the solution to a continuity equation for the volume fraction of one (or
more) of the phases. For the ith phase, it can be
written as:

.( i  i )  0

(5)

The VOF model accounts for the effect of surface
tension along the interface between the phases.
The continuum surface force (CSF) model is applied as surface tension model [30, 31]. This
model was proposed by Brackbill et al. [33]. In
the CSF model, a surface force is formulated to
numerically model the surface tension effects at
fluid interfaces having finite thickness [33]. The
BSL model is used to solve the turbulent viscosity
in the simulations [30, 31].

As mentioned above, in the computational domain, the catalyst bags are assumed as porous
media. A momentum source term is added in the
standard fluid flow equations and the porous medium is considered to be homogeneous and isotropic. The source term Si is:

Si  


a

vi  C2

1
 v vi
2

(6)

where a is permeability and C2 is the inertial resistance coefficient defined as:

a

3
d p2 CB

1501   CB 

2

(m 2 )

(7)
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C2 

3.51   CB  1
(m )
3
d p  CB

(8)

where dp (= 1mm) is the diameter of catalyst particles used in catalyst bags and  CB is the void

fraction, which is dependent on the type of catalytic structure module. The first and second terms
in the right side of Eq. (6) represent the viscosity
loss and inertial loss, respectively. These terms
can be neglected in laminar flow when the fluid
flows through a porous medium.
3.3. Computational domains and boundary conditions

The catalytic structured packings of Behrens [23]
are used in the simulations. Computational domains containing a piece of MSCP are divided into
three sections: a separation section in the middle
and one catalyst bag on each side as reactive section. The domains were shown in Fig. 3. In MCSP11, one sheet of Mellapak Plus is drawn as separation layer. In this situation, all of the channels of
corrugated sheet are in the vicinity of catalyst
bags. These channels are called closed channels.
In MCSP-12, two sheets of Mellapak Plus are
drawn between catalyst bags as separation layer.
In this case, two types of channels are created:

closed channels and open channels. Open channels are the crisscrossing channels in the middle
of two sheets.

There are three effective ratios in the structure of
MCSP, which are known as channel ratio, cross
sectional ratio, and volume fraction of the catalyst. These parameters differentiate both MCSP11 and MCSP-12 and affect the pressure drop of
modules and, consequently, the mass transfer and
reaction performance of packing. The characteristics of geometries and ratios are shown in Table
3.

Figure 3. Simple schematic of computational domains;
left: geometry of MCSP-11, right: geometry of MCSP12
[23].

Table 3. Geometrical characteristics of packings [23]

Property
Cross sectional fraction
Volume fraction of catalyst
Channel ratio
Void fraction
Thickness of catalyst-filled pockets
Height packing element
Corrugation height
Corrugation base width
Corrugation angle
Overall corrugation angle
Catalyst diameter

Symbol
Γ
Λ
X
εp
tR
hpe
H
B
αe or c
α
dp

The following terms are used in characterization
of packings. The channel ratio is:
X=

number of open channels per packing layer
total number of channels per packing layer

(9)

The vapor is not able to flow through the catalyst
bags, because of their dense structure, so the
cross sectional area available for the vapor is reduced. The cross sectional ratio is defined as:
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MCSP-11
0.40
0.46
0
0.55
13.6 mm
200 mm
6.5 mm
9.85 mm
41°
45°
1 mm

Г=

MCSP-12
0.52
0.34
0.5
0.7
13 mm

cross sectional area for separation section
total cross sectional area

(10)

The volume fraction of catalyst ratio specifies the
reaction performance compared to the separation
performance. This ratio is determined as follows:
Λ=

volume occupied by the catalyst
volume occupied by MCSP module

(11)
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Computational domains are meshed by unstructured mesh. Mesh independency is done for computational domains. Several sizes of mesh, i.e., 0.2,
0.3, 0.35, 0.4, and 4.5 mm, are tested to make sure
of numerical accuracy of simulations. Eventually,
the size of 0.35mm is selected for separation section and the size of 0.3mm is selected for the reactive section based on the simulation results.
The total numbers of meshes for MCSP-11 and
MCSP-12 are 3508724 and 7644644, respectively.

Typically, the relative error between two successive iterations is specified by using convergence
criteria of 10-6 and 10-4 for each scaled residual
component in one-phase and two-phase simulations, respectively. The computational time required for each two-phase simulation is more
than one week on a core i7 CPU running on an
eight-core 2.67 GHtz with 18.0 GB of RAM.

On the bottom of domains, static pressure is selected for catalyst bags and structured packing
sheets. At the top, liquid inlet velocity and gas
outlet velocity are specified for both domains. No
slip wall boundary condition is selected for the
liquid flow and free slip wall boundary condition
is used for the gas phase. Hydrophobicity and
smoothness of the walls and the properties of
liquid (such as density, surface tension, and viscosity) can affect the contact angle between liquid
and solid. Contact angle of 70◦ is assumed between water and walls [30, 31, 32, 33].

4. Results and Discussion

3D steady-state VOF simulations are done for investigating dry gas and two-phase flows in MCSP11 and 12. The results of simulations are validated by Behrens [23] experimental data. In section
4.1, one-phase flow is discussed. Dry pressure
drops for both geometries are presented and
compared with experimental results. Also, the
effect of geometry (Mellapak Plus) on the gas flow
direction is shown. Two-phase flow pattern and
wet pressure drop results are presented in section 4.2. Liquid velocity contour in the middle of
catalyst bag is shown in section 4.3.

structured packings. Simulations are done in different Fs for two geometries. The range of Fs is
0.58 up to 2.44 (m/s (kg/m3)0.5). Fig. 4 compares
the simulated pressure drop with the experimental data. For MCSP-11 and 12, it can be seen
that the simulated pressure drops are under- and
over-predicted in all Fs, respectively. Although,
the trends of simulated pressure drop vs. Fs exhibit the same behavior with experimental data
for both geometries. On the other hand, by increasing the Fs, the pressure drop increases and
vice versa.

Since the cross sectional fraction available for gas
flow in the MCSP-12 is larger than that in the
MCSP-11 (i.e. Г11: Г12 = 0.4: 0.52), the pressure
drop of this packing is lower than that of the
MCSP-11. The same trend was observed by Behrens [23].

Fig. 5 compares simulation and experimental dry
pressure drops for all Fs in MCSP-11 and 12. The
solid line in the figure denotes that the simulation
pressure drop is equal to the experimental one
and dotted lines over and under the solid line
represent 15% deviations.

The simulation results are found in good agreement with experimental data and they show
about 17% and 12% average deviations for
MCSP-11 and 12, respectively.
It is clear in Fig. 6 that the gas flow transfers
smoothly to the next vertical sheet due to vertical
section between the sheets of Mellapak Plus.
Therefore, the pressure drop in this packing is
less than Mellapak. It confirms the findings of
previous researchers such as Olujic et al. [32].

4.1. One-phase flow

The dry pressure drop is the first parameter in
the validation of the hydrodynamic simulations of

Figure 4. MCSP-11 dry pressure drop vs. Fs.
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The wet pressure drop within a certain range of
Fs (≈ 0.55 – 1.2 (m/s (kg/m3)0.5) is noticeable in
Fig. 8. All the simulations are done at the liquid
loading point. As expected, the pressure drop increases by increasing Fs.

Separation section in MCSP-11 includes only
closed channels. Thus, the pressure and velocity
profiles are the same in all channels. However,
MCSP-12 contains both open and closed channels.
Therefore, this difference leads to different pressure drop profiles in the channels of packing layer, which are shown in Fig. 9.
Figure 5. Simulation and Experimental pressure drops for
all Fs in MCSP-11 and 12.

4.2. Two-phase flow
Liquid volume fraction on the channel walls in
separation packing sheet is shown in Fig. 7a. It
shows that the liquid distribution along the channels is not uniform. Moreover, more liquid is
spread at the bottom of computational domain
due to gas entrance. Similar liquid distributions
are observed for different values of F-factor in
both geometries.

It is clear that pressure drop in the closed channels is approximately 70% higher than that in
open channels. While, the pressure drop of separation section in MCSP-12 is between these two
types of channel. As mentioned in section 3.3, the
differences in the pressure drop profiles occur
because of the difference in the nature of channels.

Since the boundaries around the catalyst bag
have been defined as impermeable walls, liquid
velocity near the wall boundaries is zero, while it
is uniform inside the bag. As can be seen in Fig.
7b, the last result is reached by assuming the catalyst bag as homogeneous and isotropic porous
medium.

Figure 6. Gas velocity vector in the channels of MCSP-12.

Figure 7. (a) Liquid volume fraction in the separation
section, (b) Liquid velocity distribution in the center of
catalyst bag.

The discrepancy between the simulation results
and experimental data for MCSP-11 and 12 is
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shown in a parity plot in Fig. 10. As explained in
section 4.1, the solid line in the figure denotes
that the simulation pressure drop is equal to the
experimental one and dotted lines over and under the solid line represent 9% deviations. The
mean relative errors of the simulations and experimental data for MCSP-11 and 12 are approximately 7% and 11%, respectively.

In the present work, MCSP-11 and 12 are investigated to gain more information about the reactive
separation internals. For this purpose, a 3D VOF
model is used to study the hydrodynamics of
catalytic structured packings by using CFD. Results exhibit the non-uniformity of the liquid distribution on the channel walls. In addition, the
uniformity of liquid velocity in the catalyst bag is
shown. This result is because of assuming the catalyst bag as homogeneous and isotropic porous
medium.

Simulation results are used to calculate dry and
wet pressure drops for both packings and validated by Behrens [23] experimental data. The
simulation results for dry pressure drop reveal
17% and 12% deviations for MCSP-11 and MCSP12, respectively. Also, the mean relative errors for
prediction of wet pressure drop are 7% and 11%
for MCSP-11 and MCSP-12, respectively.
Figure 8. MCSP-11 and 12 wet pressure drops vs. Fs at
liquid loading point.

5. Conclusions
KATAPAK SP (MCSP) packings are composed of
two distinct parts: separation section and reactive section. The module of MCSP is made of alternating vertical layers of structured packing
sheets and catalyst bags. The ratio of separation
to reactive layers expresses flexibility between
separation and reaction.

Figure 10. MCSP-12 wet pressure drop vs. Fs at liquid
flow rate= 10 m3hr-1.

Moreover, the profiles of pressure drop in two
types of MCSP-12 channels, i.e., closed channels
and open channels, are presented. Results show
that the pressure drop in closed channels is about
70% higher than that in the open channels. The
differences in the pressure drop profiles occur
because of the difference in the nature of channels.

Figure 9. Pressure drop profile along the closed channels,
open channels, and MCSP-12 separation sections.
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Nomenclature
a
C2
Fs
tR
dp
P
g


F

S

v

Permeability (m2)
Resistance coefficient (m-1)
Gas capacity factor (m/s(kg/m3)0.5)
Thickness of catalyst-filled pockets
Diameter of catalyst particle (mm)
Pressure (Pa)
Gravitational acceleration (m/s2)
Additional forces in the Navier–Stokes
equations (N)
Source term (Pa m-1)
Velocity (m/s)

Greek letters
α
αe
Γ
ε
εp
Λ
μ
ρ
σ
X

Overall corrugation angle
Corrugation angle
Cross sectional fraction
Porosity, dimensionless
Void fraction
Volume fraction catalyst
Dynamic viscosity (Pa.s)
Density (kg/m3)
Surface tension (N/m)
Channel ratio

Subscripts
CB
G
L

Catalyst bag
Gas phase
Liquid phase
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