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EFFECT OF FREE AND FORCED CONVECTIONS ON MASS
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The combined effect of free and forced convections on mass transfer between two liquids was studied
experimentally and theoretically.

In the experiments, steady-state dissolution rates into flowing water of an aniline or furfural drop which was
sandwiched between a capillary and a rod and had a nearly cylindrical surface were measured, and the continuous-
phase mass transfer coefficients were obtained. During an experimental run, the amount of the drop phase dissolved
into water was supplied continuously through the capillary and the drop volume was kept constant.

It was observed that the Sk values depend on the flow direction of water in the range of 5 <Re <100 and that in
the case of upward flow, S/ takes the minimum at some Re number.

Numerical simulations of the phenomena were tried, using the finite element method, and the experimental

results are explained qualitatively.

Introduction

Knowledge of the mechanism of mass and momen-
tum transfer between two liquids is the basis for
design of liquid-liquid extraction apparatus.

However, as the hydrodynamics around a two-
liquid interface is complicated, especially in the low
Reynolds number region where both free and forced
convections are important, the exact mechanism of
mass transfer has been unknown both experimentally
and theoretically.

Pearson and Dickson® and one of the authors®>*
studied continuous-phase mass transfer from an or-
ganic drop on a nozzle tip to flowing water and found
that free convection either reinforces or retards the
mass transfer rates. But possibly their experimental
conditions of flow around the drop were not steady-
state in the strict sense, because they measured the
mass transfer rates from the volume change of the
drop and it seemed to take considerable time for the

Received December 4, 1984. Correspondence concerning this article should be
addressed to M. Hozawa. T. Kondo is now with Chiyoda Chem. Eng. & Construction
Co., Ltd.
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flow around the drop to reach steady state.

The first aim of this work is to confirm their
experimental findings with an improved experimental
technique that provides steady-state measurement.

The second aim is to analyze theoretically the
combined effect of free and forced convections in
liquid-liquid systems.

The analysis presents two difficulties: (1) The
properties of the two liquids affect the flow, and (2)
the interface is mobile and is subject to deformation
by gravitational force and interfacial tension.

The authors® applied the finite element method to
the analysis of motion and deformation of moving
bubbles and drops. The same numerical technique
was used in this work, though there is an additional
problem of coupling of flow and concentration fields.

1. Experimental

Figure 1 shows the experimental apparatus, which
consists of an annular column of 8 mm i.d., 24.6 mm
o.d. and 120 mm height.

An organic drop which is partly soluble in water,
aniline or furfural was sandwiched between a glass or
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Table 1. Physical properties of the liquids at 298 K

p [kg/m’] p; [kg/m’] u [Pa-s] ¥ [Pa-s] D [m?fs] C* [mol/m?] o** [mN/m]
Aniline 0.102 x 10% 0.999 x 10° 0.381x 1072 0.960 x 1073 0.108 x 1078 0.393 x 10° 4.80
Furfural 0.115x 10* 0.101 x 10* 0.151x 1072 0.107x 1072 0.112x 1078 0.781 x 10° 5.13
Water 0.997 x 10° — 0.890 % 1073 — — — —

* Calculated values by Sitaraman’s equation.®)
*#) Values at 293 K.

Const. temp. tank (25°C)
Reservoir

Pump

Const.head tank
Needle valve

Laser

Photo transistor
Relay

Micro feeder

10| Spectrophotometer
11| Glass rod

12| Liquid drop

13| Capillary

14| Glass column

15 | Glass beads

16 | Flow meter

O (@[NP Wwr| =

Fig. 1. Experimental apparatus.

Teflon capillary*! (8 mm o.d. and 1 mm i.d.) on the
upper side and a glass rod (8 mm o.d.) on the lower
side. The organic phase was first saturated with water.
Distilled water was made to flow through the annular
section both upward and downward and the rates of
dissolution of the organic liquid were investigated.

The amount of organic phase dissolved into water
was supplied through the capillary @ from the mi-
crofeeder (9, using a control system with the He-Ne
laser ®and a phototransistor (7) that can detect the
position of the interface. Therefore, the drop volume
was kept constant during each experimental run.
Thus measurements at steady state were made
possible.

Mass transfer rates were evaluated by measuring
the concentration of the aqueous solution at the
column outlet with a spectrophotometer.

The continuous-phase mass transfer coefficient k.
was calculated by Eq. (1).

ke=CuQ/ACY M

The interfacial area 4 was obtained from a numeri-
cal integration of a photograph of the drop profile.
All experiments were carried out at 298 K. Table 1

*1 Taking account of the wettability of the nozzle surface by
the organic liquid, glass and Teflon capillaries were used respec-
tively for aniline and furfural.
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FONGET )

Fig. 2. Cylindrical coordinates.

shows the physical properties of the liquids used.
2. Theory

Figure 2 shows the cylindrical coordinates used for
the numerical analysis.

The steady-state equations of motion for the con-
tinuous and the dispersed phases are given by Egs. (2)
and (3).

=V peveve—Vpe—V'itetpg=0 (2
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~V e ppopop—Vpp—V i tp+ppg=0  (3)

where suffixes C and D mean continuous and dis-
persed phases respectively.

The continuity equations are described as follows.

Vivi=0 “

Vivp=0 5

The diffusion equation in the continuous phase is

expressed by Eq. (6).

v,V C'=DV*C 6)

Physical properties are assumed to be constant and

are evaluated at C'=0, the only exception being for

the density dependence on concentration to allow
for the effect of buoyancy.

Pc=Pco+C'(0pc/0C") Q)]

Equation (7) is applied only to the gravitational
term in Eq. (2).
The boundary conditions are expressed as follows.

"At inflow plane (z'=0):

nve=f'(r") (8a)
tv.=0 (8b)
C'=0 (8¢)
At outflow plane (z'=z;):
nti=0 (8d)
0C’[0z'=0 (8e)
At inside and outside walls (r'=r{, r'=r5):
nv.=nvp=0 (8f)
t-ve=tv,=0 (8g)
oC’[or'=0 (8h)
At liquid-liquid interface:
nvi=nvp=0 (81)
toc=tvp (&)
Toint=1tp:nt (8k)
pp+rpmn=pi+tiinn+2Hc (81)
C'=C* (8m)

where r is the outward-pointing normal and ¢ is the
tangential unit vector at the boundary.

The shape of the drop was determined by Eq. (81).
As the experiments were carried out in the low Re
number region, the dynamic terms (5, : nn and t/ : nn)
in Eq. (81) were neglected.

To solve the above problem, the Galerkin finite
element method (F.E.M.)>"® was used.

The finite element formulations in a dimensionless
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Fig. 3. Shys. Re in aniline-water system.

expression are described in Appendix 1.

3. Results and Discussion

3.1 Experimental results

Figure 3 shows the experimental relations between
the Sherwood number and the Reynolds number for
the aniline-water system, where the drop height is
6 mm.

The three dotted lines in Fig. 3 indicate the theoreti-
cal predictions for Gr=0, which were obtained by a
simple numerical technique (see Appendix 2).

As the density of aqueous solution of aniline and
furfural increases with increasing concentration, free
convection occurs. The direction of the free con-
vection is opposite to that of the forced convection
when water flows upward (upward flow), while it is
identical in the case of downward flow.

From Fig. 3, the following points are revealed: (1)
In the high Re region, Re> 50, experimental Sh values
in either upward or downward flow approach those
given by the theory of viscous fluid surface, where
forced convection is dominant. (2) In the intermediate
Re region, 5< Re<50, Sh values depend on the flow
direction of the continuous phase. In the case of
upward flow, Sk value takes the minimum at Re=10,
differently from the case of downward flow. (3) In the
low Re region, Re< S5, the experimental SA values of
both cases agree again and approach a constant value
which depends on Gr number, where free convection
is dominant.

In the case of downward flow, it is expected that the
experimental S values would be larger than the
theoretical values for a viscous fluid surface. But
apparently the experimental S/ values rather agree
with the theory of no-slip surface even in the high Re
number region. This fact suggests that circulation
inside the drop was hindered more or less by a trace
amount of impurities, although the liquids were care-
fully handled so as not to be contaminated.

In Fig. 4, the data for the aniline-water system
(Gr=1579) are compared to those of the furfural-
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Fig. 5. Discretization of calculation domain for finite ele-
ment method.

water system (Gr=10263). The drop heights are 4 mm
in both systems. It is apparent that the Re value at
which S% takes the minimum increases with increasing
Gr value.

In conclusion, the experimental results can be
explained by the interaction between free and forced
convections, and they agree with the findings of
Peason and Dickson® and one of the authors.>®
3.2 Theoretical results

To the authors’ regret, the exact simulation of the
experimental systems was very difficult, because the
Sc number and the Gr number are too large for us to
obtain reasonable numerical results; that is, the re-
quired memory and computation time exceeded the
capacity of the computer. Therefore, calculations for
hypothetical conditions of Sc=1, 10 and Gr=100-
500 were carried out. The other parameters were kept
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identical to the experimental conditions.

The accuracy of the calculations was checked by
comparing the Sh value obtained from integration of
the concentration gradient at the two-liquid interface
with that from the average concentration of the
continuous phase at the outlet.

For the numerical analyses, the calculation domain
was discretized as shown in Fig. 5. The grid has 318
elements, 1045 nodes and 3511 freedoms.

Figures 6 and 7 show the calculated velocity vectors
and concentration distribution for Re=3.5 and
Re =10 respectively. The parameters are based on the
properties of the aniline-water system except Sc and
Gr in Figs. 6-9.

From Fig. 6, it is apparent that a descending flow
due to free convection is prevailing near the interface
and a large circulation arises in the continuous phase.
The concentration boundary layer is thick for
Re=3.5, as shown in Fig. 6(b).

In the case of Re=10, as shown in Fig. 7, circu-
lation in the continuous phase vanishes, since forced
convection becomes dominant. Apparently, free con-
vection retards the mass transfer in the case of
upward flow.

Figure 8 shows the effect of interfacial shape on the
flow pattern. Figure 8(a) shows the case for a rela-
tively flat interface and Fig. 8(b) is for a convex
interface. Apparently, from Fig. 8, the circulation
inside the drop is larger for the convex surface than
for the flat one.

Figure 9 shows the calculated Sh—Re relations for
various choices of Gr and Sc¢ where the drop shape is
the same as in Figs. 6 and 7. Apparently, dependen-
cies of Sk on Re and Gr similar to the experimental
results in Figs. 3 and 4 are observed when Sc=10. At
Sc=1, the minimum point in ShA—Re relation in the
case of upward flow disappears.

Figure 10 shows the calculated velocity vectors and
concentration distribution in the case of upward flow
for Re=10. The calculations are based on the proper-
ties of the furfural-water system, in which the shape
of the surface is relatively complicated.

It is seen that the finite element method is suitable
for simulations of mass and momentum transfer
through a two-liquid surface which is mobile and is
subject to deformation. It must be noted, however,
that the exact simulation of the coupling problem of
mass and momentum is difficult for such systems with
high Sc¢ and Gr as in this experimental case.

Conclusion

The combined effect of free and forced convections
on mass transfer between two liquids were investi-
gated experimentally and theoretically, and the fol-
lowing conclusions are obtained.

(1) When the effect of free convection exists, the
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Fig. 7. Velocity vectors and concentration distribution for upward flow.
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Fig. 10. Velocity vectors and concentration distribution for upward flow.

flow patterns and concentration profiles are influ-
enced by the direction of forced convection. In the
case of upward flow, Sk takes the minimum value at
some Re, which increases with increasing Gr.

(2) The finite element method is useful for the
numerical analysis of transport phenomena through a
two-liquid surface, although it was difficult to sim-
ulate exactly the experiments with high Sc¢ and high
Gr.

(3) From the numerical analyses, the geometry of
the interface apparently affects the circulation inside
the drop.
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Appendix 1

In each finite element consisting of an eight-node quadrilateral,
the nondimensional velocity v, pressure p, and concentration C are
approximated as follows.

VOL. 18 NO. 4 1985

o(r, 2)=% ¢'; (A-1)
p(r, 2)=X¥*p, (A-2)
Cr, =Y ¢'C; (A-3)

where quadratic trial function ¢’ is used for » and C, and linear trial
function ¥* is used for p.
Substitution of Egs. (A-1)-(A-3) into the non-dimensional
forms of Eqgs. (2)—(8) gives the following algebraic equations.
The equations of motion:

j (V§i - T+ d've- Voo + ¢iGrO)dV — J P ndS=0  (A-4)
14 S

J (V' TD+(pD/pC)¢"vD’VvD}dV—J ¢'Ty-ndS=0 (A-5)
v s

where Te= —pcd+(Voc+Vo)), Tp=—ppl+(up/uc)(Vop,+Vol)
and S means the boundary surface of the domain V.

The continuity equations:

J XV 0)dV =0 (A-6)
v

J YV -vp)dV =0 (A-7)
14
The diffusion equation:

J {(1/Sc)V¢i~VC+¢ivc~'VC}dV—(1/Sc)J¢‘VC-ndS=0 (A-8)
v S

323



The dimensionless boundary conditions are expressed as follows.
At inflow plane:

n-ve=f(r) (A-9)

t-vc=0 (A-10)

Cc=0 (A-1D)
At outflow plane:

T n=0 (A-12)

0C/0z=0 (A-13)

At inside and outside walls:

n-ve=nv,=0 (A-14)
tve=tv,=0 (A-15)
0CJor=0 (A-16)

At liquid-liquid interface:

nve=nv,=0 (A-17)
tve=tvp, (A-18)
teimt=(up/pc)tp: nt (A-19)

CaTp:nn+ Boy(z—2z4p)—Pop
=CaTc:nn+Bocz—2H (A-20)
C=1 (A-21)

where f(r) is assumed to be expressed by the following laminar flow
pattern.

Sy =12Re[{1+n* —(1—n*)/In (1/n)}]
x [ = +{(1—n*)/ln (1/n)} In7] (A-22)

The flow and the concentration field are determined by solving
Egs. (A-4)-(A-8) with the boundary conditions, Egs. (A-9)-(A-21).
For the diffusion equation of Eq. (A-8), the upwind finite element
method developed by Heinrich et al'’ was used to preclude
spurious oscillation of the convection-diffusion problem. The set of
nonlinear coupled algebraic equations, Egs. (A-4)-(A-8), was
solved by an iterative Newton-Raphson scheme. To solve the
matrix equations, the frontal method developed by Hood? was
used.

Appendix 2

When there is no coupling between mass and momentum, Sh can
be calculated by use of a simple finite difference scheme under the
following assumptions,

1) The shape of the surface is exactly cylindrical.

2) Diffusion in the axial direction is negligible in comparison
with that in the radial direction.

The diffusion equation in a dimensionless form is expressed as
follows.

(0C/0z)=(1/Sc){o(rdC]ar)|dr-¥)} (A-23)
The boundary conditions are
C=0 at z=z (A-24)
C=1 at r=1 (A-25)
dCldr=0 at r=r, (A-26)

where r, is the position of the concentration boundary layer outside
which C can be set to be 0.

The calculation domain can be restricted in the range of
7, <z<z,, and 1 <r<r,.

v is independent of C and is expressed as follows.

For no slip surface,
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v=/(r) (A-27)
For free slip surface,
v=[2Re/{1=3n*+4y* In (1/m/(1—1")}]
x{1—1r?+2n* In (nr)} (A-28)
For viscous fluid surface,
v=B[l—n’r*+(—v/B+1-1%)
x In (nr)/In(1/m)] (A-29)
B=[Reln (1/n)/{=0.5+1*In(1/m/(1—r")} +v)/
1=+ =n*)In(l/n)/
{1420 In(1/n)/(1 —n)}] (A-30)

where v, is the average velocity of v at the two-liquid interface and
was obtained by solving Egs. (A-4)—(A-7) using the finite element
method for the drop with cylindrical shape.

Equation (A-23) was solved numerically, using a finite difference
method.

Nomenclature
A = area of liquid-liquid interface [m?]
B = parameter defined by Eq. (A-30) [—]
Bo = Bond number (= pgr?/s) [—]
ot = concentration [mol-m™3]
c* = equilibrium concentration [mol-m™3]
Cou = solute concentration at outlet [mol-m™?]
< = Cjc* [
Ca = Capillary number (= pcvi/r{o) [—]
D¢ = diffusion coefficient [m?-s7']
1’ = velocity distribution function [m-s™1]
f = fripve []
Gr = Grashof number (=r3g4p/pcvE) [—1]
g = gravitational acceleration [m-s™ 2
H’ = curvature of interface [m™1]
H = H'rj [
1 = unit tensor [—]
ke = continuous-phase mass transfer coefficient
[m-s™"]
n = outward-pointing normal at boundary surface [—]
P’ = pressure [Pa]
26 = pressure at reference position [Pa]
Pe = (Pé—chZ/)/PcV% ]
Pp = (Pp—Pio— P09z )PV E ]
Q = volume flow rate [m3-s71]
Re = Reynolds number (=r{vg/v¢) [—]
r’ = radial distance in cylindrical coordinates [m]
ri ks = inner and outer radius of annular tube [m]
r = rjry -l
I = position of concentration boundary layer [—]
Sc = Schmidt number (=v/D¢) [—]
Sh = Sherwood number (=kcr{/Dc) ]
T = *pCI+(VvC+VvZ) [—]
T, = —ppl+{up/uc)(Vop+Vo]) [—]
t = tangential unit vector at boundary surface -]
u’ = radial component of velocity vector [m-s™!]
Vv’ = drop volume [m?]
14 = V’/27rr1’3 [—]
v’ = axial component of velocity vector [m-s™1]
v = velocity vector [m-s™!]
v = average velocity of continuous phase [m-s™']
v, 9, 0 = v'r{fve, v'r{/ve, v§rifve [~
z’ = axial component of cylindrical coordinates [m]
z = 2'[r{ 1
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U = Po/bc [l
K = Upllc [—]
1 = ri/r; -l
v = kinematic viscosity [m?-s71
u = viscosity [Pa-s]
P = density [kg-m™3]
4p = pi—pc [kg'm~?]
o = interfacial tension [mMN-m™]
¢ = —uc(Voe+Vul [Pa]
™o = —up(Vop+Voyl [Pa]
g = ©'r{/pcvi 1
oYk = trial function —1
{Subscripts)
C = continuous phase
D = drop phase
i = value of continuous phase saturated with drop
phase
0 = value at C'=0
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AN EXPERIMENTAL STUDY OF MASS TRANSFER RATE
IN THE DISPERSED PHASE FOR SINGLE CHARGED
DROPS IN A DIELECTRIC LIQUID UNDER

A UNIFORM ELECTRIC FIELD
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Mass transfer of iodine from single charged drops of aqueous'iodine solution into a continuous phase of
cyclohexane was measured during the overall process of formation, free fall and coalescence of the drops in a range
of uniform electric field strength up to 2.4 kV/cm. The total amount of iodine transferred was separated into that
during drop formation and that during the subsequent stages. Each mass transfer mechanism during the formation
and the free fall of drops in the electric field was investigated with theoretical and empirical equations in the

literature, which were obtained in the absence of an electric field.

The mechanism of mass transfer during the formation of the charged drops in the presence of an electric field and
that during free fall of the drops are the same as those obtained in the absence of an electric field. The enhancement
of mass transfer obtained in the electric field is due to the increased effective interfacial area per volume of
dispersed phase and to the increased moving velocity of the drops caused by applying the electric field.

Introduction

In separation processes dealing with liquid drops,
various attempts have been made to enhance their
mass transfer efficiencies. Generally, enhancement
can be obtained by producing a larger interfacial area
for diffusion and a higher degree of turbulence within
and around drops for eddy diffusion. The require-
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ment for making turbulence coupled with a larger
interfacial area is difficult because these features are
incompatible in the sense that small drops do not have
high relative velocities, nor do they exhibit marked
internal circulation patterns. The application of an
electric field as a technique to overcome these
problems has been proposed by Thornton and co-
workers.2 #2122 This technique has the following
advantages. Small charged drops can be produced
easily by using an electrostatic force,” *'” and the
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