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Convective type models of co-current absorption processes in column apparatuses
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A new approach for the absorption processes modeling in co-current column apparatuses is presented in the cases of
industrial conditions, where the models are convective type form. The use of experimental data for the average
concentration at the column end, in the cases of highly soluble and lightly soluble gases, permits to obtain the model
parameters related to the radial non-uniformity of the velocity in the gas and liquid phases. These experimental
parameter values permit to obtain the mass transfer coefficient in the cases of physical and chemical absorption of the
average-soluble gases.
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INTRODUCTION

The modeling and simulation of the mass
transfer processes in column apparatuses is possible
using the new approach [1-3] on the basis of the
physical approximations of the mechanics of
continua, where the mathematical point (in the
phase volume or on the surface between the phases)
is equivalent to a small (elementary) physical
volume, which is sufficiently small with respect to
the apparatus volume, but at the same time
sufficiently large with respect to the intermolecular
volumes in the medium. On this base are presented
[4] convection-diffusion and average-concentration
type models.

The convection-diffusion type models permit the
gualitative analysis of the processes. These models
are the base of the average-concentration models
which allow a quantitative analysis of the processes
in column apparatuses.
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In the industrial processes the diffusion mass
transfer is negligible compared to the convective
mass transfer and the models are convective type
[5].

In the case of the absorption processes in the co-
current columns, the effect of the radial component
of velocity is not negligible and must be taken into
account in the convection and average-
concentration type models.

Convection-diffusion model

A theoretical analysis of the effect of the radial
non-uniformity of the axial velocity components in
the industrial column will be presented in the case
of co-current absorption processes in a cylindrical
coordinate system (r, z) [m], when the radial
velocity component is not equal to zero. In the
stationary case, the convection-diffusion model [3,
4] of the co-current chemical absorption process,
with a pseudo-first-order chemical reaction in the
liquid phase, has the form:

i J"'(_l)(z_j) K (Cl _ZCZ)_( j —1) K,C,;

1)

). ().
z=0 az z=0

)

r=r, Vv;(n.z)=0; z=0, u;=u,(r,0); j=12.
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In (1, 2) u;=u;(r,z),v;=v,(r,
and ¢; =c;(r,z) [kg-mol.m?] are the axial and

radial velocity components and transferred
substance concentrations in the gas (j = 1) and
liquid (j = 2) phases, D; [m?.s!] are the diffusivities
in the phases, u? and ¢ are the inlet velocities and

z) [ms?]

the concentrations in the phases, k [s7'] is the
interphase mass transfer coefficient, y - the Henry’s

number, Kk, [s7'] - the chemical reaction rate

constant. The concentrations of the transferred
substance in the phases are presented as kg-mol of
the transferred substance in 1 m® of the phase

volume. The inlet velocities u? (4 =1,2) [ms'] of

the gas and liquid phases are equal to the average
velocities U; (j = 1,2) of the phases in the column.

In (1, 2) the generalized variables can be
introduced [1]:

r=rR, z=1Z, u,(r,z)=u;(RR1Z)=ulU,(R,Z),
v( ) (rRIZ):ugV(R,Z), =12,
¢ (r.z)=¢,(KR,1Z)=cC,(R,Z),
0
¢,(r.2)=¢,(KR.IZ)=2C,(R.Z)
®)
and as a result is obtained:
oc; . dC, 62Cj 1 0C, ac
UJ—+VJ—_F0 L= —+— |+
0z oR 0 ROR ©0R
+(-1)*7K,(C,~C,)~(i-1)DaC;;
oC; oC;
R=0, —=0; R=1 —=0;, =12
R R
Z=0, C=1 C, 01U15F0§ %50.
oL oL
(4)
U, 6V VJ . _
r 8R : =0, R=], V(LZ) 0, Z=0, Uj:Uj(R,O), j=12
()
The parameters in (4) are
D. 2
Fo,=—%, =12 Da:k—ool, gzzr%,
ujr, u, I
Kl uly
Kl:E, Kz—a)Kl, = l:;(z) y
(6)

where Fo and Da are the Fourier and Damkohler
numbers, respectively.

In the cases of physical absorption Da=0. In

industrial conditions Foj = 1=12,
j'o
and the model (4) has a convective form:
oC; oC.
(2-1) - .
U,V =1 7K (G=C,)s =12
oC;
R=1 —=0; z=0, C/ =1 C,=0.
OR
()

Axial and radial velocity components

The radial non-uniformity of the gas and liquid
axial velocity components in the absorption
columns is a result of the fluid hydrodynamics at
the column inlet and decreases along the column
height as a result of the fluid viscosities. As a result
radial velocity components are initiated. The
theoretical analysis of the change in the radial non-
uniformity of the axial velocity components (effect
of the radial velocity components) in a column can
be made by an appropriate hydrodynamic model,
where the average velocities at the cross section of
the column are constants (inlet average axial
velocity components). In generalized variables [1],
as an example, the following velocity distributions
can be used, where the difference between the gas
and liquid flows is in the average (inlet) velocities
only:

U;=(2-042)-2(1-04Z)R, V;=02(R-R’), j=12
(8)

The velocity components (8) satisfy the equation

(5) and the average velocities are constants:

I 1
0, =K22jruj (rz)dr=u), U =2[RUdR=1 j=12
0 0

(9)
Average-concentration model

The average values of the velocity and the
concentrations at the column cross-sectional area
are [3]:

Uj(z):r%.[ruj(r,z)dr, Cj(z):i.frci(r,z)dr, ji=12
0 0

2
rO 0

(10)

The functions u; (r,z), vj (r,2), ¢ (r,2), j = 1,2 in

(1, 2) can be presented with the help of the average
functions (10):

u;(r,z)=0;U,(R,Z),

¢ (r.2)=5(2) ¢ (r.2),

7 (r,z):ngVj (R,Z2),
1=12,
(11)
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where € (r,z), j=1,2 present the radial non-

uniformity of the concentrations and satisfy the
following conditions:

2% :
—zjr ¢(r,z)dr=1 j=12 (12)
IFO 0
The average concentration model may be
obtained when putting (11) into (1), multiplying by
r and integrating over r in the interval (0,1,). As a
result, the following is obtained:

Q; (Z)Uj %+[ﬁj (Z)+g}/j (Z)JUJ. C, =

2=

C. o _ ~
=D, 5 zzj +(—1)(2 J)k(cl—;(Cz)—(j—l)kocz;
dc, _
2=0, T(0)=(2-j)c], =0 =12
(13)
where
zro 3 2r0 &C 2r0 ac-
aj(z)zr—ZJ'rchjdr, ﬂj(z)zr—zjruja—z‘dr, yj(z):rTJ.era_rjdr'

00 00 00

U;=U;(RZ), V,;=V,(R), ¢(rz)=C,(RZ), j=12
(14)

The theoretical analysis of the model (13) will
be made using the following generalized variables

and functions:

X
= ; ¢(rz) C(RZ) .
CJ(Z):Zchj(R'Z)dR’ CJ(I’,Z)— EJ(Z) = Cl—(Z) :Cj(R,Z)1
a,-(z)=aj(lz)=Aj(z)=2TRuj(R 2)C,(RZ)0R
5(2)=5,(2)-8,(2)=2[ 0, (R.2) oo
1011 2)-6, @)= (R R, =12
(15)

As a result, the model (13) has the form:

A(2) g +[8,(2)+6,(2)]C, =

d°C. i
. Foj j +(_1)(271) K
dz

2

j((fl—C_z)—(j—1)Da(fj;
_ _ dC.
z-0, C,=1 C,=0, —=0;

j=12.
dz :

(16)
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In industrial conditions Foj <<1 j=12,

and the model (16) has a convective form:
dC. _ o= =y _
Aj(z)d—ZJ{Bj(z)mj (2)]C;=(-1K;(C,-C,)~(j-1)paC;

2=0, C;=L C,=0; j=12
(17)
The presented models (7, 17) permit to analyze
the physical absorption (0=Da<10?%) of highly
soluble (0=w<102), lightly soluble (0=w*<10?)
or average-soluble (10 < w <10) gases.

Physical absorption of highly soluble gas

In the cases of physical absorption of a highly
soluble gas (w=K,=Da=0) and from (7, 17)

follows C, =C, =0.
oc, ., oc,

U —tyvy Lo KC
Yoz  'OR i (18)
R=1 @zo; Z=0, C,=1.

Eqg. (18) is solved (similar to [5]), using the
Method of Lines [6], by discretizing it in respect to
R =i/n, i=0,...,n (transformation of the partial

differential equation (18) to a system of ordinary
differential equations in respect to Z):

R,=0, R =1 0<R=1<1 i=12,..(n-1)
n
(19)

From (8, 18, 19) follows:

oC
V(R):V(Rn =0, (—1”] =0.
1\ "o 1 ) R wn,
(20)
As a result from (18) follows:

dC
Ul(RO,Z) leO =-K.C,;

ul(Ri,z)ﬁ:_vl(Ri)(%j CKC,:
R=R;

dz oR
dc,,
ul(Rn,z)d—le—chln;
Z=0, C,=1 C,=1 C,=1 i=1..n-1,
(21)

As a result, from (21) follows the next equations
system, where 2 points finite difference scheme is
used:
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dC
Ul(RO,Z) leo =-K.C,;
dC, C,—-C,._
U,(R,2) %% = v, (R) =200k,
1 dz 1 Ri _RH 1~1
dC
Ul(Rn’Z) dzln =-KCy;
Z7=0, C,=1 C =1 C =L i=1..n-1
(22)
As a result:
C(R.Z)=Cy(0.2) C4(R.Z) Co(ReZ).-Cyyy Ry 2),C,012) =0
(23)

The solution of (18) permits to obtain the
concentration distribution in the gas phase C,(R,z).

In the case K, =1, the result is presented on Fig. 1.
The concentration distribution C,(R,z) and (15)
permit to obtain the average concentrations C, (z,)

(“theoretical” values, points in Fig. 2) and functions

A(Z,),B/(Z,).G,(Z,) in (15), which are
presented on Fig. 3 (points).

The functions A (Z),B,(Z),G,(Z) in Fig. 3
(points) can be presented as the following
approximations:

A(Z)=1+a,Z+a,Z°, B(Z)=b,Z% G,(Z)=g,Z.

(24)
where the “theoretical” values of
&, &,,0,,b,, 0, are presented in Table 1.

The average-concentration model in the cases of
physical absorption of highly soluble gas (

o=K,=Da=C,=0) follows from (17).

dC, N
Ai(Z)E_FI:Bl(Z)-FGl(Z)]Cl :_chl' (25)
Z=0, C =1

0 01 02 03 04 05 06 0.7 08 09 1
I

Fig. 1. Concentration distributions Cl(R,Z),
for different Z =0.1,0.3,0.5,0.7,1.0.

AL B G

1 . 1
0 0.1 0.2 0.3 0.4 0.5 06 0.7 08 09 1
Z

Average  concentrations

Fig. 2. Cl(z):

“theoretical” values (points); solution of (25), using the
“experimental” parameter values PB,K, in Table 1

(line).

Fig. 3. Functions A (Z,), B,(Z,),G,(Z,) (points); approximations (24) (lines).
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In (25), the parameters PB,(ay, 8,0, b, 9y;)
in the functions A(Z),B,(Z),G,(Z) and K,

must be obtained using experimental data.
The obtained values of the function C (z,) in

the cases of physical absorption of a highly soluble
gas (w=K,=Da=0), “theoretical” value of
K, =1 and different Z, (Fig. 2), permit to obtain

the value of C, (1) and the artificial experimental
data (for j=1):
Cho(1)=(0.95+0.18,)C,(1), j=12, m=L..,10,

jexp

(26)

where 0<B <1, m=1..10 are obtained by a

generator of random numbers. The obtained

artificial experimental data (26) for j=1 are used
for the parameters P, K, identification in the
average concentrations model (25), by the
minimization of the least-squares function Q(l) with

respectto P, K :

QR K) =3 [CARK)-CLO]. @)

where the values of C (L P,K,) are obtained as

solutions of (25). The obtained (after the
minimization) “experimental” parameter values
P, K, are compared with the “theoretical” values on

Table 1. They are used for the solution of (25) and
the result (the line) is compared with the
“theoretical” average concentration values on Fig.

2.

A comparison of (18) and (28) shows that in the
case K =K, =1 is possible to obtain C,+C, =1,
i.e. the solution of (28) is C,(R,Z)=1-C,(R,Z)
and is presented on Fig. 4.

Physical absorption of a lightly soluble gas

In the cases of physical absorption of a lightly
soluble gas (@' =K,=Da=0), from (7, 17)
follows: C, =C, =1.

From convection type model (7) follows:

oC oC,

u, &2 v, &2k (1-C,);
20z  ? R (1-C) (28)
rR=1 Leoq z-0, c,=0.

R
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Table 1. Parameters p, K, j=1,2,K, =K, K, =K
(physical absorption).

Parameters “Theoretical” “Experimental”
values values
537 57
a, 0.53 0.578
—0.412 -0.41
a, 0 0.415
b11 0.069 0.070
b12 —0.788 —0.680
—-0.127 —0.134
911
K, (a) — 0) 1 0.991
0.925 0.921
a21
0.204 0.207
8,
bz 10.297 10.465
12.957 13.061
9z
4113 4112
92
K2 1 1.007
K 1 0.921

The average concentration distribution can be
obtained directly C,(z)=1-C,(z) and the

“theoretical” values C,(z,) are presented on Fig. 5
(points).

The obtained result for C,(R,Z), C,(Z), and
(15) permit to obtain the  functions
A (Z,),B,(Z,).G,(Z,) in (15), which are
presented on Figs. 6, 7 (points).

The functions A,(Z),B,(Z),G,(Z) in Figs. 6,
7 (points) can be presented as the approximations:

1 1
Z)=a,Z2*, B (Z)=—, G,(Z)=———.
AlZ)=2 @z S gz,
(29)
where the “theoretical” values of

&, &y, 0,, 0,,, 9,, are presented in Table 1.

In the cases of physical absorption of a lightly
soluble gas (o™ =K, =Da=0, C, =C, =1) from
(16) follows:

dC. = -
AZ(Z) dzz +[Bz(z)+G2(Z)]C2 =K, (l_cz);(30)
Zz=0, C,=0.

The solution of (30) is similar to the solution of
(25), where the parameters P,(a,,, a,,,0,, 95, 0,,)

in the functions A,(Z),B,(Z),G,(Z) and K,
must be obtained using experimental data.
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Fig. 4. Concentration distributions C,(R,Z),

for different Z =0.1,0.3,0.5,0.7,1.0.
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Fig. 5. Average concentration distributions

(‘;z(z), for different z (points); solution of (30),

0 0.1 0.2

using the “experimental” parameter values P, K, in
Table 1 (line).
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Fig. 6. Functions A,(Z,),G,(Z,) (points);
approximations (29) (lines).

The obtained values of the function C,(Z,) in
the cases of physical absorption of lightly soluble
gas (0= K,=Da=0), “theoretical” value of
K, =1 and different Z_ (Fig. 5), permit to obtain
the value of C, (1) and the artificial experimental
data (26) for j=2.They are used for the
parameters P,,K, identification in the average
concentrations model (30), by the minimization of
the least-squares function Q(Z) with respect to
P, K,:

@ 0 _ 2
Q¥R K,)=>[C,LP.K)-Ch, @], (1

m=1
where the values of C,(1 P,,K,) are obtained as

solutions of (30). The obtained (after the
minimization) “experimental” parameter values

P,, K, are compared with the “theoretical” values
on Table 1. They are used for the solution of (30)

g o

6
5.5 |
5|
4.5
ar
3.5

25+
2
15}
1L
05+

L L L L T s < © <
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z

Fig. 7. Function By (Zn)
approximation (29) (lines).

0

(points);

and the result (the line) is compared with the
“theoretical” average concentration values (points)
on Fig. 5.

Physical absorption of average-soluble gas

In the cases of physical absorption of an
average-soluble gas (o~1,K, =K, K, =K, Da=0),
the convection type model can be obtained from
(7):

o€y G

1a_z+vl R = K(Cl—Cz),
R=1, %EO, Z=0, C =1
oR '
oC oC (32
U28—22+V28—RZ=60K(C1—C2);
R=1, %—%EO; Z2=0, C,=0.

The problem (32) is solved using the Method of
Lines [6]:
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dC
Ul(RO’Z) dzlo =—K(C10—C20);
dC Cli - Cl(i—l)
U, (R,Z =V, (R)—————-K(C, -C..);
( i )dZ 1( I) Ri_RFl ( 1i 2|)
dc,,
U (R Z) dZ :_K(Cln CZn);
Z =0, Cm:l, C1i=1, Clnzl; i=1..n-1
(33)
dc,,
Uy (R 2) 452 = 0K (G ~C.r)
dc,, C,—Cyp
U, (R.2)-2 :—Vz(Ri)#ﬂoK(Cl, C,); (34)
dC
Uz(anZ)d_ZznZC’)K(Cln_CZn);

z=0, C,=0, C,=0 C,=0; i=1..n-1.

The solution of (33, 34) permits to obtain the
concentrations C,(R.Z),j=12 in the case
w=1 K =1, which are presented on Fig. 8 for

different Z (points). This solution and (15) permit
to obtain the average concentrations

C,(Z,),i=12 for different Z  (Fig. 9),
C;(1), j=1,2 and the artificial experimental data

(26). They are used to obtain the mass transfer
coefficient K by the minimization of the least-
squares function Q with respect to K:

2

Q(K) = Z[C @ K)- Clexp(l)] +Z[C (L K)-Cop (@]

(35)

where C (1, K),C,(1, K) are solutions of the
average-concentration model:

ﬁ{sl(z)ml(z)]c’j =—K(C,-C,); z=0, =L

A2) %4 [B,(2)16

(36)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ris
Fig. 8. Concentration  distributions
C,(R.z), j=12 for different Z=0.1, 0.3, 0.5,

0.7, 1.0.
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Z)]C,=wK(C,-C,); Z=0, C,=0.

The “experimental” parameter value K and the
“experimental” values of the parameters P, P, in

Table 1 obtained (after the minimization) are used
for the solution of the average-concentration model
(36). The solution of (36), using the “experimental”

parameter values P, P,, K, is presented (lines) on
Fig. 9.
Chemical absorption
In the cases of chemical absorption of the

average-soluble gas, the convection type model can
be  obtained from (7), where ©~1,

Ki=K,K,=wK,Da#0 ad K is the

“experimental” value in Table 1:

oC, oC,
U +V,—==-K(C,-C,);
1az R (€,-C2)
4 G 5 _
R=1, a—R=O, Z2=0, C =1 (37)
oC oC
za—zz-i-vza—[;: K(Cl—Cz)—DaCZ;
(9C

R=1 =0, Zz=0, C,=0.
R

The solution of (37) is similar to (32), where
(34) must be presented as:

u (R Z)dcm =—K(C,, —Cy);
dC Cli - Cl(i—l)
U,(R,Z =-V,(R)—/——=—-K(C, -C,));
( 1 )dZ l( I) Ri_Ri,l ( 1i 2|)
dc,,
U (R Z) dZ :_K(Cln CZn);

Z=0, C,=1 C,=1 C, =1 i=1..n-1,
(38)

o 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 9. Average concentrations C,(2),j=12:

“theoretical” values (points); solution of (36)
using the “experimental” parameter values Py, P>,
K in Table 1 (line).
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dc
UZ(RO,Z)d—Zm:a)K(Cm—C20 -DaC,;

)
C, —Cyi
;i_—Rzi(_ll)"'a)K(Cli -C,)-DaCy;

dc,
dz

dc,,
2=aK(C, ~Cy)-DaC,y;

UZ(Ri'Z) :_VZ(Ri)

U, (R,2)

Z=0, C,=0, C,=0, C,=0; i=1..n-1
(39)

L . . I I s ' 1 1
0 01 02 03 04 05 06 07 08 09 1
i

Fig. 10. Concentration  distributions
C,(R,Z) for different z=0.1, 0.3, 0.5, 0.7, L.0.
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o . . . ' . ' '
o

0.1 0.2 0.3 0.4

goarsL?
015+
< o125 -

The obtained concentrations C, (Z) j=12 in

the case @w=1, Da=1 are presented on Figs. 10,
11. The solution of (37) and (15) permits to be
obtained average concentrations C ; (Zn), j=1,2 for

different Z, which are presented on Fig. 12 (points).

0.3

0275
025 L7
0.225 -

0.2+

0.1+
0.075 |

0.05

0.025 -

0 L L L L L L L L

0 01 02 03 04 05 06 07 08 09 1
R

Fig. 11. Concentration distributions C,(R,Z)

for different Z=0.1, 0.3, 0.5, 0.7, 1.0..

0.6 0.7 0.8 0.9 1

Fig. 12. Average concentrations CJ_ (), j=12: “theoretical” values (points); solution of (39), using

the “experimental” parameter values P,, K in Table 1 and Da=1 (line).

The obtained “experimental” values of the
parameters P1,P,,K in Table 1 are used for the
solution of the average-concentration model of the
chemical absorption (Da=0) of the average-
soluble gases (w~1), obtained from (17):

A(Z)i(z:l+[Bl(Z)+Gl(Z)}C1:—K(Cl—Cz); z=0, C-=1
AZ(Z)%+[BZ(Z)+GZ(Z)]CZ=a)K(51—(fz)—Da62; z=0, C,=0.

(40)
The obtained solution of (39) is presented on
Fig. 12 (line).

CONCLUSIONS

A new approach for the absorption processes
modeling in co-current column apparatuses, is

presented in the cases of industrial conditions,
where the models are convective type form. The
use of experimental data, for the average
concentration at the column end, in the cases of
highly soluble and lightly soluble gases, permits to
obtain the model parameters, related with the radial
non-uniformity of the velocity in the gas and liquid
phases. These experimental parameter values
permit to obtain the mass transfer coefficient in the
cases of physical and chemical absorption of the
average-soluble gases.
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and experimental investigations of the interphase
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