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Abstract: A comprehensive computational fluid dynamics
(CFD) model is developed based on the gas-liquid two-phase
hydrodynamics, gas-liquid mass-transfer theory and chemical
reaction kinetics, and the ammonia-based CO, absorption in a
spray column is numerically studied. The Euler-Lagrange
model is applied to describe the behavior of gas-liquid two-
phase flow and heat transfer. The dual-film theory and related
correlations are adopted to model the gas-liquid mass transfer
and chemical absorption process. The volatilization model of
multi-component droplet is utilized to account for ammonia
slippage. The effect of operation parameters on CO, removal
efficiency is numerically studied. The results show a good
agreement with the previous experimental data, proving the
validity of the proposed model. The profile studies of gas-
phase velocity and CO, concentration suggest that the flow
field has a significant impact on the CO, concentration field.
Also, the local CO, absorption rate is influenced by both local
turbulence and the local liquid-gas ratio. Furthermore, the
velocity field of gas phase is optimized by the method of
adjusting the orifice plate, and the results show that the CO,
removal efficiency is improved by approximately 4% .

Key words: CO, absorption; spray column; computational
fluid dynamics( CFD); aqueous ammonia

doi: 10.3969/j. issn. 1003 —7985.2015. 04. 009

he segregation and storage of CO, discharge from
T thermal power plants has been a concern among hu-
man beings due to global warming and deteriorating eco-
systems. Although its natural volatilization still hinders its
development, ammonia-based CO, capture has been con-
sidered as a potential approach among various CO, re-
moval methods due to its high CO, removal efficiency,
large absorption capacity, weak tendency to degradation,
and low cost'''. Recently, three types of reactors have
been proposed for ammonia-based CO, capture, namely,
tray columns, packed columns,
Compared with the two other reactors, the spray column
is more feasible for a large mass-transfer area and resistant
to the block of the reactor caused by the precipitation of

and spray columns.
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NH,HCO,"".
Numerous studies on CO, capture in a spray column

! studied the mass-

have been undertaken. Kuntz et al.
transfer performance of a spray column, and compared it
to that of a packed column. The results demonstrate a
great potential in using the spray column in the CO, cap-

ture application. Lim et al. "

experimentally studied the
performance of CO, capture with a single nozzle, and re-
ported the correlation between the capture efficiency and
the operation parameters. Niu et al. " compared three
kinds of absorbents in the same spray column, and the re-
sults show that the CO, removal efficiency by aqueous
ammonia is higher than that by both NaOH and MEA.
Javed et al. ™ found that the imparting swirl in the gas
flow can enhance the overall mass transfer coefficient up
to around 49% .

Compared with the experiment,
based on CFD software package have the advantages of
convenience and low-cost,
three-dimensional distribution of operation parameters.
Many investigations of CO, capture using numerical simu-
lation methods have been conducted. However, most of
them focused on the bubble column and packed col-

[6-9
umn

simulation studies

especially visualization for

'. Numerical simulation studies on CO, capture in
the spray column is rarely available. Furthermore, some
of them ignored the CO, absorption process and empha-
sized the gas-liquid flow field in the spray column'”.
However, in order to optimize the operation parameters,
it is essential to obtain the CO, concentration distribution.
Thus, incorporating the CO, reactive absorption submodel
into the overall model is very important. Besides, the
study of the correlation between the flow field and CO,
concentration field is rather significant for optimizing the
flow field and improving CO, removal efficiency. There-
fore, there is urgent need for further study in this area to
examine the feasibility of ammonia-based CO, absorption
in a spray column.

In this paper, a comprehensive CFD model incorporat-
ed with mass transfer, chemical reaction and two-phase
flow is developed to describe ammonia-based CO, absorp-
tion in a spray column. Comparing the simulation results
and the experimental data found in the previous literature,
the effects of different operation parameters on CO, re-
moval efficiency are studied. Ammonia slippage is also
predicted numerically using the volatilization model of a
multi-component droplet. After analyzing the law of flow
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field and CO, concentration field, a strategy for flow field
optimization is adopted and CO, removal efficiency is im-
proved.

1 Model Description
1.1 Physical model

The sketch of a spray column used in this work is
shown in Fig. 1(a). Flue gas flows in the spray column
from the bottom inlet, and goes up through the spray lay-
ers. Absorbent aqueous ammonia is sprayed from atomi-
zers on the spray layers, makes contact with flue gas
counter-current, and absorbs CO, in the meantime. The
treated gas flows upwards and goes through demister
where water vapor is eliminated. Aqueous ammonia
which has absorbed CO,(rich solution) falls down to the
column bottom. To simplify the model, the computation-
al region is limited to a rich solution level and the effect
of the rich solution on the flow field of flue gas is not
considered. Assume that the demister zone has little effect
on the flow field of flue gas and mass transfer. In order to
eliminate the error caused by the difference in structure
size, the spray column in Zeng’s experiment''"! was taken
as the simulation object(see Fig. 1(b)). The detailed flue
gas and spray absorbent parameters are listed in Tab. 1.

Outlet
$60
Demister
Spray layers =3
pray lay S S
¥
Inlet
50 x 60
Rich solution 12°
e
$100
(a) (b)

Fig.1 Structure sketch of spray column. (a) Schematic sketch;
(b) Physical mode( unit: mm)

Tab.1 Modeling parameters of spray column

Parameter Value
Flue gas temperature/ C 50
Inlet velocity/(m + s 1) 0. 056 to 0. 155
Flue gas composition CO,,N,
Weo,” % 15
Aqueous ammonia temperature/ C 15 to 35
WNH; - HZO/% 2t08
Spray velocity/(m - s 1) 5
Spray angle/ (°) 60
Flow rate of atomizer/ (g +s~') 2.16 to 6.40
Diameter of droplets/um 30 to 40

Prior to performing the numerical simulations, several
assumptions were made: 1) Flue gas is an incompressible
Newtonian fluid and is treated as an ideal gas; 2) Liquid
droplets are treated as a rigid sphere, and their diameters
follow the Rosin-Rammber distribution; 3) Since droplet
diameters are very uniform, collision between droplets is
ignored'™. In this study, the Weber number is far less
than 1, the crack of droplets can be ignored "™*'. Addi-
tionally , according to Refs. [ 15 —16], the coalescence of
droplets is also ignored; 4) The variations of flue gas ve-
locity and droplet drag coefficient, resulting from droplet
evaporation, droplet
process, are not considered; 5) Once liquid droplets
make contact with the wall, they will flow down along
the wall and not affect the gas phase.

When carrying out the three-dimensional modeling and
hypermesh, the whole column was divided into several
different bodies to generate structured hexahedral meshes
to improve the calculation accuracy. For the gas phase,
the velocity inlet and pressure outlet were set to be the
boundary conditions. Liquid phase was set as the escape.
The second-order upwind was adopted as discretization
schemes for conservative equations. SIMPLEC algorithms
were applied to calculate the pressure-velocity coupled
steady flow.

deformation and mass-transfer

1.2 Hydrodynamical model

The fluid dynamics inside a spray column is typically a
two-phase flow consisting of continuous flue gas and a
large number of dispersed liquid droplets. In this paper,
since the total volume ratio of dispersed liquid is far less
than 10% , the E-L model is applied to simulate the be-
havior of the two-phase flow and heat transfer. The main
advantage of using the Lagrangian framework for dispers-
ed phase flow is that the particle-level phenomena can be
modeled rigorously. Besides, droplet size distribution and
droplet-wall interaction can be easily taken into account.
The gas phase is simulated in the Eulerian frame. The
standard k- model and the standard wall function are a-
dopted to describe the fully developed turbulence region
and turbulence region near the wall, respectively. The u-
niversal equation for continuity, momentum, turbulence
kinetic energy, dissipation rate, energy and concentration
equation can be expressed as'"”’

Ipd) , apud)  o(pvd)  I(pwd) _
at

ot ot ot
%(rgg)%(r%g)%(r%g)w (1)

where p is the density of the gas phase, kg/m’ ;¢ defines
universal dependent variable; I represents the diffusion
coefficient for different equations; S is the source term for
different equations. The expressions of ¢, I, S are pres-
ented in Tab. 2.
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Tab.2 Parameters listed in universal equation

Conservative equation ) r N
Mass 1 0 S
aP 9 ou d u ad u
_ =u + P e — e — .
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Turbulence kinetic energy K n+— G, +pe
(TK
N M &
Dissipation rate & Mmoot —(C,G, -Cy,pe)
o, K
N S
Energy T Prto, T
Concentration G p ( D+ D’t ) Se
08(?

Spray liquids are described by the discrete particle
model, and the random walk model is adopted to describe
the influence of turbulence on the motion of liquid drop-
lets. In gas-liquid flow regions with a low density ratio,
only the steady-state drag force and the gravity force con-
tribute to the linear momentum variation of particles.
Other forces such as thermophoretic force, brownian, and
saffman lift force etc. are ignored'"™ .

The dispersed phase particle trajectory is solved by the
integration of particle force equation. The particle force

. - [13]
equation 1S

d -
o Fy(u-u,) A

ar (2)

P
where the first term on the right side of Eq. (2) is the
18y CpRe

———, where Re

drag of unit mass for particle, F, =
P op,d, 24

d \u —u\ a a
P TR C, = a, +R72 +R73; the second term is
I e Re

the particle gravity. u is the continuous phase velocity,
m/s; u, is the particle phase velocity, m/s; u is the vis-
cosity of continuous phase, Pa - s; p is the density of
continuous phase, kg/m’ ;p, is the density of the particle,
kg/m’; d, is the particle diameter, m.

When considering the gas-liquid mass transfer, the
effect of gas absorption on the continuous phase is de-
scribed in the source terms (S, S,, S;,S.) of different
conservative equations.

1.3 CO, absorption model and validation
1.3.1

Generally, the CO, absorption rate is expressed as'"

CO, absorption process in the spray column
]

deo, ~

P = Neo,ox (3)

where ¢, is the Mole concentration of CO, in the liquid

phase, mol/m’; ¢ is the absorption time, s; « is the ef-
fective gas-liquid interfacial area in unit volume, m’/m’;

N, is the overall mass-transfer flux, mol/( m’ - s).

As is well known, the process of ammonia-based CO,
absorption is an inter-phase mass-transfer process. With
the diameters of liquid droplets as small as tens of mi-
crometers, the internal circulation can be ignored. Thus,
according to the dual-film theory, for steady CO, absorp-
tion process, the overall mass-transfer flux equation is

Ncoz :KG(pCOI _pCOj,i) (4)

where K is the overall mass-transfer coefficient in the gas
phase, mol/(m’ + s - Pa); Pco, is the partial pressure of
CO, in the gas phase, Pa; p, ; is the equilibrium partial
pressure of CO, at the interface, Pa.

For rapid chemical reactions, pc ; is far less than the
partial pressure of CO, in the gas phase p., , 80 peo ; is

[11,20]

approximately 0 The overall mass-transfer coeffi-

cient K, in the gas phase is expressed as

1 1 H

co,

=+
KG kG BkL

(5)

where k is the mass-transfer coefficient in the gas phase,
mol/(m’ - s + Pa); k, is the mass-transfer coefficient in
the liquid phase without chemical reaction, m/s;g is the
chemical reaction enhancement factor; H., is Henry’s

constant of CO,, (Pa - m’)/mol.

kg is obtained by the Frossling equation as "
kqd
Sh=—==2+0.55Re"*Sc"** (6)
Dcoz

where Re is the Reynolds number; Sh and Sc are the
Sherwood number and the Schmidt number, respectively.

_d‘uo_”L | pe

Mg
Re = 5 Sc=
Ma pcDco,
9.86 x 10 °T"™ (1/My +1/My )"
co. = 1x10°P(veo + vy
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where d is the diameter of liquid droplet, m; u; and u,
are the velocities of flue gas and liquid droplet, m/s;p
and u are the density and viscosity of flue gas, kg/m’
and Pa - s, respectively; D, is the diffusion coefficient
of CO, in the gas phase, m’/s; My and M, are the
mole mass of N, and CO,, kg/kmol; v, and v, are the
molecular volume of N, and CO, ,cm’ - mol.

k, is obtained by the following Sherwood relation-
shipm .

kyd
Dco,

Sh= 2 +0. 15Re " Sc"’ (7)

where DEOE is the diffusion coefficient of CO, in aqueous
ammonia, m/s, estimated from the viscosity of aqueous
ammonia using a modified Stokes-Einstein equation'”’

0.8

Dy = D5 | 10 (8)
MNH, H,0
DYy =2.35 x 10_6exp(#) (9)

where Dggg is the diffusion coefficient of CO, in water,
m/S; py o and gy 4o are the viscosity of water and aque-
ous ammonia, respectively, Pa - s.

For lower ammonia concentration( <10% ) of aqueous
ammonia, ammonia concentration has little effect on
Henry’s law constant. So, we can use Henry’s law con-
stant of CO, in water to estimate Henry’s law constant of
CO, in aqueous ammonia >*'. Zeng'"' used the following
correlation :

Hego =2.824 9 x 10"’exp( (10)

-2 044
)

B is defined as the ratio of chemical absorption rate to
physical absorption rate. Despite several complex reaction
equations accounting for CO, absorption in aqueous am-
2] the researchers considered it a pseudo-first-
order irreversible reaction. In the case that the absorption
occurs in the so-called pseudo-first-order regime (3 < Ha

<B,)'?', B equals the Hatta number.

monia

(11)

where is 3, is the instant chemical reaction enhancement,
Ha is the Hatta number; k_, is the pseudo-first-order reac-
tion rate selected from the experimental results by
Zeng[”].

For liquid droplets generated by pressure-swirl atomi-
zer, Liu et al. "™ proposed a method to calculate the
overall surface area by the correlation related to the Sauter

mean diameter.

0
A, :0' 036 Wefo.39643Red0.136 33d0 (12)

where A, is the overall surface area of all the droplets,
m’; Q is the total flow rate of spray liquid, m’/s*; We
and Re, are the Weber number and Reynolds number, re-
spectively.

We:pG<MG +uL)2d’ Re, :pL(uL +ug)d

g ML
where p, and y, are the density and viscosity of flue gas,
respectively, kg/m’ and Pa - s; o is the surface tension
of spray liquid, N/m.
Therefore, « can be estimated as

oa=— (13)

where V is the total volume of the spray column, m’.
Then, we can obtain the CO, absorption rate in the
form of mole concentration.

deeo,
dr

= —=Neoa= = Kgapeo, (14)
K, a is defined as the volumetric overall mass-transfer co-
efficient, mol - Pa/(m’ - s).

Therefore, the source term of mass conservative equa-
tion, S, , is expressed as

m

Sp = _NcolaMcoz = - KGapconco (15)

and the source term of CO, concentration equation, S, is
expressed as

S, = =Neo oMo = = Kgopeo Mo, (16)

The above source terms accounting for CO, absorption
process are programmed as a user-defined function
(UDF) file and loaded into Fluent 6.3 software to com-
plete the numerical simulations.
1.3.2 Validation of CO, absorption model

Fig. 2 shows the comparison of the volumetric overall
mass-transfer coefficient from mathematical model data
(Ksa') and Zeng’s experimental results (K o). As can
be seen, the relative error is within the trust-region of
10% , suggesting that the CO, absorption model is appro-
priate for ammonia-based CO, absorption in spray col-
umns. We note that the calculated values from the mathe-
matical model are a little lower than that of experimental
result. The discrepancy may come from calculation of the
averaged effective gas-liquid interfacial area in the unit
volume. In fact, the local effective gas-liquid interfacial
area in the unit volume varies in different regions in a
spray column. There can be certain error to utilize an av-
eraged one. Moreover, limitation of correlation for the
mass-transfer coefficient k;, , k; and 8 may give rise to a
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certain deviation. Besides, the variation of two-phase hy-
drodynamics resulting from the absorption process is ig-
nored, which directly affects the gas-liquid two-phase
flow, blend and mass transfer. Seen from the modeling
of CO, absorption, « appears in each of the conservation
equations
Hence, it is pointed out that accurate modeling of the local
effective interfacial area in unit volume is the first step to
simulate and predict the mass transfer performance of a

(6]
spray column'”".

of mass, momentum, and concentration.

4.01 e
~ — v=x L7
= - = - Relative error +10% /// .
& 3.5 —.—. Relative error —10% . e
R [
- '
i L’ [T
* - 4 n .7
3.0 - amr
| ,/ -’
"
g e -
T 2.5F e .’
- , nd
=] 4 (L
g e
w ’ /-
©2.0f . o
N 7 -’
= g ol
% , /./
& 1.5F,7 e
1 |

1.5 2.0 2.5 3.0 3.5 4.0
Kea/(10°mol » m™3 - 571 « Pa~l)

Fig.2 Comparison of the volumetric overall mass-transfer co-
efficient
2 Results and Discussion

In this paper, the CO, removal efficiency is defined as

_ C(\ul B Cin 100‘7
n= 7(; X (4

in

(17)

where C,, is the averaged mass concentration of CO, of
the outlet and C,, is the averaged mass concentration of
CO, of the inlet.
2.1 Analysis of CO, removal efficiency and ammonia
slippage
2.1.1
Fig. 3 is a typical plot of CO, removal efficiency and

The effect of ammonia concentration

ammonia slippage as a function of ammonia concentration
in the spray column under the following conditions: the
inlet flow of flue gas is 20 L/min; CO, concentration is
15% ; aqueous ammonia flow rate is 8 L/h and tempera-
ture is 20 C. Ammonia concentration has a great impact
on CO, removal efficiency and ammonia slippage, and
the simulation result is consistent with the experimental
data. As the ammonia concentration increases from 2% to
8% , the CO, removal efficiency doubles. The increase of
aqueous ammonia concentration increases the free ammo-
nia concentration at the gas-liquid interface, which great-
ly promotes chemical equilibrium to move forwards and
decreases mass-transfer resistance in the liquid phase. As
a result, it clearly accelerates the chemical absorption rate

and increases CO, removal efficiency. However, it is im-
portant to note that the free ammonia of high concentra-
tion at the gas-liquid interface can easily spread to the gas
phase, leading to secondary pollution. As seen from Fig.
3, when aqueous ammonia is at a low concentration ( <
4% ), the amount of ammonia slippage is less than
0.25% . While aqueous ammonia is at a high concentra-
tion( >6% ), the amount of ammonia slippage increases
exponentially. When the ammonia concentration increases
from 6% to 8% , ammonia slippage increases by about
0.9% . In actual application, the ammonia concentration
should not be too high in order to avoid a large amount of
ammonia slippage.

80

—v— Experimental result

70 —e— Simulation result v
—=— Ammonia slippage by
simulation 411.5
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Fig.3 Profile of the effect of ammonia concentration

2.1.2 The effect of aqueous ammonia flow rate
The variations of CO, removal efficiency and ammonia
slippage with the ammonia aqueous flow rate in the spray
column are shown in Fig. 4 under the following condi-
tions: the inlet flue gas flow rate is 20 L/min; CO, con-

centration is 15% ; the ammonia concentration of ammo-

;
nia aqueous is 6% and temperature is 20 C. In the range
of allowable error, the simulation result is in good agree-
ment with the experimental data. As the aqueous ammo-
nia flow rate increases from 8 to 20 L/h, CO, removal ef-
ficiency increases by around 9% . The observed little in-
crease in the CO, removal efficiency may be attributed to
the restriction of other operating parameters. The CO, ab-
sorption rate is notably dependent upon the flow rate of
aqueous ammonia. It is also dependent upon the retention
time of the flue gas. The aqueous ammonia flow rate pro-
motes CO, removal efficiency in two ways. First, the in-
crease of aqueous ammonia flow rate leads to the reduc-
tion in the size of spray droplets and the increase in the
number of droplets, which can apparently increase a.
Secondly, owing to the finite chemical reaction rate, the
increase in the aqueous ammonia flow rate may increase
the concentration of free ammonia at the gas-liquid inter-
face, which is a driving force for chemical absorption.
Thus, for aqueous ammonia with high concentration, the
effect of the increase of free ammonia concentration at the
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gas-liquid interface becomes insignificant, leaving « to be
the primary factor that increases the CO, removal efficien-
cy. On the other hand, the increase of free ammonia con-
centration at the gas-liquid interface leads to the increase
of ammonia slippage. When the aqueous ammonia flow
rate increases from 12 to 20 L/h, ammonia slippage in-
creases by approximately 0. 4% . From the comparison of
Fig.4 and Fig. 3, it is concluded that ammonia slippage
growth resulting from the increase of the aqueous ammonia
flow rate is not so dramatic as that resulting from the in-
crease of ammonia concentration. A suggestion for indus-
trial application is that low concentration and appropriately
excessive aqueous ammonia should be used to maintain
high CO, removal efficiency and low ammonia slippage.
80 1.4
—v— Experimental result

—e— Simulation result
—=— Ammonia slippage by simulation

70+

L
—
[\S)

CO, removal efficiency/ %
o
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S
Volume fraction of ammonia slippage/'

=
)

8 10 12 14 16 18 20
Ammonia aqueous flow rate /(L + h~!)

Fig.4 Profile of the effect of aqueous ammonia flow rate

2.1.3 The effect of the flue gas flow rate

Fig. 5 illustrates the variations of CO, removal efficien-
cy and ammonia slippage with the flue gas flow rate under
the following conditions; the ammonia aqueous flow rate
is 16 L/min; CO, concentration is 15% ; the ammonia
concentration is 6% and the temperature is 20 C. As is
seen, the simulation curve has the same trend as the ex-
perimental data, with a large error at a high flow rate of
flue gas. With the flow rate of flue gas increasing from
10 to 28 L/min, the CO, removal efficiency reduces by
nearly 30% . In a specific spray column, the increase of
flue gas flow rate means an increase in the flue gas veloc-
ity. To some degree, the increase of flue gas velocity

851 T3
—v— Experimental result i

8oL —e— Simulation result ga;o

R —=— Ammonia slippage by 1.2
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g 75r 8
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& £
Rl Ho. 9“%
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Flue gas flow rate/ (L + min~1)

Fig.5 Profile of the effect of flue gas flow rate

enhances gas-phase turbulence, which decreases gas-
phase mass transfer resistance and promotes gas-liquid
mass transfer. However, the increase of flue gas velocity
greatly shortens gas-liquid two-phase contact time, which
weakens the gas-liquid two-phase blend and mass trans-
fer. The ultimate outcome is the reduction of CO, remov-
al efficiency. On the other hand, the negative impact on
gas-liquid mass transfer reduces CO, absorption flux,
which substantially increases pH at the gas-liquid interface
and causes ammonia volatilization into gas phase ™’ .
When the flue gas flow rate increases from 10 to 20 L/
min, ammonia slippage increases by about 0. 1% . While
the flue gas flow rate increases from 20 to 28 L/min, am-
monia slippage increases by about 0. 3% . Thus, in actual
application, a spray column should operate under the con-
dition of the designed standard flue gas amount to avoid
massive ammonia slippage.

Comparing simulated and experimental CO, removal
efficiency, it is concluded that the comprehensive CFD
model is appropriate for predicting ammonia-based CO,
absorption in the spray column. It should be noted that
the simulation value is a little smaller than that of experi-
mental result. The following reasons are responsible for
the discrepancy. First, the calculational error of the volu-
metric overall mass-transfer coefficient directly causes the
error of CO, removal efficiency. Secondly, the local re-
flux of flue gas in the spray column is ignored in the nu-
merical simulation, which lengthens gas-liquid contact
time and strengthens gas-liquid mass transfer.

It is notable that, in actual application, the ammonia
that is emitted into the atmosphere is much less than that
of the numerical simulation. On the one hand, the volatili-
zation model of the multi-component droplet is not accu-
rate for the electrolyte solution with chemical reactions.
On the other hand, the water wash apparatus connected to
the outlet of spray column can tremendously reduce ammo-
nia emissions into the atmosphere'™ . It is found that both
pressurized operation and water scrubbers can reduce ammo-
nia slippage'® . Besides, adopting the modified solution by
adding additives (PZ, ionic liquids, Cu’*etc.) to aqueous
ammonia can effectively decrease ammonia slippage™™" .

2.2 Parameters distribution field and optimization

From the above result, the maximum CO, removal effi-
ciency is around 75% when the flue gas flow rate is 20
L/min. In order to improve CO, removal efficiency, fur-
ther study on the correlation of velocity field and CO, ab-
sorption is shown in this section.

2.2.1

Two-phase parameters distribution are presented in Fig.
6 to Fig. 10, which are simulated under the conditions
that the artificial flue gas flow rate is 20 L/min; the inlet
CO, concentration is 15% ; the ammonia concentration is
4% and the aqueous ammonia flow is 8§ L/h.

Parameters distribution field
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Fig. 6 shows the three-dimensional distribution of the
gas phase velocity magnitude. As seen from Fig. 6 (a)
that after entering the inlet, except for a little flue gas cir-
cling on the rich solution level, most of the flue gas im-
pinges against the left wall, forming a high velocity zone
along the left wall between the elevation of about 50 and
120 mm. The impingement causes the flow direction of
flue gas to turn to the right side. This can be clearly ob-
served in the velocity vector distribution ( see Fig.7(a) ).
While the flue gas changes flow direction, a swirl zone
with a low velocity is produced above the inlet, as shown
in Fig. 7(b). Then, with the flue gas flowing upwards,
a high velocity zone along the right wall between eleva-
tion of about 150 and 250 mm occurs. As seen from Fig.
6(b), the velocity distribution on the longitudinal section
x =0 is symmetric. Except for a high velocity zone and a
low velocity zone affected by gas entrance, the flow field
is relatively uniform. Fig. 6 (c) shows the radical varia-
tion of velocity magnitude at different elevations (z =50,

Velocity S
magnitude/ (m + s~ )(,—_%5 Particle ID
-1 frincAd _,._“:“'
1.35x10 ; %\ 250
-1 I . 1l
1.16x10" Iy »
B
9.66 x 10 ‘ i ; 200
l 7.74x102 | It . 160
5.81x107 [T -
3.89 x107
1.96 x 10 2

.3. 67 x 107

(a)

Fig.7 Parameter distribution. (a) Velocity vector distribution; (b) Gas phase pathlines; (¢) Particle distribution

The three-dimensional distribution of CO, concentration
in the spray column is shown in Fig. 8. Seen from the
color of longitudinal sections ( Figs.8(a) and (b)), the
CO, concentration value decreases gradually with the flue
gas flowing up. However, many contour lines of CO,
concentration are not level, indicating that the radical dis-
tribution of CO, concentration is not equal at the same
horizontal plane. Similar to velocity distribution, CO,
concentration distribution on longitudinal section x =0 is
symmetric. Horizontal sections at different elevations are
shown in Fig. 8 (c¢), including z =50, 100, 150, 200,
250, 300, 350, 400 mm. As can be seen, a local radical
This is
caused by a radical deviation of gas velocity. As is

difference of CO, concentration generally exists.

known,
phase turbulence and strengthens gas-liquid mass transfer,
thus leading to the decrease in the local liquid-gas ratio.
Thus, the influence of local gas velocity on CO, concen-
tration is the result of the combination of local turbulence

the increase of local gas velocity enhances gas

100, 150, 200, 250, 300, 350, 400 mm). Fig. 7 (c)
shows the droplet trajectory distribution. Droplets with
longer residence time exist in the bottom region of the

column.
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Fig.6 Velocity magnitude distribution on longitudinal sections

and horizontal sections. (a) x=0;(b) y=0;(c) Elevations
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and local liquid-gas ratio. This is in agreement with Ref.
[197.
Fig. 9 and Fig. 10 show the velocity magnitude and

CO,
concentration/%:
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4.29
. 2.14
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Fig.8 CO, concentration on longitudinal sections and horizon-

10.70
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6.43

e

tal sections. (a) x=0;(b) y=0;(c) Elevations
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CO, concentration distribution on longitudinal sections.
The figures can be divided into two regions: region |
and region II. Region [ is the region near the wall. In
region | , when the area is far from the wall, the gas ve-
locity and CO, concentration are high. This is because the
resistance for gas flow is large in the area near the wall.
Region ]I is the region where the gas flow field signifi-
cantly affects CO, concentration distribution.

The influence of local gas velocity on the radical distri-
bution of CO, concentration is shown in Fig. 9 and Fig.
10. From Figs.9(a) and (b), it can be seen that when z
=100, 150 and 250 mm, the CO, concentration is low in
the area where the gas velocity is high. This means that
the increase in the local gas velocity can decrease the lo-
cal CO, absorption rate, indicating that the liquid-gas rati-
o is the main factor for CO, absorption on these eleva-
tions. However, when z =200 and 350 mm, the CO,
concentration remains even in the area where the gas ve-
locity is high. This can be explained by the contribution
made by local turbulence and the liquid-gas ratio which
may be counteracted. A similar phenomenon can be
found in Figs. 10(a) and (b). The radical distribution of
CO, concentration becomes more uniform when the col-
umn elevation increases.

2.2.2 Optimized parameters distribution field

From the analysis above, the high velocity zone in the
local region weakens the local CO, absorption rate to
some degree. Due to its capability of effectively organi-
zing gas flow, the orifice plate is arranged in the simula-
tion model(z =80 mm) to optimize the parameters distri-
bution field under the same operation conditions.

Fig. 11 and Fig. 12 show the three-dimensional distri-
bution of gas phase velocity magnitude and CO, concen-
tration after arranging the orifice plate. Comparing Fig. 6
and Fig. 11, it is clear that after arranging the orifice
plate, the swirl zone above the inlet and two high velocity
zones disappear. The impingement phenomenon no lon-
ger occurs and the gas phase velocity in the spray column
becomes more uniform. The orifice plate has a positive

Velocity / /
magnitude/ (m + s 1) s e——
1.50 x10 !
<
1.29 x10 !
1.07 x10 ™!
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6.43 x 107
4.29 x 107
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(a) (b) (e)
Fig. 11  Velocity magnitude distribution on longitudinal sec-

tions and horizontal sections. (a) x=0;(b) y=0;(c) Elevations
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effect on organizing gas flow and preventing reflux.
Comparing Fig. 8 and Fig. 12, it is clear that at the same
elevation, the contour lines of CO,concentration become
greater even after arranging the orifice plate, indicating
that the radical distribution of CO, concentration become
more uniform. This is due to the reduction of the radical
deviation of gas velocity.

Co,
concentration/% :
15.00

12.90
10.70

8.57
6.43

il

4.29
. 2.14
0
(a) (b) (¢)

Fig.12 CO, concentration on longitudinal sections and hori-

zontal sections. (a) x=0;(b) y=0;(c) Elevations

Fig. 13 is the plot of the variation of CO, removal effi-
ciency with spray column elevation. The CO, concentra-
tion at different horizontal planes is the averaged value by
surface integration. As can be seen, CO, removal effi-
ciency increases rapidly below the spray layer (300 mm)
due to the high absorbent droplets concentration and large
gas-liquid mass-transfer area. While CO, removal effi-
ciency increases slightly above the spray layer since there
is few absorbent droplets except for those entrained. The
slope of these curves decreases with the increase of eleva-
tion. This means that CO, removal amount within the unit
height column decreases with the increase of elevation.
This can be explained, with the flue gas flowing up, CO,
is absorbed gradually, and the reduction of CO, partial
pressure leads to the decrease of CO, absorption rate. Ad-
ditionally, when the orifice plate is arranged, CO, remov-
al efficiency on each horizontal plane is improved a little,
and the ultimate CO, removal efficiency is improved by
around 4% .

e —a— Without orifice plate
| —— With orifice plate
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Fig. 13 Variation of CO, removal efficiency with elevation

3 Conclusion

1) The increase of aqueous ammonia flow rate and am-
monia concentration can both promote CO, removal effi-
ciency, but ammonia slippage growth resulting from the
increase in aqueous ammonia flow rate is not so dramatic
as that resulting from the increase of ammonia concentra-
tion. The increase in flue gas flow rate can decrease CO,
removal efficiency and increase ammonia slippage.

2) Local gas velocity has a significant influence on the
radical CO, concentration distribution. The influence of
local gas velocity on local CO, absorption rate is the re-
sult of the combination of local turbulence and local lig-
uid-gas ratio.

3) By arranging an orifice plate on the physical model,
the high gas velocity zone and large vortex are eliminated
and the ultimate CO, removal efficiency is improved by
about 4% .
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