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New Models of Industrial Column Absorbers. 2. Counter-current absorption process
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A theoretical analysis of the effect of the velocity radial non-uniformity on the counter-current absorption processes
in the column apparatuses is presented. The average concentration model, where the radial velocity component is equal
to zero (in the cases of a constant velocity radial non-uniformity along the column height), is used in the cases of an
axial modification of the radial non-uniformity of the axial velocity components in the gas and liquid phases. The
modeling problem in the counter-current flows is complicated, because the model equations has to be presented in two-
coordinate systems (in a one-coordinate system one of the equations has no solution due to the negative Laplacian
value).

The use of experimental data, for the average concentrations in the gas and liquid phases at the column end in the
cases of highly and lightly soluble gases, permits to be obtained the gas and liquid phases model parameters, related
with the radial non-uniformity of the velocities. These parameter values permit to be used the average concentration
models for different absorption processes modeling in counter-current columns.

Keywords: Column apparatus, gas absorption, counter-current flows, convection-diffusion model, average
concentration model, velocity radial non-uniformity.

INTRODUCTION models [2] must be replaced by z=1z,,z=1z, inthe

In two papers [1, 2] was shown, that average gas and liquid phases, respectively. As a result, the
concentration model, where the radial velocity convection-diffusion and average concentration
component is equal to zero (in the cases of a models of the counter-current chemical absorption

constant velocity radial non-uniformity along the ~ Processes have the forms:

column height), is possible to be used in the cases aoc, o°c, laoc, o
of an axial modification of the radial non- “1672 R e
uniformity of the axial velocity component. The use ' !
of experimental data, for the average concentration —k(c, - x¢,);
at the column end, for a concrete process and ac 2. 1éc. o
column, permits to be obtained the model U, —== 2[ 2 ——2+—22]
parameters, related with the radial non-uniformity oz, oz, ror or
of the velocity. These parameter values permit to be +k (¢, — x¢,)—KoCy;
used the average concentration model for modeling ac.
of different processes in the cases of different r=0, —=0; 1)
values of the column height, average velocity,
reagent diffusivity and chemical reaction rate oc; . .
constant. This possibility will be used for modeling r=h, o 0 =12
of the gas absorption processes in the counter- — _ 0
current columns, where the problem is complicated 1= G =0,
[3], because the mass transfer process models has to W0 = u.c® — D a ) .
be presented in two-coordinate systems (in a one- et ez ),
coordinate system one of the equations has no s ac
z,=0, c,=0, (—2 =0.
Counter-current absorption processes 0 ),

The modeling of the counter-current absorption
processes uses two cylindrical coordinate systems

(f,Zj), j=12 inthe gas (j=1) and liquid (j =2)
phases, i.e. the axial coordinates in the co-current
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_dc, dea, __ d%c _
(2)% a0 D dzfl_k( 1))
_dg, da, . d%
Z)U + =D 2
% (2)%, dz, dz, °° % dz?

Zl:O, (_:1(0)5010, E 0; (2)
2,20, ©,(0)=0, %:o,

2% . u; (1)
al(zl):r_Z_[rujcjdr’ u;(r)= —

00 i

c,(r.z;)
c(rz, )= j=12
(ra)-240

In (L, 2) u;(r),c;(r.z;),D;, j=12 are the
velocities, concentrations and diffusivities in the
gas and liquid phases, T;,C,(z;),j=12 - the
average velocities and concentrations at the column
cross-sectional area, ;(r),¢;(r.z;), j=12 - the
radial non-uniformities of the velocities and
concentrations.

Generalized variables

In (1, 2) is possible to be introduced the
generalized variables [4-7]:

r=nR, z,=1Z, z,=1Z,, u,(r)=0U,(R),
0=y, ®), -z

g 3)
C1(rvzl):C10C1(R’Zl)’ 61(21):(71061(21)

Cl0 = G~
Cz(r,22)=;C2(R,Zz)a CZ(ZZ)ZE

and as a result is obtained:

U,

oC, 0°C, 1aC, o&°C,
—t=Fo | e—+—-—=+— |-
0z, oZ; ROR OR
-K,(C,-C,);
2
;o (8, 12C, O,
o0z, 0Z, ROR OR
+wK,(C,-C,)-DaC,; (4)

U,

oC. oC. .
R=0, —1=0; R=1 —=0; j=12
OR OR

Z,=0, C, =1 1=U,-Pe’ e
oz,
Z,=0, C,=0 %, _o
oz,
dC, LOA & ,d?C, = =
Al(z )dz dZ C Pel d212 Kl(cl_CZ)’
dC, , dA, L d’C,
—2C, =Pe +
A )dZ dz, * T dz?2
+aK,(C,-C,)-DaC,;  (5)
Z,=0, C =1, &:o,
dz
z,=0, C,=0, 9©,

In (4, 5) Fo, Da and Pe are the Fourier,
Damkohler and Peclet numbers, respectively:

Dl al k|
Fojz—u;z, esz—’, Da=U—°,
j'o j 2
_ (6)
s=Foipel K =N, 0% g
l"Il u2

In the cases of a physical absorption Da=0.
In (5) are used the functions:

]

C.(zj)zszcj(R,zj)dR,

C.(r,z)—c(r z.)_Cj_(R,Zj),
() Gi(z) ™
a;(z)=a;(12,)=A(2;)

S 2jRu ©) (? Z;
The convection-diffusion model (4) permits to
be made [1-4] a qualitative analysis of the process
(model) for to be obtained the main, small and
slight physical effects (mathematical operators),
and to be rejected the slight effect (operators). As a
result the process mechanism identification is
possible to be made. On this base are possible to be
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obtained different approximations for high column
(0=£<107), big average velocities
(0=Fo, <107?, j=1,2), small (0=Da<10") or

big (0=Da™ <107%) chemical reaction rate, highly
soluble (0=w<107) or lightly soluble
(0=w™ <107?) gas. In the industrial absorption

column [2], the model parameters have very small
values:

Fo,[110°, Fo,107", ®)
Pe,'(110°, Pe,'0107"°
and the models (4, 5) have the convective forms:
0, % - K (c,-c,)
le
dC
Uzd—zzza)Kl(Cl—Cz)—DaCZ; 9)

2

Z,=0, C =1, Z,=0, C,=0.

dA1 _
Ai(z)dz OIZC K(C C)
dc, dA2 = &\ MaF -
AZ(Z )OIZ 0z, C,= (C1 CZ) DaC,; (10)

z2,=0, C,=1 Z,=0, C,=0.

Physical absorption of the average soluble gases

In the case of physical absorption (Da=0) of
an average soluble gas (@[ 1) from (9, 10) follows

dC,
U—=-K(C-C
Yz, X o)
dC
U2d_22=a)K1(Cl_C2); (11)

2

2,=0, C;=L Z,=0, C,=0

AI(Z) AIC __Kl(c_:l_éz);

dZ dZ
A (2) 55+ PG, ok (6-C.): 2

z,=0, C,=1 Z,=0, C,=0.

The theoretical analysis of the model (12) shows
[3-7], that the functions A;(Z;), j=1,2 is possible
to be presented as linear approximations:

Aj =aj0+ajlzj, j=12, (13)
where the model parameters «;y, a;, j=12 is

possible to be obtained, using experimental data for
ashort column (Z;=0.1, j=1,2).

The presented theoretical analysis shows, that
the basic approximations of the convection-
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diffusion models (4, 9) and average concentration

oa . ]
model (5, 10) are —- =0, j=1,2.
8zj
Effect of the axial modification of the radial non-
uniformity of the velocity
Let’s considers the velocity distributions [2]:
u, (rz,) =00, (rz,), =12 (14)

and axial step changes of the radial non-uniformity
of the axial velocity components in the column:

0, (r.z,)=0,(LR1Z,)=

=U,(RZ,)=a, -b,R? (15)
a,,=2-0.In, b, =2(1-0.1n),
0.In<Z,<01(n+1), n=01..9, j=12

where the average velocities at the cross section of
the column are constants, while the maximal
velocities (and as a result the radial non-uniformity
of the axial velocity components too) decrease
along the column height.

If put (15) in (11), the model has the form:

dC
Uln dZi: :_Kl(cln _CZn)'
0.In<Z, <0. 1(n +l)
dC,,
U,, dZ; za)Kl(Cln _CZn)’
0.In<Z,, <0.1(n+1); (16)

Z,=01n, C,(RZ,)=C;,,(RZ,)
n=0...9; j=12

Z,=0, ClO(R’Zlo)El;

Z,o=0, Cyp(R,Zy)=0.

The solution of (16), using the method in [2, 8],
for concrete process (w=1) and “theoretical” value
of K, =1, permits to be obtained the concentration

distributions C;,(R,Z,,), j=1,2 for different
Z,,=0.1(n+1), j=1,2,n=0,1...,9. These results

and (7) permit to be obtained the “theoretical”
average concentration values

Cin(Z;,).2,,=01(n+1), j=1,2,n=0,1,...,9 (the
points on Fig. 1) and the function values
A, (Zjn), j =1,2 (the points on Fig. 2) for different

Z,,=01(n+1), j=12,n=01,...,9.
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Fig. 1. Average concentration C_:j (Zj), j=12 in
wo=K, =1: values
C,(2;)=C;,(Z;,), i =12 as solutions of (16) and
(7) for different Z,, =0.1(n+1), j=1,2,n=0,1...,9

the case “theoretical”

(points); C_Ij (Zj), j=1,2 as a solution of (18), using

the “experimental” parameter values
K, +K
1 2 _ ;
j9, Ay, 85, ] =12, K, =K, =———*=1.05 inthe
Table 1 (lines).
11 T
1.05 o °©__° o 5
1 o ° O
16 - 8
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Fig. 2. Function A, (Zjn)for different

Z, =0.1(n+1), j=1,2,n=0,1,...,9 (points);
Aj(Zj),jzl,Z as a quadratic approximation (17)
(line).

From Fig. 2 is seen, that the functions
Ay (Z;,),n=01...,4,j=12 are possible to be
presented as quadratic approximations:
A(Z))=a,+a,Z; +a,Z}, j=12 (17)
where the (“theoretical™) values of
ajo, ;3,@;,, ] =1,2 are presented in the Table 1.

As a result (in the case of axial modification of
the radial non-uniformity of the velocity) the model

(10) has the form:
(a1 +a,Z, +a, Zz)d—cl+
0 171 2-1 dZ
+(311+231221)61:_Kl(cl_éz);

dC
(ap +2,2, +a22222)d—22+ (18)

2
+(a, +2a,2,)C, =K, (C,-C,);
z,=0, C,=1 Z,=0, C,=0.
Physical absorption of highly soluble gas
(w=Da=0)

In the cases of physical absorption of highly
soluble gas (w=Da=0), from (16, 18) follows

C,, =C,, =0, and as a result the models (16, 18)
have the forms:
u, dC_lﬂ:—chln; 0.In<Z,, <0.1(n+1);
dz,,
Z,=0n, C,(RZ,)=Cyy(RZ,); (19)
n=0.1,..,9; zm_o Cyo(R,Zy)=1
(20 +2,:Z, +a,Z; ) +( 1 +28,2,)C,
=—K1C1? (20)
z,=0, C =1

The solution of (19) for “theoretical” value of
K, =1 permits to be obtained the “theoretical”

concentration distributions C,, (R,Z,,) for different
Z,,=0.1(n+1),n=0,1...,9 . This solution of (19)
and (7) permit to be obtained the “theoretical”
average concentrations C,,(Z,,) for different
Z,,=0.1(n+1),n=0,1...,9 (the points on the Fig.
3).

Parameters identification in the gas phase

The obtained the values of the function
Cn(Z4,),Z,,=01(n+1),n=01..9 (using the
solution of (19) and (7)), for the concrete process
(w=Da=0) and “theoretical” value of K, =1,
permit to be obtained the concentration values
C,(1) and the artificial experimental data:

Chho(1)=(0.95+0.1B,)C,(1), m=1..10, (21)

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

generator of random numbers.
The obtained artificial experimental data (21)
are used for the parameters (a,,, a,,, a,, K;)
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identification in the average concentrations model
(20) by the minimization of the least-squares
function Q, with respect to a,y, a;, a,,, K, :

Q (802135, K, ) =

0 _ > (22
:Z[Cl (1' Qg 8y, &y Kl)_clrzxp (1):| '
m=1

where the values of C,(La,,a,,a,,K,) are

obtained as solutions of (20), using the method in
[8]. The obtained after the minimization
“experimental” parameter values a,,a,;,a,, K,

are compared with the “theoretical” values on the
Table 1.

The obtained (“experimental”’) parameter values
a,, 8y, &,,, K, are used for the solution of (20)
with the help of the method in [8] and the result
(the line) is compared on Fig. 3 with the

“theoretical” average concentrations C,, (Zln) for
different Z,, =0.1(n+1),n=0,1,...,9 (the points).

Fig. 3. Average concentration distribution C,(Z) in
the case @=Da=0: “theoretical” values of C,,(Z,)
for different Z,, =0.2(n+1), n=0,1...,9 (points);
C, (Z) as solutions of (20) for “experimental” values of

9, 8y, Ay, Ky (line).

Physical absorption of lightly soluble gas
(0*=0,Da=0)

The models (16, 18) is possible to be presented
as:

724

dC _
1n dZ1n =-w 1KZ (Cln _CZH)’
1n

0.In<Z,, <0.1(n+1);

dc,,
Umﬁ: K (Cln _Czn)_Dacznv
0.1n<Z, <0.1(n+1); (23)
Z,=01n, C,(RZ,)=C,,(RZ);
n=01..9;, j=12

Z,, =0, Clo(R'Zm)El;
Z, =0, Cy(R,Z,)=0.

dC =
(aio +ayZ + aizzz)d_zl+(a11 + zaizz)cl =

1

In (23, 24) K, = wK,.

In the case of physical absorption of lightly
soluble gas (@™ =0, Da=0), from (23, 24) follows
C,=1n=0,1..,9 and as a result from (23, 24) is
possible to be obtained:

u, 2;2 _K,(1-C,); 0.n<Z, <01(n+1);

2n

Z,,=01n, C,(RZ,,)=Cy,y(RZ,);
N=01..9; Z,,=0, Cy(R,Z,;)=0.
(25)

dC —
(2 +2,Z, + azzzzz)d—zer (ay +2a,,2,)C, =
2

=K, (1-C,):  (26)

Z,=0, C,=0.
The solution of (25) for “theoretical” value of
K, =1 (dimensionless interphase mass transfer

coefficient in the liquid phase) permits to be
obtained the “theoretical” concentration

distributions C,.(R.Z,,) for  different
Z,,=0.1(n+1),n=0,1...,9. This solution of (25)
and (7) permit to be obtained the “theoretical”
average concentration values C, (Z,,) for
different Z,,=0.1(n+1), n=0,1..,9 (the points
on the Fig. 4).
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Parameters identification in the liquid phase

The obtained the values of the function
Con(Zs).Z,,=0.1(n+1),n=01..,9 (using the
solution of (25) and (7)), for the concrete process
(0*=0,Da=0) and “theoretical” value of

K, =1, permit to be obtained the concentration
values C, (1) and the artificial experimental data:

Cro (1)=(0.95+0.1B,)C,(1), m=1..10, (27)

2exp
where 0<B,<1,m=1..10 are obtained by a
generator of random numbers.

The obtained artificial experimental data (27)
are used for the parameters (a,,a,,a,, K,)
identification in the average concentrations model
(26) by the minimization of the least-squares
function Q, with respect to a,,, a,,, a,,, K,:

Qz(azo’azpazzv Kz):

10 _ _ 2 (28)
16 et ]

where the values of C,(Lay,a,,a,,K,) are
obtained as solutions of (26), using the method in
[8]. The obtained after the minimization
“experimental” parameter values a,y, 8y, 8,,, K,
are compared with the “theoretical” values on the
Table 1.

The obtained (“experimental”) parameter values
8,5, 85, 8y,, K, are used for the solution of (26)
with the help of the method in [8] and the result
(the line) is compared on Fig. 4 with the
“theoretical” average concentrations C,,(Z,,) for

different Z,, =0.1(n+1),n=0,1,...,9 (the points).

1
0.9

08

o7

06 o~
05

0.4 /,D-"'!{'
03
02 ’?f//
01 /

od-
0 o1 02 03 04 05 0.6 07 0.8 09 1
Z,

Fig. 4. Average concentration distribution C,(Z) in
w'=0,Da=0: “theoretical” values of
C,,(Z,) for different Z,,=0.2(n+1), n=0,1...,9

(points); C, (Z) as solutions of (26) for “experimental”

the case

values of a,, a,;, a,,, K, in the Table 1 (line).

Model parameters in the cases of average soluble

gases

The parameters a;,a;,a;,, j=12, in the
model (18) are related with the velocity
nonuniformity in the column, only. Their

“experimental” values are obtained in the cases of
absorption of highly and lightly gases (Table 1).
The parameter K, in (18) must be obtained from

the experimental values of K, and K, in the Table

1 as KlzKlJ;K2

=1.05. The solution of (18),

using the experimental parameter values in Table 1
and K, =1.05, leads to the average concentrations
in the Fig. 1 (lines).

Effect of the gas solubility

The  procedure  for  determining  the
concentrations in (18) is repeated for different
values of the Henry’s number ( y =0.5,1.5) and the

results are presented on the Figs. 5, 6.

.
N

08 N

Q_ "._._Cl

Fig. 5. Average concentration C_Ij(Zj), j=12 in

the cases @=0.5 K, =1: “theoretical” wvalues
Ci(z;)=C,,(2;,). i=12 as solutions of (11) and
(1) for different Z;,n=0,1,..,9 (points);

5j (Zj ) j=1,2 as solutions of (16) for “experimental”

values of a5, a;,,8;,, ] =1,2, K, =1.05 inthe Table 1
(lines).
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01 02 03 04 05 08 07 08 09 1
Zn

Fig. 6. Average concentration C_j(Zj), j=12 in

the cases w=15 K =1: “theoretical” values
Cj(Zj):Cjn(Zjn), j=12 as solutions of (11) and
(7)  for different Z;,n=01..,9  (points);

Cj (Z i ), j=1,2 as solutions of (16) for “experimental”
values of a;,,a;, @;,, J=12,K, =1.05 inthe Table 1
(lines).

Table 1. Parameters a;,a;, a;,,K;, j=12,
(physical absorption).

Parameters  “Theoretical”  “Experimental”

values values

ay, 0.919 0.567

a, 0.420 0.443

a,, —0.427 —-0.420

ay 0.433 0.414

ay 1.105 0.910

a,, —0.632 —0.766

K, 1 1.077

K, 1 1.029

Chemical absorption

In the case of chemical absorption, from (9, 10,
16, 18) follow the models:

726

Ul dCln :_Kl(cln _CZH)'

"dz,,
0.In<Z,, <0.1(n+1);

dc,,
2n dZZn

0.1n<Z, <0.1(n+1); (28)
Z,=01n, C,(RZ,)=C,,(RZ);
n=01..9;, j=12

Z,, =0, Clo(R'Zm)El;

Z,,=0, Cy(R,Z,)=0.

U

=K, (Cln -C,, ) —-DaC,,,

dC =
(aio +ayZ + aizzz)d_zl+(ail + 2aizZ)C1 =

1
:—Kl(C_:1 —C_:Z);

dC -
(2 +2,Z +a2222)d—22+(a21+2a222) ,= (29)

2
=aK,(C,-C,)-DaC,;
z,=0, C,=1 Z,=0, C,=0.
The solution of (28) for a concrete processes
(w=1,Da=12) and a ‘“theoretical” value of

K, =1 permits to be obtained the concentration
distributions  C;,(R,Z;,), j=12 for different
Z,,=0.1(n+1), j=1,2,n=0,1...,9. This solution

of (28) and (7) permit to be obtained the
“theoretical” average concentration

Cn(Z,,) 2, =01(n+1), j=1,2,n=01..,9 (the
points in the Figs. 7, 8).

1«
~
08 “
a™ N
~
08l -
o
07
G
06l
Cos
04f |
03 B
J T
5,
o1
o . ) ‘ |
o1 02 03 04 05 06 o= - " |
Zn

Fig. 7. Average concentration C_Zj(Zj), j=12 in
w=1Da=1: values
5j(Zj):5jn(Zjn), j=1,2 as solutions of (28) and
(7) for different Z, =0.1(n+1), j=1,2,n=0,1...,9

the  cases “theoretical”
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(points); C_Ij (Zj), j=1,2 as a solution of (29), using

the “experimental” parameter values

I PO j=L1,2 in the Table 1 (lines) and the

“experimental” value of K; =1.05.

Fig. 8. Average concentration C_Ij (Zj), J=12 in
w=1Da=2: “theoretical”
C_j(Zj):C_jn(Zjn), j=12 as solutions of (28) and

(7) for different Z,, =0.1(n+1), j=1,2,n=0,1...,9

the  cases values

(points); Cj (Zj), j=12 as a solution of (29), using

the “experimental” parameter values
jo, @)1, @), j =12 in the Table 1 (lines) and the

“experimental” value of K; =1.05.

CONCLUSIONS

The modeling of the counter-current processes
in column apparatuses is complicated because the
hydrodynamic models has to be presented in two-
coordinate system (in a one-coordinate system one
of the equations has no solution due to the negative
Laplacian value). The presented numerical analysis
of a counter-current absorption process in column
apparatus shows, that the average concentration
model, where the radial velocity components in the
phases are equal to zero (in the cases of constant

velocity radial non-uniformities along the column
height), is possible to be used in the cases of an
axial modification of the radial non-uniformities of
the axial velocity components.

The use of experimental data, for the average
concentrations in the gas and liquid phases at the
column end in the cases of highly and lightly
soluble gases, permits to be obtained the gas and
liquid phases model parameters, related with the
radial non-uniformity of the wvelocities. These
parameter values permit to be used the average
concentration models for different absorption
processes modeling in counter-current columns
(different values of the parameters w,Da, i.e.

different values of the column height, average
velocities, chemical reaction rate constant and gas
solubility).
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HOBU MOJEJIN HA UHAYCTPUAJIHU KOJIOHHHW AGCOPLEPH.
2. ITPOTUBOTOYHU ABCOPBLIMOHHU ITPOLIECHU
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Tlomyuena na 13 romm, 2017 r.; npuera Ha 21 romm, 2017 .
(Pe3tome)

HpeL[CTaBeH € TCOPCTUYCH aHaJIU3 Ha e(l)eKTa Ha paJjuajiHaTa HCPAaBHOMEPHOCT Ha CKOPOCTTA IPU NPOTUBOTOYHHU
a6COp6HI/IOHHI/I IMMpo1EeCH B KOJIOHHU amaparu. MopensT Ha CPCAHUTC KOHLCHTPALIUU, KbACTO paJjuajiHaTa KOMIIOHCHTa
Ha CKOpOCTTa € HYyJa (B CJIy4yauTC¢ Ha IMOCTOSAHHA paJjvajHa HEPABHOMEPHOCT Ha CKOpPOCTTa IO BUCOUYMHATA Ha
KOJIOHaTa), € H3NOJI3BAaH B CIIYyJauT€ Ha AKCHAJIHO M3MEHCHHE Ha paauaHaTa HEPAaBHOMEPHOCT Ha AKCHAJIHUTE
KOMIIOHCHTH HAa CKOPOCTHUTC B ra30BaTa U TCHHATA (1)8.31/1. HpO6J’I€MT>T Ha MOACIHUPAHCTO IIPU NPOTUBOTOUYHUTC TOTOLU €
YCJIOKHCH, 3allOTO MOJACIIHUTC YPABHCHUA Tpﬂ6Ba JAa CC IMPCACTABAT B ABC KOOPAMHATHU CHUCTCMU (B c€aHa
KOOpAUWHATHA CUCTEMA YPAaBHCHUATA HAMAT PCHICHUC ITOPAAN OTpULIATCIIHATA CTOMHOCT Ha J'IarmacnaHa).

Hznon3Banero Ha CKCIICPUMCHTAJIHNA JaHHU 3a CPCAHUTC KOHLUCHTPALUU B ra30BaTa U TECYHATA (1)331/1 Ha U3xoJa UM
OT KOJIOHaTa, B CIIy4auTC Ha CWJIHO U c1abo Pa3TBOPUMHU I'a30BC, MO3BOJIsIBA Aa C€ HAMEPAT MOIACIHHUTE IMapaMETpH,
CBBbp3aHU C paJguajiHaTa HCPABHOMCECPHOCT Ha CKOPOCTHUTE. CTOWHOCTHUTE Ha TE3HU napaMe€Tpu Ca HU3MNOJI3BAHU 3a
HaMHUpaHC Ha MOACIWUTE Ha CPCAHUTE KOHULCHTpAIMU 3a MOACIHMpAaHE Ha pasinvyHu a)Z[COp6III/IOHHI/I npouecu B
MIPOTUBOOYHHU KOJIOHU.
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