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Comparison of Different Modeling Strategies for Simulation
of Carbon Dioxide Absorption in a Coaxial Impinging
Streams Absorber

Amir Hossein Harandizadeh,1 Amir Rahimi,1 and Mohammad Reza Ehsani2
1Department of Chemical Engineering, College of Engineering, University of Isfahan, Isfahan, Iran
2College of Chemical Engineering, Isfahan University of Technology, Isfahan, Iran

This study presents mathematical modeling of non-isothermal
gas absorption in a coaxial two impinging streams absorber (TISA).
The governing equations on the performance of these ideal systems
for three different models including the plug flow model, the tanks-
in-series model, and Markov-Chain analysis are used to model the
real system behavior. In order to approach a realistic model, the size
distribution of the liquid droplets also is implemented in the models.
The comparison between the results of the models with correspond-
ing reported experimental data shows the desirable accuracy of the
suggested models. Also, the effects of some operational variables on
the average absorption rate and final removal efficiency of TISA are
investigated. Results show that for similar operating conditions the
removal efficiency of impinging streams absorber is higher than
the conventional systems.

Keywords absorption; impinging streams; Markov-chain;
non-isothermal; plug flow; tanks-in-series

INTRODUCTION

Gas absorption process is widely used in industries for
separating gases that are useful, toxic, or environmentally
unfavorable species. As a consequence of the importance
and being widespread of absorption operation, the subject
has received wide consideration from the theoretical and
experimental point of view (1,2). More recently, experi-
mental attempts are made to improve the effectiveness
of spray absorbers by applying the advantages of
impinging streams. The coaxial impinging streams appar-
atus, which utilizes a unique type of flow behavior to
intensify the transfer processes in heterogeneous systems,
was first described by Elperin (3). Figure 1 shows schema-
tically the impinging streams configuration. As can be
seen, two streams flowing counter-currently on a same
axis collide with each other at an impingement zone.

Later, Tamir et al. (4) investigated the application of
this configuration in a series of operations such as mixing
of gases and solids, absorption, extraction, drying, and
dissolution processes.

The transport processes are intensified in impinging
streams absorbers due to the following effects:

� Increasing relative velocity between gas and drops
and hence decreasing the fluid-side mass transfer
resistance.

� Increasing the mean residence time of drops inside
the impinging streams system due to their pen-
etration into the opposed stream.

Investigations on impinging streams absorbers began in
the mid-1980s and were mainly concentrated in Israel. Up
to the 1990s all attempts made were essentially on the basis
of fundamental aspects which focused mainly on analyzing
and verifying the enhancement of transport phenomena
due to the existing of impinging streams and also, searching
for related experimental evidences (4). Sohrabi et al. (5)
developed a stochastic model to predict the residence time
distribution in two-impinging streams reactors. Also, a
desulfurization absorber comprising of coaxial cylinders
with impinging streams was developed, modeled, and
tested with Ca(OH)2 as the sorbent by Berman et al. (6).
Furthermore, Wue et al. (7) investigated the flue gas desul-
furization by absorption in an impinging streams gas–
liquid reactor which was developed for systems involving
fast reaction(s) in liquid phase.

In spite of the fact that the principles of impinging
streams reactors have been developed for more than half
a century, the performance analysis of such devices,
especially absorbers, from the viewpoint of the mathemat-
ical modeling and simulation, has not been investigated
widely up to now. In the present study, an attempt has
been made to develop some mathematical models for pre-
dicting the rate of gas absorption in a coaxial impinging
streams absorber with single phase nozzles, i.e., the gas
and liquid were brought into contact only after leaving
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the spray nozzle. In addition, based on the schematic
diagram demonstrated in Fig. 2 the effectiveness of
two-impinging streams absorber is investigated. Figure 2a
is a schematic diagram of a coaxial two-impinging
streams absorber which is compared with the conven-
tional absorber (Fig. 2b). The latter is simply obtained
by operating each half of Fig. 2a separately. If one
notes the absorption rate of the absorbed gas in the
two-impinging streams absorber by R2 (Fig. 2a), and that
of a single stream absorber by R1 (Fig. 2b), the enhance-
ment factor parameter may be defined as follows (8):

Eh ¼
R2

2R1
� 1 ð1Þ

The two-impinging streams configuration is more efficient
than the single one simply if E is greater than unit.

MATHEMATICAL MODELS

In this section, the actual behavior of a coaxial two
impinging streams absorber (TISA) is modeled based on
the concept of plug flow and ideal stirred tank systems.
For this purpose, using the conservation laws of mass,
energy, and momentum, the governing equations are
derived for three different models including: the plug flow
model, the tanks-in-series model, and a proposed model
on the basis of Markov-Chain analysis. The main assump-
tions considered for the absorption process are listed
below:

� The re-atomization and coalescence of drops are
neglected.

� The thermo-physical properties of the gas are kept
constant through the gas–liquid contact time apart
from their variation with temperature.

� There is no heat exchange between the system and
the surrounding.

� The drops are considered as a lumped system.
� The low solubility of gases in the solvents such as
CO2-water is determined by the Henry’s law.

It should be noted that the effect of liquid vaporization
is considered in each model due to high heat and mass
rates. Also, in order to approach a realistic model, the
distribution of the liquid droplets also is implemented in
the models.

Plug Flow Model

In this case the TISA is a reactor whose velocity profile
is rather simple and describable by some mathematical
expression. The flow of each phase is considered as plug
flow, so the distribution of temperature, velocity, and
concentration in radial direction are neglected.

Tanks-in-Series Model

The tanks-in-series model is simple, it can be used with
any kinetics, and it can also be extended without too much
difficulty to any arrangement of compartments, with
or without recycle. In this model, the drops flow through
a series of M ideal, equal-sized stirred tanks, as shown
in Fig. 3. Therefore, the turbulency of the impingement
zone is simply possible to be modeled.

FIG. 2. Schematic diagrams of (a) two-impinging streams; and (b) two

single-stream absorbers.

FIG. 3. Schematic diagram of TISA replaced with M stirred tanks

in series.

FIG. 1. Schematic diagram of a coaxial two impinging streams

configuration.
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In relation to M equal-sized stirred tanks arranged in
series, the residence time distribution function (E) and
the theoretical variance ðr2ModelÞ are given by (9):

�ttmodelE ¼ t
�ttmodel

� �M�1 MM

ðM � 1Þ! e
�tM=�ttmodel ð2Þ

r2modelðtÞ ¼
�tt2model

M
ð3Þ

M and �ttmodel are the two parameters of this model that
should be determined on the basis of experimental RTD
data by the following conditions:

r2exp ¼ r2model; �ttexp ¼ �ttmodel ð4Þ

where

r2expðtÞ ¼
R1
0 ðt��ttexpÞ2CdtR1

0 Cdt
ð5Þ

�ttexp ¼
R1
0 tCdtR1
0 Cdt

ð6Þ

In Fig. 4, the experimental RTD data presented for a
coaxial TISA in the literature (5) is compared with the
theoretical results obtained from the tanks-in-series model.
As observed, M varies between 2 and 3 for the desired
coaxial TISA depends on operational conditions. In this
study we consider three tanks in series.

Markov-Chain Model

A Markov process is a mathematical probabilistic
model that is very useful in the study of complex systems
(4). In this model, if the initial state of a system and the
probabilities to move forward to other states are known,
it is possible to predict the next state of the system. In
other words, past history is immaterial for predicting
the future; this is the key element in the Markov chains
analysis.

Using the information contained in the transition
probability matrix P and the probability vector of the
previous step S(m), the state probability vector after m
transitions, S(mþ 1), is determined by the following
formula (4,9):

Sðmþ 1Þ ¼ SðmÞ � P ð7Þ

On the other hand, the probability that a system will be
in state j after mþ 1 transition is given by (4,9):

sjðmþ 1Þ ¼
XN
i¼1

siðmÞpij m ¼ 1; 2; 3; . . . ð8Þ

where si(m) is the ith element of the state probability
vector S(m), and pij is i, jth element of the transition
probability matrix P (9). In addition, the following
conditions hold:

XN
i¼1

siðmÞ ¼ 1;
XN
j¼1

pij ¼ 1 ð9Þ

The characteristic of the Markov model is to predict the
behavior and the response of a complicated system with
respect to the residence time of fluid elements flowing
through it. Also, this model, which consists of a series of
perfectly mixed tanks, plug-flow systems, dead fluid
elements, recycle streams, by pass and cross flow etc., has
been applied to describe the non-ideal flow behavior of
complex systems (9,10,11).

If N is the total number of states in the Markov
model, sN-1(m) represents the impulse response of the sys-
tem after m intervals of time length. Thus, the theoretical
RTD of the system is obtained:

EðtÞ ¼ RTD ¼ sN�1ðtÞR1
0 sN�1ðtÞdt

ð10Þ

For application of this expression, the two dimension-
less parameters of the model, R and Dh, must be fitted by
experimental RTD data. Figure 5 shows the alternative
arrangement of vessels in the Markov process used in this
study. It should be noted that R is the liquid recycle rate
ratio ðr= _mmDÞ and Dh is the dimensionless time interval

FIG. 4. Comparison of theoretical RTD curve obtained by tanks-in

series model with experimental RTD data (5).
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defined as the ratio of the minimum residence time of the
liquid drops in a Markov vessel to the mean residence time
of the liquid drops in the TISA ð�ttj=�ttÞ.

The transition probability matrix and the initial state
probability vector for this alternative arrangement are as
the below, respectively:

Sð0Þ ¼ ½ 0:5 0:5 0 0 0 0 � ð12Þ

Figure 6 shows a comparison of the theoretical RTD
curve obtained by the Markov model with experimental
RTD data (5). As previously mentioned, using the fitting
technique and using the existing experimental RTD data
(5) the point that the best adjustment is reached as
R¼ 0.95 and Dh¼ 0.037.

GOVERNING EQUATIONS

The governing equations required for the above-
mentioned models are presented below.

Mass Balance for Absorbed Gas in Gas Phase

The variation equation of mole fraction of the absorbed
gas in the gaseous phase in a plug flow absorber may be
derived as follows:

dyA
dz

¼ �
XN
i¼1

ADi �NAi

G � VDi
1þ NBi

NAi
yA

� �
ð13Þ

For an ideal stirred tank it yields:

ðG � yAÞjin � ðG � yAÞjout �
XN
i¼1

NAi � ADi ��ttj ¼ 0 ð14Þ

In the above equations, ADi is the interfacial area of ith
class of drops diameter (ADi¼ 6QL �Pi=DDi), where Pi is the
volume percent of ith class of drops diameter and can be
calculated by:

Pi ¼ f ðDÞdD: ð15Þ

FIG. 5. Schematic diagram of vessels and flows in the Markov chain

model.

P ¼

e�0:5nvDh 0 R
Rþ1 ð1� e�0:5nvDhÞ 1

Rþ1 ð1� e�0:5nvDhÞ 0 0

0 e�0:5nvDh R
Rþ1 ð1� e�0:5nvDhÞ 1

Rþ1 ð1� e�0:5nvDhÞ 0 0
0:5 0:5 0 0 0 0
0 0 0 0 1 0
0 0 0 0 e�nvDh 1� e�nvDh

0 0 0 0 0 1

2
6666664

3
7777775

ð11Þ

FIG. 6. Comparison of theoretical RTD curve obtained by Markov

model with experimental RTD data (5).
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Which f (D) is the frequency volume distribution function
of drops.

The flux of absorption (NAi) and the flux of solvent
vaporization (NBi) can be calculated by the following rela-
tions, respectively:

NAi ¼ kyAiðyA � y�AÞ ð16Þ

NBi ¼ kyiðy�B � yBÞ ð17Þ

In the above equations, y�A is the equilibrium mole frac-
tion of the absorbed gas on the drop surface. Also y�B is
equilibrium mole fraction of gas humidity which can be
calculated by using the Antoine equation.

In Eqs. (13) and (14), parameters such as absorption
flux, flux of solvent vaporization, gas humidity, mole frac-
tion of the absorbed species in the liquid, drop diameter,
drop velocity, gas, and drop temperature have implicit
and explicit effects on the mole fraction of the absorbed
gas through the absorber length.

Energy Balance for the Gaseous Phase

In the impinging streams absorber, gas temperature
changes due to the convective heat transfer by the drops.
Also, a part of gas energy is consumed for raising the
vapor temperature from the drop surface temperature to
the gas temperature. The energy balance equation for the
gaseous phase in a plug flow impinging streams system will
give us:

dTg

dz
¼ �

XN
i¼1

hDi � ADi

G0
y � Cg � VDi

ðTg � TDiÞ ð18Þ

In the case of an ideal stirred tank it yields:

G0
yðCSðTg � T0ÞÞjin � G0

yðCSðTg � T0ÞÞjout

�
XN
i¼1

hDi � ADi ��ttjðTg � TDiÞjout ¼ 0 ð19Þ

Energy Balance Equation for Liquid Drop

The liquid injected drops by the nozzles at the entrance
of a system may have a different temperature from the
wet-bulb temperature of the entering gas (in the adiabatic
spray systems). However, it may be assumed that the drop
temperature reaches rapidly to the wet-bulb temperature of
entering gas. In this study, using the energy balance equa-
tion for drops, the variation equation of drop temperature
is obtained. This equation may be applied as a good check-
point for model verification, since it is expected to predict a
sharp temperature rise for drops followed by a constant
value for other remaining lengths of the absorber
(the wet-bulb temperature) (12). The equation for drop

temperature variation in the case of a plug flow system
may be obtained as follows:

dTDi

dz
¼ ½hDi � pD2

Di � ðTg � TDiÞ �NBi � pD2
Di �MB � k0�

mDi � CPL � VDi

ð20Þ

For an ideal stirred tank it may be given by:

_mmDi �CPDðTDi�T0Þjin� _mmDi �CPDðTDi�T0ÞjoutþhDi �ADi�
�ttjðTg�TDiÞjout�NBi �MB �ADi ��ttj �k0jout ¼ 0 ð21Þ

Mass Balance for Gas Humidity

The variation equation of the gas humidity due to the
vaporization is obtained as the below.

For plug flow system:

dHu

dz
¼

XN
i¼1

NBi �MB � ADi

G0
y � VDi

ð22Þ

For an ideal stirred tank:

G0
yHujin � G0

yHujout þ
XN
i¼1

NBi �MB � ADi ��ttj jout ¼ 0 ð23Þ

Mass Balance for Liquid Drop

The variation equation of the drop diameter in any
location of the system is obtained by taking the mass trans-
fer rate of evaporation into account, as follows:

For a plug flow system:

dDDi

dz
¼ � 2NBi �MB

qL � VDi
ð24Þ

For an ideal stirred tank:

D3
Dijin �D3

Dijout �
6NBi �MB ��ttj

qD
D2

Dijout ¼ 0 ð25Þ

Mass Balance for Absorbed Gas Species in a Liquid Drop

If xA defined as the molar ratio of the absorbed gas
species to the drop. The variation equation of xA is
obtained as follows:

For a plug flow system:

dxA
dz

¼ NAi � pD2
Di

mDi � VDi
ð26Þ

For ideal stirred tank:

ð _mmDixAÞjout � ð _mmDixAÞjin �NAi � ADi ��ttj ¼ 0 ð27Þ

MATHEMATICAL MODELING OF NON-ISOTHERMAL GAS ABSORPTION 109

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Momentum Balance for a Liquid Drop

The variation equation of drop velocity in a plug flow
system is obtained by the use of Newton’s second law of
motion, as follows:

mDi
d~VVDi

dt
¼ mDi~aa�

mDi

qDi

� �
qg~aa

�0:5Cf qgADj~VVDi � ~VVgjð~VVDi � ~VVgÞ
ð28Þ

Where, CF is the drag coefficient which is determined from
the correlations proposed by Tamir (4). Substitution in Eq.
(28) for the mass of the drop mDi ¼ ðp=6Þ D3

DiqDi, and for
the projected area of a drop in a plane perpendicular to its
motion AD ¼ ðp=4Þ D2

Di, gives the following equation (9):

dVDi

dz
¼ �

0:75Cf qg
VDi � qDiDDi

jVDi � VgjðVDi � VgÞ ð29Þ

For the deceleration stage, Va and VDi are in the
opposite directions. Thus, Eq. (29) will read:

dVDi

dz
¼ �

0:75Cf qgðVg þ VDiÞ2

VDi � qDiDDi
ð30Þ

and for the acceleration stage, Va and VDi are in the same
directions. Thus, Eq. (29) will read:

dVDi

dz
¼

0:75Cf qgðVg � VDiÞ2

VDi � qDiDDi
ð31Þ

REQUIRED PARAMETERS

Size Distribution Consideration

For each nozzle at a given pressure and liquid flow rate
there is a unique drop size distribution. This characteristic
usually is shown with cumulative or frequency size distri-
bution curves for each operational condition. In this inves-
tigation, the size distribution data and existing cumulative
curve of back-flow nozzle are used. The frequency distri-
bution of the drop size as a function of the drop diameter
is obtained as follows (12):

fðDÞ¼ 0:0877þ0:11237D�0:000226D2

1�0:0153Dþ8:765�10�5D2�1:1�10�7D3
ð32Þ

Heat and Mass Transfer Coefficients

The following correlation is presented for calculations of
heat transfer coefficient in impinging streams system
(ShDi¼NuDi) (4):

NuDi¼1:96�10�4 L

DNozzle

� ��2:405 Vr

L3

� ��0:821

Re1:512Di ð33Þ

Correlation for Recycle Ratio

The recycling ratio (R) may be described as the ratio
between the drag forces acting on a drop in a certain recy-
cling zone to the flux of momentum of the drops entering
this zone. The latter may be any zone between the mixed
vessels that were assumed in the various stochastic models.
Kitron et al. (13) suggested a theoretical model to reveal
dependence on R:

R ¼ constant
WD

Wa

� ��1
3

ð34Þ

It is observed that the ratio R decreases by increasing the
ratio WD=Wa. This behavior is explained as follows.
Increasing the above ratio is due to an increase in WD or
a decrease in Wa. Collisions between drops are enhanced;
i.e., the recycle is reduced. By decreasing the gas flow rate,
the inertia of drops becomes lower, and so does their pen-
etration and therefore R (4).

Heat and Mass Transfer Area

The actual area for the heat and mass transfer inside
each vessel, namely, ADi ��ttj must be determined based on
RTD data and hold up of drops. However, if each of these
requirements is not known, the area cannot be determined.
For this purpose, Tamir (4) suggested the effective heat
and mass transfer area (Aeff) as the basis of calculation,
as follows:

Aeff ;Di
¼ 6

Vr

DDi

Wa

WD

qa
qD

ð35Þ

METHOD OF SOLUTION

All the above-mentioned equations are solved numeri-
cally using the fourth-order Runge-Kutta method for both
the case of plug flow systems and ideal stirred tanks. In the
case of stirred tanks model some trail and error methods
are also utilized.

RESULTS AND DISCUSSION

Figure 7 shows the effect of both gas and liquid flow
rates on the average absorption rate of CO2 into water.
The results are obtained from each of the three developed
models and compared with the experimental data extracted
from literatures (8,14). It should be noted that the tempera-
ture and pressure in experimental conditions varied in
the range of 20–26�C and 730–740mmHg, respectively.
The diameter of nozzles is 1.2� l0�3m. Also, the results
of the models have been obtained for similar operating
conditions.

As seen, increasing both the gas and liquid flow rates
will increase the average absorption rate. When the gas
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flow rate increases, the relative velocity and thus the
gas-side mass transfer coefficient increases. However, as
shown in Fig. 7a, the effect of the liquid flow rate is more
significant than that of the gas flow rate. Increasing the
liquid flow rate will increase the mass transfer area of the
liquid drops. Since in the CO2-water system the main
mass transfer resistance lays in liquid side, increasing the
mass transfer area increases the overall separation
efficiency. The observed deviation between the model
results and the experimental ones in higher values of both
gas and liquid flow rates may be due to the re-atomization
phenomenon which is ignored in the proposed models. The
results of each model together with the deviations from the
experimental data are presented in Table 1. As can be seen
from Fig. 7 and Table 1, the predictions of the Markov
chain model show a better agreement with the experimental
data.

In Fig. 8, the results of models for average absorption
rate are compared with the experimental data reported by

Tamir and Herskowits (8) and Tamir (14). In this figure
the effect of inlet nozzles’ distance is investigated on the
average absorption rate. A relatively good agreement can
be observed between the model results and the experi-
mental data. It is observed that an increase in gas flow rate
causes the increase in the average rate of gas absorption
since it reduces the gas-side mass transfer resistance. How-
ever, this impressibility is not sharp and big because as
mentioned before the main mass transfer resistance is on
the liquid side. On the other hand, the main mass transfer
resistance of acetone-water system (Fig. 8b) is on the gas
side; therefore, the characteristics of impinging streams
may be successfully applied to this system. According to
the experimental data in Fig. 8a, L¼ 0.08 may be con-
sidered as the optimal distance between nozzles (4),
although the variation in the absorption rates against L,
which is shown in Figs. 8a and 8b, is not significant. Notice
that in Fig. 8a the closeness of the results of models makes
us present the results of the plug flow model alone.

FIG. 7. The effects of gas and liquid flow rates on the average absorption rate in TISA.
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TABLE 1
The effects of gas and liquid flow rates on the average absorption rate in TISA for CO2-water system

Rate of absorption (kg=s) Relative error % ¼ jExp:�Modelj
Exp: � 100

QCO2

(�105

m3=s)

WD

(�104 kg=s) DCell�L Exp.

Plug

reactor

CSTR in

series model

Markov-

Chain

model

Plug

reactor

CSTR in

series model

Markov-

Chain

model

1.08 0.0246 0.03� 0.1 1.97 1.96 2.01 1.98 0.51 2.03 0.51

2.30 0.0246 0.03� 0.1 2.13 2.05 2.07 2.11 3.76 2.82 0.94

3.45 0.0246 0.03� 0.1 2.13 2.08 2.15 2.19 2.35 0.94 2.82

6.72 0.0246 0.03� 0.1 2.41 2.10 2.25 2.30 12.86 6.64 4.56

2.27 0.0187 0.03� 0.1 1.60 1.65 1.57 1.62 3.12 1.88 1.25

3.43 0.0187 0.03� 0.1 1.74 1.69 1.67 1.70 2.87 4.02 2.30

4.40 0.0187 0.03� 0.1 1.61 1.71 1.75 1.78 6.21 8.70 10.56

6.64 0.0187 0.03� 0.1 2.05 1.73 1.90 1.94 15.61 7.32 5.37

1.13 0.0157 0.03� 0.1 1.03 1.01 1.01 1.05 1.94 1.94 1.94

2.31 0.0157 0.03� 0.1 1.08 1.17 1.11 1.11 8.33 2.78 2.78

3.50 0.0157 0.03� 0.1 1.26 1.23 1.21 1.19 2.38 3.97 5.56

6.82 0.0157 0.03� 0.1 1.39 1.29 1.27 1.28 7.19 8.63 7.91

Max Relative Error % 15.61 8.70 10.56

Min Relative Error % 0.51 1.94 0.51

Average Relative Error % 5.59 4.31 3.87

FIG. 8. The effect of inlet nozzles distance on the average absorption rate in TISA.
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The results and errors of each model are presented in
Table 2.

The effect of both the gas and liquid flow rates on the
average absorption rate in a single stream absorber is
investigated by the plug flow model and the results are
shown in Fig. 9. The model results are compared with
the experimental data reported by Tamir and Herskowits
(8) which shows a relatively good agreement. As observed,
with increasing the water flow rate, the average rate of
absorption increases, which is explained as the results of
increasing the number of drops and hence, the absorbing
area. Also, an increase in the gas flow rate shows a

negligible effect on the average rate of absorption in a
CO2-water system. According to the experimental data,
an increase in the absorption-cell diameter yields a slight
increase in the rate of absorption due to a reduction of
the influence of the absorption cell wall (8).

Figure 10 depicts the variation enhancement factor,
defined by Eq. (1), with the gas flow rate. As observed,
both the gas and liquid flow rates have a negligible effect
on the enhancement factor. According to the experimental
data, the maximum amount of the enhancement factor
is about 1.65, namely a 65% increase in absorption rate
of CO2 in TISA, in comparison with the single stream

TABLE 2
The effect of inter nozzle distance on the average absorption rate in TISA for CO2-water system

Rate of absorption (kg=s) Relative error % ¼ jExp:�Modelj
Exp: � 100

QCO2

(�105m3=s)
WD

(�104 kg=s) DCell�L Exp.

Plug
flow
model

CSTR in
series
model

Markov-
Chain
model

Plug
flow
model

CSTR in
series
model

Markov-
Chain
model

6.75 0.019 0.04� 0.04 1.68 1.96 1.65 1.66 16.67 1.66 1.10
6.75 0.019 0.04� 0.08 1.80 2.05 1.65 1.66 13.89 8.19 7.69
6.75 0.019 0.04� 0.15 1.95 2.08 1.65 1.66 6.67 15.23 14.79
6.75 0.019 0.04� 0.20 1.66 2.10 1.65 1.67 26.51 0.41 0.76
4.5 0.019 0.04� 0.04 1.56 1.65 1.65 1.66 5.77 5.84 6.50
4.5 0.019 0.04� 0.08 1.83 1.69 1.65 1.66 7.65 9.76 9.20
4.5 0.019 0.04� 0.15 1.73 1.71 1.65 1.66 1.16 4.53 3.95
4.5 0.019 0.04� 0.20 1.64 1.73 1.65 1.66 5.49 0.71 1.33
2.3 0.019 0.04� 0.04 1.53 1.01 1.65 1.66 33.99 7.87 8.59
2.3 0.019 0.04� 0.08 1.68 1.17 1.65 1.66 30.36 1.76 1.08
2.3 0.019 0.04� 0.15 1.45 1.23 1.65 1.66 15.17 13.82 14.64
2.3 0.019 0.04� 0.20 1.62 1.29 1.65 1.66 20.37 1.89 2.62

Max Relative Error % 33.99 15.23 14.79
Min Relative Error % 1.16 0.41 0.76

Average Relative Error % 15.30 5.97 6.03

FIG. 9. Effects of gas and liquid flow rates on the average absorption rate of CO2 in a single stream absorber.
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absorber. It is concluded that the mass transfer in the pres-
ence of impinging streams is much higher than that of in
the single stream absorber (in the absence of impinging
streams). The main reasons may be summarized as follows:

� A sudden increase in the mass transfer coefficient
in the impingement zone due to high relative velo-
city of the two phases.

� Increasing the mean residence time of drops due to
performing oscillatory motions.

The results of the experiments on the absorption of CO2

and acetone (8,14) into water indicate that the absorption
rate in the absorber without partition shown in Fig. 2a is
higher than that in the absorber with a partition shown
in Fig. 2b, and the enhancing effect of impinging streams,

too. In other words, the basic standard which was used
for comparison is unreasonable. In the absorber with a
medium partition, the flow configuration becomes two jets
impinging fixed wall surfaces separately, and the latter
enhances the transfer significantly (4), too. In other words,
the intrinsic enhancing effect of impinging streams may be
stronger than what is reported. For example, the impinging
jet on a fixed wall may enhance the absorption rate by x
times than normal, and impinging streams enhance by y
times than the impinging jet on a fixed wall; so the total
number of the times enhanced intrinsically by impinging
streams than the normal should be x� y.

The behavior of drop motion along the time and length
of the TISA is shown in Fig. 11. In this figure z¼ 0 denotes
the impingement plane. The drop has acceleration and

FIG. 10. Effects of gas and liquid flow rates on the enhancement factor.

FIG. 11. Variation of drop velocity through time and length of TISA.
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deceleration stages in the system depending on its inertia
and also the drag force of the gas phase. After performing
several oscillatory motions, the drop exists in the system.
As can be seen, the maximum velocity and the penetration
distance of drop in the impinging zone are reduced con-
tinuously as time progresses.

The variation of gas temperature through the contact
time of the two phases is determined by the three models
and is shown in Fig. 12. The gas temperature decreases rap-
idly and reaches a constant value in a short time
(t¼ 0.0018 s for the plug flow model). The increase of heat
transfer coefficient due to the increase of relative velocity at
the impinging zone promotes the convective heat transfer
within two phases and causes to get a constant value in this
duration.

The variation of gas humidity vs. time is demonstrated
in Fig. 13 for the three prescribed models. The sudden
vaporization of water drops and the increase of heat

transfer coefficient due to increase of relative velocity of
the two phases in the impingement zone cause a rapid
increase in the gas humidity and then attains a constant
and maximum value (the saturated humidity).

Figure 14 shows the temperature variation of drop with
various initial drop diameters resulted from the plug flow
model. The drop temperature decreases initially due to
the sudden vaporization which follows by a rapid increase
as the result of increasing heat transfer coefficient in the
impingement zone. The drop reaches its maximum and
constant value (the wet-bulb temperature of entering gas)
in the impingement zone. According to the constant tem-
perature of drop, hereafter only, heat transfer causes the
evaporation of the drop surface. As can be seen, by increas-
ing the drop diameter, the variation rate of the drop tem-
perature decreases. It should be noted that the variation
of drop temperature is insignificant due to the high values
of liquid to gas ratios used in such a system.

FIG. 12. Variation of gas temperature with time.

FIG. 13. Variation of gas humidity with time.
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FIG. 14. Variation of drop temperature with time.

FIG. 15. Effect of gas velocity on the final mole fraction of CO2 in the gas phase.

FIG. 16. Effect of gas temperature on the final mole fraction of CO2 in the gas phase.
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The effect of gas velocity on the final mole fraction of
CO2 in various liquid flow rates is shown in Fig. 15. It is
assumed that residence time distribution of drops inside
the system is the same and the gas velocity does not affect
it. The increase of gas velocity causes the increase in the
absorption rate of CO2 and consequently, the decrease of
the final mole fraction of CO2 in the gas phase due to the
increase of relative velocity and turbulency of the system.
Furthermore, it is clearly demonstrated that increasing
the liquid flow rate increases the absorption rate of CO2

and consequently, decreases the final mole fraction of
CO2 in the gas phase due to the increase in the number
of drops and hence the absorbing area.

Figure 16 shows the effect of gas temperature on the
final mole fraction of CO2 in the gas phase. As can be seen,
the final mole fraction of CO2 in the gas phase increases
slightly by the increase in gas temperature, as a result of
decreasing the physical absorption rate.

CONCLUSIONS

Three different mathematical models are presented and
examined to predict the performance of two-impinging
streams absorbers. By the comparison of the model results
with the corresponding experimental data extracted from
literatures (8,14), the preciseness of the suggested models
is considered to be satisfactory, while the model based on
the Markov-Chain analysis shows a better agreement in
the presence of RTD data. The predictions of this model
is within 	6% (average relative error) making it a valuable
approach to design a large-scale absorber. In addition, the
following major conclusions are obtained.

� Increasing the inlet nozzle distance offers a negli-
gible effect on the absorption rate due to the con-
trast of increasing the residence time and
decreasing the turbulency.

� The influence of liquid flow rate on the absorption
rate is much higher than other operational
parameters.

� The enhancing effects of impinging streams related
to single stream absorbers was verified. Thus,
TISA is considered to be more suitable and effec-
tive for carrying out the absorption process in
comparison with the conventional systems.

NOMENCLATURE AND UNITS

a External acceleration, m2 s�1

AD Projected area of a drop, m2

Aeff Effective Area, m2

Cf Drag coefficient
CP Heat capacity, j kg�1K�1

DAL Diffusivity of species A in solvent, m2 s�1

DBL Diffusivity of species B in solvent, m2 s�1

d Diameter of spray nozzle, m
Eh Enhancement factor, dimensionless
f(D) Frequency distribution of drop, dimensionless
G Gas flow rate, kmole s�1

Gy Gas flow rate (dry basis), kg s�1

h Heat transfer coefficient, Wm�2K�1

Hu Gas humidity, kg water kg dry gas�1

K Mass transfer coefficient, m2 s�1

kyA Mass transfer coefficient for species A in gas
film, kmolem�2 s�1

kyB Mass transfer coefficient for species B in gas
film, m s�1

L Internozzle distance, m
m Mass, kg
M Molecular weight, kg kgmol�1

NA Flux of absorption, kmolem�2 s�1

NB Flux of vaporization, kmolem�2 s�1

QL Liquid flow rate, m3 s�1

R Recycling ratio, dimensionless
t Time, s
T Temperature, K
V Velocity, m s�1

Vr Volume of absorber, m3

yA Mole fraction of absorbed gas
yB Mole fraction of solvent

Greek Letters

q Density, kgm�3

k0 Heat of vaporization, j kg�1

l Viscosity, N sm�2

n Kinematic viscosity, m2 s�1

Dimensionless Groups

Ha Hatta Number
Pr Prandtl Number
Re Reynolds Number
Sc Schmidt Number
Sh Sherwood Number

Subscripts

A, B Absorbed gas and solvent components,
respectively

D Drop
exp Experimental values
L Liquid
g Gas
i Drop size identification
ii Initial property of ith size of drops
Di Diameter of ith size of drops
model Theoretical or model results

Superscripts
� Equilibrium
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