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A gas-liquid Eulerian porous media computational fluid dynamics (CFD) model was developed for an absorber with
structured packing to remove CO2 from natural gas by mono-ethanol-amine (MEA). The three-dimensional geometry of
the amine absorber with Mellapak 500.X was constructed to investigate the effect of the tilting and motion experienced
on ships and barges for offshore plants. The momentum equation included porous resistance, gas-liquid momentum
exchange, and liquid dispersion to replace structured-packing by porous media. The mass equation involved mass trans-
fer of CO2 gas into MEA solution, and one chemical reaction. Parameters of the CFD model were adjusted to fit experi-
mental data measured in the CO2-MEA system. As the tilting angle increased, the liquid holdup and effective interfacial
area decreased and CO2 removal efficiency was lowered. The uniformity of liquid holdup deteriorated by 10% for a 38

static tilting, and a rolling motion with 4.58 amplitude and 12 s period, respectively. VC 2015 American Institute of

Chemical Engineers AIChE J, 61: 4412–4425, 2015
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Introduction

The amine absorption technology for the removal of acid
gas such as CO2 and H2S is well-established with numerous
industrial installations1 and is ready for large scale use.2 Aque-
ous solutions of ethanolamine, especially mono-ethanol-amine
(MEA), diethanolamine, and methyl diethanolamine, are often
used for the absorbent because of low volatility, thermal sta-
bility, high reactivity, and low cost.3,4 The performance of the
amine absorber is generally determined by mass-transfer effi-
ciency of column packings providing the gas and liquid con-
tacting area.5

Structured packings are well recognized as column internal
devices offering excellent mass-transfer efficiency and low
pressure drop.5–8 Structured packing with corrugated and per-
forated metal sheet is preferably used, when a minimization of
pressure drop is important or when columns are subject to
motion (offshore applications).9,10

Nonstationary platforms such as FPSO (floating production,
storage, and offloading) and FLNG (floating liquefied natural
gas) are subject to angular and translational motions.9 In typi-
cal motion conditions, there are three angular motions (roll,
pitch, and yaw), and three linear motions (surge, sway, and
heave).11 The rolling angular motion results in an offset of the
column axis from the vertical line, which is referred to as
dynamic tilting. Permanent offset of the column axis from the

vertical is called the static tilting, which can be caused by

weather conditions or unbalanced product storage.9

Liquid and/or gas mal-distribution of the column is one of

the main issues in the offshore operation. The ship tilting and

motion can induce liquid mal-distribution in the amine

absorber.10,11 Liquid flows along the wall on the tilting side,

whereas on the other side of the column a dry area can be

formed.9 Pressure drop may be hardly affected by the gas and

liquid mal-distribution.10

The effect of gas mal-distribution induced by column inter-

nals such as gas and liquid distributors, and liquid collectors

was examined using computational fluid dynamics (CFD)12 in a

single phase. Owens et al. (2013) examined gas-phase hydrody-

namics by a three-dimensional (3-D) turbulent CFD model,

considering a real geometry of a corrugated and perforated

structured-packing.7 The two-fluid porous media CFD model

was used for the large-scale amine absorber.13–15 Fourati et al.13

addressed a gas-liquid porous media CFD model incorporated

with the porous resistance, momentum transfer between the two

phases, and liquid dispersion. In Pham et al.,14 the gas-liquid

porous media CFD model was integrated with mass transfer

and chemical reaction in an amine absorber with Mellapak

500.X (M500X). However, there is little information available

in the public literature related to hydrodynamics and mal-

distribution of columns subject to motion.10

In this article, particular attention is paid to the liquid mal-

distribution encountered in amine absorbers subject to the static

tilting and the rolling motion. The gas-liquid porous media CFD

model13,14 is used to investigate the effect of the ship tilting and
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motion on pressure drop, liquid holdup, effective interfacial
area, liquid mal-distribution, and CO2 removal efficiency. The
tilting angle ranges from 08 to 4.58 and the period of the rolling
motion is set to 6 and 12 s. The offshore condition is applied to
a hypothetical porous media packing representing M500X.

Amine Absorber with Structured Packing

An amine absorber with nine packs of M500X5,16 was cho-

sen to examine the effect of ship tilting and motion. Figure 1

illustrates the 3-D geometry of the absorber. One M500X pack

has a height of 24.5 cm and a diameter of 10 cm. M500X has a

specific surface area (as) of 500 m2/m3, a corrugated angle of

608, and a voidage (e) of 0.91.16 The corrugated metal sheet

with grooves is perforated for facilitating liquid traveling

between two sheets and the packs are turned by 908 from each

other.17 As the structured-packing was assumed as a porous

medium in this study, the geometric characteristics of the

packing were not fully considered.
The column temperature often goes through a maximum

near the bottom of the absorption column,18 because of the

heat of absorption and the exothermic reaction in the liquid

phase. Some temperature difference between the gas and liq-

uid phases also exists.16 An increase in temperature results in

higher mass transfer and reaction rate. However, the high tem-

perature makes the CO2 absorption unfavorable in the thermo-

dynamic point of view.18 In this study, the packing area was

modeled as an isothermal porous media zone with porous

resistance and liquid dispersion.
The height (h) originates from the bottom of the first pack.

The center of rotation is situated at the center of the packing

bottom, as shown in Figure 1b. The tilting angle (h) is meas-

ured as a deviation of the column axis from the vertical axis in

the x-y plane. The liquid distributor with 12 holes is displayed

in the top view in Figure 1c. The MEA solution is injected

through the liquid distributor, and natural gas containing

15 mol % CO2 enters from the bottom of the amine absorber.

Meshing of CFD domain

The mesh structure of the amine absorber is shown in Figure

2. The top of the column has a fine hexahedral mesh structure

Figure 1. Geometry of amine absorber for CFD calculation domain.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to represent the 12 holes in the liquid distributor, while a rela-

tively coarse mesh structure is used in the porous zone (see

Figure 2a). The nonconformal meshing strategy is applied to

reduce the number of cells at the interface between the gas

and liquid distributors and the porous zone (see Figures 2b, c),

where the top and bottom views of the interface have the dif-

ferent mesh structure (see Figures 2d, e).
The high-resolution mesh having 36,480 hexahedral cells was

built in the nonporous zone (top and bottom of the column)

because of the inlet and outlet of gas and liquid. The mesh struc-

ture of the nonporous zone was fixed. Coarse, medium, and fine

meshes (about 11,900, 37,400, and 103,500, respectively) were

built in the porous zone to test the mesh independence.

Tilting and motion

The tilting and motion can cause a serious liquid mal-

distribution in the offshore amine absorber. The unit position

vector, u
*

d

� �
tilt

, with a static tilting angle (h) is expressed as

u
*

d

� �
tilt

5
r
*

jr*j
5sinh � i

*

1cosh � j
*

(1)

where i
*

and j
*

are the direction vectors of x and y axes. Here,

y is the vertical axis of the column. r
*

is the position vector and

jr*j is the magnitude of r
*
.

The sliding mesh (or moving mesh) method is used to per-

form the motion of the amine absorber. Modified governing

equations of continuity, momentum, and mass are shown in

Table 1. There are two kinds of the velocity vector. One is the

fluid velocity such as u
*

G and u
*

L of the gas and liquid phases,

respectively, in the stationary reference frame. The other is

v
*

mesh is the mesh velocity arising from the ship motion. The

mesh velocity (v
*

mesh) is defined as the outer product of the

angular velocity (x
*

5dh=dt) and the position vector (r
*
)

(ANSYS Fluent user’s guide, 2015)

v
*

mesh5x
*

3r
*

(2)

The unit vector under the rolling motion representing the
roll and pitch of the angular motion, u

*

d

� �
roll

, is

u
*

d

� �
roll

5
r
*

jr*j
5sinh � i

*

1cosh � j
*

h5hmaxcos
2p
T

t1
p
2

� � (3)

where hmax is the amplitude of the angular motion, and T is the

period. The two unit direction vectors, u
*

d

� �
tilt

and u
*

d

� �
roll

,

were applied to the center of rotation shown in Figure 1b.
The momentum source term under the ship tilting and

motion in Table 1, S
*

G or L

� �
ship

, is expressed as follows

S
*

G

� �
ship

5S0Gx � i
*0

1S0Gy � j
*0

1S0Gz � k
*0

S
*

L

� �
ship

5S0Lx � i
*0

1S0Ly � j
*0

1S0Lz � k
*0

(4)

where i
*0

and j
*0

are the new direction vectors with a tilting
angle of h, as shown in Figure 3. The source terms in the new

Cartesian coordinate (S
*0

G or L) are described within the old

coordinate ( i
*

and j
*

) by the vector decomposition. The z-direc-
tion does not change in the present ship tilting and motion.

The source term in the gas phase (S
*0

G) is expressed as

Figure 2. Nonconformal mesh structure in top and bottom of packing zone.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

4414 DOI 10.1002/aic Published on behalf of the AIChE December 2015 Vol. 61, No. 12 AIChE Journal

http://wileyonlinelibrary.com


T
a
b

le
1
.

E
u

le
ri

a
n

-E
u

le
ri

a
n

P
o
ro

u
s

M
ed

ia
C

F
D

M
o
d

el
o
f

A
m

in
e

A
b

so
rb

er
fo

r
M

E
A

-C
O

2
S

y
st

e
m

E
q
u
at

io
n

N
am

e
E

q
u
at

io
n
s

E
q
.

N
o
.

R
ef

er
en

ce

C
o
n
ti

n
u
it

y
eq

u
at

io
n

@ @
a G

q
G

ð
Þ5

2
r*

�
a G

q
G

u*

G
2

v*

m
es

h

�
�

h
i 2

r G
L

@ @
a L

q
L

ð
Þ5

2
r*

�
a L

q
L

u*

L
2

v*

m
es

h

�
�

h
i 1

r G
L

T
1

M
o
m

en
tu

m
eq

u
at

io
n

q
G

@
a G
~u

G
ð

Þ
@

t
5

2
q

G
~u

G
�r*

a G
~u

G
2
~v

m
es

h
ð

Þ
½

�2
r*

P
1

l
G
r*

�r*

a G
~u

G
2
~v

m
es

h
ð

Þ
ð

Þ1
q

G
a G
~ g

2
S*

G�
� sh

ip

q L
@

a L
~ u

L
ð

Þ
@

t
5

2
q

L
~ u

L
�r*

a L
~ u

L
2
~ v

m
es

h
ð

Þ
½

�2
r*

P
1

l
L
r*

�r*

a L
~ u

L
2
~ v

m
es

h
ð

Þ
ð

Þ1
q

L
a L
~ g

2
S*

L�
� sh

ip

T
2

S*
0 G

5
a G e

~ F
p
o
ro

u
s;

G
1

e~ F
ex

ch
;G

L
1
~ F

d
is

p
;G

S*
0 L

5
a L e
~ F

p
o
ro

u
s;

L
2

e~ F
ex

ch
;G

L
1
~ F

d
is

p
;L

T
3

F
o
u
ra

ti
et

al
.1

3

F*

p
o
ro

u
s;

G
5
ð1

2
f e
Þ

a
�E

1

3
6
�a2 s e

l
G
1

b
�E

2

6
�a

sa
G
q

G

e
j~ u

G
j

�
� ~ u

G
�

K
G

S
~ u

G

F*

p
o
ro

u
s;

L
5

f e
a
�E

1

3
6
�ea

2 s

a2 L

l
L
1

b
�E

2

6
�ea

s

a L
q

L
j~ u

L
j

�
� ~ u

L
�

K
L

S
~ u

L

T
4

F
o
u
ra

ti
et

al
.1

3

~ F
ex

ch
;G

L
5

f e
c�

E
1

3
6
�a2 s

ea
G
l G

1
d
�E

2

6
�a

s e
q

G
j~ u

G
2
~ u

L
j

�
� �ð

~ u
G
2
~ u

L
Þ�

K
IG
ð~ u

G
2
~ u

L
Þ

T
5

F
o
u
ra

ti
et

al
.1

3

F*

d
is

p
;G

5
a G

K
G

S
u*

D
;G

1
eK

IG
ðu*

D
;G

2
u*

D
;L
Þ

F*

d
is

p
;L

5
a L

K
L

S
u*

D
;L

2
eK

IG
ðu*

D
;G

2
u*

D
;L
Þ

u*

D
;G

5
2

f s
p
re

ad

ju*

G
=
a G
j

a G
r*

a G

u*

D
;L

5
2

f s
p
re

ad

ju*

L
j

a L
r*

a L

T
6

F
o
u
ra

ti
et

al
.1

3
;

L
ap

p
al

ai
n
en

et
al

.1
9

M
as

s
eq

u
at

io
n

@
a G

q G
;i

�
�

@
t

5
2
~u

G
2
~v

m
es

h
ð

Þ�
r*

a G
q G

;i

�
� 1

D
G
;i
r

2
a G

q
G
;i

�
� 2

r G
L
;i
;

i5
C

O
2

@
a L

q
L
;k

�
�

@
t

5
2
~ u

L
2
~ v

m
es

h
ð

Þ�
r*

a L
q

L
;k

�
� 1

D
L
;k
r

2
ða

L
q L

;k
Þ1

r G
L
;i
1

a L
R

k
;

k5
M

E
A
;

C
O

2
;
::
:

T
7

P
h
am

et
al

.1
4

r G
L
5

k x
a e
ðq
� L
;C

O
2
2

q L
;C

O
2
Þ

q� C
O

2
5

M
w
;C

O
2

P
C

O
2

H
C

O
2

2
M

E
A
,

w
h
er

e
H

C
O

2
2

M
E

A
5

H
N

2
O

2
M

E
A

H
C

O
2

2
w

at
er

H
N

2
O

2
w

at
er

T
8

P
en

tt
il
€ a

et
al

.2
0

dC
C

O
2

dt
5

2
k c

C
C

O
2
C

M
E

A
,

w
h
er

e
k c

5
k 0

e2
E

a
=
R

T
;

an
d

C
i5

q
L
;i

M
w
;i

T
9

H
ik

it
a

et
al

.4

AIChE Journal December 2015 Vol. 61, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 4415



S0Gx � i
*0

5jS0
*

Gxj � cosh � i
*

2jS0
*

Gxj � sinh � j
*

S0Gy � j
*0

5jS0Gyj � sinh � i
*

1jS0Gyj � cosh � j
*

S0Gz � k
*0

5SGz � k
*

(5)

Figure 3 illustrates the vector decomposition of S
*0

Gx and

S
*0

Gy. The source term vectors (S
*0

G or L) are expressed in Eq. T3

of Table 1.
In this study, three tilting angles and motion amplitudes

(1.5, 3.0, and 4.58) were analyzed, and the motion period was

set to 6 and 12 s. The static tilting angle of 4.58 is the most

serious situation but is rare in reality. The ocean wave period

usually varies between 4 and 15 s.21 A severe wave condition

with a period of 12 s was used for the south-east coast of

Africa in this study.

Porous Media Eulerian CFD Model

A 3-D porous media CFD model was developed for the

amine absorber. The fluid flow was assumed to be incompres-

sible and isothermal. The gas and liquid phases were modeled

by the Eulerian approach that treats the two phases flow as the

interpenetrating continua. The porous resistance and liquid

dispersion were considered to imitate hydrodynamics of the

structured-packing in a macroscopic manner. The momentum

and mass transfers between the two phases were taken into

account and one chemical reaction occurred in the liquid

phase.
Table 1 summarizes the porous media Eulerian CFD model

in the gas and liquid phases. The voidage (e) is defined as the

gas and liquid volume fractions (aG and aL, respectively)

e5
VG1VL

V
5aG1aL (6)

where VG is the gas volume, VL is the liquid volume, and V
includes VG, VL, and the solid volume of corrugated sheet

metal. The continuity equation in Eq. T1 is served to calculate

aG and aL. It is supposed that the voidage is uniform every-

where in the porous media zone.
The momentum equation is formulated on the basis of Four-

ati et al.13 The modification factors (a, b, c, and d) of the

Ergun coefficient in Eqs. T4 and T5 should be adjusted

according to the packing type. The Ergun coefficients (E1 and

E2) were set to 160 and 0.16, respectively, and the modifica-

tion factors (a, b, c, and d) were found to be 1.9, 1.37, 0.17,

and 1.16 for M500X.14 The mass-transfer effect on the

momentum equation in Eq. T2 was not considered, which may

be small.

Wetting-area fraction (fe)

The wetting-area fraction (fe) in Eq. T4 is the ratio of the

effective contacting area (ae) between the gas and liquid

phases to the specific surface area (as), which plays a crucial

role in connecting hydrodynamics and mass transfer. As ae

cannot be directly captured in the porous media CFD, a func-

tion inspired from Tsai et al. (2011)22 was used

Figure 3. Unit direction vector (u
*

d) and source term

vectors (S
*0

Gx and S
*0

Gy) in x-y Cartesian coor-
dinate.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Fraction of wetting area (fe) with respect to local liquid holdup (hL).
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fe5
ae

as

51:34
qL

r
g1=3 Q

Lp

� �4=3
" #0:116

Q55:1189Ah2:854
L

(7)

where qL [5 998 kg/m3] is the liquid density, r [5 0.072 N/
m] is the surface tension of MEA solution, g [5 9.81 m/s2] is
the gravity acceleration, Q [m3/s] is the liquid flow rate, Lp [5
4.0 6m] means the wetted perimeter, A [5 0.00785 m2] is the
cross-sectional area of column, and hL is the liquid holdup.

The function of qL (5 3600Q/A) and hL was fitted from an air-
water experiment of Suess and Spiegel (1992),23 as shown in
Figure 4a. Their experiment was performed for M500Y in

5� qL� 75 m3/m2/h. Figure 4b shows the fraction of wetting
area (fe) with respect to the liquid holdup (hL). Fortunately, hL

of the amine absorber varied from 0.085 to 0.093 (see Section

Results and Discussion), which was calculated from this CFD
simulation by a local value of the liquid volume fraction (aL)
over an interesting volume

hL5

X
i
aL;iDViX

i
DVi

(8)

where DV is the cell volume in the computational domain. It is

expected that the empirical equation (7) is valid in our simula-
tion range.

Liquid spreading factor (fspread)

The liquid spread inside structured packing is modeled by
Eq. T6,13,19 where the liquid spreading factor (fe) was esti-
mated from a convection and diffusion equation of liquid load
(qL).13 fspread 5 3.7 and 7.4 mm were suggested for M250X. In
the present simulation, fspread 5 7.4 mm was used for M500X

as a default value.

Mass transfer and chemical reaction

It was assumed that there are two species such as CH4 and

CO2 in the gas phase. It was also supposed that MEA and

Table 2. Boundary Condition (BC) of Amine Absorber

Value

Bottom-side BC Incompressible ideal gas inlet (back
flow), liquid (pressure-outlet), gas
load (natural gas) 5 38.5 kmol/m2/h,
and gas mole composition:
CH4 5 0.85, CO2 5 0.15.

Top-side BC Gas (mass flow outlet)
Liquid distributor BC Liquid (mass flow inlet), liquid

load 5 22.9 m3/m2/h, and liquid mass
composition: MEA 5 0.317,
H2O 5 0.683.

Figure 5. Mesh independent test on coarse, medium, and fine meshes at 38 static tilting.
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other species in the liquid phase do not vaporize into the gas
phase. Even though the reactions during the absorption of CO2

into the aqueous amine solution are complex, just one chemi-
cal reaction is considered in this study for the CO2-MEA sys-
tem.4 Assuming that mass transfer between the gas and liquid
phases occurs for only CO2, the mass conservation equation is
expressed in Eqs. T7–T9.

As most of the overall mass-transfer resistance comes from
the liquid-side resistance in the CO2-amine system,24,25 the
mass-transfer rate (rGL) is expressed as the liquid-film mass-
transfer coefficient (kx) and the driving force of liquid concen-
trations in Eq. T8. Here, kx [5 0.00104 m/s] represents a
lumped value including the liquid film resistance and the
enhancement by the chemical reaction.14 The equilibrium con-
centration (q�L;CO2

) is determined by Henry’s law. The Henry’s
constant used in this study was HCO2-MEA 5 3690 Pa m3/mol at
304 K.20

One simple chemical reaction rate between CO2 and MEA
proposed by Hikita et al.4 was applied with k0 5 5.928 3 104

m3/kmol/s and Ea 5 4.274 3 103 kcal/kmol. The diffusivities of

natural gas and MEA solution were assumed to be constant at

DG 5 2.8 3 1027, and DL 5 2.88 3 1029 m2/s, respectively.

Operating and boundary conditions

The amine absorber was operated at 304 K and 1 atm. Gas

and liquid inlet boundary conditions (inlet BC) were taken

from experimental conditions of Aroonwilas et al.16 The outlet

boundary condition (outlet BC) of gas was set to the mass

flow outlet, while that of liquid was the pressure outlet. Table

2 indicates the boundary conditions.

Results and Discussion

The continuity equation, momentum, and mass conservation

equations were solved by using ANSYS Fluent (ANSYS).

Three user-defined functions (UDFs) were supplied to the con-

ventional CFD model: (1) three additional momentum terms

(~Fporous, ~Fexch;GL, and ~Fdisp) in Eqs. T4–T6 for the porous

media zone, (2) mass-transfer rate (rGL) and chemical reaction

rates (Rk) in Eqs. T8 and T9, and (3) ship tilting and motion in

Figure 6. Effect of 38 static tilting on (a) gage pressure (Pgage, Pa), (b) effective interfacial area (ae, m2/m3), (c)
mass-transfer rate of CO2 (rCO2

, kg/m3/s), and (d) CO2 mole fraction in the gas phase (yCO2
, %).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Eqs. 1–5. The phase coupled SIMPLE method was chosen for
pressure–velocity coupling. The second-order upwind scheme
was used for the spatial discretization of the momentum and
mass equations. The multiphase Eulerian model was calculated
by the unsteady-state, sequential (or pressure-based segregated),
and implicit solver. The maximum iteration number was 100 at
each time step, and the convergence tolerance was 1 3 1023.

Mesh independent test

The mesh independent test was performed on the coarse,
medium, and fine meshes for the porous zone under the 38

static tilting condition. The effect of the mesh number was
examined on the total wet pressure drop (DPwet), and gage
pressure (Pgage), liquid holdup (hL), and CO2 mole fraction
(yCO2

) along the column height, as shown in Figure 5.
As the structured-packing was regarded as a homogeneous

porous material with viscous and inertial momentum loss, the
effect of the mesh number was not significant on DPwet, Pgage,
and yCO2

. The difference of DPwet on the coarse and fine grids
is only 0.12 Pa (5 1.1%) for the column height of 2.2 m, as
seen in Figure 5a. In Figures 5b, d, it is more clear that the
mesh number barely affect Pgage and yCO2

. However, some dis-
crepancy of hL is observed in Figure 5c according to the mesh
resolution. The average liquid holdup of the coarse mesh
shows a relative difference of 0.6% from those of the medium
and fine meshes. In fact, the porous media approach is not sus-
ceptible to the number of cells. The medium mesh was
selected from this mesh independence test as a compromise
between accuracy and computational efficiency.

Effect of static tilting

The effect of 38 static tilting on Pgage, ae, rCO2
, and yCO2

is

illustrated in Figure 6. The liquid spreading factor (fspread) was

set to 7.4 mm.13 Pgage is relatively symmetric from the center

line of the column (see Figure 6a), which may increase slightly

due to the local premature flooding in the tilting case.10 The

deviation of the liquid distribution in the radial direction is

clearly observed in Figure 6b. The effective interfacial area (ae)

is higher on the tilting side and the mass-transfer rate (rCO2
) is

higher (see Figure 6c). Figure 6d displays an asymmetric behav-

ior of yCO2
. The CO2 concentration is lower on the tilting side

than the other side at the bottom of the column where the mass-

transfer rate is dominant (see also Figure 6c). However, the

CO2 concentration crosses over from one fourth of the column

height. yCO2
of the tilting side is higher at the top, and the maxi-

mum and minimum concentrations appear inside the column.
Figure 7 illustrates the contours of gas velocity (uG, m/s)

and CO2 mole fraction (yCO2
, %) over the cross-sectional area

at three different heights: bottom, middle, and top of the pack-

ing zone. The gas velocity is biased on the tilting side. The

extent of the velocity bias slightly decreases as the height

increases. The highest yCO2
is observed near the wall on the

tilting side (or right-hand side), which may be due to the high-

est gas velocity on this side. The difference of CO2 concentra-

tions over the cross-sectional area is not high (0.1–0.7%).

However, the minimum yCO2
changes from the right to the left

side along the column height, as mentioned above. This

behavior would be confirmed for the real structured-packing

Figure 7. Contours of gas velocity (uG) and CO2 mole fraction (yCO2
) over the cross-sectional area along the

column height.
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with a corrugated, perforated, and microscopic-grooved metal

sheet.
Under the 38 tilting condition, the effect of fspread on Pgage,

hL, ae, and yCO2
is shown in Figure 8. The higher fspread leads

to the higher hL, ae, but the lower yCO2
. However, the pressure

drop of fspread 5 7.4 mm is slightly lower than that of

fspread 5 3.7 mm, because a localized liquid spread at

fspread 5 3.7 mm increases the pressure drop.
Figure 9 shows the effect of the tilting angle on Pgage, hL,

ae, and yCO2
. The tilting of 08 means the vertical standing. The

average hL of vertical standing is 9.2%, which coincides with

the experimental value of M500X.10 As the tilting angle

increases, the pressure drop slightly increases, and hL and ae,

decrease. As the CO2 removal efficiency cannot be apparently

distinguished for the four tilting angles in Figure 9d, a definite

comparison is followed below.

Comparison of vertical standing, static tilting, and

rolling motion

At the beginning of the simulation, gas and liquid were

injected into the packed column which was initially empty.

After a wetting period of about 35 s, the mass transfer and

chemical reaction started, and it took about 15 s to reach a sta-
ble state. Thus, an operating time of about 50 s was required to
obtain a stable solution under the vertical standing condition.
Once the stable state is reached, the dynamic motion starts and
a cyclic steady state is observed after 20 s. A cyclic steady
state of ae is illustrated with the flow time (t) in Figure 10. The
column performance values under the rolling motion were
obtained from the average of five flow times for one period
(T 5 12 s).

Figure 11 compares Pgage, hL, ae, and yCO2
of three cases:

vertical standing, 38 static tilting, and angular motion of 38

amplitude at 6 and 12 s periods. Experimental concentrations
along the height measured for CO2-MEA system with
M500X16 are shown in Figure 11d. The results of the porous
media CFD model agree well with the experimental CO2

removal. The tilting and motion increase the pressure drop a
little (see Figure 11a). The static tilting decreases more the liq-
uid holdup and effective interfacial area more than the rolling
motion (see Figures 11b, c), which was also identified by
experiment.11 However, the CO2 removal efficiency is almost
the same for the three cases, because such a difference of ae is
not significant for the CO2 removal in this amine absorber (see
Figure 11d).

Figure 8. Effect of liquid spreading factor (fspread) on (a) gauge pressure (Pgage, Pa), (b) liquid holdup (hL), (c) effec-
tive interfacial area (ae, m2/m3), and (d) CO2 mole fraction in the gas phase (yCO2

, %) at 38 static tilting.
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The effect of the rolling motion on the amine absorber per-

formance is less serious than that of the static tilting, as men-

tioned earlier. Figure 12 shows the effect of the amplitude of

the rolling motion at the same period. The fluctuation of its

liquid holdup along the column height is greater than that of

the static tilting. However, the impact of the tilting angle (or

amplitude) on hL is smaller in the rolling motion than in the

static tilting.
The liquid velocity calculated from the CFD simulation was

uL 5 0.19 m/s. The residence time of liquid was about 11.5 s

which was almost the same value as the rolling period. The

smaller the rolling period at the same amplitude, the higher

the liquid holdup, as shown in Figure 11b. The arc length is

proportional to the absorber height and the amplitude (l 5 hh)

in the rolling motion. If the absorber height is long, the tangen-

tial velocity increases along the column height and the effect

of the ship motion on the liquid holdup becomes severe.

Uniformity index and CO2 removal efficiency

Two uniformity indexes (UI) that represent liquid

mal-distribution are defined as follows

UIv512

Xn

i51
juL;i2�uLjAi

� �
2�uL

Xn

i51
Ai

UIh512

Xn

i51
jhL;i2�hLjAi

� �
2�hL

Xn

i51
Ai

(9)

where UIv and UIh are the UI of liquid velocity and holdup,
respectively. i is the facet index of a surface with n facets, Ai is
the area of i-facet, and �uL and �hL are the average value of the
liquid velocity and holdup, respectively. Table 3 compares UIv

and UIh of the eight runs for the three cases. The uniformity
indexes were calculated in the cross-sectional area at h 5 0.1 m.
The UIv and UIh shows almost the same trend. It was found that
a deterioration of around 10% in the liquid distribution occurs
for the 38 static tilting and the rolling motion with 4.58 at 12 s.

The CO2 removal efficiency (g, %) is defined as

g51003
yCO2;in2yCO2;out

yCO2;in
(10)

In Table 4, g is compared for the eight runs. The static tilt-
ing of 4.58 as the most severe case decreases the efficiency by
0.4% and the rolling motion with 4.58 and 12 s by 0.1%. It is

Figure 9. Effect of tilting angle on (a) gauge pressure (Pgage, Pa), (b) liquid holdup (hL), (c) effective interfacial area
(ae, m2/m3), and (d) CO2 mole fraction in the gas phase (yCO2

, %).
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noted that the difference ofg is small while that of UIh is rela-

tively large. It is attributed from the fact that the effective

interfacial area does not change much by the tilting and

motion and the chemical reaction rate is relatively high in this

CO2-MEA system.

Conclusions

The 3-D geometry of an amine absorber packed with nine

elements of Mellapak 500.X (M500X) was built to investigate

the effect of ship tilting and motion on the amine absorber per-

formance. The amine absorber was operated to remove 15 mol

% CO2 contained in natural gas using MEA as an absorbent.

To represent the structured-packing by the porous media CFD

model, the porous resistance force, the gas-liquid momentum

exchange, and the liquid dispersion force were added into the

momentum conservation equation. The mass conservation

equation included the mass transfer between the gas and liquid

phases, and one chemical reaction in the liquid phase. The two

phases were modeled as a continuum using the Eulerian

approach. The gas-liquid Eulerian porous media CFD model

was calculated by a finite volume-based solver, ANSYS

Fluent.

Figure 10. Cyclic steady state of effective interfacial
area (ae) under rolling motion.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. Effect of ship tilting and motion on (a) gauge pressure (Pgage, Pa), (b) liquid holdup (hL), (c) effective
interfacial area (ae, m2/m3), and (d) CO2 mole fraction in the gas phase (yCO2

, %).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The coarse (11,900 cells), medium (37,400 cells), and fine
(103,500 cells) meshes were constructed for the mesh inde-
pendent test. The number of cells barely affected the pressure
drop and CO2 removal efficiency. However, the liquid holdup
of the coarse mesh showed a significant difference from those
of the medium and fine meshes. The medium mesh was

selected among the three meshes for computational efficiency.
The effective interfacial area between gas and liquid was esti-
mated by an empirical equation as a function of the liquid
holdup. The modification factors of the Ergun coefficients (a,
b, c, and d) were adjusted for M500X, compared with experi-
mental data.

Figure 12. Effect of rolling motion amplitude on (a) gauge pressure (Pgage, Pa), (b) liquid holdup (hL), (c) effective
interfacial area (ae, m2/m3), and (d) CO2 mole fraction in the gas phase (yCO2

, %).

Table 3. Comparison of Uniformity Index of Liquid Holdup

Case Vertical Standing
Static Tilting Rolling Motion

Run number 1 2 3 4 5 6 7 8

Angle (h, 8) 0 1.5 3.0 4.5 1.5 3.0 4.5 3.0
Period (T, s) – – – – 12 12 12 6
UIv 0.999 0.950 0.901 0.854 0.976 0.954 0.930 0.968
UIh 0.999 0.951 0.903 0.855 0.975 0.953 0.930 0.962

Table 4. Comparison of CO2 Removal Efficiency with MEA Absorbent

Case Vertical Standing
Static Tilting Rolling Motion

Run number 1 2 3 4 5 6 7 8

Angle (h,8) 0 1.5 3.0 4.5 1.5 3.0 4.5 3.0
Period (T, s) – – – – 12 12 12 6
CO2 removal efficiency (g, %) 96.84 96.80 96.63 96.42 96.82 96.77 96.71 96.81
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As the static tilting angle increases, the liquid holdup and

effective interfacial area decreases and the CO2 removal effi-
ciency is lowered. The effect of the static tilting on the liquid

holdup is more severe than that of the rolling motion, when

the angle or amplitude is the same. The uniformity index of

the liquid holdup deteriorates by 10% for the 38 static tilting,
and the angular motion with a 38 amplitude at a 12 s period,

respectively. The CO2 removal efficiency decreases by 0.4%

for the 4.58 static tilting, and by 0.1% for the rolling motion

with a 4.58 amplitude at a 12 s period.
In this study, the effect of the ship tilting and motion on the

amine absorber without internals such as collectors and redis-

tributors was examined in an isothermal, isotropic, and homo-

geneous porous media, neglecting the temperature difference

and the complex directional-properties of structured-packing
column. The relationship between the orientation of packing

elements and the tilting direction was ignored. Thus, some dis-

crepancy from the real system is inevitable. However, a simple

and efficient CFD model was proposed for the first time in the
open literature to estimate the effect of the ship tilting and

motion.

Acknowledgments

This research was supported by a grant from the Program
of KAIA funded by the Ministry of Land, Infrastructure and

Transport of the Korean government (08 GASPLANT F02).

The authors appreciate the editing contribution of Patrick

Bresnahan.

Notation

a = modification factor of Ergun equation
ae = effective interfacial area, m2/m3

as = specific surface area of structured-packing, m2/m3

b = modification factor of Ergun equation
c = modification factor of Ergun equation

Ci = molar concentration of species i in liquid phase, kmol/m3

d = modification factor of Ergun equation
D = diffusivity coefficient, m2/s

E1, E2 = Ergun coefficients
Ea = activation energy, cal/gmol

~Fdisp = liquid dispersion force, N/m3

fe = fraction of wetting area
~Fexch = momentum exchange force, N/m3

~Fporous = porous resistance force, N/m3

fspread = spread factor, m
g = gravitational acceleration, m/s2

h = column height, m
hL = liquid holdup, m3/m3

H = Henry’s constant, Pa m3/mol
k0 = pre-exponential factor, m3/kmol/s
kc = chemical reaction rate coefficient, m3/kmol/s

KGS = gas-solid drag coefficient, kg/m3/s
KIG = momentum exchange coefficient at the gas-liquid interface,

kg/m3/s
KLS = liquid-solid drag coefficient, kg/m3/s

kx = liquid-side mass-transfer coefficient, m/s
Mw = molecular weight, kg/kmol

P = pressure, atm
qG = gas load, kmol/m2/h
qL = liquid load, m3/m2/h

r
*

= position vector, m
rGL = mass-transfer rate between gas and liquid, kg/m3/s

Ri = chemical reaction rate of species i, kg/m3/s
S = momentum source term, N/m3

t = time, s
T = period, s
~u = interstitial volume-average velocity, m/s
V = volume, m3

yi = gas mole fraction of species i

Greek symbols

aG = volume fraction of gas phase
aL = volume fraction of liquid phase
e = packing void fraction (porosity)
h = corrugation angle, 8

l = viscosity, kg/m/s
q = mass concentration or density, kg/m3

x
*

= angular velocity, s21

Subscripts

D = drift
G = gas phase
L = liquid phase
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