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ABSTRACT

Numerical investigation of the extraction process in a T shaped
micro channel makes the model for the extraction proces, for
increased extraction efficiency an enhanced mass transfer
between the two phases. The extraction rate can be controlled
precisely by adjusting operational parameters such as the flow
rate and the flow rate ratio. Here the work studied the extraction
of phenol from dodecane using water as solvent. Process is
modelled and the extraction ratios are compared with the
experimental data published by Okubo .et al [14]. Different
modelling approaches attempted include pseudo mass transfer
coefficient model (1D model) and two dimensional unsteady
state diffusion model. IN pseudo mass transfer coefficient
model a suitable value of mass transfer coefficient is chosen so
as to match experimental results. Hence the model provides a
method for predicting mass transfer coefficient. Two
dimensional unsteady state diffusion models is comprehensive
and considers diffusion in both directions. The diffusivities are
calculated using the Wile Chang equation. Predictions of all the

three models at different velocities are tabulated and compared.
General Terms

Microfluidics, Stratified Flow Model

Keywords

Microchannel Extraction process, Model for T shaped micro-
channel extraction system, Matlab based modelling for

Stratified Flow in a Microchannel.

Anu N
Dept. of Chemical Engg.
NIT Calicut, Kerala

N Selvaraju
Dept. of Chemical Engg.
NIT Calicut, Kerala

1. INTRODUCTION

Microfluidics: As the name indicates this is a new area which
is related to fluid properties inside a micro channel. It is the
science and technology of systems that process or manipulate
small (10-9 to 10-18 litres) amounts of fluids, using channels
with dimensions of tens to hundreds of micro meters . Now a
day this area is very hot for researchers because which has the
potential to influence subject areas from chemical synthesis and
biological analysis to optics and information technology.
Recently the area Microfluidics is related to Chemical
Engineering, Mechanical Engineering Branches. As per the
words of Anand™, “Microfluidics is the manipulation and
control of fluids in small scale, and has heralded a new age in
science as evidenced by the rapid increase in the amount and
quality of academic and industrial research output in this area in

the recent times.”

The property of a fluid flow through a micro channel is very
different with the normal flow. The applications of this area are
too vast and some of the applications are belongs to cartelistic
reactors > % Tissue Engineering [, Multiphase mixing and
reaction !, Blood Flow and the drug reaction [, high-
throughput screening in drug development * % bio-analyses
(1 examination and manipulation of samples consisting of a
single cell 2 3 and also in efficient heat sinks®. But one of
the main applications of this field is the extraction process. The
enhanced mass transfer and the increased extraction efficiency
of the micro channel extraction process calls for the attention of

scientists.
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For extracting product materials to another phase, the parallel
reactions can be used. The liquid - liquid extraction depends on
the mass transfer flux, residence time and the area of liquid -
liquid interface. So the slug regime is the best option for the
extraction process and stratified flow also can be the best for the
extraction process. The main aim of this study is to identify the
advantage and disadvantage of liquid-liquid extraction using T

channel stratified flow fluid operations using micro-reactors.
2. EXPERIMENTAL

Liquid-liquid extraction is a method to separate compounds
based on their relative solubility’s in two different immiscible
liquids. There are two steps in the extraction process. One is
extracting useful substances from one phase to another and the
second is separating the mixture into two phases

Here we are considering, Okubo! et al’s work, the reaction

between Water and Dodecane in a T micro-channel:

The Y-shaped micro channel used is fabricated from glass. The
micro channel was 400 micro m wide, 90 micro m deep and
33mmlong. Dodecane (Wako Pure Chemical Industries) with
(Wako Pure Chemical

Extraction experiments were

concentration  1000ppm  phenol
Industries) was prepared.
performed by feeding distilled water and 1000ppm phenol/
dodecane into the micro channel at the same flow rate. The
concentration of phenol in water phase, Cw was measured by
using UV- vis spectrometer (Multispec 1500, Shimadzu).
Phenol has its typical peek at 270nm in water. The
concentration of phenol was determined by the calibration curve
method. Under the condition of above mentioned, the total flow
rate was changed. The retention time was approximately from

0.1tols [

3. MATHEMATICAL MODEL
EXTRACTION OF PHENOL

FOR

Convection Diffusion Equation: As far as our case (extraction)
is considered we have diffusion in both the directions but
convection only in the flow direction. In the case of extraction
the equation is simplified by the fact that there is no reaction
taking place. Therefore the unsteady state convection diffusion

equation reduces to
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Cross stream boundary conditions:

atx = X
Cw - PCu
oCw 0Cu
Dw oy - D By
d
Streamwise  boundary conditions:-(Danckwertz  boundary
conditions)

(3).
X ).,
oC
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Further the transverse diffusion term (second term) may be
replaced by a pseudo mass transfer coefficient which accounts
for net mass transfer between the phases .Resulting in a 1D
models given below:

0°Cu oC.

Dw axz - UWW+ I(m(PCd - Cw) = 0
0°C. oC,

DdW-UuW— Km(Cd—CW / P) = O

Where,

PC4=C,, is the equlibrium relation

3.1 Extraction Ratio

Extraction ratio is an important measure of the

efficiency of the extraction process.

Extraction ratio =

Concentration of solute transfered to solvent form carrier

Concnetration of solute initially present in carrier

Extraction ratio is an important parameter for
comparing the experimental and predicted data in the present
study it is calculated at a time when the feed given at the inlet
reaches the outlet. It is clear from the convection diffusion
equation that the convection diffusion equation depends upon

the velocity across the cross section. Hence we have to solve for
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the velocity profile (momentum equation) then substitute that

velocity in the convection diffusion equation.

3.2 Adjacent flow of two immiscible

fluids and its model

Consider two immiscible, incompressible fluids
flowing in z direction in a horizontal thin slit of length L and

width W under the influence of a horizontal pressure gradient.

The fluid flow rates are adjusted so that the slit is half
filled with fluid1 (the more dense phase) and half filled with
fluid2 (the less dense phase). [*%

n
(Po- PLJ u +3H
Ta® T [
Velocity Distribution 2L .
R N

Less dense, W
less viscous
HH fluid b Plane of Zero shear stress
x — /ﬁ\
T
: 1 oo
| Mare dense, x_1 H-H
[ More viscous b2 I I
fluid wer
b )
(Po-Py SH‘* i J Shear Stress or
Tn= T | Momentum- flux
potp distribution
[15]

Fig 1: Adjacent flow of two immiscible fluids

A differential momentum balance leads to the following

differential equation: dt., _ _Po=P
dx L

This equation is obtained for both phasel and phase2. On

integration, the equation becomes:

Boundary conditions

At X:0; TX21=TXZ "

1 O
Therefore C1 = C1

Substituting Newton’s law of viscosity, we get
1

14V, _(Po-P
-p—<= x+C
P T L i

dv P, —P.
- —= x+C
udx[L T
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On integrating, we get
Vv, =— Po =Py 1y Six+Cl2
2u'L V)
V‘z _ po P &X+C2
2n L 1)

The 3 integration constants can be determined from the
following boundary conditions:

_n - 1 0
1At x=0 ; Vi=v,
2. At x=-b; 21 =0
3. At x=+b: j =0

On applying these boundary conditions, we get

1. ¢ =c
2. 0=- b2+C11b+C1
ZML i)

3 0=- b? -1,
ZHL n

Therefore,

_ 1
Cl:_(poszij[ﬁl j

Po =P )2 21 \
i [:ZMH-] (u1+u J ’

[15].

The resulting velocity profile is given by

g _[PoP ol (20 ), (e )X (XY

“ o 2u'L TRERT) p+p b b
_ 0 1_ 0

sz[p;pijz[ 2 )X+[“1 u}
pL B+ HoHp

4. RESULTS

4.1 Pseudo mass transfer coefficient model for
Extraction of Phenol:

Using the pseudo mass transfer approach extraction
ratio vs velocity flow for different k;, are plotted. On reducing
the k., values, it is found that the experimental data matches
with the calculated data at k,,=0.001.
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Fig 2: Predicted Vs experimental extraction ratio for
different Km

4.2 Plug velocity profile

Assuming that both the fluids have same velocity ug =
uy = 0.0003, extraction ratio is found out by calculating the
concentration at different grid points.

Fig 3 Concentration grids

The liquid is flowing from 0 to 10 in x direction. Upper (red)
portion represents the dodecane concentration and the lower part
gives the concentration of water. Sudden jump in the dodecane
concentration shows the discontinuity arises in that area. Let the
number of grids taken in x direction be 10 and that in y direction
be 11.

Table 1: Concentration distribution for pseudo mass
transfer approach:

0.9995
0.9990
0.9860
0.9822
0.8%46
0.0118
0.0004
0.0000
0.0000
0.0000
0.0000

0.9875
0.9845
0.9791
0.9189
0.6992
0.0092
0.0017
0.0002
0.0000
0.0000
0.0000

0.9921
0.9848
0.9520
0.8400
0.57¢7
0.0076
0.0024
0.0005
0.0001
0.0000
0.0000

0.9825
0.9700
0.9193
0.7861
0.4932
0.0065
0.0028
0.0008
0.0002
0.0000
0.0000

0.9686
0.9508
0.8842
0.701
0.4378
0.0087
0.0030
0.o011
0.0003
0.0001
0.0000

0.9508
0.9283
0.8480
0.e817
0.3933
0.0032
0.0031
0.0013
0.0004
0.0001
0.0000

0.9300
0.5035
0.8146
0.6400
0.3825
0.0047
0.0031
0.0014
0.0005
0.0001
0.0001

0.9085
0.87M
0.7815
0.6037
0.3383
0.0034
0.0031
0.0015
0.0008
0.0002
0.0001

0.8621
0.8508
0.7507
0.5724
0.3180
0.0041
0.0030
0.0018
0.0007
0.0002
0.0001

0.8481
0.81&0
0.7138
0.5378
0.2929
0.0038
0.0029
0.0017
0.0008
0.0004
0.0003
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Calculated extraction ratio=.28

Experimental extraction ratio=.118

4.3 Results for two dimensional mass
transfer approach

Velocity profile obtained by solving the momentum equation is
inserted into the convection mass transfer equation to obtain the
new concentration distribution.

Fig 4: Concentration distribution for 2-D mass

transfer approach.

Here the liquid is flowing from 0 to 10 in x direction. Upper
(red) portion represents the dodecane concentration and the
lower part gives the concentration of water in the figure 4.

The number of grids taken in x direction is 10 and that in y
direction is 11.

0.1975  0.1746  0.1431  0.113¢  0.08%¢ 0.0705 0.0567 0.0472  0.0418  0.03%%
0.220¢  0.1780  0.1419  0.1411 0.0866  0.0680  0.0345  0.0433  0.03%%  0.0381
0.2378  0.1771  0.1319  0.1005 0.0768  0.059&  0.0474  0.0391  0.0343  0.0327
0.2258  0.1538  0.1083  0.0787  O.0%8&  0.0448  0.0352  0.0289  0.0232  0.0240
0.1¢28  0.096%  0.0834  0.0442  0.0327 0.0243 0.0190 0.0185  0.0135  0.01Z8
0.0021  0.0013  0.0008  0.0006  O.0004 0.OOO3  0.0002  0.0002  0.0002  O0.0002
0.0011  0.00i0 0.0008  0.0006 0.0005 0.0004 0.0003 0.0003  0.0003  0.0003
0.0007  0.000B  0.0007  0.0006  D0.0005 0.00OS  O0.0004 0.0004  0.0003  O0.0003
0.0006  0.0007 0.0006  0.0006 0.0005 0.0005 0.0004 0.0004 0.0004  0.0004
0.000¢  0.0006  0.0006  0.0006 D0.0005 0.0OOS O0.0004 0.0004  0.0004  0.0004
0.0006  0.0006  0.0006  0.0006 0.0005 0.0005 0.0004 0.0004 0.0004  0.0004

Table 2: Concentration distribution for 2-D mass

transfer approach

Extraction ratio calculated=0.136;

Extraction ratio experimental=0.118;

Therefore, the calculated value for two dimensional mass
transfer approaches shows more matching than that of pseudo
mass transfer approach with the experimental data. Hence better
accuracy is expected with the incorporation of velocity profile
into the convection diffusion equation.
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4.4 Comparison of data:

Table 3: Comparison of predictions with experimental

Two
Pseudo Mass Dimensional
Velocity Experimental Transfer Unsteady
Model diffusion
model
0.00028 0.118 0.1534 0.136
0.0004 0.0668 0.0848 0.082
0.00045 0.0795 0.077 0.078
0.00057 0.0445 0.0622 0.0604
0.000818 0.0541 0.0502 0.0532
0.00123 0.035 0.0382 0.0343
Comparison of extraction ratio experimental and predicted
0.16
L]
0.14
L]
. 012 - & experimental
'E @ pseudo mass transfer
5 01 & twodi diffusion
.E
5 0.08 '
0.06 ¥
!
[
0.04
H
0.02
2 4 6 8 10 12 13
Flow Velocity (m/s) x107%

Fig 5: Comparison of the experimental data with model

predictions.

5. CONCLUSION

The work done here concludes that, (1) Assumption of a plug
velocity profile is insufficient and leads to large variation form
experimental values. (2) Model involving the Pseudo mass
transfer coefficient is simpler and demands less computational
power. (3) Variation in predictions of both the models with flow
velocities follow similar pattern. However, the predictions of the
two dimensional diffusion model are closer to the experimental

data but, at the expense of a higher computational requirement.
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