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Abstract

In this study, countercurrent gas-liquid flow simulations using computational fluid dynamics (CFD) were
conducted for random packings of Raschig rings. The random packing structure was constructed using gravity
simulation, and the meshing quality was improved using a volume expansion-recovery method. In this study,
the contacting issue between the gas and liquid phases was investigated using the volume of fluid
model. Also CFD gas—liquid interface area of the small-scale absorbers is validated by the experimental
data. The effect of rasching ring distribution in the packed column visualized by cross section plane
contour of the gas velocity. The gas velocity is limited at 0.011 m/s in most regions. A high gas
velocity can be observed in the regions with the absence of rasching rings. The maximum velocity
reaches 0.1 m/s, and these regions are mostly located in the near-wall region for all four cases .The
liquid holdup estimated from the simulation and compared with the available correlation ,and the
results reveal that the estimated CFD liquid holdup h; is in good agreement with existing correlations
experimental data.

Keywords: Random packed column, Liquid holdup, Countercurrent flow, Multiphase, CFD
simulation

Nomenclature
A; gas liquid interface area 6,  Contact angle [°]
a; Interfacial area concentration [m? /m°] K Curvature of local surface/interface[1/m]
a, Specific area [m* /m’] kg  Viscosity of gas [Pa:s]
Cco, CO;concentration [ppmv] U, Viscosity of liquid [Pa‘s]
F, Surface tension force [N] pg  Density of gas [kg/m®]
P Pressure [Pa] p.  Density of liquid [kg/m®]
Ug Gas velocity Subscripts
U, Liquid velocity e Effective
Vi Liquid volume [m3] G gas
Ve Empty column volume [m3] L  Liquid
4 Column height [m] i interface
Greek symbols
a Volume fraction of liquid [-] VOF Volume Of fluid
€ Packing Porosity [-]
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1.Introduction

Packings are commonly employed in columns
for distillation, absorption, and stripping.
Effective mass transfer in packing decreases a
column’'s height and decreases construction
cost. Alternatively, improved packing can
increase the number of transfer units, reducing
reflux in a distillation column and absorption
solvent consumption, resulting in lower
operating costs and higher productivity in
revamping[1]. Carbon dioxide (CO,) emissions
from the combustion of fossil are thought to be
a major cause to climate change [2]. One of the
realistic ways to minimize CO, emissions is to
capture CO, from big point sources, transport it
to a storage location, and geologically deposit it
there[3]. Because of various available
technologies, post-combustion capture is a
common configuration in CO, capture, and
existing fossil fuel power plants may be
modified to add CO, capture equipment[4].
Packed columns are often employed in the post-
combustion process to collect CO, by
increasing the contact area between the gas and
liqguid phases. To enhance packed column
performance and CO, capture efficiency, it is
crucial to examine mass transfer area and liquid
holdup behavior. Several experimental and CFD
studies have been conducted to investigate the
hydrodynamics of countercurrent flow in packed
columns. Zhang et al.[5] Examined experimentally
The ability of a counter-flow packing tower to
transmit heat and mass (number of mass transfer
units NTUm), as well as its impact on system
performance. Tan et al.[6] Investigated the heat and
mass transfer characteristics of the moist air—water
counter-current flow for large-scale air separation
units in a randomly packed air cooling tower
(RPACT). They developed a computational fluid
dynamics model for 3D porous media (CFD)
alongside mass transfer equations. Liu et al[7].
Proposed a numerical method for modeling the
distillation process in a randomly packed column.
Without using the calculated turbulent mass transfer
diffusivity or the empirical turbulent Schmidt
number, the proposed model can predict the axial
and radial concentration distributions along the
column. Trubyanov et al.[8] Examined the effects of
temperature, pressure, and loading on the pressure
drop, flooded vapor flow rate, partition coefficient,
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separation factor, HETP, velocity, and mass transfer
coefficient in small-scale randomly packed columns
for high-pressure distillation. Fu et al.[9] developed
a framework for studying the liquid—gas
countercurrent flow hydrodynamics in a random
packed column with pall rings. To analyze the
entrance effect and the wall influence in the packed
column, the radial pall ring distribution, velocity,
and liquid holdup profiles are collected in addition
to the column-averaged information .Kang et
al.[1]Proposed an innovative method for simulating
the hydrodynamics of countercurrent gas—liquid
flow in random packing .Haroun et al.[10]Used
Volume Of Fluid (VOF) model to anticipate the gas
and liquid contact area of a Mellapak 250X REU
with countercurrent flows having one velocity inlet
and one pressure outlet boundary. Kang et
al.[11]Investigated the flow field of random packing
using Volume Of Fluid (VOF) model in CFD
software .Yu et al.[12] Investigated numerically and
experimentally the heat and mass transfer
performance of a counter-flow spray concentration
tower under diverse operating conditions.

2.Methodology
2.1. Mathematical formulations

For the 3D multiphase flow analysis in a typical
model of a random packed column, the commercial
CFD software ANSYS Fluent 2020 R2 was used.
The numerical model involves solving the mass and
momentum conservation equations. Multiphase
fluid separation is modeled by fluid (VOF) method.

The mass conservation equation expressed as:
g—i +V.(pu) =0 @)

And the momentum equation expressed as:
a;;: +V.(puw) = —P + uV?u + pg + E, @

Where p is the density,u is the viscosity, P is the
pressure, and F;; is the surface tension force at the
liquid-gas interface.

Density and viscosity are averaged by the liquid and
gas phase volume fraction as :

p=pa+p,(1—a) 3
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p=ppa+p,(1— a) 4)

Where « is the volume fraction of liquid phase.

The interfacial surface tension force F; is
computed as:

E, = okVa k= —V.~% (%)

[Va|

Where o is the surface tension coefficient, and
k is the local mean curvature.

Va

On the wall region , the term vl expressed as :

Va (6)

al = n,,cos6,, + t,,sinf,,

Where n,,and t, are the unit normal and
tangential vectors respectively. And 6, is the
contact angle between the gas and liquid
interface, the contact angle is set as 70° for the
liguid and gas with plastic rasching ring
walls[13]. The transport of the volume fraction
a is governed by:

oa _ 7
§+V.(ua)—0 ()

The volume fraction a can be computed in each
computing cell using the VOF method. Then,
an iso-surface that corresponds to = 0.5 is
created in order to recreate the gas-liquid
interface[14]. The CFD computed a; is
expressed as :

A; 8
- ®)
c

Where , A; , represents the gas liquid interface
area, V. is the volume of the empty column .

2.2. Random packing generation

The process of generating the random packing
was done by employing gravity, which is a
motion study in SOLIDWORKS®. A column
as a small absorber with 25mm diameter and
100 mm height created. At the top of the
absorber, a track was built. The track filled with
more than 90 cylinder with 6 mm diameter and

Eur. Chem. Bull. 2023, 12 (Special Issue 4), 17560-17569

Section A-Research paper
ISSN 2063-5346

6 mm in height which is will be replaced
latterly with the rasching rings element that has
outer diameter of 6 mm, inner diameter 4 mm
and 6 mm of height. Using the cylinder instead
of the rasching ring directly in the simulation
due to avoid the large contacting between the
rasching ring walls during the motion study.
igure 1, shows the atomic stacking technique

Figure 1. stacking technique (a)before stacking, (b) after
stacking

The packing cylinder set as unfixed elements
while the column , and the path set as fixed , the
settings of the motion is shown in Error!
Reference source not found..

The randomly packing is generated by the
collision between packings .When the
simulation started, the packing cylinders fell
into the column by gravity and formed a stack
as shows in Figure 1(b). After the packing done
then the cylinder replaced with the rasching
ring packing elements to create the final
random column, but there still problem after
replacing the elements and export the geometry
to make the mesh. There is dead zone appears
between the packing elements due to the
contact area during the stacking motion, which
prevent Ansys from generating the mesh. To
overcome this problem the diameter and height
of the packing cylinder elements expanded to
6.3 mm and the inner diameter of the column
reduced to 25.1 mm. after the stacking process
is done the sizes is returned to the original
(expansion and recovery method). The height of
random packing structured was more than 80
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mm, the cylinders stacking elements replaced
by the original packing elements “rasching
rings “. for reduce the computational cost the
packed column cut with height of 22mm to
create the flow field. The flow field of 25.4 mm
and 22 in height was filled with 31.8 rasching
ring elements. Figure 2 shows the flow field
after the replacement and caping the absorber
from the top and the bottom. 4 holes at the top,
and 4 holes at the bottom were created will be
used in the ANSYS Workbench to create the
fluid domain. The wholes have the diameter of
5 mm and centered with r = 6mm from the
center.

Table 1. Setting of the motion study in SOLIDWORKS®

Frame number (per second) 16

Geometry accuracy 10(maximum value)

3D contact resolution 10(maximum value) to prevent

the interpenetration of packings

Gravity (m/s?) 9.8

Packings Floating and contactable

Column and track Fixed and contactable

@)

r=6mm

=
- . v \
B ! M
y
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Figure 2.(a) The arrangement of 4 liquid drip holes at the top surface of
the packed column; (b) Design and dimension details of the rasching
ring in the packed column; (c)The arrangement of 4 gas holes at the
bottom surface of the packed column;(d) Schematic of the flow domain
showing the arrangement of the rasching rings inside the packed
column.

Column-averaged porosity € and specific area
a, are two significant  geometrical
characteristics in the random packed column
that are directly connected to packed column
performance. The Packing characteristics were
calculated as flow :

Specific area :

Surface area of the packed material _ m?
a, = = 627.69 —
Volume of the column m

Porosity:

the void region
= 0.7336

€eE=
Volume of the packed column

2.3.Problem setup and boundary conditions

The created geometry in SOLIDWORKS®
imported into DesignModeler to prepare the
fluid domain for mesh generation. The
raschinng rings subtracted from the fluid
domain. Figure 3, shows the fluid domain. The
fluid domain transferred to Fluent (with Fluent
mesh) to create the mesh . The computational
domain is discretized into polyhedral mesh
elements. A snapshot of the generated mesh is
shown in Figure 4. A total of 103796 mesh cells
is generated with maximum surface mesh
skewness of 0.78, and minimum orthogonal
quality of 0.20.
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Gas Outlet H
Liquid Inlell

Gas Inlet I g
(L7 YA A VYA

Liquid Outletl l I

Figure 3. The fluid domain

S N

I

Figure 4. snapshot of the CFD mesh generated in the computational
domain.

A three-dimensional single precision, serial
processing ANSY'S Solver is opened. Pressure-
based type solver runs a transient fluid flow
process. The numerical approach is based on an
unsteady Eulerian Volume Of Fluid (VOF)
two-phase. The primary phase set as Air and the
secondary phase is water liquid, the surface
tension coefficient set a constant value of
0.0728 N /m.Also the wall adhesion included to
set the contact angle of the liquid-gas interface
contact angle with the packing wall. The
boundary operating conditions are shown in
Error! Reference source not found.. The
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momentum equations is spatially discretized
using the second-order upwind method and the
volume fraction is compressive. and the time
term is discretized by implicit scheme. The
pressure—velocity coupling equation is derived
using the coupled algorithm. The solution
method for pressure is the "PRESTO!"
equation. The turbulent Kkinetic energy, and
specific dissipation rate are all discretized by
the first-order upwind method. Additional
details are shown in Table 3.

Table 2. boundary condition of the random packed column

Position Boundary type Material Detail parameters
and values

Top Velocity inlet Water Liquid velocity

Liquid inlet (0.1-05) ; liquid
volume fraction =1

. G =

Gas outlet Pressure outlet Air OaUge pressure

Bottom

Gas inlet Velocity inlet Air Gas velocity

constant = 0.1 m/s

Liquid outlet | Pressure outlet water Gauge pressure =

0
Column wall | Wall Stationary wall, no
slip
Rasching Wall Plastic Stationary wall, no
rings wall slip, wall adhesion

contact angle 70°

Table 3. Solution parameter settings.

Parameter Details

Volume fraction Implicit
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parameter

Viscous model SST K-w

Packing type Plastic Rasching Ring

Number of time 1000
step

Maximum number | 20
of iterations

Time step 0.001s

Convergence of 0.001
residual deviation

Gravity Direction: -Y, 9.81 m/s?

3. Results and discussion
3.1. Stationary State Determination

The criteria used to determine the system
reached steady state is the air volume fraction.
Error! Reference source not found.. shows
the average volume fraction of the fluid domain
with different liquid velocity inlet. The figure
illustrates that independent of changes in liquid
velocity or flow rate, the flow field requires
0.45 seconds to achieve steady state. The
average air volume fraction would certainly
drop as liquid velocity increased.

12

Thse
e

\:
08

06

Airvolume fraction

04

02 03m/s

0

0 0.1 02 03 04 05 06 0.7 08 0.9 1
Time (s)

Figure 5. average volume fraction with different inlet liquid flow rate

3.2. Mesh Independent Study
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A mesh independence study was performed to
improve the amount of mesh elements
employed in the simulations in order to balance
the accuracy and efficiency of the CFD model.
The countercurrent flow simulations were
conducted at a constant liquid velocity inlet of
0.5 m/s. The transient average air volume
fraction curves are plotted in Error! Reference
source not found. for four different number of
mesh elements. The four different mesh were
103.8 x103 , 144.7 x103 , 294.3 x103 , 534.8
x10%  cells .The figure shous that for
534.8x103,and 294.3x103 reaches the steady
state after 0.6 s . With mesh of 144.7 x103 ,and
103.8 x103 the system reaches the steady state
after 0.4 s, with slight difference in the average
air volume fraction. And the gas liquid interface
area compression shown in Table 4 for the four
different mesh the table shows that there is a
little difference between the gas-liquid interface
area .The 103.8 x103 mesh element resolution
is selected for the following countercurrent
flow simulations due to the available computer
capability.

———————— 103.8%10°3
———————— 144.7x10°3
1K 2043103

L 534.8x10°3

0 ().Il O.IZ O..j 0.‘4 ().IS O.Ié O..7 078 079 1
Time (s)

Figure 6. Averaged Air volume fraction with different mesh size

resolution. The simulations are run at a constant liquid velocity of 0.5

m/s

3.3. Mass transfer area

The gas-liquid interface area collected in
simulations is compared with the available
correlations derived experiments to validate the
accuracy of the CFD model. It is difficult to
determine interface area concentration a;

directly in experiments. Rather than measuring
17565
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a;, the effective mass transfer area a, can be
determined using the CO, absorption rate and
the measured mass transfer coefficient K, as
shown below:

_ _Y Ceozin 9)
e —
KGZRT CCOZ,out

Where, Z is the packed column height, R is the
gas constant, and T is the temperature.
Ccoyim aNd Ceo,,,, are the averaged CO,

concentrations at the inlet and outlet of the
packed column, respectively. More details of
calculating a, can be found in the literature
[15], [16]. Because the reaction usually takes
place at the liquid-gas interface, the liquid-gas
interfacial area should be comparable to the
effective mass transfer area predicted by Eq.(9).
The gas-liquid interface area calculated by
using the iso-surface curve in Ansys Fluent®,
where the liquid and gas phase volume fraction
set were at 0.5 as shown in Error! Reference
source not found.. The estimated a; from CFD
is then compared to the correlation proposed by
Onda et al.[17]. The effective transfer area a,
for the correlation is given as:

0.75 01 ., | —0.05 2 02
zet-enfas() () () () (0

Where , a, is specific area,o is the critical
surface tension of packing material , o is the
surface tension , L is the superficial mass
velocity of the liquid ,x; is the liquid viscosity ,
py. is the liquid density , g is the gravitational
constant .

The comparison between the CFD-computed a;
and the correlation is shown in Figure 13 . The
area in Error! Reference source not found.. Is
all normalized by the total column specific area
ap.

Table 4. gas-liquid interface area with different mesh
size resolution

Number of Skewness & Minimum G-L Interface Area
Elements Orthogonal Quality
103.8 x10° 0.78 &0.20 0.003731648
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144.7 x103 0.73 &0.20 0.0037982762
294.3 x103 0.79 & 0.20 0.0035830068
534.8 x10° 0.74 & 0.20 0.0034059682

As we can see in Error! Reference source not
found., The simulated interfacial area increases
with the increase of the liquid velocity which is
similar to the correlations . The confidence interval
of 20% is added for the simulated interfacial area
and the correlation of Onda et al.[17] as reference.
Overall, the CFD liquid—gas interfacial area is close
to the effective mass transfer area predicted by Eqg.
(10).

3.4. Effect of rasching ring on the gas
velocity

The gas velocity magnitude distribution at the
center cross section plane is shown in Error!
Reference source not found. ,Figure 10 ,
Figure 11 ,and Figure 12 with liquid velocity
u;, =0.2,03 .04 ,05 m/s respectively. As
shown in the contours , the gas velocity is
limited at 0.011 m/s in most regions. A high
gas velocity can be observed in the regions with
the absence of rasching rings. The maximum
velocity reaches 0.1 m/s, and these regions are
mostly located in the near-wall region for all
four cases.

Figure 7. Iso-surface of air volume fraction at o= 0.5
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Figure 8. Comparison of the CFD-predicted interfacial area with the

empirical mass transfer area given by the correlation
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Figure 9. Gas velocity magnitude on the center cross section of the

packed column at liquid velocity of 0.2 m/s

ey,
1.000e-01
8.889e-02
7.778e-02
6.667e-02
5.556e-02
4.444e-02
3.333e-02
2.222e-02
1.111e-02

0.000e+00
[m s*-1]

Figure 10. Gas velocity magnitude on the center cross section of the

packed column at liquid velocity of 0.3 m/s
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Figure 11. Gas velocity magnitude on the center cross section of the
packed column at liquid velocity of 0.4 m/s
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Figure 12. Gas velocity magnitude on the center cross section of the
packed column at liquid velocity of 0.4 m/s

3.5. The Influence of Liquid Flow Rate on
Liquid Hold Up

In a packed column, the liquid holdup refers to
the fraction or percentage of the column volume
occupied by liquid. It is an important parameter
in the design and optimization of packed
column processes, as it affects the mass transfer
and separation efficiency of the column .The
liquid holdup can be predicted from the
simulation by the fraction of liquid volume (V)
over the total empty column volume (V¢) .
Error! Reference source not found. shows a
comparison of liquid holdup between CFD
result and the available correlations data. The
compared correlation is  Stichlmair, et
al.[18].The correlation of the liquid holdup is
expressed as ;

% 11
h, = 0.555(u? m)m (1)

Where h; is the liquid holdup , and u,is the
liquid velocity . As shown in Figure 13 .The
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liquid holdup increase by increasing the liquid
velocity ,and the simulation result is close the
correlation of stichlmair et al. the correlation is
wildly used on random packing.

0.40

0.35 -

0.30

0.25 -

Liquid holdup (h,)

0.20

—e— CFD
0.1 072 073 014 0.5
Liquid inlet VVelocity (m/s)
Figure 13. A comparison of liquid hold up among simulation result and
the available correlation .

0.10

4. Conclusion
The VOF model in is used in this work to study
the flow field of counter current flow in
random packing. The model validated with the
available correlation using the gas-liquid
interface area and the results were in a good
agreement with the correlation,and it was
observed that gas-liquid interface area increase
as the liquid velocity increase . and the effect of
the rasching rings wall observed through
visualization of contour for four different liquid
velocities . The maximum velocity reaches 0.1
m/s, and these regions are mostly located in the
near-wall region for all four cases. And the
liquid holdup estimated and compared with the
available correlation and its seemed close to the
correlation ,the values of the liquid holdup
increasing with the increase of liquid velocity.
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