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Abstract-Theunsteady heat transfer toadroplet suspended inanelectricfieldisnumericallyinvestigated,for 
thecasewhere the bulkoftheresistanceisin thedroplet. It was found that,like thecaseofa translatingdroplet, 
there is a maximum steady-state Nusselt number. In this case, for a stationary drop in an electric field, the 
maximum steady Nusselt number was found to be about 30. An alternating direction implicit scheme was 
employed to integrate the energy equation. The range of interior Peclet numbers investigated, based on the 

maximum velocity in the droplet, was from 5 to 2000. 

WHEN A uniform electric field is applied to a dielectric 
droplet suspended in a second dielectric medium, 
circulation inside the droplet is created. This internal 
flow field has been analytically evaluated by Taylor [ 11. 
(See Fig. 1 for a schematic of the stream lines for this 
circulation inside the droplet created by a uniform 
electric field, as compared with the stream lines for a 
translating droplet, in the absence of an electric field.) 

The heat transfer rates from a stationary droplet in 
an electrical field to the ambient fluid have been 
extensively studied for the special case where the 
preponderance of the resistance is in the continuous 
phase. Morrison [2] employed boundary-layer 
assumptions to estimate the Nusselt number for high 
exterior Peclet numbers. He found that the steady-state 
Nusselt number increases with the square root of the 

FIG. l(a). Streamlines for a stationary drop in an electric field. 

exterior Peclet number. Later GriBiths and Morrison 
[3] used a series truncation method to estimate the 
Nusselt number for lower exterior Peclet numbers 
(0 6 Pe < 60). The Peclet number is based on the 
maximum velocity produced by the electric field. In the 
present study, as well as in the above investigations, the 
droplet remains suspended in the continuous medium. 

Both of the above estimates for transfer ra&es only 
apply when the bulk of the resistance is in the 
continuous fluid (the external problem), and when the 
droplet has a much higher volumetric thermal capacity 
(PC) than does the continuous phase. Traditional 
boundary-layer approximations are not valid in the 
interior region due to the recirculation in the interior 
region, If the bulk of the resistance is inside the droplet 
(the internal problem), a transient solution which 
accounts for this recirculation is required. (See 
Abramzon and Borde [4] for a good explanation of the 

FIG. 1 (b). Streamlines for a translating drop with no electric 
field. 
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NOMENCLATURE 

radius of the droplet 
specific heat 
dielectric constant 
electric field strength 
Fourier number, Et/a2 
thermal conductivity 
Nusselt number based on diameter, see 
equation (9a) 
Peclet number, 2Va/a 
net rate of heat entering the drop 
dimensionless radial coordinate, r/a 

W 
Z 

ZR 
dimensionless temperature, (T- TJ/ 

(G.o- 73 

Greek symbols 
u thermal diffusivity 
0 tangential coordinate 

p dynamic viscosity 

P density 
0 electrical resistivity. 

r distance from droplet center 
T temperature 
t dimensional time 
V characteristic velocity of the droplet, see 

equation (5) 

u dimensionless radial velocity 

Ll dimensionless tangential velocity 

Subscripts 
b bulk or average 
0 initial condition of the droplet 
S surface or free stream 
1 exterior, or based on exterior properties 
2 interior, or based on interior properties. 

difference between the external, internal and conjugate 
problems.) 

FORMULATION 

We will investigate the unsteady transport of heat to 

a droplet suspended in a uniform electrical field. The 
flow field is assumed to be fully developed. The droplet 
is suddenly exposed to a step change in the ambient 
temperature, with the bulk of the resistance being in the 
droplet. 

The dimensionless energy equation for the droplet 
phase, assuming constant physical properties is 

Z = (T2- T,)/(T,,,- T,), Fo, = a,t/a’, R = r/a, and 
Pe, = 2Ua/u, with U being the maximum velocity 
produced by the electrical field, a is the radius of the 
drop, the velocities are made dimensionless by U. The 
relation between Pe, (based on interior properties), and 
Pe, (based on exterior properties), is Pe, = Pe,r,/cr,. 
Similarly Fo, = Fo,a,/a,, and Nu, = Nu,k,/k,. 

The boundary conditions for equation (1) are then 

At the interface (R = 1) 

Z = 0 (i.e. the surface temperature is constant). (2) 

Boundary condition (2) is a result of the preponderance 
of the resistance being in the droplet (i.e. the surface 
temperature is that of the free stream). 

At the axis of symmetry (Q = 0, 0 = n/2) 

C3Z 
- = 0. 
ae (3) 

The initial conditions are : 

Z = 1, at t = 0, everywhere. (4) 

Taylor [l] gives the dimensional stream function 
values for the interior region as 

ti2 = Va2(R3 - R5) sin* 0 cos 0. (5) 

with 

u = -9E2ad2C(a,d,)/(a2d2)- 11 

W2 + ~1/~2)25(~1 +p2) 

The dimensionless velocities are then 

1 
3 = (R-R3)(2 

’ = Ua2R2 sin fI atI 
cos* e--sin’ 0), (6) 

-1 a* 
' = Ua2R sin B aR 

- = (5R3 - 3R) sin 0 cos 8. (7) 

The bulk dimensionless temperature, Z, is defined as 

1 It 
z, = 1.5 

ss 
ZR2 sin 0 d0 dR. (8) 

0 0 

The Nusselt number is defined as 

Nu, = (2aQ)/4na2(Ts - Tb)k2, (9a) 

which may be shown to be 

d(ln ZJ 
Nu, = -2/3---. 

dFo, 
Pb) 
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METHOD OF SOLUTION 

Equation (1) was solved by a method similar to that 
used in ref. [4f for integration ofthe energy equation in 
the interior region of a translating sphere. The 
dimensionless temperature variable2 is transformed to 

w = ZR. (IO) 

Thus the transformed energy equation is 

;~+!$(?&_!Z)+;?J 

d2W cot0 aw 
=m$‘- t IYw (11) 

RZ =‘?5-“w. 

The boundary conditions become 

W(R = 0, 6, t) = 0, 

W(R = l,@ t) = 0, 

g = 0, (for 8 = OY and H = n/2). 

(12) 

(13) 

($4) 

The initial conditions are 

W(R, 8, t = 0) = R. (15) 

Equation (11) was integrated using an alternating 
direction implicit, ADI, scheme. A constant time step 
was employed for each run, with the time step ranging 
between AFo, = 0.0007 for lower Peclet numbers to 
AFo, = 0.000025 for Pe, = 2000. 

A total of 61 nodes were used to approximate both 
the radial and tangential derivatives, that is AR = l/60, 
and AtI = x/120. Central differencing was employed for 
the convective derivatives, hence all spa&al derivative 
approximations were second order accurate. One run 
was made with a 31. x 31 grid and a Peclet number of 
2OO0, to check the precision of the spatial 
appraximations. There was a 2% difference in the 
computed final Nusselt number and a 6% difference in 
the final computed bulk temperature, between the 
31 x 31 and the 61 x 61 grid calculations. 

For all calculations reported below a positive value 
of U was used, see equation (5). Several runs were made 
with a negative value of U (that is with a reversed flow 

direction). In all cases investigated (20 G IPe,[ < 2000) 
no significant difference was found in either the Nusselt 
number or the bulk temperature with respect to AOW 
direction. 

RESULTS 

Figure 2 shows the calculated Nusseft numbers as a 
function of Fourier num$r and Pecfet number, (a) for 
Pe, from 5 to 200, and (b) for Pe, from 200 to 2000. At 
small times, conduction will be the dominant means of 
transfer to the droplet due to the sharp gradients near 
the interface. At larger times the convective component 
becomes significant far large values of Peclet numbers. 

Initially the Nusselt number osciflates for the larger 
values of Peclet numbers. This oscillation is due to the 
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FIG. Z(ai). Nusselt number : low to moderate Peclet numbers. 

internal circulation which supplies fresh fluid to the 
surface for rapid cooling. As time increases the Nusselt 
number approaches a steady vdue. This behavior is 
similar to that of a translating sphere (Abramzon and 
Borde (41). For all the steady-state Nusselt numbers 
(Fo --t co) investigated, it is interesting to note that there 
appears to be a limiting maximum steady-state Nusselt 
number ofabout lvuZ = 30 for electrically driven flows, 
this compares to the theoretical steady-state maximum 
limit from the analytical work of Kronig and Brink [5] 
that predicts a steady-state Nusselt number of 17.9 for 
translating spheres in the absence of an electrical field. 
It is reasonable that the maximum steady-state Nusselt 
number, for an electrically driven flow should be some 
what higher than the maximum steady-state Nusselt 
number for a translating drop. There are two 
circulation regions for the case of a stationary drop in 
an electric field, while the translating drop has only one 
circulation region. (See Fig. 1.) 

One result of this maximum value of the steady-state 
Nusselt number is that there is a point of diminishing 
return for increases in heat transfer based upon the 
electrically induced velocities. This is not the case for 
the external problem if the drop has a volumetric 
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FIG. 2(b). Nusselt ixumber : moderate to high Feciet number. 
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FIG. 3(a). Bulk temperature: low to moderate Peclet numbers. FIG. 3(b). Bulk temperature : moderate to high Peclet numbers. 

thermal capacity (PC) that is much greater than that of 
the continuous phase. Morrison [2] showed that for 
this case, with large Peclet numbers, the transfer rate 
increased with the square root of the Peclet number. 
The above results in heat transfer rates being 
proportional to the square root of the total power 
consumed. The Peclet number is proportional to E2, 
with the total power also being proportional to E2. 
Since the heat transfer rate (for this special case of the 
external problem) is proportional to the square root of 
the Peclet number, it follows that the heat transfer rate 
increases with the square root of the power consumed. 
Considering the internal problem, for Peclet numbers 
larger than about 500, the heat transfer rates become 
increasingly independent of the Peclet number (or 
power consumed). 

30 Apparat limit for th ‘too&-dot. NuMlt 
___--_-__--_---~-P_h --_ 

nwbv, NUJ? - 38. 

A 
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0 18 lee lme 
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This point of diminishing return is also evident in the 
plots of the bulk temperature profiles as a function of 
time for the various values of Peclet numbers. In Fig. 3 
the bulk dimensionless temperatures are plotted as a 
function of Fourier number for the full range of Peclet 
numbers investigated. 

FIG. 4. Steady-state Nusselt number. 

extraction by limiting the economical operation ranges, 
for certain applications, to low and moderate Peclet 
numbers. 

The convergence to a maximum steady-state Nusselt 
number is shown in Fig. 4. At the lower Peclet numbers 
this steady-state Nusselt number is very near the 
theoretical value of Nu, = 6.6 for pure diffusion. As the 
Peclet number is increased the steady-state Nusselt 
number rapidly approaches a value of about 30 for 
large Peclet numbers. 
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TRANSFERT THERMIQUE VARIABLE POUR UNE SPHERE FLUIDE SUSPENDUE DANS 
UN CHAMP ELECTRIQUE 

Resume-On btudie num~riquement le transfert thermique instationnaire pour une gouttelette suspendue 
dans un champ Clectrique, dans le cas od la resistance est principalement dans la gouttelette. On trouve que, 
comme pour une gouttelette en translation, il y aun nombre de Nusselt maximal d’etat permanent. Dans ce cas, 
pour une goutte stationnaire dans un champ Blectrique, le nombre maximal de Nusselt est de l’ordre de 30. Un 
schema implicite a direction alter&e est employ& pour integrer l’equation d’inergie. Le domaine btudie de 

nombre de P&clet interne, base sur la vitesse maximale dans la goutte, va de 5 a 2ooO. 

INSTATIONARER WARMEUBERGANG AN EINER IN EINEM ELEKTRISCHEN FELD 
SCHWEBENDEN FLUIDKUGEL 

Zusammenfassung-Der instationare Warmeubergang an einem in einem elektrischen Feld schwebenden 
Tropfchen wurde fiir den Fail, daB sich der Hauptwiderstand im Triipfchen befindet, numerisch untersucht. 
Es wurde festgestellt, da13 es-wie im Fall eines bewegten Tropfchens-eine maximale stationare Nusselt- 
Zahl gibt. Filr einen stationlren Tropfen in einem elektrischen Feld wurde eine maximale Nusselt-Zahi von 
etwa 30 ermittelt. Fiir die Integration der Energiegleichung wurde das implizite Verfahren der alternierenden 
Richtungen verwendet. Die Untersuchungen wurden fur innere Peclet-Zahlen zwischen 5 und 2000 

durchgefiihrt, basierend auf der maximalen Geschwindigkeit im Tropfchen. 

HECTAIJMOHAPHbIH TEIUIOHEPEHOC K XMJ.lKOH C@EPE B 3JIEKTPMrJECKOM 
IIOJIE 

AmoTaumI-%icneHHo KCJIenyeTCfl HKTaUHOHapHbtii TennOO6MeH K Ka"Jle, B3BeLlleHHOti B 

MIeKTpw~eCKoM no.ne, KOrLla COnpOTHBXHIteM o6nanaeT TOJlbKO Kanm. 06HapyxeH0, ‘IT0 KIK II B 

cnygae w3MeHflKWek~ Kannn CTauMoHapHoe YHCJIO HyCCeJIbTa MaYCSfMaJibHO. &Xi CTaUHOHapHO~ 

KZiiUW B 3~eKTp~qeCKOM IIOjIe MaKC~Ma,~bHOe CTaU~OHa~HOe YHCJIO &‘CCWbTa up~6n~3~Te~~bHO paBH0 

30. Ypaanenue Lsneprmr mTerpupyeTca c nobiowb8o HesaHoR cxehm nepeMemor0 aanpaenemia. 

MccnenoBanHbrB miana30U wcen llewne, onpeneneslibix no Has6onbruefi c~opocTu aHyrpH Kanm, 

COCTaBMJ OT 5 ,!I0 2000. 


