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Abstract-An examination of heat transfer between two parallel plates due to electroconvection is 
presented. Unipolar ion injection can be brought about at either the upper or lower electrode with heating 
of the liquid layer from above or below (stable or unstable stratification). The four possible configurations 
are treated separately. For the transitory regime, an analysis is carried out from which it is possible to 
calculate the thermal Nusselt number by considering an analogy between the experiment and an electric 
circuit of a resistance and capacitor in parallel. The values thus approximated, showing increases of up to 
an order of magnitude in the Nusselt number show very good agreement with the steady-state data. It is 
thus demonstrated that the electrical effects dominate totally over buoyancy effects for all cases considered. 
A short analysis of the steady state yields the relevant parameters governing the heat transfer: Id’ for the 

fully turbulent flow and ZVd’ in non-turbulent conditions. 

1. INTRODUCTION 

NATURAL convection of heat in a fluid often shows 
itself to be a relatively inefficient means of thermal 
transfer with many industrial processes using mixed 
convection or other outside body forces to make flows 
more turbulent. Therefore, the idea of imposing such 
constraints on thermal flows has the aim of enhancing 
mixing and thus heat transfer within the fluid. In 
particular, using electrical forces to this end is referred 
to as electro-thermohydrodynamics (ETHD). Work 
on this subject dates back to the mid-1930s with 

Senftleben and Braun’s experiments using gases [l] 
and then those of Ahsmann and Kronig [2] in 1950 
on liquids. In the last 35 years, development of this 
topic has continued and today there is a large amount 
of published work dealing mainly with the application 
of the process to heat exchangers, pool boiling, con- 

densation, fusion, etc. To discuss this literature in 
detail would bring us well outside the scope of this 
paper and we content ourselves to citing the excellent 

review by Jones [3] where a complete bibliography is 
given along with a classification of the various theor- 
etical and experimental studies already carried out. 

On a more fundamental level, we may distinguish 

t Present address: Department of Mechanical Engin- 
eering, University of Surrey, Guildford, Surrey GU2 5XH, 
U.K. 

between three different types of electrical force acting 
on a fluid once a voltage difference is applied across 
it : the Coulomb force qE (q is charge density ; E is 
the electric field) ; the dielectric force - (E2/2)V& (E is 
the permittivity of the fluid) ; and the electrostrictive 

force V[(E*/2) (SE/&I)] (p is the fluid density). For the 
second of these, the permittivity gradient within the 
liquid would be induced by the imposed temperature 
gradients (see for example refs. [4-61). However, 
under d.c. conditions with space charge creation in the 
fluid, this force is very weak compared to the Coulomb 
force. It is usual to include the electrostrictive term 

with the pressure. The dominant electrical body force 
under these conditions is then the Coulomb force qE. 

Physically, this refers to the effects of’the imposed 
electric field on the free charge (or the space charge) 
present in the liquid. Generally, in experiments to 

date, this charge resulted from a thermally induced 
conductivity gradient within the liquid (see for ex- 

ample refs. [7-131). Stability studies in this particular 
case were carried out mainly by Hoburg and Melcher 
[l l-131 and by Takashima and Aldridge [7]. However, 
this type of space charge production is relevant to 
ohmic or quasi-ohmic liquids, where a temperature 
gradient will give rise to a conductivity gradient Vu 
(a is the electrical conductivity of the liquid) and the 
charge density q is given by 

q = - (&/0)E’ vu. (1) 

For dielectric liquids of low conductivity another 
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NOMENCLATURE 

C, injection strength parameter. y,d>I~ V 

C,, specific heat 
d electrode gap 
E electric field 

.Y gravitational acceleration vector 

H heat flux 
I electrical current 

.i current density 
K ion mobility 

tt1 mass 
M mobility parameter, (s/p) ’ ‘/K 
Nr electrical Nusselt number 

Nu Nusselt number (see also equation (22)), 
H~/KA T 

Pr Prandtl number, V/X 

Y charge density 
Q total heat furnished to cell 
Ra Rayleigh number, &AT d3/xr 

RC Reynolds number, w’djv 
s surface area 

t time 

T tcmpcrdturc 
T stability parameter (see equation (2)). 

cVfKq 
AT temperature difference between electrode 

plates 
V applied electrical voltage 

ri velocity component perpendicular to 

electrode. 

Greek symbols 

P thermal expansion coefficient 

C liquid permittivity 

‘1 dynamic viscosity of liquid 

0 temperature fluctuation 

ti thermal conductivity 
\’ kinematic viscosity of liquid 

0 density of liquid 
(T electrical conductivity 

t time constant 
thermal diffusivity 

: control volume. 

source of free charge becomes dominant compared to 

this. This second process of charge creation is referred 
to as ion injection, and occurs at one or both elec- 
trodes. It is a common phenomenon, taking place 
whenever an electric field is applied between two metal 

electrodes in an insulating liquid [l4]. Our exper- 
iments to date indicate that, to first approximation, 
this charge injection, and hence the Coulomb force, 
may be considered as being independent of tem- 
perature gradients. Little other work has been done 
on this particular case of electroconvective heat trans- 
fer in liquids brought about by space charge injection 

at an electrode. In gases, however, Franke [ 151 among 
others showed an increase in heat transfer in air using 
the ionic wind brought about by corona injection. A 
theoretical analysis as well as some experiments were 
carried out by Lazarenko et al. [lo], who also derived 
some relevant non-dimensional parameters. Some 
preliminary experiments were performed with forced 

flows in tubes using radial fields by Fernandez and 
Poulter [16]. A more thorough analysis on this has 
recently been presented by Mizushina et (11. [I71 with 
some interesting results. Stability analysis of the 
electroaerodynamic case was carried out by Hoburg 
[ 181 who also demonstrated experimentally the 
increase in Nusselt number due to injection [19]. Fin- 
ally, before presenting our work here, let us make note 
of the paper by Bologa pt al. [20] who examined the 
heat transfer augmentation due to an electric field 
being imposed across a gas-solid suspension flow. 
They examined the cases for both conducting and 
insulating particles. We mention this since under cer- 
tain conditions, flow structures due to the motion of 

dielectric charged particles in air are quite similar to 

those due to ions in dielectric liquids [21]. 
The problem we arc examining here is that of 

attempting to characterize the heat transfer aug- 
mentation in a simple geometry of a horizontal liquid 
layer between two parallel plates subject to a tem- 

perature gradient and an electric field. Depending on 
the sign of the latter, ion injection may be induced on 

the upper or lower plate electrode. Two further cases 
are considered when we change from unstable to 
stable thermal stratifications. We carried out all exper- 
iments at fixed heat flux. 

In the next section we give a resume of what is 
known of elcctrohydrodynamic (EHD) flows in 
dielectric liquids due to unipolar ion injection and 
attempt to give an intuitive idea of this phenomenon 
since it is unlikely that researchers in pure heat transfer 
will bc familiar to any great extent with EHD. We will 
also briefly mention the classical Rayleigh-Benard 

problem before presenting our experimental set-up. 
Thereafter the experimental results in both transient 
and steady-state regimes are presented and discussed 
in the light of some mathematical modelling of the 
phenomena. 

2. ELECTROCONVECTION AND NATURAL 

CONVECTION 

When a layer of insulating dielectric liquid, confined 
between two plane parallel metallic electrodes, is sub- 
jected to an applied d.c. voltage V, the current passing 
through the circuit will generally have a variation 
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FK;. I Typicaf current voltage characteristic for silicone oil 
plus TiAP in the experimental cell. The dashed line indicates 

the theoretical saturation current. 

similar to that shown in Fig. 1. Clearly there are 
two different electrical conduction regimes. For low 
voltages (the ohmic regime), the current I varies pro- 
portionally to V and is due to a slight perturbation 
by the electric field of the equilibrium between the 
dissociation of electrolytic impurities and recom- 
bination of ions in the liquid bulk. The dissociation 
process is limited and therefore the current, in theory, 
will eventually saturate. However, this does not hap- 

pen and for higher voltages, I increases and varies as 
C” with c( > 1. Felici [14] demonstrated that this is due 
to a second source of charge at (at least) one of the 
electrodes, an unavoidable phenomenon when using 
metal electrodes in liquids. This is ion injection and it 

is electrochemical in nature [14, 221. Usually we deal 
with injection at one electrode only. This was verified 
by electro-optic measurements of the electric field 
which showed it to be lower on one electrode (injector) 
and higher on the other (collector). In such cases we 
refer to unipotar ion injection. The variation of the 
current with the voltage depends on the injection 
strength and on movement of the liquid. Such motion 
was clearly pointed out via Schlieren techniques [23, 
241. (Note that the typical currents involved are par- 
ticularly low-in our apparatus I is of the order of 
a microampere-and magnetic effects are totally neg- 
ligible.) 

The problem of hydrodynamic stability of a layer 
of insulating liquid subjected to unipolar ion injection 
has been well analysed [25, 261. Briefly, the electric 
field increases as we move away from the electrode 
where injection occurs. From the current density 
relationship: ,j = yKE (= constant) (I( is ionic 
mobility), the charge density q must be decreasing 
away from the injector. This is a potentially unstable 
situation. (This is similar to the Rayleigh-Benard 
problem of a horizontal fluid layer heated from below. 

In that case, the temperature is a decreasing function 
with height while liquid density increases.) Intuitively, 
if we consider the virtual displacement of a fluid ‘par- 
cel’ which conserves its charge towards the collector, 
we see that it is then subject to a greater Coulomb 
force (buoyancy force for the Rayleigh-Benard case) 

than the fluid immediate to it. It will thus have a 
tendency to continue its displacement towards the 
collector. The coupling between charge and velocity 

perturbations is then positivle /27]. 
However, instability as a result of this positive 

coupling wili only occur if the electrical (buoyancy) 
force is strong enough to ovcrcomc viscous damping 

128. 291 ([30]). The ratio between the electrical and 
viscous forces is the stability parameter T’ [26] given 

by 

where n is the dynamic viscosity of the liquid. (In the 
Kayleigh-Benard case the relevant stability parameter 
is the Rayleigh number [31].) Perturbations of small 
ampiitude are damped out for T’ less than some criti- 
cal value, say T,, and amplified for higher values. The 
numerical value of 7’, depends on the non-dimensional 

injection strength parameter C, 

ci = q,d% v. (3) 

Here q, is the injected space charge density at the 
injector and d the electrode gap. See also Appendix A 
for an explanation and evaluation. 

Though there are a number of similarities between 
this and the Rayleigh-BCnard problem, there is a 
rather fundamental difference also. In the EHD case. 
the ions also move relative to the liquid with a ‘drift 
velocity’ KE. The importance of this ionic drift was 
brought into the open in a non-linear stability analysis 

by Atten and Lacroix [32]. They demonstrated the 
existence of a finite amplitude solution to the govern- 
ing equations for subcritical conditions. That is, there 
exists for T’ < T, (linear stability criterion), a non- 
linear stability criterion T,., such that, for 
rr < T’ < T,. there is a stable solution with maximum 
velocity amplitude greater than the drift velocity. This 
indicates the presence of hysteresis phenomena for 
both velocity and current, a situation which was con- 
firmed ex~~mentally f28, 321. (This does not arise 
for Rayleigh-B~nard conv~tion.) 

Above the critical stability value, the liquid motion 
has an important effect on charge transport in the case 

of strong unipolar injection. When T’ < T,, the ions 
cross the electrode gap with velocity KE. For T’ > T,, 
two major regimes of motion are characterized: a 
viscous regime where the Reynolds number Re, evalu- 
ated with the maximum velocity amplitude is much 
less than 10, and an inertial regime where it is much 
greater than 10. In other words, for Re << IO the move- 
ment is structured such that the horizontal scale of 
the largest convective cells is of the same order of 
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magnitude as the electrode gap (cf. cellular Rayleigh- 
Benard convection). A semi-quantitative analysis 
shows the vertical velocity MI” to be proportional to 
V’ and the current I to V” [28, 291. An electrical 

Nusselt number Ne was defined for the current (anal- 
ogous to that used in thermoconvection) and this was 
found to vary as (T/T,) ’ ‘. 

For T >> T,, the movement becomes fully turbulent 
(Rr D IO). Charge density perturbations are very 
small compared to the mean value (nonpermanence 
of any cellular structure) and ~3’ varies linearly with 
E [29]. F&i [33], by considering the conversion of 

electrical energy (ICE’) to mechanical energy ( ~PM”‘) 
developed the concept of an electrohydrodynamic 
mobility (c/p) ’ l. Experimental measurements showed 
that rr’ k :(r:,‘p) “‘E [28, 291. The ratio between the 
EHD mobility and the true ion mobility K is the 
parameter M( = (~:p)“~iK). The current I in this 

regime varies as V’ and Ne is constant (= J(M/3)). 
To finish. WC refer readers to a number of interesting 

articles and references therein on Rayleigh-Benard 
convection [3441]. Few analytical attempts to 
account for the experimental observations have been 
tried. the most noteworthy being that of Kraichnan 

1421. 

3. EXPERIMENTAL SET-UP AND 

PROCEDURES 

3.1. The experiment 
The liquid layer was confined between two copper 

plate electrodes (active surface area 15.75 x 10.4 cm’) 
and a side wall unit of Plexiglas. The electrode gap d 
could be changed by replacing the Plexiglas frame 
(d = 3, 5 or 7 mm). One of the electrodes, which we 

will call plate 2, was kept at constant temperature via 
the circulation of silicon oil? inside it from a thermo- 
stated bath. This plate was covered in polyurethane 
foam to avoid any heat loss to or gain from the sur- 
roundings. The other electrode (plate I), of mass 2.48 
kg had a heating resistance attached to it which could 
furnish between 0 and 30 W of power. We operated 
at constant heat flux. The entire apparatus was placed 
inside a thermally insulated box which could be 
‘turned over’ in order to have the heat flux from the 
bottom or from the top of the fluid layer (see Fig. 2). 

The temperatures of the plates were measured using 
platinum probes and a high precision thermometer 
(k 0.0 I C). One probe was placed in direct contact 
with plate I. However, since the high voltage (positive 
or negative) was applied to plate 2, there was some 
difficulty in measuring its exact temperature. It was 
necessary to electrically insulate the probe, while at 
the same time ensure as good a thermal contact as 
possible. We got around this problem by attaching 

7 With this electrode brought into contact with the high 
voltage source. the cooling liquid had to be electrically insu- 
lating in order to avoid any electrical leakage. 

the probe to the end of a small sapphire rod, the other 
end of which was covered in a thin layer of silver and 
soldered to the copper plate. (Sapphire is an excctlcnt 
heat conductor and a good electrical insulator.) To 
minimize thermal losses around this probe, WC sur- 
rounded the sapphire rod with two copper bells, both 

soldered to the plate electrode (set Fig. 2). The whole 
was then covered in a thick layer of polyurethane. 
Electrical connections from the probe to tho ther- 
mometer were made via an ardtdite tube which crossed 
through the polyurethane and insulated them from 
the high voltage. To protect the probe from possible 

electrical breakdown between it and the nearest 
copper bell. a small metal sphere was placed around 
the probe at the top of the sapphire rod and carthcd 
(Fig. 2). 

The outer container was made of wood, poly- 
urethane and aluminium and was thermostated using 

a second bath. The temperature inside the container 
was kept equal to that of plate I, so that this plate 
would lose no heat to the surroundings. Therefore. 
the heat furnished to plate I via the heating resistance 
passed entirely through the cell. 

The probe on plate 2 was calibrated using a third 
probe attached to the active surface of that plate. This 
was carried out at zero applied voltage. Thus, via 
the calibration, we could measure instantaneously the 
temperatures on each plate (T, and T2) as well as 

the temperature difference AT across the layer. The 
overall error in the measurements was never greater 
than 3% for all the results reported here (for 
AT > I C, the error does not exceed 2%, the precision 
for AT being 10 ’ C). In the experiments we recorded 
both steady-state values and the evolution in time ot 
AT until steady state. 

The working liquid was silicone oil (Rhodorsil 47 
V IO), with relative permittivity c, = 2.63; density 
/, = 9.3 x IO’ kg m ’ ; kinematic viscosity 11 = 10 ’ 
m’s ’ : specific heat C,, = 1.63 x IO’J kg ’ C ’ and 
thermal conductivity ti = 0.13 J m ’ C ’ s ‘_ The 
liquid was saturated with the salt TiAP [22, 431 in 
order to provoke a steady ion injection at one of the 
electrodes. For copper electrodes with silicone oil and 
TiAP we verified that there is an injection of negative 

charge from the cathode. Thus, positive voltage 
applied to plate 2 results in negative charge injection 
from plate I, whereas negative voltage causes it to 

occur from plate 2. 
Thus, by turning the cell ‘upside down’ or not and 

by changing the polarity (or sign) of the applied volt- 
age we have four possible situations : (i) heating and 
injection from below or (ii) from above, (iii) heating 
from below and injection from above or (iv) heating 
from above and injection from below. Results were 
obtained for each case. Theoretical analysis of the 
stability of each of these situations shows the import- 
ance of distinguishing between them at least around 
the critical values of T’ and Ra [44]. 

Before presenting the results for combined ion injec- 
tion and temperature difference we will first give the 
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FIG. 2. Schematic of the experimental cell : 1, fixed temperature copper plate ; 2, Plexiglas frame ; 3. heated 
copper plate; 4, heating resistance; 5, liquid layer; 6, polyurethane layer (thermat insulation) ; 7, outer 
copper dome : 8, inner copper dome; 9, earthed copper protection around probe P2; 10, araldite tube 
containing connections from probe P, ; 11, sapphire rod. P, and P2 are the temperature probes (platinum). 

electrical characteristics of the cell and a rundown 
of the method of evaluation of the thermal Nusseit 
number Nu, which characterizes the non-dimensional 
heat transfer across the layer. 

3.2. Isothermal electrical results 
Figure 1 shows a typical current voltage curve taken 

between two experimental runs. The injection current 
varies as F with 61 r=: 1.5 for Y 3 4 kV. We must 
separate the two components of the current : the con- 
ductive (ohmic) one and the injection one, since only 
the latter is relevant in the Coulomb force term qE. 
This is done by evaluating the saturation level of the 

former and subtracting it from the total current 
(dashed line indicates the saturation current). The 
corresponding saturation voltage (that for which the 
current begins to saturate) in the example in question 
is about 750 V. 

To evaluate the non-dimensional injection par- 
ameter C,, we make use of appropriate curves given 
by Denat [45] (see also Appendix A). In most of our 
experiments C, varied from about 0.55 (V = 3 kV) to 
0.15 (V = 15 kV). These values are not very high and 
indicate that charge injection is rather weak. Under 
such circumstances, we may roughly consider that the 
harmonic uniform electric field is not dramatically 
perturbed by the presence of the injected space charge. 

3.3. Heatjm evaluation (steady state) 
The heat flux across a fluid medium contains a 

contribution from conduction and from convection 
processes if the fluid is in motion. It is usually written 
in the form 

H = -KVT+~C,W’T (4) 

(w’ is the velocity component normal to the plates). 
The global effect of convective heat transfer is written 
in terms of the Nusselt number Nu, which is the ratio 
of the mean heat flux ii to the flux R, which would 

exist without convection for the same temperature 
difference 

(5) 

Nusselt number Nu is normally plotted as a function 
of the Rayleigh number Ra (proportional to the tem- 
perature difference) 

Ra = /G&‘-d” 
XV 

where /l is the coefficient of thermal expansion of 
the liquid and g the gravitational acceleration. To 
evaluate Mu, we assumed the heat flux could be written 
in the form 

- K,*~AT 
fJ- 

d 

where ~~~~ is an effective or apparent heat conduc- 
tivity. This gives 

Nu = % 

K 

leaving us to determine IC,~~ for the liquid only. In 
our experiment, the total heat Q breaks into two 
components : one across the liquid (HL) and the other 
across the Plexigias (HP) 

Q = S,H,+SpHp (9) 

(S, and S, are the surface areas of the copper plate- 
liquid, and the copper plate-Plexiglas interfaces, 
respectively). Using equation (7) this may be written 
as 

The constant ‘a’ is included to account for the geo- 
metrical shape of the Plexiglas frame as well as for 
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FIG. 3. A full set of results for an inter-electrode distance of 5 mm, for different applied voltages and heat 
fluxes, with heating and injection from below. as a function of Ra. 

any lack of thermal contact between it and the copper 
plates. Its value was determined experimentally under 
purely conductive conditions and we found a 2 0.27. 

The value of Nu as a function of Ra (for no applied 
electric field) is shown on Fig. 3 (lowest curve) and 
agrees very well with the already known results (see 
for example ref. [46]). The good agreement between 
our experimental results and the classical ones con- 
stitutes a test for our experimental set-up. 

4. EXPERIMENTAL RESULTS 

4. I. Steady-state rc%Tults 
Results obtained when heating and injection both 

occurred at the lower electrode are given on Fig. 3 for 
II = 5 mm. Values were obtained by either fixing the 
heat flux and varying the applied voltage, or, fixing 
the voltage (and to first approximation the injection 
strength) while varying the heat flux to the liquid (H). 
In the former case for each given heat flux (N) the 
experimental points lie on a hyperbolic curve (full 
lines). This is because of the definition of Nu (see 
equation (5)) which is effectively proportional to 
l/AT, that is, to the inverse of the Rayleigh number. 
Then, when we increase Y. and thus the Coulomb 
force, the agitation of the liquid also augments. This 
causes convective transport to be greater. The tem- 
perature difference between the plates will then drop 
and consequently NM will rise. 

When working at fixed, high enough I/and variable 
H, we see that Nu is, to first approximation, constant. 
It does not appear to depend on the Rayleigh number 
at least within the range of voltages (V 3 6 kV) and 
heat fluxes we used. We conclude that the convective 
transfer of heat is essentially determined by the elec- 
trical forces, with buoyancy forces remaining globally 
unimportant. This conclusion was confirmed by the 
lack of any significant sensitivity of NU on the con- 
figuration used (heating or injecting independently 

IO' 

I A t-L.,. I,,,. 
0 Ho,.,. I,,,,, 

L 

lo- ‘7 IO-'6 io- ‘3 

IVd’fAVm’) 

FIG. 4. rliu as a function of Ic;‘J’ for d = 3 mm with heating 
and injection independently from above and below. 

from above or below), as we can see from the exper- 
imental points on Fig. 4. The values of Nu are plotted 
as a function of Zin, Vd’, since we estimate the flow here 
to have a Reynolds number of about 10 (approxi- 
mately viscous dominated motion). A justification of 
this choice of parameter is given in the short analysis 
of Section 5. For the ensemble of the results (different 
configurations and three liquid layer depths), it is 
interestmg to check for some type of asymptotic 
behaviour for Nu. The set of Nusselt numbers gained 
from our experiments arc too weak for a proper exam- 
ination of this, though we can get some insight on the 
convective transport by looking at the variation ot 
(Nu- 1). Effectively Nu takes the form [47] 

Nu = 1 + (q*w*) (11) 

where (q*w*) is a non-dimensional term representing 
the advective transport of heat. Clearly, plotting 
(I& - 1) against the electrical parameter gives an indi- 
cation of the behavioural tendencies of the convection 
only. This case differs from classical Rayleigh-Oxnard 
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FIG. 5. (Nu- I) as a function of (a) IV& and (b) Id’. The 
best fit for (a) is (IVd,)’ ” and for (b) is (Id3)o.43. 

convection, in that here, the velocity field depends 
almost exclusively on electrical forces (in the following 
we consider temperature as a passive contaminant 
transported by a forced advective motion induced by 
the Coulomb force). 

Figure 5 shows (Nu- 1) as a function of both Z,,Vd’ 
(viscous regime) and Ii,d3 (inertial regime). Both are 
presented since we can only estimate an order of mag- 
nitude of the value of the Reynolds number of the 
motion and this is close to the transition value between 
regimes. In Fig. 5(a) (Nu- 1) varies as (i,,,,V&)“, 
where IZ 1 0.36 and in Fig. 5(b) as (Zinjd3)” where 
m z 0.43. Both of these numbers were obtained via a 
least squares fit. The dispersion of the points is rather 
small. (From here on we will write Iinj as I.) 

Clearly, from these curves, with the experimental 
results seeming to fit some power law for either par- 
ameter we are left with the rather unenviable task of 

deciding which is most relevant. The chief difficulty 
here lies with the fact that we cannot measure the 
velocity and thus evaluate the Reynolds number. We 
can however attempt to approximate it by using a 
velocity expression given by Felici 1481 for low injec- 
tion, high voltage flows. He gave 

d - Jci J(E/~) E. 

If we take a proportionality constant of approxi- where Q = S&i, is the heat supplied and 

mately :, a typical value of the Reynolds number will 

be given by the expression 

For relevant values of C, and V measured throughout 
our experiments we find a variation for Re ranging 
from about 10 to 30. This indicates that we are in 
the transition region between viscous-dominated and 
inertially-dominated flows. 

Since, for a given voltage, the apparent thermal 
conductivity is more or less independent of the tem- 
perature difference, then so too, to first approximation, 

are the convective transport and the agitation of the 
liquid. This behaviour should also be found in the 
transitory evolution of the system. For example, if we 

consider a weak perturbation of a given steady state 
(modification of applied voltage or of heat supplied 
to the bottom plate) it is possible to make an analogy 
with an electrical circuit. If we change the voltage, 
then the effective thermal conductivity (electrical con- 
ductance) is rapidly altered, the characteristic time 

being that of ion transit between electrodes. Alter- 
natively, if we change the heat flux (i.e. the current in 
an electrical circuit), the effective thermal conductivity 
(electrical conductance) remains unchanged. In both 
cases, relaxation to a new steady state will occur via 
the cooling or heating of the bottom plate (which 
plays the role of a capacitor). Thus we have the equi- 
valent of a circuit of a resistance and a capacitor in 
parallel and we expect the relaxation to be exponential 

in time. 
This is effectively what we see when we fix V and 

vary the heat flux by small increments between steady 
states (Fig. 6). Each change in heat flux leads to the 
same characteristic time. From the results we should 
be able to determine the ‘conductance’ and evaluate 
IC,,,~ and Nu. A mathematical expression can be 
developed for this and its derivation is given in detail 
in Appendix B. Basically, we use the heat conduction 
equation 

(12) 

integrated over the different media (copper and sili- 
cone oil) and solve the final first-order ordinary 

differential equation to obtain the following 
expression for the temperature difference between the 
two plates as a function of time assuming no liquid 
motion. (The nomenclature is also explained in the 
appendix.) 

T,(t)--T, = (ad-~~)exp ,t 
i > 
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FIG 6. The function F(t) = (r,(r)-_,(~‘))j(T,(Of-T,t-x.)) as a function of time. {a) I’= 6 kV; 
(b)V=8kV;(c)I’=10kV;(d)I’=12kV.+,1W~~,3W;~,5W;~~7\hr:~,lOW;~,iSW: 

v.2ow; +,25w; L.3OW. 

(14) 

From equation (13) we can see that as I -+ ‘x: 

and equation (13j is then written as 

(r,(f)--?) = (r,(rc)-r?) 

-[(r,(~)-Tz)-(T,(0)-.Tz)]exp _’ (16) 
i > 

whence the exponential behaviour is seen from the 
function 

(17) 

in equation (14), the terms ofthe numerator represent 
the calorific capacities of the liquid, the Plexiglas and 
the copper, respectively. while the terms of the 
denominator are ‘thermal conductances’. 

If we replace K,_ by ti,pp in equation (14), we can 
deduce a value for this latter by using the measured 
experimental value of T taken from the curves of Fig. 6. 
The Nusselt numbers gained in this way are compared 

with the steady-state values in Table 1. Agreement 
is quite good which supports the validity of our 
assumption that the movement is controlled cssen- 
tially by forced convective transfer of heat. 

5. CRUDE ANALYSIS FOR STEADY-STATE 

FLOW 

An analysis of electroconvective motion in iso- 
thermal conditions for space charge limited injection 
(i.e. very large C,) has already been carried out by 

Lacroix rt ul. [29]. However, in our case of low to 
medium values of C,, these results do not apply. Due 
to the complexity of the theoretical problem and also 

of the exploitation of the experimental results, we 
will content ourselves here with the derivation of the 
relevant parameters and an estimate of the power 
laws governing the observed phenomena. For such an 
analysis we make the assumption that due to the low 
vatues of C,, the distortion of the electric field E is 
weak (of the order of C,) and thus may be neglected 
(we may write E = V/d). The current will also be 
taken to be constant for any given value of the voltage. 
Two regimes of motion are to be considered: the 
viscous dominated one for Re < IO and the inertially 
dominated (or fully turbulent) one for Re > IO. Both 
eases must be considered since we did not have access 
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Table 1. The Nusselt number as a function of heat flux Q (W) and of applied voltage V 
(kV) : (I) steady-state conditions ; (II) time-dependent regime, using the AT(t) curves and 

equation (14) 

Q(W) 
l’(kV) 1 3 5 7 10 15 20 25 30 

12 (I) 6.82 1.33 1.12 7.12 1.23 1.33 7.33 7.50 7.40 

(11) 6.98 7.03 6.58 7.59 7.38 7.22 7.08 6.97 6.26 

‘O (1) 6.44 6.44 6.23 6.00 6.33 6.40 6.37 6.42 5.84 

(II) 6.26 5.89 5.82 5.25 5.41 5.34 6.54 6.10 7.40 

8 (1) 5.38 5.25 5.25 5.30 5.31 5.39 5.40 5.40 5.39 

(If) 4.43 4.63 5.01 5.23 5.35 4.86 5.13 5.35 5.96 

6 (1) 4.43 4.32 4.30 4.26 4.14 4.10 3.99 4.02 3.99 

(If) 4.35 3.95 4.10 3.82 3.83 3.72 3.64 3.16 3.71 

to measurements of velocity during the experiments 
and therefore cannot fix with any certainty the Reyn- 
olds numbers. We also consider that the motion and 
therefore the heat transfer are controlled solely by the 
electrical forces. 

5.1. Velocity dependence on difzrent parameters 

5.1.1. Viscous dominated regime. Here, we use the 
energy balance argument that energy dissipation will 
vary with the electrical energy density furnished by 
the Coulomb force (i.e. taking only the viscous terms 
and the body force in the Navier-Stokes equation) 

r/M.’ 

d?” 
3’ - (qE)w’. (18) 

The expression qw’ can be related to the current den- 
sity j = q(KE+ MI’) and using the experimental fact 

that outside the boundary layer on the electrode, i.e. 
in the bulk, the velocity u” is far greater than the drift 
velocity (see, for example refs. [23-261) we may write 

v# vj 

d’-d’ 
(19) 

We arrive at the following expression for the velocity 
dependence in the viscous regime of motion : 

M” - (20) 

5.12. Inertiully dominuted regime. In this case of 
fully turbulent flow we equate turbulent kinetic energy 
to the work done by the electrical force (i.e. balancing 
the inertial terms of the Navier-Stokes equation with 
the body force and integrating) 

;p”“z - ;qEd = ;qV. (21) 

If we make an analogy to the Rayleigh-Benard case, 
we may consider that ‘blobs’ of charged liquid burst 
from the boundary layer on the injector and move 
across the layer to the collector. The charge density 
in these blobs will keep a value q very close to that at 
the injecting electrode qO, if Coulombian repulsion is 
negligible, leaving us with the relation pt~” - q,V. 
The charge density q. is related to the current density 
j via its value on that electrode 

The energy balance is then 

giving the velocity dependence as 

IV’ - 

(22) 

(23) 

5.2. Nusselt number dependence on celocitl 

The Nusselt number is defined as the observed heat 

flux divided by the heat flux that would occur at the 
same temperature difference without convective flow: 
i.e. 

Nu = yvT+~cpWP 

+T/d) 

or upon integrating 

(25) 

In non-dimensional terms, this is equivalent to saying 

that Nu depends on the Reynolds number (x MI’) and 
the Prandtl number (cc x- ‘). 

5.2.1. Viscous dominated regime. Using the velocity 

expression given previously, we may therefore write 

Nu =.fidRe)-.fdf’r) =fh *,fidPr) 

(27) 

whence we extract the relevant parameter 
IVd3 (CcjVdj) used in Fig. 5. We may suppose, as 
results seem to indicate, that the function f,v can be 
approximated by a power law. 

5.2.2. Inertia& dominated rqgime. Using relation 
(26) for inertial flow the Nusselt number dependence 
is 

Nu =.f;r(Re)*.MPr) =.f;r (J(s))-(iI( (28) 
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The relevant parameter in this inertial regime is seen 
lo bc /tl’( ‘x jr/‘). WC consider the function f,, to be 
well rcprcscntcd also by a power law. The maximum 
value possible for this power law is found via the fol- 
lowing considerations. For strongly convccli\c flows. 
the Nussclt number may bc approximated from cqua- 
tion (Z(1) b! 

(29) 

Supposing that the vclocity~tcmpcratLIrc fluctuation 
correlation (1~0j is very high. with the r.m.s. tcm- 

pcraturc value being proportional to AT:?. we find that 
\vith 

NU x Rc PI (30) 

we get 

!Z'Li - PI 

!vL/ - ,/(ld’). (31) 

Without a full analysis particular to the electro- 

convective problem. WC cannot give any thcorcticul 
power law exponent in either viscous- or incrtially- 
dominated regimes. The law given in expression (31) 

mcrcly rcprcscnts a maximum value of the exponent. 
Nevertheless. we may, for comparative purposes, 
attempt to deduce power laws by using results already 
known for the RaylcighbBi-nard cast and transposing 
them to the ETHD one. 

For viscous motion. we may refer to an order 01 
magnitude analysis on RayleighbBknard convection 
by Kraichnan [42]. whcrcin for high Pr fluids he 

showed that Nu x Rrl’ ‘, with I(,‘( -X Rc) - Rrr’ I. It is 
easy to dcducc the relationship Nu ic Xc’ ?, which 
when used in expression (24) gives 

For inertially dominated flow. Chu and Goldstein [34] 
found experimentally that XU - Ru” “‘. Deardortl 
and Willis [35] gave that II.’ (r Rr) - Ro’ ’ in this 
fully turbulent regime and thus WC have the variation. 

using equation (38) 

Nfl _ (,#)” 2h. 

Marc rcccnt experimental and analytical results [4Y] 
in the fully turbulent regime indicate that the Nusselt 
number varies as Ra’ ’ and that the velocity IV’ varies 
as Rtr’ ‘, Though the experimental results are very 
convincing, there may bc some discussion as to the 
validity of some of the theoretical assumptions made 
by these authors. However. using the relationship that 

NU - Rc’ ‘. in equation (Z), leads to a power law 

Nlf - (It/‘)’ :. 

Our experimental results (Fig. 5). wfhether prc- 
scntcd in the viscous or inertial regimes. show vari- 

FIN;. 7. The lotal currenl passing through the ccl1 at dilkrcnt 
heat fluxes and for different voltages ;I\ a function of the 
lemperature of the injection plate. (Case of heating and 

in_jcction from the same plate.) 

ations far stronger than thcsc. Though WC arc not 
quite certain that the results will continue with the 
same variation asymptotically. WC feel quite sure that 
such a transposition of classical Raylcigh B&at-d 
laws to the clcctroconvective case is not realistic. This 
would suggest that the flow structure in the EHD case 

is quite different from that with only buoyancy forces. 

and that any analogies made bctwccn Raylcigh 
Bbnard and olcctroconvection bc done so carefully. 

Finally. WC note that Lalarcnko c’t trl. [lOI 
attempted a somewhat general analysis of the cffccts 
of electrical forces on heat transfer and cvcntually 
reached ;I dcpendcncc of NL/ on the parameter (Irl’) 
for both ‘Iaminar’ and turbulent flow. with upper- and 
lower limits for the power law cxponcnts of 0.35 and 
0.5. respectively. Though our viscous regime analysis 
does not Icad to the same parameter (ours includes ;I 
voltage dependence). it Icavcs little doubt as to that 

for the fully turbulent rcgimc. 

6. DISCUSSION AND CONCLUSION 

Attempting to examine the results scrics by scrlcs 

did not Icad LIS to conclude anything more dcfinitc 
concerning the possible power law variations. and 
this was compounded with the dilticulty of tixing the 
injection level with any great precision. Figure 7 shows 
the total current passing through the cell for gi\cn 
values of the voltage as a funclion of the tcmperatul-c 
of the injecting clcctrodc. The current clearly rises 
somcwhal dramatically with temperature for the 
higher voltages (+30%). The problem with this is 
that we have no way of knowing uhcthcr this increase 
in current is due to higher injection by the hot clcc- 
trodc or to an increase in the Ievcl of conductivity of 
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the liquid. Such imprecisions are unavoidable. How- 12. J. F. Hoburg and J. R. Melcher. Electrohydrodynamic 

ever, we may conclude on a certain number of points : 
mixing and instability induced by colinear fields and 
conductivitv gradients, Phvsics Fluids 20, 903 ~91 I 

(I) Electroconvection, in the range of parameters (1977). I - 

chosen here, appears, to first approximation, unaffec- 
13. J. F. Hoburg, Internal electrohydrodynamic instability 

ted by temperature gradients and buoyancy forces. 
of liquids with colinear field and conductivity gradients, 
J. Fluid Muh. 84,291p303 (1978). 

(2) Nusselt numbers were shown to increase by 14. N. Felici. D.C. conduction in dielectric liquids. Part I : 
up to an order of magnitude when electroconvcctive A survey of recent progress. Dirc,c,t Currrn/ 2, 90 99 

11071\ 
motion was prcscnt. 

,L,’ .,. 

(3) In electroconvective beat transfer the flow struc- 
15. M. E. Frankc. Etfect of vortices induced by corona dis- 

charge on free convection heat transfer from a vertical 
nlate. i-rc/ri.s. ASMEJ. HCU/ Trans/i,r91,427 433 (1969). turc appears to be diffcrcnt to that of natural con- 

vection. 16. 

(4) Relevant parameters governing the electrical 

i. L. Fernandez and R. Poulter. Radial mass how in 
electrohydrodynamically-enhanced forced heat transfer 
in tubes, 1t11. J. Herrr b4u.w Trunsfcv 30, 212552136 
(1987). 
T. Mizushina. F. Ogino, T. Matsumoto. M. Yokoyama 
and N. Kitano. EfTect of radial electrical field on heat 
and momentum transfers in dielectric organic liquid fat 
laminar flow through concentric annuli. 1~1. J. Hco/ 
Ma.\.r Twsfiv 23, I I05 I I I5 ( 1980). 
J. F. Hoburg. Temperature-gradient drtvcn elcctro- 
hydrodynamic instability with unipolar injection in air. 
J. Fluid Mcch. 132, X-245 (1983). 
R. F. Bradley and J. F. Hoburg. Elcctrohydrodynamic 
augmentation of forced convection heat transfer. 
I.E.E.E. T/~/I.\. Id. Applic. IA-21(6), 1373 1376 (19X5). 
M. K. Bologa. V. V. Pushkov and A. B. Bcrkov, Electric 
field induced heat transfer cnhanccmcnt in a gas solid 
suspension heat exchanger, /rr/. J. Hwt ,Mn.s.v Trrmfrr 
28, 124551255 (1985). 
P. Atten. F. M. J. McCluskey and A. C. Lahjomrt, The 
electrohydrodynamic origin of turbulence in elcctro- 
static precipitators. I.E.E.E. Ttw.c. 1ml. Ap/~/ic. IA-23, 
705 711 (1987). 
A. Denat, B. Gosse and J. P. Gosse, Ion injections in 
hydrocarbons. J. E/cctro.vfcr~ic.\ 7, 205 225 (1979). 
J. Filiupini. J. P. Gosse. J.-C. Lacroix et R. Tobazi-on. 
Mise 0; oeuvre et application de la strioscopie Li I’etude 
des phenomenes Clectrohydrodynamiques dans les 
liquides dielectriques. C.R.A.S.P. 269, 167 I70 (1969). 
E. J. Hopfinger and J. P. Gosse, Charge transport by 
self-generated turbulence in insulating liquids submitted 
to unipolar injection. P/r>%c.r f/t‘llricl\ 14, 1677~~1682 
(1971). 
J. M. Schneider. P. K. Watson and H. R. Till. Electro- 
hydrodynamic stability of space char&c limited currents 
in dielectric liquids, PIrrsics Fluids 13, l948- 1961 (1970). 
P. Atten et R. Moreau. Stabilite electrohydrodynamique 
dcs liquidcs isolants soumis i unc injection unipolaire. 
J. ;M@c,. II, 471 520 (1972). 
P. Atten. Stabilite electrohydrodynamiquc dcs liquidcs 
de faible conductivite. J. Mk. 14,461 495 (1975). 
J. C. Lacroix. lnstabilitts hydrodynamiques et Plectro- 
convection lors d’injection d’ions dans les liquides iso- 
lants isotropcs, State Thesis. Grenoble France (1976). 
J. C. Lacroix. P. Atten and E. J. Hoptinger. Electro- 
convection in a dielectric liquid layer subjected to uni- 
polar injection. .I. Fluid Mrch. 69, 539~ 563 (1975). 
H. Benard. Les tourbillons cellulaires dam une nappc, 
Rw. G&r. &i. Puws Ap/~/ic/uPe.r 1 I, I26 I I27 I ; 1309~ 
1328 (1900). 
Lord Rayleigh, On convective currents in a horizontal 
layer of fluid when the higher tcmpcrature is on the 
underside. Phil. Mgq. 32, 529-546 (I 9 16). 
P. Atten and J. C. Lacroix, Electrohydrodynamic sta- 
bility of liqmds subjected to unipolar injection: non- 
linear phenomena. J. E/ec~/rostatics 5, 439452 (1978). 
N. Felici. Phtnomtnes hydro- et aerodynamiques dans 
la conduction des dielectriques fluides, Rer. G&I. E/w. 
7(X). 717 734 (1969). 
T. Y. Chu and R. J. Goldstein, Turbulent convection in 

forces were shown to bc (IVL/~) for viscous dominated 
How and (1~1’) for incrtially dominated how. 17. 

It is quite clear from this that classical heat transfer 

results cannot be simply transposed to the electrical 
cast and that an analysis of electroconvectivc flow is 
necdcd as well as, experimentally. measurement of the 18. 

velocity bctwcen the plates. 
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APPENDIX A 

The measured electric current in our experiments is due to 
two distinguishable processes : residual conduction and the 
migration of the injected ions (unipolar injection only). We 
explain briefly here how we extract the injected current (I,,,) 
from the measured value (I) (see ref. [45]). 

The electrical current density, J, through the cell is 

J = eE(P,K,+pQ+,1K,,) (Al) 

where (’ is the unit charge: P,, the concentration of injected 
ions per unit volume ; p, the number of dissociated positive 
ions; n. the number of dissociated negative ions and K,. 
k;, and K,, their respective mohilities. We may also write 
J = J,+J,, the injection plus the conduction current den- 
sities. 

The one-dimensional Poisson’s equation is 

(the total charge density is (p,+p-n) .c). The conservation 

equations of each species are 

(Ai) 

- $nK,,L) = h-,,-k,,prr (A4 

where k, is the dissociation constant; c the molecular density 
of the dissociahle species, and kR the recombination constant. 
In thermodynamic equilibrium. this is 

h ,,r = ~,P,,f~,t (A5) 

with pl, and ,z(, being the equilibrium concentrations of the 
positive and negative ions. respectively. Denat [45] numeri- 
cally solved this set ofequations with the following boundary 
conditions : 

eP,l j /, = q 
PI\_<, = 0 
4 I ,, = 0 

s 

<! 
Ed.\- = I’. 

0 (A6) 

The injecting electrode at .v = 0 is considered positive with 
the collector at .Y = (I being of negative polarity. The results 
give the non-dimensionalized injection current density 
j, = J,/Jscl, where JS(.L (= ‘:t:KV’;d’) is the current density 
in space charge limited injection conditions (i.e. inlinite space 
charge density on the injector), and the non-dimensional 
conduction current density j, = J,/Jsr, as functions of the 
parameters C, (= q,d’lc V), the injection level. and 
C,, (= arl’;‘2cKV). C,, is the conduction to injection current 
ratio. The value C,, = I is reached at the saturation voltage. 
If C,, < 1 the conduction current is negligihlc and WC take 
the measured current as being due to injection only. The 
injection level C’, is then obtained using the equation 
j, = C,cKV’;d’. 

If C, > i, we proceed in the following way. First. we mea- 
sure the liquid conductivity 0 and deduce the value of C,,. 
From Denat’s non-dimensional curves we take the cor- 
responding value of j‘. By subtracting this from the total 
non-dimensional current. we obtain j,. With these values of 
j, and C,,, the same set of curves provide C, (and, clearly, (I,). 
A further correction was carried out to take account of field 
enhanced conduction, again using the results by Denat [45]. 
Brielly. we consider that the saturation current is increased 
by a numerical factor. varying between 1.5 and 4.5 in our 
experimental conditions, depending on the field E. the per- 
mittivity i:. Although Denat’s calculations arc valid under 
hydrostatic conditions. they arc a good approximation in 
our case. This is due to the fact that for weak injection. liquid 
motion has little influence on charge transfer since the current 
is limited by the rate at which the ions are produced at the 
electrode and this is independent of the dynamical state of 
the system. Then. the transported charge is almost the same 
with or without liquid motion. 

APPENDIX B 

The lower plate is heated from time / = 0 and the heat is 
then transferred by the liquid and by the Plexiglas frame to 
the upper plate which is kept at constant temperature. For 
each medium (liquid. copper. Plexiglas) the heat equation is 

+VH = 0. (BI) 

We assume for simplicity that the temperature gradients in 
the liquid and in the Plexiglas are vertical only and that the 
copper plate is isothermal. Integrating equation (BI) over 
the depth of the copper plate, i.c. from z = 0 to (/,. we obtain 

H, = H,, - o< (;,rtl, (?, (82) 
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where Ho is the heat flux furnished to the plate and H, is 
that passing from the plate to the liquid and Plexiglas. The 
subscript C refers to copper. If we now integrate the heat 
equation over each medium between the two electrode plates 
(d, < : < d2) we obtain for the liquid and for the Plexiglas, 
respectively 

6T 
~ddl;d~dz+(HLl-HL,)SL = 0 (83) 

d.rdTd=+(I&-H,,)S, = 0. (B4) 

(Subscripts I and 2 refer to the lower and upper plates, 
respectively.) 

For the first terms in equations (B3) and (84) we will use 
the approximation that they can be represented as mean 
values over the whole volume R 

(m is the mass of the medium in question). Using equation 
(BS), the addition of equations (B3) and (B4) gives 

where 

+S,_HL~+SpH,,-SLH,,-SSpH,, =0 (B6) 

(&I&, +SpHp,) = S,H, = S,H,,-rn&$ (B7) 

(See equation (B2).) We now make the usual approximation 
that the ftux at the upper plate (at constant temperature) is 

equal to the product of the thermal conductivity and an 
average temperature gradient. With T2 fixed, we have 

6T, &T,+ 7‘2) 6(T,--2) 
6t Sl at 

and equation (B(i) becomes 

CT2-Tl) 
fffSpKp (d,-d,) 

-------S,H,,+m& vx,. (Bg) 

This equation has a simple analytic solution 

T,(r)-T2 = (T,(O)-T2)exp + 
! 1 

where 

and 
e = S&r,, (Blf’) 

Equations (B9) and (Bit) are equations (13) and (14) 
given in the main text. Since the AT(t) variation is expon- 
ential then we can conclude that the ‘thermal resistance’ of 
the liquid is independent of Tin our conditions, 

Let us note that we implicitly assumed that the conduction 
in the Plexiglas in the transitory regime was analogous to 
that in the steady-state regime. We verified this for very 
weak perturbations of the equilibrium state. By recording the 
variation of AT in the hydrostatic case (heating from above) 
we saw that the relaxation was of the exponential type (see 
equation (B9)) and that the time constant obtained was 
r0 = 44.8 min. This value introduced into equation (Bl I) 
gives once again a value for (1 of 0.27. 

AUGMENTATION DU TRANSFERT THERMIQUE A TRAVERS UNE COUCHE 
HORIZONTALE DE LIQUIDE DU A ~ELECTRO~ONVE~TION ENTRE DEUX 

PLAQUES PLANES ET PARALLELES 

R&urn&--On presente une etude du transfert thermique a travers une couche horizontale de liquid du a 
I’electroconvection entre deux plaques planes et paralleles. Une injection unipolaire d’ions peut etre creee 
soit d I’electrode superieure soit a I’tlectrode infirieure, la couche t’tant chauffee independamment en haut 
ou en bas. Ces quatre situations sont examinees. En regime transitoire, il est possible de calculer le nombre 
de Nusselt en s’appuyant sur un mod& electrique simple (circuit Resistance-Capaciti en parallele). Les 
valeurs obtenues peuvent augmenter d’un ordre de grandeur en presence de champ electrique par rapport 
au cas purement thermique et sont en bon accord avec les resultats en regime stationnaire. Dans tous les 
cas consider&s, les forces de gravite sont negligeables par rapport a la force de Coulomb. A l’aide dune 
analyse de retat stationnaire. on deduit les parametres gouvernant le transfert thermique; les produits 

IYci’ en regime non-turbuient, et 1& en regime turbulent. 

VERBESSERUNG DES W~RME~BERGANGS DURCH ELEKTROKONVEKTION 
AUFGRUND DER INJEKTION EINER RAUMLADUNG ZWISCHEN ZWEI PARALLELE 

PLATTEN 

Zusammenfassung-Der Warmeiibergang zwischen zwei parallelen Platten bei Elektrokonvektion wird 
untersucht. Ein unipolarer Ionenstrom kann entweder an der oberen oder an der unteren Elektrode 
eingebracht werden, wobei gleichzeitig die Fliissigkeitsschicht von oben oder unten geheizt wird (stabile 
oder instabile Schichtung). Diese vier unterschiedlichen Konfigurationen werden getrennt behandelt. Das 
Ubergangsgebiet wird analytisch untersucht. Unter Verwendung einer Analogie zwischen dem Experiment 
und einem elektrisch parallel geschalteten Widerstands-Kapazitlten-Mode11 wird damit die Berechnung 
der thermischen Nusselt-Zahl miiglich. Die so ermittelten Naherungswerte zeigen eine Zunahme der 
Nusselt-Zahl urn bis zu einer Griigenordnung und stimmen sehr gut mit station&en Daten iiberein. Auf 
diese Weise wird demonstriert, daR fur alle betrachteten F&he die elektrischen Einthisse vollkommen 
iiber die Auftriebseffekte dominieren. Eine kurze Analyse des stationlren Zustandes liefert die fiir den 
W~rme~~rgang wesentlichen Parameter: I& fur die voIlst~ndig turbulente Striimung und iI’& fiir nicht- 

turbulente Bedingungen. 



t;. M. .I. MCCLIJSKW ci d 

MHTEHCMWiKA4MR TEIlJIOnEPEHOCA 3A WET 3JIEKTPOKOHBEK~MM. 
MH~YIjMPOBAHHO~ IIPOCTPAHCTBEHHbIM 3APRAOM MfSK)KAY ~APAJIJIE~bHbIMM 

I-UTACTMHAMA 

AmoTauna-&kcnenyeTca TeWIOllepeHOCMeXQynByMP napaJUieJlbHbrMIi "naCTmiaM&i 3BCYeT WeKTpO- 

KOKBeKUKH. BBO.II AOHOB OLIHOTO 3HaKa MOHCCT OCylUeCTB,YSITbCR na60 y BqXXerO, JIWjO y HWKHeTO 

WWKTpOLEi, a HarpCB CnOR mWKOCTN--cBCpXy HJtW CHM3y (TIpH yCTOikHB0~ HJ,H HeyCTOiiYHBOi? 

CTpaT~~~K~~~~~ OTLWnbHO paCCMaTpiSSdloTC% 3TU WTbIpe B03MWKHblx K~~~~rypaU~~. npOEOfllrTCX 

aHaJm3 mR cnyrar HC~a~~OHap~OrO ~~~Ma,nO3BOn~~4~~ paccwTaTb TermoBOe %iCno HyCCe;?bTa 

Cy'ieTOM aH~Or~~C 3~eKTp~~~KO~ Ue~b~CO~pOTUB,7CHn~~ KO~~e~Ca~O~O~C "apa~~e~b~b~~COeA~- 

HeHNeM. A~~pOKC~M~pO~aHH~C TaXEiM o6pasoM 3HaYeHm ~oKa3b~~a~T y~e~~~e~~e %icna Hyccenbra 

Ha ffOp5inOK A O'fCHb XOpOutO COLilaCyWTCfl C AaHHbiMIi E.W CTa~~OHa~HOrO CJlyWL~OKa3aHO,‘ITO BO 

~Cex pacci+faTpwBaeMbix cnyuartx 3newpwiecKae +$eKrbI npeo6naaalor wafi e@$eKTam nofiaeMHbtx 

CRJI. Ha OCHOBe Kpii~KOr0 aHaJIH3a CTaWOHapHOrO COCTOI~HHSI nonynem COO’rBeTcTByH)uw2 onpe- 

mnnm4lre napah4eTpbl ~ennonepeHocannr nonriocTbmTyp6yneHTHOrOre~eHki~ M eycno~snxoTcyrcT- 

ENIlTyp6yneHTHOCTA. 


