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Convection-induced enhancement of mass transfer through an interface
separating two immiscible liquids in a two-layer horizontal annulus
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Two-fluid natural-convection flow in the horizontal cylindrical annulus and its effect on mass
transfer through the liquid-liquid interface of two immiscible fluids are studied numerically. The
liquids are stratified by gravity, with the denser one occupying the lower part of the annulus. The
convective motion is driven by heating of the inner or outer cylindrical boundary. It is shown that
the mass transfer of a passive scdlsay, a protein through the interface can be significantly
enhanced by the convective flow. Varying the radii ratio from 0.1 to 0.5, it is found that the mass
transfer is more intensive in annuli with smaller radii ratio. No significant difference in the mass
transfer rates was found between the heating of either inner or outer cylinder. A possibility of further
mass transfer enhancement using more complicated temperature distribution on the boundaries is
demonstrated. The problem is related to the search for novel bioseparator devi@8f3©
American Institute of Physics[DOI: 10.1063/1.1545081

I. INTRODUCTION cylindrical annulus filled with equal volumes of two immis-
) ) ) cible liquids. The liquid-liquid interface coincides with the
This work: studies the effect of a vortical natural- pqyi;ontal symmetry plane of the annulus; the denser liquid
convection flow on mass transfer through the interface Sepadccupies the lower half. It is assumed that the upper liquid
rating two immiscible liquids. The study is motivated by the contains an admixturéa passive scalar, say, a protewhich
problem of extraction of admixtures with extremely low dif- diffuses into the lower liquid. When c’)ne c’)f the cylindrical

fusion coefficients, e.g., p.rotelns.. The purely dIfquIOnalboundarles is heated, both liquids are necessarily subjected
mass transfer of such admixtures is too slow and has to bg ) . . . .

. . . 10 a convective motion, which supplies the admixture to the
enhanced. A natural way to achieve this goal is recourse to

secondary vortical flows.In such flows secondary vortices interface. We study the enhancement of the mass transfer by

enhance admixture supply to the interface, which results irlihls“cor!vecnon flow for a range of Grashof numbers and
steeper concentration gradients there. The latter leads @il ratios of the annulus.

higher mass fluxes through the interface, even though the COnvective flows in a single-layer horizontal cylindrical
diffusion coefficient remains low. In a recently designeda“”U|US were intensively studied in relation to nuclear reac-
bioseparator/bioreactoraylor—Couette vortical flow is used or design, cooling of electronic equipment, aircraft cabin
to enhance the mass transfer. This enhancement was furthggulation, and thermal storage syste(ase Refs. 6-9 and
studied theoretically and numerically in Ref. 3, where thereferences therejnin particular, an analytical solution was
effect of the Taylor vortices and of the axial through flow on found for the velocity field in the case of low Grashair
the mass transfer rates was investigated. The main disadvaRayleigh numbers in Ref. 6. Later, such flows were studied
tage of the Taylor—Couette apparatus is the contact of rapidigs a model yielding a series of different bifurcatidfis'?
rotating cylindrical boundariege.g., in experimenfsthe ro-  When the Grashof number is increased transitions to
tation rate exceeded 10 rey/with stationary closed ends, chao$®***and to turbulendé*®take place. To the best of our
which leads to instability of the liquid-liquid interface. knowledge, convection in a two-fluid system filling an annu-
Therefore, it is important to distinguish flows where second4us has never been studied. The mass transfer in horizontal
ary vortical cells in a two-fluid system can be generatedcylindrical annuli was studied in relation to the double dif-
without any mechanical motion of the boundaries. Two suctfusion problems and still only in single-fluid casg<® In
flows were already studied in relation to novel bioseparatorsihe present work novel results for two-fluid systems are dis-
bioreactors: stationary d.c. streaming generated itussed. In particular, convective flow patterns and quantita-
emulsion$ and Dean vortices in two-layer systefhs. tive results on convection-enhanced mass transfer through
In the present work, in the same context, we are dealingne |iquid-liquid interface are presented.
with vortices driven by natural convection in a horizontal  gection Il formulates the problem and briefly discusses
the numerical technique used. The results are presented and
3Electronic mail: gelfgat@eng.technion.ac.il discussed in Sec. lll. Conclusions are drawn in Sec. IV.
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length, time, velocity and pressure (tt)—(6) are rendered
dimensionless byR,ter, Rguterpl/ﬂlv #1/Routerp1, and
(1 /Roued®/ p1, respectively. The excess dimensionless
temperature  is T Tnin)/(Tmax— Tmin),  Where  Trin
=min(Tinner Touted s @NA Trnax=MaX(Minners Touted - The €Xx-
cess dimensionless temperature is also denoted.bpn
additional governing parameter describing the problem ge-
g ometry is the radii ratidR; = Ri,ner/ Router- Since we intend to
study changes in the transient mass transfer with the varia-
tion of the radii ratioR;, we choose the length scale as
Router- This allows the gap widtll = Ryt~ Rinner Variation
with the inner radius Ry, keeping the time scale
R2,ep1/m1 unchanged. Note that our choice of the length
scale corresponds to the one of Refs. 10, 12, and 15 and
differs from those used in Refs. 11, 13, 14, and 16-18 where
the length scale wag.
The problem is treated in the polar coordinatedy, in
the domainR<r<R,=1, 0<6<27x. No-slip boundary
conditions are imposed on the cylindrical boundaries

P15 M1y Bl’ Ky

T= Touiet

P2, Mo, B2, K2

Fluid 2

FIG. 1. Sketch of the problem.

Il. FORMULATION OF THE PROBLEM AND r=Rj or Ry, v=0, @)

NUMERICAL TECHNIQUE and continuity of the velocities, temperature, tangent stresses
and heat fluxes is required at the nondeformable liquid-liquid

Consider natural-convection flow in a two-layer horizon-
interface6=0 or

tal cylindrical annulus, in conjunction with mass transfer

through a nondeformable liquid-liquid interface. The system  u,=u,, v,=v,=0, (8)
is shown schematically in Fig. 1. The upper and lower halves

of the cylinder are filled with two immiscible liquids, de- ~ T1= T2, ©)
noted fluid 1 and fluid 2. The inner and the outer cylinders auy u,

are maintained at constant and different temperatirgs, PR (10
and T, ., respectively. It is assumed that the nondeformable

liquid-liquid interface is located at the plade=0, 7, and the aT, aT,

mass transfer is assumed not to affect the flow. Denoting all ~ —5 = 2175 (11)

variables and parameters related to the upper and lower

halves by subscripts 1 and 2, respectively, the flow in eacifhe radial and azimuthal velocity components are denoted

layer is described by the dimensionless Boussinesq equatio®¥ Ux andvy, respectively. The thermal boundary conditions
on the cylindrical boundaries are formulated separately ac-

%+(V1~V)V1= —Vpy+Av,+GITy, (1) f:ording tp the inner or outer cylinder is hotter. For the hotter
gt inner cylinder,

V-v;=0, (2 r=R,, T=1;, r=R,, T=0; (12

Vs V1) 1 v Ko &, (@ and for the hotter outer cylinder

—— 4+ (Vo V)Vo=— —Vpo+ ——Av,+ My,

gt TV VIVem = Vpat ) AVat BaGIT r=R, T=0: r=R,, T=1. (13)
V-v,=0, (4) With the steady-state flow calculated, the mass transfer
JT 1 problem is considered. Here we assume that the time needed
07_t1 + (v V)T1=5rAT1, (5)  toreach the convective steady state is much shorter than the

characteristic diffusion time, so that the mass transfer during
the transient stage is negligible. The mass transfer equations

ap; N1
7+(V1'V)T2=C21p215r 2. (6) are
Herev, is the flow velocity,p, is the pressure, anty is the 9 +(vy- V)C1:iAC1, (14)
temperature K=1,2). Furthermore, po1=p>/p1, o at Sc
=p2lpy, Nar=Nz/N1, Cp=Cpp/Cpy, @ndB1= B, /B, are ac, Dy
the ratios of the densities, dynamic viscosities, thermal con- WHVZ- V)czngcz, (15

ductivities, heat capacities, and thermal expansion coeffi-
cients, respectively, GrgB1| Tinner— Toutel Rgutepfl ,ui isthe  wherecy, k=1,2, are the concentrations of a passive scalar
Grashof number and Prc, ju1/N1=v1/k4 is the Prandtl in the fluid layers 1 and 2),,=D,/D,=0(1) is the diffu-
number;v,; andv,, k; andk, are the kinematic viscosities sion coefficient ratio, and Sev, /D1 is the Schmidt number.
and thermal diffusivities of fluids 1 and 2, respectively. TheThe excess dimensionless concentration ds- €y,in)/(Crax
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—Cpmin), Wherec, and ¢, are the maximal and minimal 0n 100<200 and 15& 300 grids in ther- and ¢-directions,
concentration values at=0, with the upper fluid assumed to respectively, withr=10"% and 10°*. No significant changes
contain a uniformly distributed admixture, which begins towere found. Most of the mass transfer results reported below
diffuse into the lower fluid. Here and hereinafter the excesgefer to the 106200 grid andr=10"3.

dimensionless concentration is also denoted byhe cylin- Following Ref. 21 we define the viscous, averaging and
ders are impenetrable for the admixture, and the concentraliffusion time asTe=p;R%,/n1, Ta=TqPe 3, and Ty
tions and mass fluxes are continuous at the interface. The Roye/D1. respectively. Here ReUR, /D1 is the Peclet
boundary and initial conditions for the mass transfer problemiumber { is a characteristic velocity scalevhich can be

then read estimated as PeScGr at small Grashof numbe(se., the
characteristic velocity proportional to the Grashof number
[=R, or R, a_C:(), (16) and Pe= ScGI? at large Grashof numbers. It is shown below
ar that for Ge>10* the fluid velocity increases proportionally to

Gr*2. Using the time scal®Z,.p1/11, We obtain the fol-

91 _ 9 (177  lowing dimensionless valuesT =1, T,=SGr 28, 14

A TN =Sc at small Grashof numbers, while,=Sc/°Gr 1 at

t=0. ci=1 =0 (19) large Grashof numbers with, and T4 the same as for the
ol e small Grashof numbers. In the calculations reported below

For characterization of the mass transfer we introduce th&c=10% and 1=<Gr<10", so thatT,<10, T4=10° at smalll

0=0 or m, cC;=cC,,

local Sherwood number Grashof numbers (£Gr<100), whereasT,<1 and Ty
=10° at large Grashof numbers (8d0%. The range of
Shix) = E f ., x=rcod6), (19 integration over time for the mass transfer problem was 100,
raol,_q. so that it was always longer than the viscous and the aver-

ging time and shorter than the diffusion time. The physical
eaning of the time scales is the following. The viscous time
T, represents the time scale characterizing transition to the
2 27 (1 steady state convection. The diffusion tifig(>T.) charac-
mf:mf fR.rcz(r,B)drdo. (200 terizes the duration of full mixing of the admixture by pure
VT ' diffusion. When the averaging tim&, is intermediate be-

In the two-layer case the flow problem cannot be solvedweenT, and Ty, as in the case £Gr=100, it yields the
analytically even in the simplest case of low Grashof num-+ime scale of the mass transfer process enhanced by the vor-
bers, and a numerical calculation is called for. The problemsical flow. On the other hand, at the higher values of Gr the
(1)—(12) or (13), and (14)—(18) are solved numerically for time scaleT, becomes as small as the viscous time and does
Gr=10°. The finite volume method is used with the SIMPLE not represent the rate of the mass transfer process.
velocity-pressure decoupling algorithm and semi-implicit
three-level time integration schen{é was used in Refs. 19
and 20 for swirling flows in cylindrical container and in Ref. lll. RESULTS AND DISCUSSION
3 for study of the mass transfer enhancement by Taylor vor-
tices. The code was validated additionally for single-fluid
convection in a horizontal annulus against the analytical re
sults of Ref. 6 and the numerical results of Ref) Bhe

and the mass fraction that has diffused into the lower flui
layer

In the calculations the Grashof number Gr was varied
from 1 to 10 and the radii ratidR; from 0.1 to 0.5. The other
governing parameters were fixed. Since we were mostly in-
; ; : . _terested in the protein solutions studied experimentally in
steady-state fluid flow can be calculated with a dimension- S L
4 Ref. 1, we chose Pr7 and Se=10°, which is characteristic

less time stepr=0.1 for G=<10?, and with 7=0.01 for . ) : . .
10P<Gr=10° (usually, several thousands of time steps areof water and protein solutions. The density and viscosity

necessary to reach a converged solytiéior larger Grashof ratios were taken from the experimentsgg=1.4 andu

numbers the convective flow becomes oscillatory unstable 0.96, respectively. Since the thermophysical properties of

Such instability was observed experimentally and numeri-the two protel.n solutions should be .close, aﬁd .takmg |nt.0
account the differences of the experimental liquids used in

cally in Refs. 12 and 14; its onset can be followed by ap-R _—t h h | t the oth ; i
pearance of multiple flow stat®s® and by transition to o - W€ Chose the values ot the other parameter ratios
close to unity, namelg,;=1.2, 8,,=1.3, andD,;=1.5.

chaost?'* or to three-dimensional flow? all of which are
beyond the scope of the present study. A Flow patterns
To ensure numerical stability of the mass transfer calcu- P
lations at large Schmidt numbers characteristic of proteins The maximal value of the stream function calculated nu-
[Sc~0(10% ], the calculations are performed with a smaller merically for a test case of a single-layer fluid in the annulus
time stepr=10"3. The reported flow and mass transfer cal-was compared to the analytical solution at the Stokes limit
culations are done on the same uniform staggered gridor small values of the Grash¢bér Rayleigh number similar
Jumps in the fluids’ physical properties over the liquid-liquid to that of Ref. 6. The calculations were performed on a uni-
interface were smoothed as in Ref. 3. To ensure mesh- arfdrm grid with 50<100 nodes in the- and z-directions,
time-step independence of the results, the calculations for thespectively. At small Grashof numbers the numerical and
largest value of the Schmidt number=St0® were repeated analytical solutions coincide up to the fourth decimal digit.
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FIG. 2. Streamlinegupper frames; here and hereaft¢rdenotes stream

function) and isothermglower frame$ of the convective flow at Gt 10°. ) .
Inner cylinder heated, outer coole@d) R.=0.1, IgbIE%;x:O.SOO, |¢’|E\§2¢\x FIG. 4. Streamlinegupper frames and isothermglower frame$ of the

convective flow at Ge10°. Outer cylinder heated, inner cooleth) R;

=0.205,(b) R,=0.3, |#|%),=0.402,|#|?,=0.253, and(c) R,=0.5, || ' i

=0.203 ‘ll,‘(z)l:() 17|6W|max [l I [Vl =01, |¢’|Eﬁ;x:o'56lv |¢’|%2:1sz'166' (b) R=0.3, |’»b|(n§)axzo'417v |’»b|(n?ax
P P max T S O =0.219, andc) R, =0.5,|#|?,=0.198,| |1, =0.170.

max

The two solutions begin to diverge at €100, beyond cells are larger when the outer cylinder is hotter, compared
which the influence of the nonlinear terms becomes signifiyith the other case of the hotter inner cylinder. Conversely,
cant. The calculated flow patterns in the two-layer case arghe maximal values of the stream function in the less inten-
plotted in Figs. 2—5; superscripts 1 and 2 refer to the fluids insjye vortical cells are larger when the inner cylinder is hotter,
the upper and lower layers 1 and 2, respectively. The direccompared with the other case of the hotter outer cylirider

tion of the flows is indicated by arrows. Obviously, when the,:igs_ 2 and 4; Figs. 3 and BVhen the convection of heat is
inner cylinder is heatedFigs. 2 and B the fluids ascend not emphasized strongly the intensity of the vorticities is
along it and descend along the outer cylinder. The directio|ose in both casdgf. Figs. 2c) and 4c)]. Larger values of

of the convective cells is reversed when the outer cylinder ig$he stream functions mean stronger mixing by the vortical
heated(Figs. 4 and » Note that in the cases when the inner fiow, Therefore, one can expect the mass transfer through the

cylinder is hotter, the upper fluid is unstably stratifié®.,  |iquid-liquid interface to differ according to which cylinder is
the hotter fluid is below and the lower fluid stably stratified heated.
(i.e., the hotter fluid is aboyeTherefore, the convective mo- The considered values of the Grashof number G

when the outer cylinder is hotter. Then the upper fluid isthe temperature differendd gy Tinnel =1.25 and 12.5 K
stably stratified and the lower one—unstably, which leads tqn the case of Ry=2cm, Rpe=1cm, B;=5

more intensive convective motion in the lower fluid. Note x 105 K~ and v, =102 cn?/s. For example, for G5
also that in the developed nonlinear regime the maximal vals 103 and | T e~ Tinnel = 1.25 K the maximal flow veloci-

ues of the stream functiot in the more intensive vortical ties areu,,,=0.028 cm/s and,=0.035 cm/s for the ra-

(@) (b) © (a) b (©)

FIG. 3. Streamlinegupper frameps and isothermglower frame$ of the FIG. 5. Streamlinegupper frameps and isothermglower frame$ of the

convective flow at Ge10*. Inner cylinder heated, outer cooleth) R convective flow at Ge10*. Inner cylinder heated, outer cooleth) R;
=0.1, |¢|%,=1.705, |4|2,=0.568, (b) R=0.3, |¢|{8,=1.453, |¢|?,  =0.1, |4@,=2.140, |4|},=0.409, (b) R=0.3, |4 =1.818, |4,
=0.848, andc) R;=0.5,|#|{&,=1.082,| 4|, =0.920. =0.617, andc) R,=0.5,|#|?,=1.291,| |1 =0.731.
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FIG. 6. Scaling of the maximal velocity components with'&for R;
=0.5.

t=50 t=50

. . . . FIG. 7. Instantaneous concentration contours at different time moments. The
dial and azimuthal velocity components, respectively. BYcase ofR =0.5, Ge=10*, inner cylinder heated. Forty-five concentration

contrast, for G=5x10* and | Toyer— Tinnel =12.5 K, Umax  contours equally distributed between-0 and c=1. (a) Inner cylinder
=0.18 cm/s an@d,,,=0.13 cm/s. For comparison, in Ref. 3 heatedi(b) outer cylinder heated.

the secondary flow velocity in a two-layer Taylor—Couette . . . ) .
4 y y y §nd Hc)]. Their existence necessitates finer spatial resolu-

apparatus was found to be of the order of 0.6 cm/s under. il | Schmid b A ioned
realistic conditions. tion, especially at large Schmidt numbers. As mentioned,

In novel bioseparators based on the Dean vortices ifnost of the calculations were carried out on the uniform grid

coiled pipes the maximal secondary transverse velocity a%OOX 200, which yields mesh-independent modeling of the
high as 2.8 cm/s can be achievé&dlherefore the secondary mass transfer at Sc10°. The boundary layers themselves
flow in the present variant of a novel bioseparator based Oﬁan_ﬁI]so.be resoIV(;,\d on coa;rshe ' ?Irﬁdsg., 75 10(.))' he di
natural convection is weaker than in the Taylor—Couette and e 'mpOrtaF‘t eature of t e tlow pa!“e.ms Is the direc-
the Dean counterparts. However, its construction is mucfon of fluid motion along the liquid-liquid interface. Note

simpler: it does not contain any moving parts and is based Oﬁ]at this motion is opposite on the two sides at some distance

the simplest geometry of a straight pipe. Also at higher tem- om the interfgce(Figs. 2-5. This is different from the
perature differences, say AT gy Tinnel =50 K, much previously considered cases where the mass transfer through

higher secondary flow velocities of the order of 0.35 cm/sthe interface is enhanced by cocurrent vortical motich,

can be achieved. Therefore. in the cases when the chemicg\us' the theoretical considerations and conclusions of these
nature of the admixture allows higher temperature differ—StUdies are not directly applicable to the present problem.

ences, the present device becomes as fast as the TaonP'—Ote also that the countercurrent flow near the interface in
Couet{e bioseparator the present case could, in principle, make it unstable. How-

For the devices based on secondary dc streaming flowRVer, in the present case gravitational stratification is ex-

arising due to capillary waves at droplet surfaces in emqueCtFe_d to bg ahdomlr;]ant ?rt]ablllzm_g falctorl. it t
sions or at the interface between two liquid layers in a igure 5 shows how theé maximal velocity components

; /2 ——
channel"2 the corresponding velocities are of the order Ofscale with GF2. At small Grashof numbers the velocity in

0.052 and 0.0018 cm/s, respectively. Therefore the preseﬁfeases linearly with Gr in accordance with the analytical

natural-convection-based device can be more effective f0§olutlon, corresponding to the creeping flow case. For the

mass transfer enhancement. However, in the case of drople 3§h°f f‘“m.ber above the 'value Of. apprOX|mateI§/, e
r~'< scaling is clearly see(Fig. 6). This is usual for natural

in emulsion$ a weaker secondary flow can be compensate . ) L
convective flows and validates the above application of ve-

by a significantly larger interfacial area, which can result in a] i lina f uati fth ing tirfie and th
higher overall mass transfer. ocity scaling for evaluation of the averaging tirfig and the
Peclet number.

Narrow thermal boundary layers develop near the cylin-
drical boundaries and the liquid-liquid interface at larger
Grashof numbersFigs. 3 and h They always appear near
the inner cylinder, and at larger aspect ratio become notice- Calculations of the mass transfer were carried out for a
able also near the outer ofe. Figs. 3a) and 3c¢); Figs. 5a) fixed value of the Schmidt number, S40%, and for varying

B. Mass transfer
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FIG. 8. Time histories of the mass fractiam . Inner cylinder is heated. Dotted lines corresponding te- ® and 16 at R;=0.1 were obtained using Eq.
(29).

Grashof number and radii ratio. Instantaneous snapshots tfansfer itself. It is seen that the mass fraction increases
the concentration field are shown in Figsaj7and 1b). The = monotonically with the Grashof number in all the cases de-
maximal and minimal instantaneous values of the concentrgpicted. This means that the mass transfer is intensified by the
tion are shown in each frame. It is seen that in the case of theatural-convection flow, which enhances admixture supply to
heated inner cylinder the mass transfer proceeds at almo#te interface.

the same rate as in the case of the heated outer cylinder. The The radii ratioR; has a visible effect on the mass transfer
same is observed in the time histories of the mass fraotion rate only at relatively low values of the Grashof number, as
calculated in fluid 2, and depicted in Fig. 8 for the heatedFigs. 9 and 10 show. At low Grashof numbers the mass trans-
inner cylinder. For the case of the heated outer cylinder théer is always more intensive in the annuli with smaller radii
dependencies(t) are almost indistinguishable from those ratio R; for R;<0.3 [Fig. 9a)] and R;<0.5 [Fig. 10a)].
plotted in Fig. 8. However, in the case of the heated inneHowever, at larger Gr the effect is opposite. To explain this
cylinder the mass transfer always remains slightly fasterwe need a better insight into the mechanism of mass transfer
Thus, for example, the values of; at Gr=10%, R;=0.1 and  enhancement. The direction of flows in Figs. 2 andr®er
t=100 are 0.476 and 0.470 for the heated inner and heatezylinder heatef shows that the larger concentration in the
outer cylinders, respectively. Such a small difference can bepper half of the annulus is transported along the outer cyl-
attributed to the almost identical physical properties of thender towards the interface, and from the outer to the inner
liquids chosen for the present simulation. The convectivecylinder near the interface itself; the smaller concentration is
vortices at small Grashof numbers are also almost identicatransported in the lower half of the annulus along the inner
in the case of the heated inner cylinder the larger vorticegylinder, and from the inner to the outer cylinder along the
appear in the upper layer, and in that of the outerinterface. This means that the convective flow transports flu-
cylinder—in the lower layer. At larger Grashof numbers theids with smaller and larger admixture concentrations towards
flow patterns differ(Figs. 2—95, but the overall mass transfer the interface, which increases the concentration gradient nor-
rate remains almost the same for the two cases. Such a negral to the interface. This, in turn, yields a higher mass trans-
ligible difference in the mass transfer rates allows one tder rate through the interface. The flow directions along the
choose which cylinder to heat in accordance with technologiinterface show also that a maximum of the normal compo-
cal feasibility and other restrictions not related to the massient of the concentration gradient can be expected at the
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FIG. 9. Time histories of the mass fractiom for different radii ratio;(a)

Gr=100, (b) Gr=10%. Inner cylinder heated. . . )
An additional illustration of the effect of the above-

mentioned competitive mechanisms is seen in Fig. 11 depict-
interface somewhere between the cylindrical boundariedNd the instantaneous profiles of the Sherwood nuntb8r
where the highest and the lowest concentrations “meet. calculated at _G*104 and different radii ratios. The Sher-
This maximum will be larger for more intensive convective W00d number is plotted for the right-hand side of the inter-
flows, which will lead to the mass transfer enhancement wittace only. The mass transfer rate at a fixed time is defined by
the growth of Gr. Another factor affecting the mass transfefthe integralfSh(r)dr taken over the whole interface. With
rate is the total area of the liquid-liquid interface. It is clear the decrease of the radii ratiy the integral is taken over the
that at smaller radii ratio the area is larger. On the other hand@rger interval but local values of St)(are mainly smaller
the temperature gradient driving the flow is roughly esti-(€xcept for the regions of maximal valygsan those corre-
mated as Tmax— Tmin)/(Router™ Rinned - With Royeer fixed and sponding to'the largeR,; . .
Riner decreasingthen the radii raticR,; is also decreasing At two fixed values of timet=25 an 50 the diffused
the temperature gradient decreases and so does the intendi{SS fr?ctlormf scales as Grwith a= for 50<Gr<10°
of the convective flow. Thus, we observe here two competi&nd a~g for Gr> 10" o _
tive mechanisms affecting the mass transfer with the varia- It iS émphasized that as time increases the transient ef-
tion of the radii ratio: with the decrease 0f Ry Rinmer ~ [€CtS disappear and the mass transfer approaches a quasi-
the interfacial area increases tending to increase the magkationary state when
transfer rate; however, the intensity of the convective motion
decreases causing the opposite effect. At the parameters con- —k<(v- V)cy (21
sidered, the competition of these two mechanisms leads to
the following cumulative effects: at lower Gr small radii ra- near the interface(The overbars denote averaging over a
tios (R;=0.1 for the inner and outer cylinders heatede  slice with thicknessArxXrA#~dx0.2d near the interface
preferable for mass transfer enhancement, while at larger Gwhich is its centerling. To verify the approach to quasi-
larger radii ratios R;=0.5 for the inner and outer cylinders steadiness of the mass transfer in the present case we moni-
heated provide a slightly faster mass transfer rékggs. 9  tored the ratiog(t) of the averaged time derivative to the
and 10. averaged convective derivative
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FIG. 11. Instantaneous distributions of the local Sherwood number at the liquid-liquid interfac&0%Gouter cylinder heateda) —t=25; (b) —t=50; and
(c) comparison of the calculated instantaneous local Sherwood numbers with the one calculated u&8y fBgR;=0.1, Gr=100; (d) same agc) for
Gr=10°.

(8)]. However, for the parameter values usgdappear to be
qt) = ——. (220  rather close to zero. Therefore, to construct the boundary

(v-V)cy layer solutionu, were approximately taken to be zero at the
interface. Note also thaf; andX, have the same origin and
X1=—X,+d. The concentration distributions in the bound-
ary layers are given by

The result is plotted in Fig. 12. In the case of the inner
cylinder heated it is seen that quasi-steadinessrespond-
ing to, say,q<0.02) is already reached for 61.0° and 16

(Ri=0.1) at any time from the rangest<100. On the g 1d P 2
: . : k Yk Ck J°Cy
other hand, approach to quasi-steadiness in the case of the vy, (X, )Yy=o — = = Y- =Dy——7, (23
outer cylinder heated is much slower. In this case, for ex- IX 2. dXc IV IV
ample, for G=10* and R;=0.1 the quasi-stationary state
cannot be reached & 100. Y1—®, €1=Ciu, (24)
At the quasi-stationary state an additional insight into the
mass transfer in the case of countercurrent flow can be fa- Y2—%, C2=Cp, (25
cilitated by the fact that for Se10° very narrow concentra-
tion boundary layers develop near the interface in both flu- Y1=Y>=0, c1=c¢5, (269
ids. The velocity components along the interface and normal
to it in both fluids can then be represented ag Y= Y,=0, dCy JC;y (26b)

= (X Yk and vy=—(dy /dX)YZ2. Here %>0 (K D15y =Py
=1,2) denote the shear rates in the fluids, and the coordinate

systemsX,, Y, are associated with the interface, wi¥y ~ The solution of problem(23)—(26), generalizing the one
directed along it an¢Y, normally and into the corresponding found previously for a single-layer case in Ref. 24, permits
liquid layer. It is emphasized that in the numerical calcula-the calculation of the concentration profiles=F;(Z;) de-

tions u, are nonzero at the interface in the general daée pending in the present case on a single variable
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0.03 SC1/3

: Shn(Xz) = salT(g)[”(XZ)]m

D\ 23( [x 13
D—;) [ foz[w(g)]mdg]

i Gr=10,000 %

_{ v2(X3) r’z
] y1(=X+1-Ry)

~Xot+1-R; 1/3]1-1
fo [7’1(5)]1/2d§] } (29

! wherel'(-) denotes the gamma-function and the shear rates
1 T-ad are dimensionless, the shear rates are rendered dimensionless
1] B e e SO by 41/(R2,1ep1), andX, andé- by Royer.
! e T Fr—— | The distributions of the local Sherwood number based
on the values ofy,(x) and y,(x) found numerically are
(@) t compared with the numerically obtained instantaneous Sher-
03 wood numbers in Figs. 1&) and 11d) for the heated inner

4 cylinder. It is seen that Ed28) yields the profiles which are
fairly close to the numerical ones &&t,, with t,,=25 for
— — — = Gr=1000 Gr=100 and witht,,=5 for Gr=10° (in both casesR;
Gr=10,000 =0.1). The comparison of the Sherwood numbers calculated
numerically and defined by Ed28) for the heated outer
cylinder yields similar results.

According to Fig. 12a) for the heated inner cylinder the
E; above-mentioned time intervals<t,, already correspond to
I g<<1, which means that the transient effects in the interfacial
I mass transfer mechanism are already expected to be rela-
tively small. Therefore we can conclude that the boundary
1 . layer approximation considered above yields plausible re-
1 - sults. At much higher values ofthe mixing effects through-
-~ _ out the flow region become significant and the boundary con-
J ] T - ditions (24) and (25) are violated, which makes Eq298)

q(t)

X

e . w w . L w w invalid irrespective of the fact that the transient effects have
®) f disappeared. Bulk mixing is stronger at higher values of Gr,
which is the reason of the lower valuestgf at higher Gr.
FIG. 12. Time history of the quantity(t) showing the ratio of the averaged The distribution of SR found from(28) using the values

concentration time derivative to the averaged concentration convective de- _ _
rivative in the slice~dx0.2d containing the liquid-liquid interface. Case eOf 7/1()() and 72()() calculated at tm can be used to ap

R;=0.1.(a) Inner cylinder heated) outer cylinder heated. proximate the relsm_ts for the mass fraction at t close
enough tat,,. This yields

2 1-R
m;=m¢ n+ @(t_tm) JO Shn(X2)dX,, (29

Y12 . .
i= (6] (27)  wherem; and its valu.e at=t,,, m;,,, found numerically
Uo'ly are rendered dimensionless B ,.p3D1/u,. The results
corresponding to Eq(29) are shown in Fig. 8 by straight
solid lines.

The solution we are searching for is subject to the fol-c, Search for optimal heating conditions
lowing conditions: near the outer cylinder 4{=0 for any

. : . In the previous subsections cylindrical boundaries of the
Y, the concentratiolc; =c;.,, whereas near the inner cylin-

der atX.—0 f Y. th tratioft. = In th annulus are maintained at constant temperatures. In prin-
er alR;=0 lor any ¥, the concentralio; = Cz.... In the ciple, it is possible to search for more complicated thermal
present case of the counterflow near the interf@eFigs.  5ndary conditions, which can provide a more intensive

2-5) the “upstream” end of the boundary layer in one phaseconyective flow and, consequently, a larger mass transfer

is the “downstream” end of the other. rate. The corresponding optimization problem is extremely
The local Sherwood number, $8 h,Roye/D; (hy be-  complicated and is far beyond the scope of the present study.
ing the mass transfer coefficigns then found as In the following we illustrate a possibility to intensify the
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mass transfer by alteration of the boundary conditions by the .
following example. We assume that the lower half of the //’ e
outer cylinder and the upper half of the inner cylinder are !

heated, while the remaining parts of the boundaries are ©17/7
cooled. This heating creates an unstable density stratificatiol
(heating from belowin each liquid, and at the same time ol —
retains the same temperature difference in the horizontal di(b) » 5
rection. Given the fact that the cylinders are typically made

of materials with rather large thermal conductivigig., met- FIG. 14: Time h_istories of the mass fractiom for unstably stratified and
al9), practical feasibility of these nonuniform temperatureneated inner cylinder case,=0.5. (a) Gr=10" (b) Gr=10".
distributions over the boundaries is rather problematic. Nev-

ertheless, it is worth examining this case as a minimum, as a _ _ _

theoretical opportunity. Therefore the objective of the f0|_13) are always more intensive than their counterparts devel-

lowing is to demonstrate that alteration of the thermal bound®PiNg when one of the cylinders is uniformly heated.
ary conditions allows an additional mass transfer enhance- The enhancement of the mass transfer due to the unsta-

bly stratified configuration as compared to the case of the

mass fraction
o e
N w
\
N
S
N
N
N

0 s 100
t

ment. ) : o A ;
The boundary conditioné2) and(13) are now replaced heated inner cylinder is _|IIustrated in F|g. ;4. The' dlﬁgrence
by between the two cases is the largest within the time interval
25<t<50 and diminishes d@t>50. The largest difference in
r=Ry, Osf6s=m T=1, (300 the mass fraction diffused into fluid 2 is about 20%.

D LT In the present case at two fixed values of tirwe25 and
r=R, ms<g<2m T=0, @D 50 the diffused mass fractian; scales as Grwith a= 3 for
r=R,, 0<é6<m T=0, (32 50<Gr<10® and a~ 5 for Gr>10".
r=R,, w<0<2w: T=1 (33

i } IV. NCLUSION
In the following we refer to the problem defined ty—(11), CONCLUSIONS

(14)—(18), and (30)—(33) as the unstably stratified configu- In the present work we propose to use secondary natural
ration. convective flows in novel bioseparators for protein extrac-
The convective flows calculated for the unstably strati-tion. A detailed fluid mechanical analysis in the present work
fied configuration at G 10* are depicted in Fig. 13. Com- demonstrates that the idea is feasible, and that such a device
parison of convective flows at Gr10* (cf. Figs. 13, 3and)s  could be competitive with the other novel bioseparators un-
shows that the unstably stratified configuration yields develder the appropriate conditions. In particular, two-fluid natural
oped vortices in both fluids, which are as intensive as the&onvective flow in a horizontal cylindrical annulus and its
main vortices calculated for the heated inffeilg. 3) or outer  effect on the mass transfer through the liquid-liquid interface
(Fig. 5 cylinder. Note that in Figs. 3 and 5 significant vor- are studied, and the flow patterns are reported. It is shown
tices developed only in one of the two fluids. Besides thatthat countercurrent flow develops near the interface in con-
comparison of the stream function maxima shows that thérast to most of the previously studied cocurrent cases. At
vortices yielded by the unstably stratified configuratifig.  large Grashof numbers the flow velocity scales a¥°Gr
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