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Beyond the Standard Two-Film Theory: Computational Fluid Dynamics Simulations for
Carbon Dioxide Capture in a Wetted Wall Column

Chao Wang, Zhijie Xu, Canhai Lai, and Xin Sun
Abstract

The standard two-film theory (STFT) is a diffusion-based mechanism that can be used to
describe gas mass transfer across liquid film. Fundamental assumptions of the STFT impose
serious limitations on its ability to predict mass transfer coefficients. To better understand gas
absorption across liquid film in practical situations, a multiphase computational fluid dynamics
(CFD) model fully equipped with mass transport and chemistry capabilities has been developed
for solvent-based carbon dioxide (CO,) capture to predict the CO, mass transfer coefficient in a
wetted wall column. The hydrodynamics is modeled using a volume of fluid method, and the
diffusive and reactive mass transfer between the two phases is modeled by adopting a one-fluid
formulation. We demonstrate  that the proposed CFD model can naturally account for the
influence of many important factors on the overall mass transfer that cannot be quantitatively
explained by the STFT, such as the local variation in fluid velocities and properties, flow
instabilities, and complex geometries. The CFD model also can predict the local mass transfer

coefficient variation along the column height, which the STFT typically does not consider.
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and chemical absorption, OpenFOAM, wetted wall column



1. Introduction

Carbon dioxide (CO,) capture from flue gases prevents large amounts of CO, from being
released into the atmosphere, which is essential in controlling global temperature and avoiding
dangerous climate changes . Thus, understanding CO, absorption in simple chemical devices,
for example, a wetted wall column (WWC), is a critical first step for building ‘accurate and
reliable numerical models to quantitatively characterize the process of CO, absorption, which
later can be used as a foundation for complex systems. The standard two-film theory (STFT) is
one of the commonly adopted approaches for describing gas absorption in a WWC. In STFT, it is
assumed that resistance for mass transfer across the interface between gas and liquid phases is
constrained by the thin film closely attached to the interface. The interface itself contains no
resistance, and the interfacial concentrations of gas and liquid phases at equilibrium are related
by Henry’s law. Mass transfer through the films does not change with time and is only controlled
by diffusion. Mathematically, when considering a film separating the gas and liquid phases (as
shown in Figure 1), Fick’s law provides a linear concentration/pressure profile in the film, and
the flux J can be expressed as >

J =k (C; =) =ky(p—pi), (D

where C; is liquid interface concentration, C is the bulk liquid concentration, p; is gas interface
pressure, p is the bulk gas pressure, k; (m/s) is the liquid phase mass transfer coefficient, and k,
(mol/(Pa:’s ‘m” )) is the gas phase mass transfer coefficient. Henry’s constant can be used to
relate liquid concentrations to their equivalent equilibrium gas partial pressures, so the liquid
film flux can be expressed in terms of partial pressure. As a result, the middle section of equation

(1) also can be expressed as

ki (Ci =€) = ki(p; —p"), 2



where p; is the converted equilibrium partial pressure from liquid concentrations at the interface,
p* the converted bulk liquid equilibrium partial pressure, and k; = k; /H. Here, H is the Henry’s
constant (Pa:m’/mol). If there are chemical reactions occurring between gas and liquid phases,
then k; = k, E /H, where E is the enhancement factor defined as the ratio of flux with chemical
reactions to that without chemical reactions. After, the flux across the entire film can be
expressed in terms of the overall mass transfer coefficient, K, as follows:

J=Ks(p—p). 3)

From the preceding equations, the expression of STFT can be introduced as

1 1 1
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Traditional/empirical correlations often are selected to predict the gas and liquid phase mass
transfer coefficients in a WWC for reactive COy/monoethanolamine (MEA) systems. For
example, the gas film mass transfer coefficient is commonly determined using the work from

Pacheco et al. *:

ShD

where D is diffusivity, R is the gas constant, 7 is temperature, d is hydraulic diameter, and S is

the Sherwood number that can be expressed as

1.075 [ReSc (%)]0'85. (6)

Here, Re is the Reynolds number, Sc is the Schmidt number, and % is the WWC length.

The liquid film mass transfer coefficient is analytically approximated using Dugas’ work *:

= () () () o »

where Q is solvent volumetric flow rate, W is circumference of the WWC, A is the gas-liquid

contact area, g is the gravitational constant, p is density, and u is dynamic viscosity.



The enhancement factor is normally determined from Dang and Rochelle’s work °:

1 1 1
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where E; is the pseudo-first-order enhancement factor and E;,, is the instantaneous

enhancement factor. Specifically, E; can be derived by shell balance:

kmeEACMEA bulkDco2
E, = LmatA i Ocon ©)

3
where Kyy (ﬁ) = 0.001 * 1010-9972152/TUO ¢\ o (o is bulk MEA coneentration, and D¢os

is the diffusivity of CO, in MEA. The estimation of Ej;,s; can be expressed as

_ pc O(loading) Dco2
Einst - CMEA,totachoz ap* D > (10)
CcOo2 product

where Cygatorq; 18 total MEA concentration, Hggz is the Henry’s constant in the unit of

m’/(mol-Pa), and —2€02_ ~ 2, 20oading)

. is obtained from the vapor-liquid equilibrium model °.
product oP Cc02

9(Pcoz) ~
dloading

However, for CO; loading less than 0.3,

To apply the STFT to predict overall mass transfer, several assumptions are satisfied and/or
approximately satisfied: 1) the species concentrations at any locations do not change with time, 2)
laminar film exists at the interface on both the gas and liquid sides, and 3) equilibrium at the
interface is achieved instantaneously such that the interface has negligible resistance. However,
there are many real-world gas absorption applications where these assumptions can hardly be
satisfied. First of all, the variation of gas and liquid velocity and fluid properties often changes
with locations. For example, for a high gas injection flow rate, the gas phase mass transfer
resistance may vary spatially depending on the local flow regime, i.e., laminar, transitional, or

turbulent flow, within the large-scale absorber. In addition, for gas absorption using non-aqueous

or water-lean solvents, the local solvent properties (for example, diffusivity and viscosity) may



be significantly affected by CO, loading, which, in turn, leads to a large variation of mass
transfer coefficients at different locations. These local changes to flow behavior and fluid
properties cannot be accurately captured in a simple STFT. Second, flow instabilities, for
instance, induced oscillating solvent injection, may lead to waves on the film surface along a
falling film. In such cases, variation in the film thickness may have a substantial effect on the
mass transfer coefficient that is not well represented by a STFT. Finally, multidimensional
structured or random packings typically are used in large-scale carbon capture devices. The
complex packing structure may produce a large variation in film thickness, solvent properties,
and create a complex flow field—all of which will have significant impact on the overall mass
transfer coefficient. However, the STFT model is developed on a one-dimensional basis. Hence,
it cannot fully characterize the complex behavior in real applications.

Given these disadvantages, some theories/models have been developed by generalizing STFT.
The penetration theory ’ defines the flux to be proportional to /D /t , where D is diffusivity and

is time. The surface renewal theory "'describes the flux as proportionate to v/Dr, and r is a term
representing how fast the surface is renewed. The boundary layer theory ° predicts the mass
transfer coefficient for a well-developed laminar film to be proportional to D?/3. In contrast to
the simple STFT, these mass transfer models are more advanced. However, they still are unable
to capture the effects of all variations on the mass transfer coefficient in real applications that are
strongly influenced by local variations of fluid velocities, physical properties, and different flow
regimes.

In efforts to better understand the effects of these key factors that may occur in real-world
gas absorption scenarios, the use of computational fluid dynamics (CFD) modeling tools has

surged. A number of research works focusing on numerical simulations of mass transfer can be



found in the literature '*'°. Among them, the volume of fluid (VOF) method with the continuum
surface force (CSF) model '"'® has become a typical approach to study the hydrodynamics of
gas-liquid flow that explicitly tracks the gas-liquid interface. In addition, the one-fluid
formulation that accounts for diffusion, advection, and chemical reactions often is used to
describe the flow and chemical kinetics '°. In this study, a CFD model that uses the VOF and
one-fluid formulation is developed to simulate solvent-based carbon capture, namely, CO,
physical absorption and chemical removal in a WWC. The numerical prediction of mass transfer
coefficient can naturally account for the dependence on the local variation of fluid velocities and
properties, flow instabilities, and geometric factors. The purpose of this work is to establish a
multiphase CFD model fully equipped with mass transport and chemistry capabilities as a solid
framework to predict the CO, mass transfer across liquid film, which exceeds the limits of STFT.
In this paper, Section 2 introduces the framework of CFD modeling, while simulation results and

discussions are described in Section 3. Section 4 features the concluding remarks.

2. Framework of Numerical Modeling
2.1 Governing Equations

A VOF model is employed to solve for two Newtonian, incompressible, isothermal, and
immiscible fluid flows by tracking the volume fraction («;) of each phase (I represents liquid
phase, while g represents gas phase) in the volume fraction equation. The volume fraction

equation is introduced as

d

(@) + V- (qu) =0, (11)
where u = (u, v) denotes the velocity vector with components in x and y directions, respectively.

The volume fraction of gas phase a, can be computed as



ag=1-a. (12)
The continuity and Navier-Stokes equations are given as
Z—€+V-(pu) =0, (13)
5 (W) + V- (puw) = ~Vp + V- [u(Vu + Vu)] + pg ~ F. (14)
where density p and viscosity u can be defined in a volume fraction averaged form as
p=a.p,t agpg, (15)
=gy + agly. (16)

The surface tension force, Fg, in Eq. (14), can be expressed using the CSF model proposed

by Brackbill et al. **,

Va
F — OstPK i, ,

St 2(pLtpg) (17
where oy is the surface tension coefficient, k = —V - 7 represents the curvature of the surface,
and 7 is the unit interface normal vector that can be defined as

~ _ n

In|
where n = (nx, ny) = =Va; 1s the vector along the interface normal.

The one-fluid formulation for the transport of chemical species is adopted here to explicitly
model advection, diffusion, interfacial mass transport 19, and chemical reactions with one

equation for two phases.

%‘}‘V(ucl —DiVCi—Fi) —VVL = 0, (19)

where

_cil=ky)
Lap+ki(1-ap)

Fi = - VO(L,

Di1Dig
apDjg+(1-ay)D;y’




Here, c; represents the concentration for species i. The diffusivity D; is computed using the
harmonic average. The term I in Eq. (19) accounts for the discontinuity between two phases

with I" approaching zero for k; =1 (same solubility in both phases). k; = ¢/, /c], denotes the
dimensionless Henry’s constant, and ci’, g and ci’, ;, are the gas- and liquid-phase concentrations of

species i at the gas-liquid interface. The last term W; is the production term that models the
chemical reactions. Note that W; equals zero for physical absorption only. For CO, absorbed by

MEA, the reaction term can be expressed as >

Weo, = r(CCOZ - CCOZ(aq))CMEAaL, (20)
where the reaction rate constant r (m3/m01/s) can be calculated based on a regression model

using the data obtained by Ali *°;

5612.91
T

Inr = 20.54 — (21)

Here, T is the temperature. The equilibrium aqueous CO, concentration dissolved in MEA
solution, c¢g,qq) from Eq. (20), can be computed as o

10584 62 1

Ccoz(aq) = (3096 - (1_29)2 kCOZRT,

— 7.1870¢) (22)

where 6 is the CO, loading, ¢ is the MEA molar fraction, and R is the gas constant.

Note that the system is assumed to operate under an isothermal condition. Therefore, the
temperature maintains uniform in the column and the value can be obtained from the
corresponding experimental settings in Table 2 column 7. In the future study, energy
conservation equation will be explicitly solved to account for the impact of heat generation due

to chemical reactions on mass transfer coefficient.



2.2 Geometry and Boundary Conditions

Figure 2 shows a two-dimensional countercurrent gas flow geometry to model a typical
WWC with solvent falling down the vertical wall and gas moving up. The solvent inlet and
outlet are respectively located at the top-left and bottom-left corners, while the gas inlet and
outlet are located at the bottom-right and top-right corners. The column has a height of 90.9 mm
and a width of 5.25 mm. Both the inlet and outlet are 1 mm in size.

The boundary conditions for the left, right, bottom, and top walls are set to be a non-slip
condition. At the solvent inlet, flow velocity and the concentrations of solvent species are given
together. At the solvent outlet, the concentration gradient (de/dy) is prescribed at zero because
the flow is assumed to be fully developed . For the gas inlet, concentrations of gas species, as
well as the gas inlet velocity, are specified. For incompressible flow, relative pressure (pressure
difference) rather than the absolute pressure is more important. Therefore, the pressure value at
the gas outlet is set to zero. The testing domain initially is placed at zero atmospheric pressure
and is filled with a given concentration of gases. For given controlled parameters, the model
input parameters (listed in Table 1) can be calculated using the relations introduced in the open

3% Details can be found in Wang et al.’s work .

literature
2.3 Computational Method

The multiphase flow solver InterFOAM in the OpenFOAM CFD software package > is
customized so that the one-fluid formulation can be solved and coupled with the continuity,
momentum, and volume fraction equations. All cases are simulated until a steady-state condition
is reached. A mesh sensitivity study performed by Hu et al. '' and Xu et al. *® found that the
mesh size of 0.1 h (h is the film thickness) is sufficient to capture the liquid film behavior. In this

work, we adopt a very fine mesh of 0.0125 mm between x = 0 and 1 mm (Figure 3, Section 1) to

resolve the regions around the gas-liquid interface as much as possible, which is ~0.03 h



(average film thickness h is ~0.4 mm in this study). For regions far from the interface (x = 4.25-
5.25 mm in Figure 3, Section 3), a coarser mesh of 0.05 mm is used. Between x = 1 and 4.25 mm
(Figure 3, Section 2), a total of 120 non-uniform mesh grids with a uniformly increasing ratio are
employed. In the y direction, a total of 1,000 grids are uniformly distributed in the domain. A
mesh dependency study is performed to investigate the impact of grid size on mass transfer
coefficient. After reducing the mesh size by 50%, the simulation result (Kg) differs only 3%,
which demonstrates the grid size we adopted in this study is sufficient to predict the behavior of
gas absorption across liquid film. The maximum time step size is adjusted to be 1E-5 seconds for
the current simulation. OpenFOAM dynamically adjusts the actual time step. It takes about nine
central processing unit (CPU) (AMD Interlagos 2.1 GHz) hours for 16 processors to run 1
second of the simulation.

2.4 Calculation of Overall Mass Transfer Coefficient

The overall mass transfer coefficient, K (mol/Pa/s/mz), can be calculated via Eq. (23):

Kg =2 (23)

9
Ppuik

where ] (mol/m?/s) denotes the mass transfer flux at the gas-liquid interface and Py, (Pa) is the
bulk pressure in the gas phase. Typically, the log mean driving force, AP, is used to resemble the
bulk pressure-and can be expressed as *’

PCOZ,in_P(,*‘OZ)_(PCOZ,in_P(,*‘OZ)

ln[ Pco,,in"Pco, ] ’ (24)

*
PCOZ ,out‘Pcoz

ap =

where Pgo, is the equilibrium pressure. More detailed information regarding how the mass

transfer coefficient is estimated can be found in %,



3. Simulation Results and Discussions

First, the experimental measurements of CO, absorption into the falling MEA film in a
WWC device are conducted under conditions that satisfy all of the STFT assumptions as much
as possible. Then, the discrepancies of K obtained from STFT and CFD are compared using
experimental measurements as a baseline. Figure 4 illustrates the WWC design apparatus. The
controlled operating input parameters and measured overall mass transfer coefficient are listed in
Table 2. The mass transfer coefficients (mol/m*/s/pa) for gas film, liquid film with diffusion, and
liquid film with reaction calculated from STFT correlations (Eq. (5) - (10)) for all the
experimental runs are listed in Table 3. Figure 5 shows the results of case number versus
experimental measurements (highlighted in black), STFT results (in red), and CFD predictions
(in blue). Generally, the mass transfer coefficients predicted by STFT and numerical simulations
are in good agreement with the corresponding experimental results. However, CFD predictions
are slightly better for lower experimental measured mass transfer coefficients (Case 8, 15, 22,
and 29), whereas STFT estimations improve at larger mass transfer (Case 23 and 25). These
results suggest that both STFT and CFD results can accurately represent the actual mass transfer

between gas and liquid for a steady operating WWC with laminar film.

Next, additional simulations under some extreme testing conditions are run to examine the
effect of falling film instability on mass transfer coefficient by varying the frequencies of
injection rate at the solvent inlet to generate surface waves. The solvent inlet velocity is
described using a sinusoidal function to generate surface waves:

v = 0.1768[1 + 0.05sin(27ft)], (25)
where v; denotes the solvent inlet velocity, ¢ is time, and f represents the controlled frequency.

Testing condition is based on case No. 1 in Table 2. Four cases with different frequencies (f =0



Hz, 20 Hz, 40 Hz, and 100 Hz) are tested. Figure 6 shows the profile of a falling film with
varying solvent injection frequency when simulations reach the steady state. Notably, higher
injection frequencies can generate more surface waves on the solvent film. Table 4 lists the
increasing percentage of mass transfer coefficient at different frequencies to compare with no
injection frequency results for both physical and chemical absorption of CO,. It is obvious that
higher injection frequencies result in larger mass transfer coefficients because surface waves
with larger frequencies create more surface area, which, in turn, enhances the gas absorption.
CFD models can naturally take this effect (unstable film surface) into account (results are shown
in column 2 and 3 in Table 4) because it is a physics-based model and can be implemented in
different flow regime/behaviors. However, the STFT can only deal with the laminar falling film
without accounting for the flow instabilities, such as ripples and waves on surfaces. In particular,
the predictions from STFT will be independent of frequencies for this case as shown in the last
two columns in Table 4.

To further explore the advantages of numerical simulations over STFT, the local mass
transfer coefficient along the column height is investigated. Figure 7 (a) plots the streamline and
flow field inside the WWC, which is rotated 90 degrees with the bottom of the WWC on the left
side and its top on the right. It shows that the gas flow has a rather complex dynamical behavior,
and three vortices form with two located in the lower half of the column and a slender one
attached closely to the solvent film. In Figure 7 (b), the green line shows the local mass transfer
coefficient variation along the column height, and the CFD results indicate that the local mass
transfer coefficient can significantly differ from the overall K; (shown as the black line). The
variation in local mass transfer coefficient can be correlated to the local flow field. It has shown

that the max local Ks (location 1) is about four times larger than that of the minimum Kg



(location 4). The local mass transfer coefficient variation is expected because of the different
CO; concentration (or, equivalently, the driving force) along the gas-liquid interface (Figure 7
(c)) induced by the complex two-phase hydrodynamics. Four local extreme values of CO;
concentration at the gas-liquid interface (Figure 7 (c)) also turn out to be the extreme local K¢
values as shown in Figure 7 (b). The results suggest that local variation of CO, concentration
results from the dynamics change of the flow regime, and higher local CO, concentration is
favorable for absorption, which increases the mass transfer coefficient. However, the STFT can
yield only an overall mass transfer that does not vary locally. Our numerical simulations can

provide more comprehensive details with both overall and local mass transfer information.

4. Conclusion

Fully coupled multiphase flow CFD simulations with hydrodynamics, mass transfer, and
chemical reactions are implemented for understanding the overall mass transfer coefficient in
WWC using OpenFOAM, a free, open-source CFD software package with a custom solver. The
STFT, a long-existing, widely used technique to study multiphase flow, also is thoroughly
explored to represent the mass transfer resistance resulting from diffusion across laminar films.
The goal is to investigate the limitations of the STFT, as well as the advantages of CFD

modeling. There are several findings which include:

1) Both STFT and CFD results can accurately mimic the actual mass transfer between gas
and liquid for a steady-operating WWC with laminar film.

2) The changes in mass transfer coefficient stemming from wave generation on the film
surface and variation in film thickness can be captured by CFD prediction, while these

flow instabilities cannot be resolved by the STFT.



3) Local mass transfer coefficients show dependence on dynamical variation of local
velocity and concentration fields, while the STFT can only yield an overall mass transfer

coefficient.

These findings indicate that the numerical prediction of mass transfer coefficient can
naturally account for the dependence on the local variation of fluid velocities and properties, as
well as flow instabilities, which are typically observed in the real-world WWC CO, absorption.

But the impact of all those factors exceed the limits of STFT.
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Figure 1 STFT Schematic Representation
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Figure 4 WWC Schematic. Gas enters the chamber through three 1/8-inch tubes spaced evenly around the
circumference of the annulus and exits through a Y4-inch tube at the top of the column. Solvent flows up the
center of the tube and falls down over the outside of the tube. Oil at the test temperature surrounds the inner
chamber to maintain the desired test temperature.
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Figure 5 Numerical Simulation and STFT Results versus Experimental Data for Overall Mass Transfer
Coefficient in the CO,/MEA System. The numerical and STFT results match reasonably well with
experimental results.
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Figure 6 Effect of frequencies on surface waves. Increasing injection frequencies can generate more surface
waves. CFD simulation can predict the influence of surface waves on the mass transfer coefficient, while
STFT cannot deal with flow instabilities.



@ ¥-Axis

G000 00100 0.6200 .0300 0.0400 0.0500 D.0600 0.0700 00800 00900

L = o 5 e g 5 5 3 8 L P R 2 PR A
b S —A BT R gt & - e e ot o i g

o Nk

£ . -"‘.‘I' i o
e T — o~ S R |
- iy - e _--'" e H PR,

2.00x10°

w
[N}

T T T T
@ (=o=Local K
p=—QOverall K

1.50x10° - 4

M

5.00%x107 —

bl
=}
]

2.6

CO, concentration along gas-liquid interface
&
1

T T T T
0.00 0.02 0.04 0.08 0.08 0.10 0.00
Column Height Column Height

(b) (©

Figure 7 Local Mass Transfer Coefficient: (a) Streamline and Flow Field; (b) Local K versus Overall Kg; (c)
CO, Concentration (mol/m®) Along Gas-Liquid Interface. Testing condition is based on case No. 1 in Table 2.



Table 1 Direct Model Input Parameters

Parameters Unit
Solvent inlet velocity m/s
Gas inlet velocity m/s
Inlet concentration (solvent, gas) mol/m’
Diffusivity (solvent, gas) m°/s
Gas diffusivity in solvent m°/s
Solvent contact angle degree
Density (solvent, gas) kg/m’
Kinematic viscosity (solvent, gas) m-/s
Surface tension kg/s®
Henry’s constant Dimensionless

Reaction rate constant

m’ /(mol-s)




Table 2 CO/MEA Controlled Input Parameters and Measured Overall Mass Transfer Coefficient

Run | MEA mass | CO;loading (mol | Solvent flow | Gas flow CO, molar | Temp. Kg, mol/(Pa-
# fraction CO,/mol MEA) rate, cc/min | rate, sccm fraction °C S 'mz)

1 0.25 0.30 450 4000 0.115 42 1.32E-06
2 0.10 0.10 495 4344 0.070 45 1.57E-06
3 0.10 0.20 590 2126 0.191 27 8.64E-07
4 0.10 0.20 352 2724 0.086 49 1.11E-06
5 0.10 0.30 550 2558 0.164 55 8.69E-07
6 0.10 0.40 318 2284 0.183 47 6.04E-07
7 0.10 0.40 404 3474 0.158 59 6.94E-07
8 0.10 0.50 558 2681 0.056 32 2.95E-07
9 0.20 0.10 322 2342 0.032 30 1.27E-06
10 0.20 0.20 426 3735 0.142 31 1.32E-06
11 0.20 0.20 466 3899 0.064 38 1.43E-06
12 0.20 0.30 338 5549 0.134 53 1.29E-06
13 0.20 0.40 410 3345 0.127 43 7.06E-07
14 0.20 0.40 475 3635 0.043 56 8.74E-07
15 0.20 0.50 521 2861 0.147 39 3.56E-07
16 0.30 0.10 363 4682 0.106 41 2.08E-06
17 0.30 0.20 532 5130 0.175 33 1.53E-06
18 0.30 0.20 375 5241 0.049 56 2.04E-06
19 0.30 0.30 488 3107 0.110 52 1.33E-06
20 0.30 0.40 432 4189 0.102 41 8.17E-07
21 0.30 0.40 458 4839 0.079 51 9.64E-07
22 0.30 0.50 308 5991 0.196 25 2.65E-07
23 0.40 0.10 537 4431 0.116 46 2.49E-06
24 0.40 0.20 513 4066 0.121 36 1.61E-06
25 0.40 0.20 570 5673 0.179 59 2.36E-06
26 0.40 0.30 378 5301 0.040 34 1.13E-06
27 0.40 0.40 588 5790 0.093 28 7.34E-07
28 0.40 0.40 449 4869 0.153 49 9.93E-07
29 0.40 0.50 395 3189 0.078 37 3.23E-07
30 0.25 0.30 450 4000 0.115 42 1.31E-06
31 0.10 0.20 590 2126 0.191 27 9.41E-07
32 0.40 0.40 449 4869 0.153 49 1.01E-06




Table 3 Mass transfer coefficients (mol/m?/s/pa) for gas film, liquid film with diffusion, and
liquid film with reaction obtained from STFT correlations

Gas phase mass transfer

Liquid phase mass transfer

Liquid phase mass transfer

Run # . coefficient with diffusion only coefficient with reaction from
coefficient from STFT from STFT STFT

1 7.04E-06 2.60E-08 1.40E-06
2 7.48E-06 3.63E-08 1.84E-06
3 4.32E-06 4.23E-08 1.10E-06
4 4.97E-06 2.68E-08 1.40E-06
5 4.62E-06 2.66E-08 5.63E-07
6 4.30E-06 2.53E-08 4.72E-07
7 5.92E-06 1.95E-08 3.35E-07
8 5.17E-06 3.69E-08 3.60E-08
9 4.64E-06 2.61E-08 1.46E-06
10 6.88E-06 2.71E-08 1.23E-06
11 6.98E-06 2.93E-08 1.55E-06
12 8.98E-06 2.20E-08 8.45E-07
13 6.03E-06 2.63E-08 7.27E-07
14 6.21E-06 1.98E-08 5.56E-07
15 5.35E-06 2.57E-08 3.77E-08
16 8.07E-06 2.18E-08 1.92E-06
17 8.95E-06 2.64E-08 1.45E-06
18 8.48E-06 2.05E-08 2.02E-06
19 5.50E-06 2.71E-08 1.72E-06
20 7.35E-06 2.25E-08 8.13E-07
21 8.05E-06 1.86E-08 4.14E-07
22 1.05E-05 2.02E-08 1.20E-08
23 7.58E-06 2.55E-08 2.60E-06
24 7.28E-06 2.79E-08 1.94E-06
25 8.99E-06 2.62E-08 2.90E-06
26 9.18E-06 2.02E-08 1.18E-06
27 1.01E-05 2.10E-08 6.25E-07
28 8.14E-06 1.72E-08 8.68E-07
29 5.90E-06 2.11E-08 2.52E-08
30 7.04E-06 3.13E-08 1.68E-06
31 4.32E-06 4.35E-08 1.13E-06
32 8.14E-06 2.82E-08 1.38E-06




Table 4 Mass Transfer Coefficient Changes with Frequency for Both Physical and Chemical Absorption of

CO,
Increase, %
CFD STFT
Freql}ency, Physical Chemical Physical absorption, Chemical
absorption, absorption, Ko=1.60E-8 absorption,
Ks=2.37E-8 Kg=1.13E-6 mol/m*/s/Pa at =0 Ks=1.17E-6
mol/m*/s/Pa at f=0 | mol/m?/s/Pa at f=0 mol/m*/s/Pa at f=0
20 11.39 7.08 0 0
40 21.10 12.39 0 0
100 37.55 19.46 0 0




