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ABSTRACT

In the present paper, a rate-based model has been developed for the simulation of H,S and CO, absorption
column using alkanolamine solutions. The model adopts the film theory and assumes that thermodynamic
equilibrium exist only for H,S species. The most difficulty and time consuming part in the mathematical
solution of this model is determination of CO, and H,S concentration in liquid film. In this research we
overcame this difficulty by linear equation and matrix solution. The simulation results have been validated
using available plant data. It has been found that there is a good agreement between the models computed
results and plant data (Khangiran MEA and Ahvaz-1 DEA gas refinery, Iran).
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1. INTRODUCTION

Removal of acid gases such as CO, and H,S from
natural or refinery gases is an important industrial process.
Monoethanolamine (MEA), diethanolamine (DEA),
methyldiethanolamine (MDEA), deglycolamine (DGA)
and diisopropanolamine (DIPA) are nowadays the most
important alkanolamines which are used in absorption
units for the removal of undesirable acid gases [1, 2].

Two design approaches are in common use: the
equilibrium based approach and the rate based approach.
The equilibrium-based approach is suitable for
nonreactive systems. For reactive systems, such as amine
towers, the rate based approach is more applicable [3].
The two film theory is a rate based approach which most
researchers use due to its simplicity and accuracy.
Equilibrium is assumed to exist at the gas-liquid interface
[2] and the film and bulk liquid solution could be assumed
to be in a state of chemical equilibrium only for H,S
specie [3]. All resistances to mass transfer are assumed to
be confined to two thin layers next to the interface; the gas
film and the liquid film. CO, and H,S in the gas bulk pass
through the gas film and enter the liquid film where the
reaction with amines begins. It should be noted that mass
transfer and reaction with amines take place
simultaneously. Reaction will continue to progress in the
liquid bulk [4]. The mass fluxes at gas-liquid interface
(y=0) and the liquid film bulk interface (y=4) is required

for calculation the amount of H,S, CO, transferred to
liquid and reacted by amine in each tray, which could be
calculated by[5 [:

N, ‘::0 s T EZE‘L

' dZ z=0,8

i= COy or H,S (1)

For solving, the concentration profiles of CO, in liquid
film should be determined. The important reaction of CO,
by amine in the film is [6]:

CO, +24Amine——> Amine — H* + AmineCOO~

2)
Therefore, concentration profile of CO, is obtained by:
2
C
D, deZA =kC,C;°
A=CO, B=amine (3)
Boundary conditions:
At z=0 dcC, __ KgP(yAb —H’AXAI)

dz D,
dac,
=0 4
& C))

Atz=6 C/I:CAA’ CB:CBb

Since the reaction of H,S by amine is instantaneous and
reversible, then in each cross section of liquid film and
cach point of liquid bulk the chemical equilibrium state
exist. This equilibrium is depended on concentration of
H,S, amine and their products at each point [12].

and
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Therefore, the concentration profile of H,S can not be
derived like CO, as mentioned above. Equation 3 is also
difficult to solve and requires tedious calculation. Many
researchers have overcome this problem by the usage of
enhancement factor [2, 13], the ratio of absorption rate of
solute gas in the presence of chemical reaction to that
obtained with physical absorption in the liquid film. Glass-
cock and Rochelle [13] used a modified form of
expression developed by Decoursey for the enhancement
factor to model the enhancement of the mass transfer of
CO, when it is chemically absorbed in aqueous
alkanclamine solutions.

Tomcej et al.[13] used a pseudo first order model for
estimating the enhancement factor for removal of CO;
using alkanolamine , and neglected the reversibility of the
chemical reaction.

Sivasubramanian [13] assumed that CO, enhancement
factor in aqueous MDEA was equal to unity. Onda et al.
[8] provide the approximate solution for the enhancement
factor, who derived semi-analytical solution for the film
theory by irreversible reaction.

Enhancement factors for H,S and CO, in aqueous
MDEA from 1 to 3 for CO, and 100 to 2000 for H,S are
reported [13].

Hikita and Asia [12] used the Hatta number, which
divided the reaction into three regime as follows:

Hatta< 0.3 The reaction is very slow

0.3< Hatta< 3 The reaction is moderately
fast

Hatta>3 The reaction is very fast

Some simplification  derived an  analytically

approximate solution for the interfacial flux and liquid
film bulk flux. Onda et al. [12] derived an approximate
equation for a very fast reversible reaction. Leye et al {12]
assumed CO, reaction with alkanolamine is irreversible
and of finite rate, also H,S reaction takes place in a front
inside the liquid film or at its boundaries. Consequently,
all H,S concentration profiles are linear in the film.

Taylor et al. [14,15] used finite mass transfer rates
across vapor-liquid interface for modeling reactive
distillation column. Kucka et al. [12] suggested a model
for absorption of CO, by amines in packed columns. In
this model, the profiles of components in liquid film were
obtained by film discretezation analysis. :

In this paper, new model is presented for the
simultaneous absorption of H,S and CO, into aqueous
amines, the concentration profile could be calculated
precisely by new mathematical method. Effect of H,S and
CO, reaction products on mass transfer and chemical

equilibrium in liquid film at each point has been taken into
account. All equations of liquid film have been solved
simultaneously.

Since no simplifying assumptions have been made,
conditions regarded in the presented model are more
similar to the real. Solution procedure is based on matrix
method, therefore, initial guess is not required.

Consequently, the solution converged simply and very
fast.

2. MATHEMATICAL MODELING

In the model the gas is assumed to be in plug flow,
while the liquid on the plates is completely mixed [3].
Using the following relations molar flux and composition
of the gas entering the trays are evaluated:

=K, By, -Hx,] ©

d

G"_izm[Niiy:o

dz _yi(NA|y=0+NHly=o) :QA‘(6)

dG ,
— = ~[N‘4]y=0 + Nyl }AQ (7

where, H] = H,C, /P,

Assuming the composition of transferred components
in the liquid bulk and using the following equations,
amount of liquid leaving each tray and amine composition
as well as HS concentration is evaluated:

Lo=L,_ +G -G ®
Xl = Xp Loy = {{(Gkﬂyﬂ,kﬂ - GkYH,k)"(kaH,k _Lk-le,k—l)}
+ 2{(Gk+1yA.k+l - kaA.k)—(Lk‘xA.k _Lk~|xA.k—l)}}
&)
xg’.kLk = x3+.k_1Lk—1 + {I.Gkﬂ(yﬁ,kﬂ + yA,k«H)_GK (yH,k + yA,k)J
- [Lk (xn,k + xA.k)" LK—I(xH.k—l X g )]}

(10
Xpily = xD,k—lLk—l - {(Gkﬂyﬂ,kﬂ - kall,k)_(kall,k - Lk—lxll,k—l)}
(1
xg-‘kLL X ke |Lk 1+ {(GkﬂyA,kﬂ - kaA,k)—(kaA,k =L x4 )}
(12)
With the aid of Equations (3) and chemical

equilibrium of H,S-amine absorption at each point in the
liquid film, H,S and CO, concentration profiles in liquid
film and composition at interface could be evaluated. H,S-
amine reaction and equilibrium equation are as follows:
H,S + Amine <> HS™ + Amine— H* (13)
Hs | lamine—#"]
“ = [H,S|[dmine]

Finally using Equation (1) and the following equations

CO, and H,S composition in the liquid bulk is evaluated.

’ xA,kLk :xA,k-—lLk—l +NAiy:5A;th - ¥y (I—Avg)g)‘.vhfgl
(14)
XpiXyge
Xk =_7<__E_k. (s)

Calculated quantities of composition obtained by these
equations are compared with initial assumed values and
iterative procedure is repeated until convergence criteria is
satisfied.

The temperature distribution along the column can be
calculated by:
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T LY (5 Cr ) TG 2, (74C, )
+ T:MGG/:"Z (yi".'kcﬂ;./) ~T.L, Z (%4Cr )+ Z QzﬂiM "Z k=0

3. NEW METHOD FOR EVALUATION OF CONCENTRATION
PROFILE

In this method, liquid film is divided to n equal
segments. In a segment, the composition of each
component is considered to be the same and varies from
one segment to another. In the mass continuity calculation,
each interface is assumed to have the same composition as
the segment to the right of it. Mass continuity equations
for all components in segment 1 can be written as follows
(Figure 1):

For Amine:
c, Dh[.‘f&’LA:Zi‘&’_J -C, Dn( oy gzx‘* 2 ) =C, D,,( *u -ZA—Z'V” 4 ) -C, D”[f_’.’;‘izﬁﬂ!'_) +

chfk,a x..x.lxlzi.xAz

(16)

After rearrangement,
2

Xga ™ lef,l = Xp chkA éDi’ 'x;i.{xA,l D,
(17) v
For HS , AmineCOQO’, A1nine—H+,C02, H,S similar
equations can be obtained, respectively:

D, D, D,
oty =2+ x

D, D, "

D, D
_ _ Py H H
Xpa~2Xp, ==Xy, D xH.2+2D Xh 1 D Xet b
D D D
(18)
2
2 Az
Xpoy=2xy ==x, —~C kX, x5, 5
-
(19)
D 4’
<, "2"’5‘-’«%“'"f’ft”'ﬁzz)h:_x” - X4 C,fk"AD:x,,,t“
(20)
’ 21
2 2 _
X, —|2+Crk, Xpi X1 =Xy, (21
A
X% (22)
Xa.a X
X1

Mass continuity equations in all segments other than 1
and n for amine, HS™ , AmineCOO", Amine-H',CO,, H,$

respectively are as follows:
Az D,
Xg 1~ 2Xg,, gt = 2Czk,4 s xlzi,mxA.m =L Xty ™ 25 X T

Dy

D D D D Xt ot
B B B B

(23)

Dy Dy

D
u
== Xy 2 Xigm =T X ma
Dy, D,

xD.mﬂ - sz.m + xD,m—l =

D
(24)
2
_ o Bz (25)
XB“,m-H 2x8~,m +xB',m—l - Ck k/f D XpmX Am
e
Dy Dy Dy o, A,
Kge oy — 2% X ot = Ky 2y - Hexy - Gk g X
‘ Fat Dy, D, D,. D,.
(26)
< 2
Az, Q7

2 —
Xgmsr ~ [2 + Ck kA D XBm JXA,m + X gt = 0

4

x ol X i
xﬂ,ll1 = Lo 2 (28)

Kequ.m

Mass continuity equations in segment n are as follows:

For Amine:
D xr n— —X a1 D X ,“‘x -
B, b.n—1 B, =kg(yHb—'H;.,an)"_i IR H ,n—~1
C, Az o ' C, Az

K
+2 C—z X, X5 Az

(29)
After rearrangement,
2 K, , H, PAz
xB.n - xB,n—l = —ZkAC/fo.nx;n —A_Z-—‘ - [P—L" +“—§;”__u——“)xli n
DB DB DBCk

Dy K, i hAz

- B*XHJ._I Tp.c. Yk
B B>~k
(30)

For HS ', AmineCOO", Amine-H*,CO,, H,S similar
equations can be obtained respectively:

D K  H PAz
Xpw " Xpyr T [‘"ﬂ“ + ‘“M““]xu " Qlell,n~l
D, D,C, D
Kg’HPkAZ
= c.D, Yus
€39
2
Xy =%y = Clhyx X0, (32)
.
2 K _H, PAz
xB' o XB‘ -} = CZkA iA—Z‘”"Cltn‘xfi,n ...( DH +...§'_‘L_£{_.Jf._]xﬂ n
. ’ D,. D, D,.C,
D, Az
+ Xy VK g By,
Bt ¢ DB*Ck
(33)
, AZ AZ?
{Kg,AHA}:I’C m +1+ CI?kAx;" ~D_:Jx/4,n - xA,n-—l
AZ
= Kg‘ABc Bré;yA,h
(34)

xB’,nxDs”
Xign =

(35
Keq‘xB,n

4. SOLUTION PROCEDURE

The applied solution method is a simple and accurate
one. Initially H,S and amine concentrations have been
assumed in each segment. This provides a set of
diagonally dominant equations, the solution of which

HS"x

gtve x Amine-H* ? xA mineCOO™ ’ xCOz 2 X dmine and

Xy s values. Since amine concentration in solution is

very high compared with other components and H,S
reaches to equilibrium state in every position
instantaneously, it is easier to assume these components
initial values. In the meanwhile, using these assumptions
decrease calculation time and give more accurate results.
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Mole fractions in all segments have been calculated using
Equations 16-35. For calculation of HS™ concentration
profile, equations 18, 24, 31 are rearranged and the
following matrix is derived:

-2 1 1] 0 --- .. B (1 B xD,l
1T =2 1 0 e oo e e aa e 0] xp,
0O 1 -2 1 0 e e e e 0
0 01 -2 1 0 01| X0
O e e e e e 0 1 -2 1
[0 e e 0 0 -1 1}|x,
_ D .
“Xpp T Xb2 +2‘5Z'x;1,1 ‘DZ X
“'DJLxﬂs‘}'ZQ!LxH TR X
D, ™ D.D s
D, D, D
= _‘B_"—xll‘mﬂ + zb'l‘l‘xn,m - "bﬂ‘xﬂ,m—l
) D b
D, F' . G
B et AR PR = S
{ D, DD) Hoa D, H e D, Yup
(36)
Az
where, F'=K _H' P == and G=K p Az
gH*"H*k C g.H" k C
k k

For other components similar matrix equations are
developed( for more details refer to Appendix A).

5. PHYSICOCHEMICAL PROPERTIES AND MODEL
PARAMETERS:

In gas phase calculations, the compressibility factor of
non ideal gas (Z) is evaluated from dranchuck et al method
[16]. Gas diffusivity coefficients and gas viscosity are
calculated from modified Hirschfelder-Bird-Spotz and
Underling methods, respectively[17, 18].

Mounik method is applied for the evaluation of the
interfacial area per unit froth volume on the sieve plate as
follows [19]:

0.45 0.12 0.33
A, =(233.15+55.69ug—536.6h,)(&> (ﬁ) [9'—0.-7—8)
1140 H, o
(37

The physical mass transfer coefficient in the liquid and

gas is determined by Grester et al, as follows [19]:

Ka=2.0350%10° D (1- £)[0.40u, (p,)** +0.15]

(38)
G 104.97,
K= (0776 +4.567h,-0.238u, (p,)" +—2—)
Vi 4 '
(39

Liquid viscosity and density are determined by
Pohorecki et al and Meisen et al methods, respectively
[19]. Henry and specific heat coefficients are evaluated by

Kent et al and Prausnitz et al methods, respectively
[20,16]. Diffusivity of CO, in liquid phase is calculated
from Barret and danckwerts method as follows [19]:

(D, pw)r=(D )¢ (40)

5
log D= -8.1764+ 1125 _ 2391107 4y,

H,S diffusivity in liquid phase is calculated from Wilke
& Chang method [17]. Film thickness is evaluated by
modified correlation, using heat and mass transfer analogy
as follows [21]:

0.50 0.33
5o 0.024h, (Z,hw,u,J [ple,coz ) (42)
(nf +n5 )\ Vip, Hy

where, a is 1.3 for very fast reaction, 1 for moderately
fast reaction and 0.8 for very slow reaction. In the above
equation, the number of the components which enter the
liquid film or leave it and take place in the reaction is “n,”
but without reaction is “n,”.

6. RESULTS AND DISCUSSION

Using the developed model a simulation program has
been prepared for H,S and CO, absorption column by
alkanolamine. Concentration profiles of reaction products
and feed components along the column, calculated by this
program are compared with a MEA and DEA plant data.
Feed and Amine specifications of Khangiran, MEA, and
Ahvaz-1, DEA, gas refinery plants are presented in Table
L.

Concentration profile for H,S, CO, in gas and liquid
phase, also amine concentration profile in liquid phase and
temperature distribution in column (for these two plant),
experimental data and simulated result are presented in
Figure 4-13.

For these plants data set, a good agreement between
simulated result and experimental data for the gas and
liquid phase concentrations and temperature profile, can
be observed. It should be noted that no adaptive
parameters are used for the simulation with the model.
Simulation of MEA data set is of special interest, since
this model was able to describe the process properly as
shown in Figures 4-8. In MEA absorption plant, the
concentration of H,S at outlet gas for experimental and
simulated values are 2x10° and 3.25x10° respectively.
These values for CO, are 9x10 and 12x10°° respectively.
This good agreement between experimental and simulated
values is based on new mathematical method leads to
good estimation of concentration profiles in liquid film.
This model needs less initial assumption, has linear
equation, has simple and fast calculation because of using
matrix method (no complexity) converges rapidly and
excellently.

Calculation of this concentration profiles, using
numerical method, is more complex. Because equation (3)
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and its boundary condition (4) is a boundary value
problem. In order to solve this equation by numerical
method we need to convert it to initial value problem,
therefore it required some initial guess and more iteration.
Convergence depends on initial guess, proper tolerance
and numerical method for integration of second order
differential equation.

Concentration variation of components in the liquid
film at the top of the column (tray 3) and at the bottom of
it (tray 18) is depicted in Figures 2 and 3. At the top of the
column, since CO, and H,S concentration in gas phase is
low, mass transfer decreases and amine, OH and H'
concentration do not change along the liquid film (Figure
2) contrary to what is seen for the bottom of the column in
Figure 3. According to these figures, amine concentration
could be assumed to be almost constant along the liquid
film. This is obviously due to the high concentration of
amine entire the column.

H,S concentration profile in gas phase along the
column for the simulated and real MEA plant is
represented in Figure 4. According to this figure, H,S
mole fraction decreases sharply at stages 20-14 then
drops down mildly to almost zero as we approach the top
of the tower. It hinges upon the fact that, concentration of
H,S and consequently driving force for mass transfer at
the bottom of the column is more than the top of it and
the reaction is instantaneously. The same result has been
obtained for CO, (Figure 3). Figure 1 has been revealed
that MEA has tendency to absorb CO, similar to H,S;
however it is not enough for selective absorption of CO,.
Mole fractions of H,S and CO, in the gas stream leaving
the column are 6x10° and 9x107 respectively which
means that standard wvalues of H,S and CO,
concentrations are achieved and other complementary
processes need not to be applied.

Mole fractions of H,S and CO, in the liquid phase for
MEA plant are shown in Figures 6 and 7. Analysis of
these figures is the same as what mentioned for Figures 4
and 5. Temperature variation along the column for MEA
plant is depicted in Figure 8. Since all occurring reactions
are exothermic and most of H,S and CO, are absorbed at
column bottom trays, temperature variation is very high in
these trays. Initial variation in temperature curve trend at
tray 20 is due to lower temperature of input gas rather than
column bottom temperature. According to Figures 4-8, it
has been found that simulation and plant data are
compatible with each other, excellently.

The corresponding plots for Ahvaz-1 DEA field data
are shown in Figures 9-13. It is clear from these figures
that the model predictions are in concordance with plant
data, except for trays 13-19 in some of these figures. This
incompatibility is due to the reaction between water and
CO, and consequently production of HCO;™ which has not
taken into account in simulator. It should be noted that
absorption of CO, with water is negligible compared with
that of with DEA and specially MEA.

7. CONCLUSION

In this work, a mathematical mode! and a solution
algorithm based on the rate approach is presented, which
can be used to design and simulate an acid gas absorption
tower using aqueous solution of alkanolamine. In the
present model, a new method of mathematics is applied
for evaluation of CO, and H,S concentration profiles to
overcome shortcomings of complexity, non convergence
and to improve accuracy of simulated result. Using this
model, components concentration profiles of more
exactness with simple calculations have been obtained;
convergence of solution algorithm became faster than the
exist numerical method; solution algorithm became
precise and simple and finally problem of solving
nonlinear equations with nonhomogenous conditions has
been resolved. A good agreement between the plant data
and simulated values for the gas and liquid composition
and temperature distribution along the column,
demonstrated a sufficient predictivity of the proposed

model for the gas sweetening process.
Table 1- Feed and Amine specifications of Khangiran and Ahvaz-1 gas refinery
plants

Khangiran Ahvaz-1

Feed Amine Feed Amine

Pressure (pyi) 627 615 418 410

Temperature (L 40 60 40 60

Flow rate (kmol/hr) 7500 47000 5096 59750

H,S mole fraction 0.0211 0.0003 0.0196 0.0003

CO; mele fraction 0.0455 0.0014 00630 0.0014

MEA mole fraction 0.0660

DEA mole fraction 0.0658

Feed introduction tray 20 20

53

Amirkabir/ Vol 16/No.63-D/{ Chemical Engineering)/Winter 2006 %




Xi2s + XHS-

Gas Film Liquid Film
P'—A—'—N‘/—v
XA, —® XAl CO ~»| 3 Xa P L3 rin
XB,n B XB,n—l HZS > — XB.1 > 2 o
Gas XH,n ¢ Xip1 Amin < € Xy, € €— Xuyp
(n-]) [EET- T T T ¥ Py AaBERBEE (1[) (1) quuld bulk
) XD, — XDni  AmineH — — XD, — —> Xpp
" ! )
XB-n % XB.n-1 AmineCOO — Xp- 1P —# Xp.p
XB+, —® Xptn-i HS —ﬂ B> XB+, —‘ﬂ % Xp+
Gas-Liquid
Interface

Figure 1- Transferred components in liquid and gas film and its boundary condition
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Figure 10- CO2 mole fraction variation in gas phase along the column (DEA plant)

Figure 11- Mole fraction of H2S + HS' in liquid phase along the column (DEA plant)
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8. APPENDIX A

-For AmineCOQO": M2*S3=R3
For Amine-H": M2*S4=R4
For Amine: M2*S5=RS5
For H,S: S6=R6
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L J
I Dy 4 1 r
=X, ey, =2 Xy, X2 X 4 D 1
B DB" ( H,2 H ll,b) DB* AR —Xg, +2«b—;x§‘1x“‘l +'D"H‘(XH,2 —~2xh,vl+xH‘b) )
' 8 K
—ZH (x, =2y, )25 ' D Xy [K oy
H3 Ha t X B2X o 2-—x% 3 L -
D, . D, XgaXao t D, (xﬁ.s 2xﬂ,2+xﬂ,l) xDJxB“Z/KWx‘
, . Xpsx,. K, x
- L ZH -2 + A e A, D D3 3,3/ ey
R4 DB» ( Hom+t XH,m xH‘m—!) DB¢ Xgm® 4 RS8= ZE;xﬂ,mxA,m +B—Ij(“{li,m+l —2xl[.m+xll‘m—}) Re=|:
f : xl),mxg*'m/Keqx
' D, F D, G 4, D, F\) D G '
X X | X, Xy, B R A e - - - :
Dg* B A, Dg« DB* 1 DB* -1 DB* Yirn D, Bt A DB Dg Xir D, Xt u-1 D, Yiry qu.:,XB ‘n/Ke"XZ
Where, 4'=k,C]Az°.
For COy:
- AI -y
—(2+ D—xé,,) 1 0 0 0
A ~ - -
A Xa1 X
1 —(2+ %% ) I 0 0 ’
D, 8,2 X4z 0
0 I 2+ L2y 0 s l M4
B3 .
) S, |
0 0 X =~ o= .
. ] xA,m
0 0
' 7 _.XA,IY __EyA,h A
0 -] (—+1+—x,,)
X D, A |
Where, B'=K H'P ﬁ‘f. and =K iéz_‘
g.att Atk C 2,4 D
k k Pa
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9. NOMENCLATURE
A!  Gas-liquid interfacial area per unit volume froth on the plate

(™)

A, Gas-liquid interfacial area per unit liquid volume on the plate

(m

B Amine

B AmineCOO”

B*  AmineH"

C Molar concentration (kntol m™)

D Molecular diffusivity (m’k)

G Molar gas flow rate (kmol &™)

G.. Molar gas flow rate per unit plate area(kmol m?s™)

H Henry’s coefficient (bar m’lmol”)

hr Froth height on the plate (m)

h. Weir height (m)

hy Clear liquid height (m)

K., Equilibrium constant

K, Liquid mass transfer coefficient for absorbed componenet(m/k)

K Gas mass transfer coefficient for absorbed componenet(kmo! m™ i
"bar'y

k Reaction rate coefficient (n'kmol”'h™")

L Molar liquid flow rate (kmol ™)

N Molar flux (kmol m™h™")

P Pressure (bar)

r, Reaction rate of component 4 (fmo! i

ScSchmidt Number
T Temperature (K)
i Temperature of liquid inlet to k tray (K)

T Temperature of liquid inlet to k tray (K)

u Linear velocity (mh™)

V Volume flow rate (m’h)

x Mole fraction in the liquid stream
y Mole fraction in the gas stream
z Axial coordinate (m)

Z; Average width of liquid flow on the plate ()
AZ  Segment thickness in liquid film(m)
& Liquid fraction in the froth

O Surface tension Nm )

& Liquid film thickness (m)
£2Cross section area of tower (m°)
2 Active area of plate (in%)

p Density (kg/m®)

1 Viscosity (mpa.s )

Subscripts

A CO,

b Bulk

D HS

g Gas

H HaS

I Gas- liquid interface

i Component

k Plate number

{ Liquid

w Water
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