Korean J. Chem. Eng., 35(5), 1073-1082 (2018)
DOI: 10.1007/s11814-018-0006-z

PISSN: 0256-1115
eISSN: 1975-7220

Hydrodynamics and design of gas distributor in large-scale amine absorbers
using computational fluid dynamics

Hung Hai Pham*, Young-Il Lim™", Sungu Han**, Bosup Lim***, and Hyun-Shin Ko**

*CoSPE, Department of Chemical Engineering, Hankyong National University,
Jungang-ro 327, Anseong-si, Gyeonggi-do 17579, Korea
**Daelim, D Tower, 17 Jongno 3-gil Jongno-gu, Seoul 03155, Korea
***TPT Pacific, 19 Sannam-gil, Onsan-eup, Ulju-gun, Ulsan 45010, Korea
(Received 4 September 2017 « accepted 11 January 2018)

Abstract—A gas phase three-dimensional (3D) computational fluid dynamics (CFD) model was developed to investi-
gate the hydrodynamics of gas distributors used in an amine absorber with a diameter of 3.2 m. A standard gas inlet,
tubular injectors with short, medium and long lengths, and a Schoepentoeter were considered as feed systems of the
gas distributors. The pressure drop, dead-area ratio and coefficient of distribution at the packing entry were used as the
performance indexes of the gas distributors. The down-pipe as a liquid collector exhibited a lower dead-area ratio when
compared with that of the down-comer. The tubular gas injector with a short length reduced the dead-area ratio and
the gas maldistribution. The Schoepentoeter was associated with the lowest pressure drop, dead-area ratio, and coeffi-
cient of distribution among the gas distributors. The uniformity of gas distribution was enhanced by 25% in the Scho-
epentoeter when compared to that of the tubular gas injector.
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INTRODUCTION

Post combustion CO, capture is used to treat flue gas emitted
from thermal combustion units such as power plants [1]. Amine-
based absorption is often adopted for CO, capture in large-scale
power plants [2-4]. Columns packed with packing materials are
employed to promote direct contact between liquid and gas phases
in the absorption process [5]. Optimal operation of the packed col-
umns requires homogeneous distribution of liquid films and gas
flow [6,7]. Gas-liquid contacting devices, such as amine absorber
and distillation column, include several internals such as a liquid
distributor at the top, liquid collectors/redistributors, and a gas dis-
tributor at the bottom [8].

Liquid collectors are designed to collect liquid without signifi-
cant interference with the upcoming gas flow [9]. The collector
with a chimney tray aids in reducing the maldistribution induced
by the feed system [9]. Previous studies examined several gas in-
jection systems, including standard inlet, orifice baffle, tubular in-
jector, horn-type distributor, and Schoepentoeter [6], which are
typically used as gas distributors in packed columns. The selection
of a gas distributor requires characterization and quantification of
the quality of the gas flow distribution.

An area-averaged coefficient of variation (Cy) has been com-
monly used as an indicator of gas maldistribution induced by col-
umn internals [6,10-15]. Oluji¢ et al. [9] used the ratio of Cy to Cy,
as the maldistribution index (MI) in which C,, denotes the coeffi-
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cient of variance based on a local mean velocity [9]. Although the
MI contains a spatial variation of the gas velocity; it tends to be
sensitive to the resolution of the statistical analysis [6]. The Cy, rep-
resents the magnitude of distribution although all spatial informa-
tion is lost [16]. Stemich and Spiegel [16] used the coefficient of
distribution (Cp) to consider both the variation magnitude and
spatial distribution of gas, and applied it to a large-scale gas distrib-
utor with and without a chimney tray [16]. Petrova et al. [7] used
various indexes (e.g., Coriolis coefficient, mean dynamic pressure,
Cy; MJ, and Cp) to experimentally evaluate the maldistribution of
gas flow in absorption columns in which MI and C;, accounted
for the clusters formation of gas velocity [7].

The Schoepentoeter was used for gas-liquid separation as well
as an even distribution of inlet flow in strippers, absorbers and dis-
tillation columns [17]. This is a vane-type feed inlet device that
distributes vapor in the gas compartment of the column by slicing
up the feed gas into a series of flat jets in a smooth and uniform
manner. The Schoepentoeter allows a smaller feed entry section of
the column and reduces column height and cost [17].

Within the last decade, CFD has reached a significant level of
maturity so that it is now considered as an indispensable analysis
and design tool in a wide range of industrial applications [17]. Spe-
cifically, CED is frequently used as a tool to design and evaluate
the performance of column internals [6,9,16,18-20]. With respect
to a gas distributor of bubble column, the effects of opening area,
hole diameter, inlet nozzle size and its location were investigated
by using an Eulerian CFD model [13]. Zarei et al. [20] examined the
effect of the riser height of a conical cap tray on gas distribution in
a distillation column, using Eulerian CFD with a shear stress trans-
port turbulence model [20].
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The CFD simulations have been often used to estimate process
performance, creating appropriate performance indexes obtained
from primary CFD results [6,17,21-24]. Ngo et al. [22] used an
area-averaged uniformity index of a solid distribution in the CFD
study of a fluidized bed with a nozzle-type gas distributor [22]. A
radial non-uniformity index (RNI) defined by a normalized stan-
dard deviation for cross-sectionally averaged voidage was applied
to investigate the effect of the feedstock injection angle in two-fluid
CFD simulations of a fluidized-bed riser [21]. An area-averaged
uniformity index of temperature (Ul;) was calculated to examine
the temperature distribution of fiber tows in a low temperature
carbonization furnace for carbon fiber production [24]. The uni-
formity index for the velocity (UI,) was used to calculate the uni-
formity of resin impregnation in a carbon fiber prepreg die [23].
The high uniformity of the vertical gas velocity over the horizon-
tal plane was confirmed for Schoepentoeter by CFD [17]. Wehrli
et al. [6] investigated the effects of vapor feed systems (standard
inlet, orifice baffle, tangential inlet device, tubular injector and
Schoepentoeter) on the Cy, of gas velocity on the horizontal plane
below the packing by using CED [6].

However, the Cy; RNI, Ul and UI, cannot cover the spatial
distribution for the vapor feed systems. Additionally, with the pres-
ence of chimneys, a need to investigate the influence of the vapor
feed systems on gas distribution still persists with respect to various
performance criteria. There also remains a need for a rigorous hydro-
dynamic study on the Schoepentoeter gas distributor.

In this study, we developed a three-dimensional (3D) gas phase
CFD model with turbulence for gas distributors with several vapor
inlet devices, such as standard gas inlet, tubular injectors with a
different length, and Schoepentoeter. Three performance indexes,
including the pressure drop, dead-area ratio, and coefficient of dis-
tribution for gas velocity at the packing entry, are proposed to quan-
tify the quality of the gas flow distribution. The aim of the study
involves evaluating quantitatively the performance of the vapor inlet
devices by using the three indexes.

GAS DISTRIBUTOR OF AMINE ABSORBER

As shown in Table 1, six gas distributors used in an amine ab-
sorber were considered. The diameter (D) of the column was 3.2 m.
Two different types of the liquid collector were applied: down-comer
(Geol) and down-pipes (Geo2). The down-comer was laid out in
the right and left sides of the gas chamber (see Fig. 1(a)). Thus, the
number of chimneys was six less than that of the gas distributor

Table 1. Design specification of six gas distributors

with the down-pipes. In Geo2 (see Fig. 1(b)), eight down-pipes were
arranged on the right and left sides of the column to collect the lig-
uid and replace the down-comer. The gas was redistributed through
a chimney tray prior to reaching the packing bed. A cap with a
diameter of 0.22 m was installed immediately above the spherical
chimney to avoid the entry of liquid into the chimney.

The down-pipes as the liquid collector were used for the other
four gas distributors as shown in Fig. 1. Short (Geo3), medium
(Geo4), or long (Geo5) tubular gas injectors were installed in the
gas distributor, while the Schoepentoeter was used as a gas inlet
device for Geo6. The tubular gas injector included several rectan-
gular holes oriented to the bottom. The rectangular hole size (0.68x
0.35m’) was uniform although the number of holes was 2, 3, and
4 in Geo3, Geo4, and Geob, respectively. The last gas distributor
included the Schoepentoeter for gas injection (Geo6 in Fig. 1(f)).
CFD flow fields with and without a symmetric geometry did not
always agree in large-scale columns [6], and thus the CFD simula-
tion was conducted for all the six geometries in the full domain.

The open-area ratio (=0.2), which is defined as the ratio of the
total chimney hole area to the column cross-sectional area, was the
same for all the geometries. The following dimensionless geomet-
ric ratios [6] were implemented on the six geometries:

h..
Lo = i)’”’”:o.34

h,
=4 _0.2 6]

rsump7 D

h ack
Cpuck = —bL =0.22

where h,,, denotes the chimney height from the gas inlet center
to the chimney; h,,,,,, denotes the sump height from the bottom (or
the liquid level) to the gas inlet center, and h,, denotes the pack-
ing height from the chimney to the packing. r,,» Ty, and 1,4 con-
stitute the geometric ratios of the height to the column diameter
(D). The liquid level was assumed to correspond to a high liquid
level (HLL) of amine solution at the column bottom.
1. Operating Conditions

The flue gas passing through a quencher entered the gas dis-
tributors at 50 °C and a pressure slightly elevated from the atmo-
sphere (approximately 1.07x10° Pa). The gas composition in mass
was 0.7029, 0.2129, 0.0476, and 0.0366 for N,, CO,, H,0, and O,,
respectively. The gas flow rate to the gas distributor was 55.318 t/h
(or 25,144.8 Nm’/h), respectively, and this was determined as 110%

Geometry Column Gas injection Liquid Length Number of Chimney hole
index diameter (m) type collector (m) chimneys diameter (m)
Geol 32 Standard inlet Down-comer - 51 0.188
Geo2 32 Standard inlet Down-pipe - 57 0.188
Geo3 32 Tubular injector Down-pipe Short (1.3) 57 0.188
Geo4 32 Tubular injector Down-pipe Medium (1.8) 57 0.188
Geo5 32 Tubular injector Down-pipe Long (2.3) 57 0.188
Geob 32 Schoepentoeter Down-pipe - 57 0.188

May, 2018
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(e) Tubular with 4 holes (Geo5) (f) Schoepentoeter (Geob)

Fig. 1. Geometry of gas distributors with a standard gas inlet (with down-comer and down-pipe), tubular gas injectors and Schoepentoeter.

- @

(a) Front view (b) Top view

Fig. 2. Mesh structure of a gas distributor with a standard gas inlet (Geo2).

of a normal operating condition. The gas flow rate is based on the of the gas-inducing pipe corresponded to 0.68 m. Thus, the inlet
maximum flow rate including design margin [17]. The diameters gas velocity through the inducing pipe was maintained as a con-
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(a) Front view

Fig. 3. Mesh structure of a gas distributor with Schoepentoeter (Geo6).

stant at 19.2 m/s for the six cases.
2. Mesh Structure

The mesh structures are shown in Figs. 2 and 3. The polyhe-
dral meshes were obtained from unstructured tetrahedral meshes.
Fig. 2 illustrates the front and top views of the mesh structure for
the gas distributor with a standard gas inlet (Geo2). The meshes
are concentrated on the walls and near the chimneys to capture a
high gradient of the velocity. In Fig. 3(a), the mesh density in-
creases with the flow direction, since it is expected that the gradi-
ents of pressure and velocity increase as the inner space of Schoepen-
toeter decreases. The mesh structure at the top of the gas distributor
is the almost same for Geo2 and Geo6 (see Fig. 2(b) and Fig. 3(b)).

A mesh independent test was conducted for Geo2. The num-
ber of polyhedral cells corresponded to 1.09 million, 1.68 million,
and 3.08 million for the coarse, medium, and fine mesh structures,
respectively. The number of polyhedral cells for the six full geome-
tries used in the study was 1.64 million, 1.68 million, 1.83 million,
1.88 million, 1.95 million, and 3.24 million, respectively, depend-
ing on the resolution required to capture geometry details of the
injection system. The average volume of polyhedral cells was 12.11
cm’, 11.78 cm’, 10.82cm’, 10.51 cm’, 10.18 cm’, and 621 e’
respectively. The gas distributor with Schoepentoeter has a rela-
tively small mesh size because of the complex geometry of flat jets.

GAS PHASE CFD MODEL AND PERFORMANCE
INDEX

A 3D steady-state CFD model was developed for the gas dis-
tributor. The gas phase was assumed as incompressible. Tempera-
ture variations were neglected. The influence of the liquid on the
gas phase is small and negligible [6]. The governing equation includes
the continuity and momentum conservations. A realizable k-& model
[25,26] is adopted for turbulence in the momentum equation.

1. Governing Equations

The incompressible continuity equation of the gas phase is ex-

pressed as follows:

PV -1=0 )

where p denotes the gas density;, and G denotes the gas velocity
vector.
The momentum equation of fluid at a steady-state results in the

May, 2018

(b) Top view

following equation:
PV - (@) =—VP+V-(2)+ 08 3)

where P denotes the static pressure, and pfg,) denotes the gravita-
tional force. The stress tensor (7;) for turbulence is given by the
following expression:

= ()| (V- (Vi) ) -3V | -2pid @

where T denotes the identity tensor, and (Vu—(Vﬁ)T) denotes
the strain rate. Additionally, 1 denotes the molecular viscosity. 44
denotes the turbulence viscosity, and this is computed as a func-
tion of k and &in the turbulence model.
2. Turbulence Model

A turbulent flow is characterized by fluctuating velocity fields
due to complex geometry and/or high velocity. A turbulent flow is
modeled by using a realizable k-¢ equation, which includes a new
formulation for turbulent viscosity (¢4) and a new transport equa-
tion for the dissipation rate (&) [25]. The turbulence equation rep-
resents the transport of the turbulence kinetic energy (k) and its
dissipation rate (&). At the steady-state, the realizable k-& model is
expressed as follows:

p§~(ﬁk):v\~|:(,u+ %’)?\k}—Gk—pe
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where G; denotes the generation of k due to the mean velocity
gradient, and g; and o, denote the turbulent Prandtl numbers of k
and g respectively. Additionally, C, and C, denote the model coef-
ficients of & The turbulent viscosity (z4) is computed from the k, &
and C, values. The S, S, and (2; denote the modulus of the mean
rate of strain tensor, mean strain rate, and mean rate of the rota-



Gas distributor design using CFD 1077

tion tensor, respectively. C, is a function of the mean strain and
rotation rates and the angular velocities of the system rotation and
the turbulence fields [25]. A, is the model constant, and A, denotes
the parameter as a function of S, Sy, and Sy

The realizable turbulence model was developed to capture the
rotation, separation, and recirculation of flows in the 3D CFD [25].
The realizable k-¢ model satistying mathematical constraints on
the Reynolds stresses differs from other k-& models in the formu-
lation of turbulent viscosity (¢4) and turbulence energy dissipation
rate (). The realizable k-£ model is suitable for complex shear flows,
while the standard k-& model is robust but valid only for fully-
developed turbulent flows (ANSYS Fluent Theory Guide 17.1,
ANSYS Inc, 2016).
3. Performance Index

Three indexes including the pressure drop (AP), dead-area ratio
(y), and coefficient of distribution (Cp) are used to describe the
performance of the gas distributor and the quality of gas distribu-
tion. The AP between the inlet and outlet of the gas distributor is
defined as follows:

= ZiPiAAin, i
TOLAA
AP= Pin - Pout

©)

where P, is calculated from an average value of P over the inlet area
(A;), and P, is the outlet pressure that is prescribed as a boundary
condition.

The c is calculated as follows:

G- Zkuz, KAk
Y XA )
7
— Adeud
A

c
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where A, denotes the cross-sectional area of column. A,,; denotes
the dead area that corresponds to the sum of areas (A;) in which
the vertical gas velocity (u,) is lower than 10% of the area-aver-
aged vertical velocity (d,). The dead area is calculated by using a
user-defined function (UDF) on Plane A which is 5 cm below the
packing (see Fig. 1(a)). The dead-area implies a stationary area that
may result in insufficient contact between gas and liquid in the
column packing.

A uniform distribution of velocity across the column at the pack-
ing entry is important for gas and liquid contact in the amine ab-
sorber. The C,, that accounts for both magnitude and spatial dis-
tribution [16] is defined as follows:

Table 2. CFD model parameters

Cp=—7 ®)

where Cy, denotes the coefficient of variance [10,27], and ¢ denotes
the distribution length scale. A smaller Cy, longer ¢ and lower C,
constitute a better gas distribution.

The Cy is defined as follows:

T(u, —u,)’A
o= W, —u) Ay

y > A
Ktk
)
O,
C. ==
V7a

The area-averaged velocity (41,) in the vertical direction (y) was
obtained on plane A (see Fig. 1(a)). The standard deviation (o) was
also calculated on this plane. The C,, corresponds to the ratio of
the standard deviation to the mean velocity.

@ is defined as the ratio of the total length of the contact line (I)
to a characteristic length of the system (I,,) as follows:

- ., L) () ()]
Lz Ivila,

2 o, (10)

L _A_m
char Dh 4
l

-
The norm of the velocity gradient (H?ﬁ“) was calculated from the
gradient of the three velocities in three directions (x, y; and z). The
total length (I) of contact lines between two adjacent cells was scaled
by dividing by 2¢;. The L, was obtained by dividing the column
cross-sectional area (A,) by the hydraulic diameter (D,), and this
resulted in 7D/4. The dimensionless ¢ implies the spatial distribution
of flow local irregularities over a given cross-sectional area [16].

Note that Cj, in Eq. (8) differs from the value obtained by Stem-
ich and Spiegel [16] with respect to the definition of Cy in Eq. (9).
The vertical velocity (u,) was used for Cy in this study, while all
three velocities were used by Stemich and Spiegel [16]. It is expected
that Cy, based on u, emphasizes the maldistribution of flows in the
vertical direction.
4. Boundary Conditions and Model Parameters

The inlet boundary condition was set such that it was the same
as the operating condition: 55.318 t/h at T=50 °C. The outlet (or

Symbol Value
Continuity equation p Gas density (kg/m’) 1.38
Momentum equation 7] Gas viscosity (Pa-s) 1.865x107°
Turbulence equation I, Turbulence intensity of inlet velocities (%) I,=5

(Realizable k-£ model) Ci Turbulent Prandtl number for k 0.=1.0

o, Turbulent Prandtl number for & o=12

C, Constant of dissipation rate (&) C,=19

A, Constant of turbulent viscosity (4) A,=4.04

Korean J. Chem. Eng.(Vol. 35, No. 5)
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packing entry) was set as the pressure outlet with a gage pressure
of P,,,=5,400 Pa, which corresponds to the packing pressure drop.
Table 2 shows the model parameters that are classified as continu-
ity, momentum, and turbulence equations.

The calculations were performed on a workstation with 48
cores of 2.7 GHz CPU and 128 GB RAM. A SIMPLE method was
selected for pressure-velocity coupling. A PRESTO scheme was used
for the spatial discretization of pressure due to a high swirling flow
in the gas distributor. A second order scheme was used for the spa-
tial discretization of the other derivative terms. The CFD model
was calculated by using a steady-state solver in the finite volume
method. The convergence tolerance was set to 1x10™>. The num-
ber of iterations varied from 2,500 to 5,600 for the six steady-state
CFD simulations, which corresponded to one to three hours of
the calculation time, respectively, on the workstation. The UDF for
the dead-area ratio () was implemented on ANSYS Fluent R17.1
(ANSYS Inc,, USA, 2016).

CFD RESULTS AND DISCUSSION

A mesh independent test was conducted for the gas distributor

5740
5730 T+
5l I o
5720 1 ¢ °
ar L
5710 +
5700 A————— ey
0 1 2 3
N,y (milion cells)
(a) Inlet pressure (Pir)

H. H. Pham et al.

with the standard gas inlet and the down-pipe liquid collector
(Geo2). The effects of the two liquid collectors (down-comer and
down-pipe) on the gas distributor (Geol and Geo2, respectively)
with the standard gas inlet were examined. The velocity contours
and the performance indexes were compared for the six gas dis-
tributors.

1. Mesh Independent Test

Coarse (1.09 million cells), medium (1.68 million cells), and fine
(3.08 million cells) meshes were constructed for a standard inlet
gas system with eight down-pipes (Geo2, as shown in Fig. 1(b)).
The effect of the cell number (N_,;) was examined on the area-aver-
aged inlet pressure (P;,) and the volume-averaged gas velocity (u,,)
in the chamber.

The inlet pressure (P;,) exhibits a slight change according to the
cell number (N,;) as shown in Fig. 4(a). The variation of P,, corre-
sponds to 5,721+1 Pa. However, u,,, on the coarse mesh is relatively
low when compared to those in the other two mesh structures
(see Fig. 4(b)). The medium mesh (1.68 million cells) was selected
as a compromise between accuracy and computational efficiency:
2. Standard Gas Inlet

The following two different liquid collector types were consid-

44
<
43 + <
%4.2 +
g
=
4.1 + o
4
0 1 2 3 4

N,y (milion cells)
(b) Volume-averaged velocity (uavg)

Fig. 4. Mesh independent tests for coarse, medium, and fine meshes for a gas distributor with a standard inlet and down-pipe (Geo2).

l Gas inlet direction

5.000
4.643
4.286

| 13929
i 3.571
3214
B 2.857
2.500
2.143
1.786
1.429
1.071
0.714
0.357
0.000
[m sA-1]

(a) Down-comer (Geol)

l Gas inlet direction

(b) Down-pipe (Geo2)

Fig. 5. Vertical velocity contour 5 cm below the packing for gas distributors with a standard inlet (top view).
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ered in the gas distributor: down-comers and down-pipes. The effect
of the liquid collectors on the gas distribution was investigated in
the standard gas inlet and chimney tray. Fig. 5 illustrates the vertical
velocity (u,) contours on Plane A (see Fig. 1(a)) for Geol and Geo2.
A large low-velocity area is observed in the right and left sides
of the column when the chimney tray is combined with the down-
comer (see Fig. 5(a)). However, the low-velocity area reduces in the

chimney tray with the down-pipe (see Fig. 5(b)). The highest veloc-
ity appears in the side opposite to the gas inlet for the standard gas
inlet system.

Table 3 shows the performance indexes of the standard inlet and
chimney tray gas distributors with the down-comer and down-
pipe. When the down-pipe (Geo2) is used, the pressure drop (AP)
decreases by 4.9% and the dead-area ratio () significantly de-

Table 3. Performance indexes of gas distributors with a standard gas inlet (with down-comer and down-pipe), and tubular gas injectors

Gas injection system

Performance index Unit Geol Geo2 Geo3 Geo4 Geo5
(down-comer) (down-pipe) (2-hole) (3-hole) (4-hole)
Averaged-velocity at Plane A m/s 0.8657 0.8658 0.8658 0.8657 0.8656
Pressure drop (AP) Pa 338 322 399 322 305
Dead-area ratio () - 0.19 0.13 0.11 0.15 0.17
Coefficient of variation (Cy) - 1.00 0.89 0.85 0.90 0.97
Length scale (¢) - 2.26 2.50 2.53 2.36 2.44
Coefficient of distribution (Cp) - 0.444 0.356 0.335 0.381 0.398

l Gas inlet direction

lGas inlet direction

(a) Standard inlet (Geo2)

l Gas inlet direction

(c¢) Medium tubular injector (Geo4)

(b) Short tubular injector (Geo3)

l Gas inlet direction

(d) Long tubular injector (Geo5)

Fig. 6. Vertical velocity contour 5 cm below the packing for gas distributors with a standard inlet and tubular injector (top view).

Korean J. Chem. Eng.(Vol. 35, No. 5)
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creases, compared to the down comer (Geol). Since the Cy, reduces
and the ¢ increases with the down-pipe, the Cp, decreases from
0.444 1o 0.356. The down-comer develops a strong dead zone near
two wall sides and exhibits a high value of Cp, Therefore, the down-
pipe is adopted for further investigations on the gas injection sys-
tems.
3. Tubular Gas Injectors

The gas distributor with the standard inlet (Geo2) was com-
pared to those with the short, medium, and long tubular injectors
(Geo3, Geo4, and Geo5) with 2, 3, and 4 rectangular holes, respec-
tively. Fig. 6 depicts the vertical velocity contours of the four gas
distributors on Plane A (see Fig. 1(a)). The holes of the tubular in-
jectors are open toward the bottom and the gas flow rises from the
bottom. Therefore, the flow pattern appears as split into the right
and left sides. It was also observed that the longer tubular injec-
tors do not improve the gas distribution.

The performance indexes of the three gas distributors with short,
medium and long tubular (Geo3, Geo4, and Geo5) are listed in

B 5517

(a) Pressure contour

Table 3. The AP decreases as the open-area ratio of tubular pipe
increases with increasing the number of holes. The AP of the stan-
dard inlet (Geo2) is the almost same as that of the long tubular
injector with three holes (Geo4). The short tubular injector with
two holes (Geo3) exhibits the lowest y and C;, among the four gas
distributors, albeit at the cost of a pressure drop. The standard inlet
(Geo2) exhibits a lower y and Cp, than the medium and long tubular
gas injectors (Geo4 and Geo5), and this implies that the opening
ratio and length of the tubular injector play important roles in the
gas distribution.
4. Gas Distributor with Schoepentoeter

The Schoepentoeter as a gas injection device was applied to the
gas distributor to improve the gas distribution. Fig. 7 shows the
pressure contour and the velocity vector in the middle of Scho-
epentoeter. The gas is compressed in the inner side of flat jets as
shown in Fig. 7(a). A relatively uniform pressure profile is observed
over the cross-sectional area. As shown in Fig. 7(b), the gas velocity
decreases when it exits the Schoepentoeter because the total outlet

25,000
- 18.750

12,500

6.250

0.000
[m s*-1]

(b) Velocity vector

Fig. 7. Pressure contour and velocity vector in the middle of Schoepentoeter (top view).

l Gas inlet direction

5.000
4,643
4.286
3.929

3571
3214
2.857
2,500
2143 ||
1.786 |81
1429 |
1.071
0.714
0.357
0.000

[m s*-1]

(a) Short tubular injector (Geo3)
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l Gas inlet direction

(b) Schoepentoeter (Geo4)
Fig. 8. Vertical velocity contour 5 cm below the packing for gas distributors with a short tubular injector and Schoepentoeter (top view).
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Table 4. Difference of performance indexes between gas distributors with a short tubular injector and Schoepentoeter

Gas injection system

Performance index Unit Geo3 Geob6 le(foe/r?l €
(Short tubular, 2-hole) (Schoepentoeter) ’

Averaged-velocity at Plane A m/s 0.8658 0.8662 0.05
Pressure drop (AP) Pa 399 295 -26.1
Dead-area ratio (y) - 0.11 0.07 -34.8
Coefficient of variation (C,) - 0.85 0.60 -29.0
Length scale (¢) - 2.53 2.39 -5.6
Coefficient of distribution (Cp) - 0.335 0.252 -24.8

“Difference=100x (tubular—Schoepentoeter)/(tubular)

area (3.92 m’) of the Schoepentoeter significantly exceeds the inlet
area (0.36 m’). The gas flow is effectively distributed because the
inner space of Schoepentoeter becomes narrow along the axial
distance. Specifically, the jet length and the gap between two adja-
cent flat jets significantly affect the performance of Schoepentoeter.

Fig. 8 compares the velocity contours between the short tubu-
lar injector (Geo3) and Schoepentoeter (Geo6). The velocity con-
tour of Schoepentoeter appears more uniform than that of the
short tubular injector. However, a few dead areas are observed in
the gas inlet and its opposite side as shown in Fig. 8.

Table 4 lists the performance indexes for the gas distributor
with the short tubular injector (Geo3) and Schoepentoeter (Geo6).
The gas distributor with the Schoepentoeter (Geo6) results in a
substantial decrease in AP, 7, and Cy values. Unlike the gas distrib-
utor with the short tubular injector (Geo3), a large open-area of
Schopentoeter allows smooth flow of gas. Therefore, the pressure
drop of Schopentoeter is much lower than that of the gas distribu-
tor with the tubular injector (Geo3), and even lower than that of
the gas distributor with the standard inlet (Geo2). It is attributed
to the fact that the collision between the injecting gas flow and the
opposite wall results in a pressure loss of the gas distributor (Geo2).

The distribution length scale (¢) does not improve when the
Schoepentoeter is used. Since the norm of the velocity gradient
decreases more than the standard deviation (see Eq. (10)), the length
of the contact line (}) decreases from 6.37 m to 6.01 m, and ¢ reduces
by 5.6%. The C;, of Schoepentoeter decreases by 24.8% due to the
enhancement in Cy when compared to that of the short tubular
injector.

The C, was 0.01 above a rectangular absorber (1.441.12 m) with
a standard gas inlet and random packing [7]. Stemich and Spiegel
[16] reduced C;, to 0.096 by using a gas distributor (D=8.8 m) with
a tangential inlet device and rectangular chimney tray [16]. The
importance of a homogeneous gas distribution increases with in-
creases in the column diameter. The three performance indexes
(AR, y, and Cp) provide quantitative guidelines to design large-scale
gas distributors.

CONCLUSION
The role of the gas distributor is important for an even distribu-

tion of gas over the cross-sectional area when the column diame-
ter increases. In this simulation study, a large-scale gas distributor

used in an amine absorber with a diameter of 3.2 m was consid-
ered to investigate the uniformity of the gas distribution accord-
ing to several gas-inducing systems, including standard gas inlet,
tubular injectors, and Schoepentoeter. A spherical chimney tray was
installed above the gas inlet devices. Two down-comers or eight
down-pipes as a liquid collector were arranged in the two sides of
the chimney tray.

An incompressible steady-state 3-dimensional (3D) computa-
tional fluid dynamics (CFD) model included the continuity,; momen-
tum, and realizable k-¢ turbulence model. The pressure drop (AP),
dead-area ratio (), and coefficient of distribution (Cp) were used
as the performance indexes of the gas distributors. The C, quanti-
fied both the variation magnitude and spatial distribution of the
gas flow at the packing entry located above the chimney. The lower
the AP, y, and Cp, are, the better the gas distribution.

Since the gas distributor with the down-comer exhibited higher
 and Cp, values than those of the down-pipe, the chimney tray with
the down-pipe was used for the other gas distributors. A tubular
injector with a short length (two exit holes) exhibited lower y and
Cp than those of medium (three exit holes) and long (four exit
holes) lengths at the cost of AP. The Schoepentoeter displayed the
best performance in terms of AP, y, and Cp, and these could be
used as quantitative indexes to design large-scale gas distributors.
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NOMENCLATURE

: cross-sectional area [m’]

:model constant of turbulence viscosity

: cross-sectional area of a column [m?]

: dead area where gas velocity is less than 0.1 m/s [m’]
: cross-sectional area of a gas inlet pipe [m’]

: parameter of turbulence viscosity
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C,, C,: parameters of turbulent dissipation rate
Cp :coefficient of distribution

Cy :coefficient of variance

C, :parameter of turbulence viscosity

D  :column diameter [m]
D,  :hydraulic diameter [m]
g  :gravitational acceleration [m s ]

G,  :generation of turbulent kinetic energy kg m™'s ]
hyy, - height from gas inlet to chimney [m]

hy.«  :height from chimney to packing [m]

h,,,, :height from bottom to gas inlet [m]

I :identity tensor [kg m ']

L : turbulent intensity [%]

k : turbulence kinetic energy [m’s ]

I :length of contact line [m]

L :characteristic length [m]

N, :total number of cells

P : pressure [Pa]

P, :inlet pressure [Pa]

P,, :outlet pressure [Pa]

Qg :total mass flow rate of gas [kg/s]

Ly  geometric ratio of chimney height to column diameter
T, :geometric ratio of packing height to column diameter
Tmp :geometric ratio of sump height to column diameter
: modulus of mean rate of strain tensor [s ']

: mean strain rate [s ']

: gas velocity [ms™']

:average gas velocity [ms ']

:vertical gas velocity [ms™']

: parameter of turbulence viscosity [s ']

:volume [m’]

: spatial direction length [m]

: gravity direction length [m]

: spatial direction length [m]

o3

*

N K < CEE sy ©

Greek Letters

: dead-area ratio

: pressure drop [Pa]

: dissipation rate of k [m’s ]
: distribution length scale

: mean strain

: viscosity [Pa-s]

: turbulent viscosity [Pa-s]

: density [kgm ]

: turbulent Prandtl number of k

: turbulent Prandtl number of &

: standard deviation of vertical velocity [ms ']
: stress tensor [kg m™ s’

: mean rate of rotation tensor [s "]
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