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Electroconvective specific heat transfer coefficient has been measured in gaseous air, argon,
nitrogen, oxygen, freon-12 and freon-22, from a single platinum wire (diameter = 0.025mm)
mounted along the axis of a copper cylinder (diameter = 53mm). The measurements have
been carried out as afunction of electric field and pressure in the earth's gravitational field.
The measurements reveal a complicated development of heat convections which appear to
be strongly interacting. The heat convection isfound to exist over the range of the Nusselt
number extending from 74 to 6360. The efficiency of heat convection has been evaluated for
various gases using an empirical relation. The efficiency obtained in a DC field isfound to
be higher than in a AC field. The effect of applied frequency on the efficiency of the process

is also studied.

|. Introduction

Natural convection of heat in afluid often shows it-
sdf to be arelatively inefficient meansof thermal trans-
fer with many industrial processes using mixed convec-
tion or other outside body forces to make flows more
turbulent. Therefore, the idea of imposing such con-
straints on thermal flows has the aim of enhancing mix-
ing and thus heat transfer within the fluid. In partic-
ular, the use of electrical forces to this end is referred
to as electro-tliermohydrodynamics (ETHD). Work on
this subject dates back to the mid-1930s with Sen-
ftleben's experiments using gases!'~3] and then those
of Ahsmann and Kronigl*! in 1950 on liquids. Sen-
ftleben presented an analysis of heat transfer from a
heated wire mounted along the axis of a cylinder. An
increase in heat transfer coefficient was observed under
the influence of a non-uniform electric field. The ef-
fect wasfirst discovered by Senftleben and iscalled the
electroconvectional heat transfer and depends on the
various transport properties of the fluid as well as the
electric field. Senftleben!?] assumed that the enhanced
heat transfer in the presence of electric field is due to

electrostrictive forces which alters the convection cur-
rents. The presence of electric field induces a dipole
moment in a spherically symmetric molecule. In the
case of a molecule possessing a permanent dipole mo-
ment, it will tend to align with the field. Since at con-
stant pressure electric susceptibility is temperature de-
pendent, it turns out that a cold fluid in a non-uniform
field would experience more forces than a hot fluid in
the same region. As a result, a pressure gradient is de-
veloped which forces the cold fluid to replace the hot
fluid, thereby generating a circulating current, whichis
the cause of increased lieat transfer.

Kronig and Schwarts® rnade a quantitative in-
terpretation of the above phenomena using the the-
ory of similarity. Subsequently, interpretations were
also given by Senftleben and Bultmann!®], Senftleben
and Lange-Hahn!™ and more recently by Lykoudis and
Yul®. The experimental studies of electroconvectional
Beat transfer from horizontal cylinders were also dealt
with by Ahsman and Kronig*®, De Haan'%, Arajs
and Legvold'!! and Schnurmann and Lardgel's. So
far, no investigations on quantitative aspects of elec-
troconvectional heat loses have been made using dif-
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ferent geometries such asinclined or vertical cylinders.
The present work has been undertaken to characterize
the heat trar sfer argumentationin polar (Air, N2, O2,
Freon-12 and Freon-2) and non-polar (Argon) gases us-
ing asimple geometry of a cylindrical container subject
to a non-uniform €electric field. The convective specific
heat transfer coefficient has been investigated under the
influence of DC and AC electric fields, with particular
choicegiven to higher field strength and pressures main-
tained inside the cylinder. Theelectric Nusselt numbers
for various gases were evaluated at constant pressure.
Likewise, Nusselt number for various gases were also
evaluated as a function of pressure with constant elec-
tricfield. Additionally, the heat transfer coefficient has
been studied with different geometries such as horizon-
tal or verticel cylinders. An attempt has been made
to evaluatetlie efficiency for electroconvection using an
empirical relation and the result for air is presented
here. The effect of applied frequency on efficiency is
also studied.

II. Experimental arrangement

The detai ed experimental arrangement used in this
investigation has been described elsewherel!3-17], Refs,
16 and 17 report the recent work carried out by us.

A brief dsscription of the equipment is furnished
here. Thehezt transfer coefficient was determined from
a hot wire cell, made of a copper cylinder (diameter =
53mm), with a fine platinum wire (diameter = 0.025
mm) stretched along its axis. This cell was placed into
one arm of a \WWheatstone bridge and wasthen immersed
inside a constant temperature bath. This cel could
be positioned at any angle between the vertical and
the horizontal orientations. Electric fields in the cdll
were created by an applied electrical potential (DC or
AC) between the body of the cylinder and the central
wire which was grounded. The heat transfer coefficient
was obtained by calibrating the wire as a platinum re-
sistance therrnometer and then measuring the voltage
across it and a standard resistor in series with it. The
bridge was kept balanced for any experimental situa-
tion. The rate of heat transferred is given by

Qo = (211, + I3)R (1)

where | is the current flowing through the wire in the
absence of any electric field and I,; is the current nec-
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essary to keep the bridge balanced in the presence of
any electric field.

The convective specific heat transfer coefficient is

obtained using the relation

el = % ) (2)

and the convective heat transfer coefficient is given by

hy = 2 (3)

where A is the surface area of the wire and T; is the
temperature difference between the wire and the sur-
rounding medium.

The frequency dependence of the electroconvective
heat transfer was carried out by connecting the input of
an audio oscillator to a solid-state amplifier, the output
of which was connected to a high-voltage transformer
through astep-up transformer. The output of the high-
voltage transformer was directly applied to the body of
the cylinder. The frequency was varied from 20 Hz to
1000 Hz and measurements made accordingly.

ITI. Results

The results of the electroconvective specific heat
transfer coefficient obtained under difference pressure
conditions are illustrated in Fig. 1(a) to Fig.1(f). The
results of the AC and DC fields are also shown in the
same plot. As seen in the figures, an absence of con-
vection is observed for electric field less than the crit-
ical electric field. The critical electric field is found
to depend on the various transport properties of the
fluid (such as thermal conductivity, the electric dipole
moment, the molecular weight, the viscosity and the
polarizability of thefluid) as well asthe pressure main-
tained inside the cylinder. When the applied electric
field is greater than the critical electric field, the heat
transfer coefficient increases gradually, reaches a satu-
ration value and then decreases as the field is further
increased. In some cases, the heat transfer coefficient
reduces to zero and becomes negative as may be seen
in Figs. 1(a), (c), (d) and (e). In most of the cases,
a Gaussian distribution of heat transfer profile is ob-
served under the influence of AC and DC fields.
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Figure 1a: Electroconvective specific lieat transfer in gases
as afunction of AC and DC field in vertical cylinder.

(a) -AlIR:1. DCfield, T4 = 10.0°C, p = 29.7cm Hg; 2. DC
field, Ty = 9.17°C, p = 41.8 cm Hg; 3. DCfield, Ty = 9.0°C,
p = 49.4 cm Hg; 4. DC field, Ty = 8.23°C, p = 76 cm Hg;
5. ACfield, Ty = 7.17°C, p = 76 cm Hg.
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Figure 1b: Electroconvective specific heat transfer in gases
as afunction of AC and DC field in vertical cylinder.
ARGON: 1. DCfidd, Ty = 9.74°C, p = 735 cm Hg.
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Figure Ic: Electroconvective specific heat transfer in gases
as afunction o AC and DC field in vertical cylinder.
OXYGEN: 1. DC field, 7y = 4.17°C, p =42 cm Hg; 2. AC
field, Ty = 4.0°C, p = 54 cm Hg; 3. DC field, 72 = 4.0°C,
p = 54 cm Hg; 4. DC field, T4y = 4.1°C, p = 69 cm Hg.
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Figure Id: Electroconvective specific heat transfer in gases
as a function of AC and DC field in vertical cyliiider.
NITROGEN: 1. DC field, Tq4 = 6.0°C, p = 26.1 cm Hg;
2. DC field, Ty = 6.0°C, p = 36 cm Hg; 3. DC fidd,
Ta4=5.0°C, p = 50 cm Hg; 4. ACfield, T = 5.0°C, p = 50
cm Hg.
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Figure le: Electroconvective specific heat transfer in gases
as a function of AC and DC field in vertical cylinder.

FREON-12: I. AC field, Tq = 11.03°C, p = 15.7 cm Hg;
2. DC field, Tq = 13.40°C, p = 15.7 cm Hg; 3. AC field,
Te =16.08°C, p = 29.4 cm Hg; 4. DC field, Ty = 14.41°C,
p = 29.4 cm Hg; 5. DC field, Ta = 22.54°C, p = 40 cm Hg.
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Figure If: Electroconvective specific heat transfer in gases
as afunction of AC and DC field in vertical cylinder.
FREON-22: 1 AC field, T4 = 8.51°C, p = 34.1 cm Hg; 2.
DC field, Ty = 8.05°C, p = 34.9 cm Hg.
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Figure 2a: Electroconvective specific heat transfer in gases
as afunction of AC and DC field in (vertical cylinder).
AIR: 1. E=2.0 kV dc, Ty = 9.56°C; 2. E=3.0 kV dc,
Ty = 9.63°C; 3. E=4.0 kV dc, Ty = 9.17°C; 4. E=2.0 kV
dc, Tqa =9.38°C.
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Figure 2b: Electroconvective specific heat transfer in gases
as afunction of AC and DC field in (vertical cylinder).

(b) - ARGON: 1. E=1.0 kV dc, T4 = 10.84°C; 2. E=2.0
kV d¢, Ta = 10.81°C.
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Figure 2c: Electroconvective specific heat transfer in gases
as afunction of AC and DCfield in (vertical cylinder).
OXYGEN: 1. E=2.0 kV dc, Ty =10.0°C; 2. E=3.0 kV dc,
Td =10.2°C,
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Figure 2d: Electroconvective specific heat transfer in gases
asafunction & AC and DC fidd in (vertica cylinder).
NITROGEN: 1. E=1.0 kV dc, T4 = 7.0°C; 2 E=1.5 kV
dc, Ty = 6.17°C; 3. E=2.0 kV dc, Ty = 7.0°C; 4. E=1.5 kV
dec, T, = 6.17°C.
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Figure 2e: Electroconvective specific heat transfer in gases
asafunction of AC and DC fied in (vertical cylinder).
FREON-12: 1. E=3.0 kV dc, Ta = 18.70°C; 2. E=4.0 kV
dc, Ty = 17.15°C; 3. E=7.0 kV dc, Ta = 17.64°C.
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Figure 2f: Electroconvective specific heat transfer in gases
as afunction of AC and DC fiddin (vertical cylinder).
FREON-22: 1. E=2.0 kV dc, Ty = 19.26°C; 2. E=3.0 kV
dc, 7 = 20.11°C.

The results of the electroconvective specific heat
transfer coefficient obtained under different electricfield
conditions are presented in Figs. 2af. At low gas
pressure, a negative value of heat transfer coefficient
is observed in most of the cases, implying a suppres-
sion of the free convection by electroconvection. As
the pressure isincreased gradually, the convective heat
transfer coefficient increases, reaches a saturation value
and then decreases on further increase in pressure. At
higher pressure, the convective heat transfer coefficient
disappears completely, as may be seen in Fig. 2a
(curves 1,2), Fig. 2c (curves 1,2), Fig. 2d (curve I),
Fig. 2e (curves 1,2) and Fig. 2f (curve 1).

In Table I, the electric Nusselt numbers for differ-
ent gases areshown under different pressure conditions,
while Tablell presents the results obtained under differ-
ent electric field conditions. The efficiency for electro-
convection of air is presented in Table I, while Table
IV represents the result for argon at different applied
frequency.

V. Discussion

On a more fundamental level, we may distinguish
between three types of electrical force acting on a
fluid once a voltage difference is aplied across it: the
Coulomb or the electrophoretic force

Fe=qF, (4)
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TABLE |. Nusselt number of various gases as a function of electric fidd in a vertical cylinder. Air: p=76 cm
Hg, Ty = 28¢C; Argon: p=73.5 cm Hg, Ty = 29°C; Oxygen: p=54 cm Hg, T; = 28°C; Nitrogen: p=50 cm Hg,
Ty = 27°C; Freon-12: p=29.4 cm Hg, Ty = 30°C; Freon-22: p=24.2 cm Hg, Ty = 28°C

Ey(V/em AIR ARGON OXYGEN [ NITROGEN | FREON-12 FREON-22
103(DC) | p=76 cm Hg | p=73.5 cm Hg | p=42 cm Hg | p=50 cm Hg | p=29.4 cm Hg | p=24.2 cm Hg
Nugy Nugy Nug Nug; Nug Nueg
0.52 0 0 0 0 0 0
1.04 0 0 0 0 0 0
1.56 0 238 0 608 139 0
2.08 0 921 636 1014 445 1576
2.60 336 1114 1391 912 1613 1936
3.12 691 1233 2783 557 2504 2386
3.64 834 1248 3578 101 3116 2723
4.16 1058 1278 4770 0 3784 2996
4.68 1474 1278 5367 - 3979 3196
5.20 1434 1174 5963 - 4174 3286
5.76 1403 1040 6162 - 4257 3376
6.24 1424 713 6281 - 4257 3511
6.76 1352 6360 - 4285 3601
7.28 1271 - 6360 - 4257 3601
7.80 1261 6181 - 4035 3601
8.32 1078 5963 - 3896 3623
8.84 915 - 5367 - 3617 3665
9.36 - - 4770 - 3562 3669
9.88 4174 - 3478 3669
10.40 3379 - ‘3089 3665
10.92 - - 2385 - 2643 3601
11.44 1073 - 2365 3421
11.96 0 1809 3241
12.48 - - 1391 - 3061
13.00 - - 1113 2926
13.52 - 139 -
139 -
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TABLE II. Nusselt number of various gases as a function of pressure in a vertical cylinder. DC field. Air: Epc =
3.12 X 105(V/em), Ty = 28°C; Argon:Epc = 2.08 X 105(V/cm), Ty = 28.5°C; Oxygen: Epc = 3.12 x 103(V/cm),
Ty = 27.5°C; Nitrogen: Epc = 2.08 x 10°(V/cm), Ty = 27.5°C; Freon-12: Epc = 3.12x 10%(V/em), Ty = 31.0°C;
Freon-22: Epc = 3.12 x 10%(V/em), Ty = 31.0°C.

AIR ARGON OXYGEN NITROGEN FREON-12 FREON-22
E,=312x10° | E,=208x16° | E,=208x10° | E, =312 x10° | E, =3.12x 10° | E, = 3.12 x 10°
(V/cm) (V/cm) (V/em) (V/cm) (V/cm) (V/cm)
Lp(cm Hg) Nug Nug Nue Nue Nug Nug
5 - - - - 0
1.5 - - - - 0 - 450
10 - - - 0 557 675
12.5 - - - 338 863 720
15 . - 596 1113 787
17.5 - - - 795 1391 923
20 0 0 - 994 1614 990
22.5 104 74 - 1193 1809 1035
25 203 223 - 1371 1976 1103
27.5 356 371 - 1550 © 2059 1125
30 458 446 0 1690 2115 1148
32.5 559 594 152 1888 2143 1170
35 610 669 253 2087 2115 1170
37.5 661 713 355 2186 2087 1170
40 732 743 507 2286 2115 1170
42.5 763 802 578 2425 2143 1148
45 813 817 659 2485 2115 1125
47.5 854 832 760 2624 2170 1125
50 864 847 821 2703 2170 1103
52.5 844 862 862 2787 2115 1103
55 793 877 862 2882 2143 1103
57.5 762 877 862 2942 2115 1103
60 712 891 841 3021 2115 1080
62.5 661 891 811 3061 2087 1058
65.0 610 891 730 3081 2087 1058
67.5 559 891 659 3140 2087 1058
70 508 891 5A7 3180 2031 1080
72.5 458 - 2003 -
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TABLE III. The efficiency of electroconvection in air
in a horizontal and vertical cylinder under influence of

DC and ACfield. Ty = 9.0°C, p = 76 cm Hg.

E(V/em)10° | ypc (%) | yac (%) | 100 (%)
vV.C V.G H.C
0.52 0 0 0
1.04 0 0 0
1.56 0 0 0
2.08 0 23 0
2.60 17 35 13
3.12 39 43 22
3.64 49 43 37
4.16 56 42 46
4.68 58 42 47
5.20 59 42 48
5.72 58 41 48
6.24 58 40 45
6.76 57 40 41
7.28 56 40 40
7.80 53 40 36
8.32 51 33 34
8.84 48 21 27
9.36 - 2 -

TABLE V. The efficiency of electroconvection in ar-
gon in a vertical cylinder under influence of AC fidd of
various frequ:ncies. Tq = 9.66°C, p = 73.5cm Hg, E
= 3.12 x 105V.

[ E(V/cm)10° | Freq (Hz) [y (%)
40 45
3.12 70 44
100 43
200 40
400 38
600 39
800 38
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where ¢ is the charge density and E is the electric field
intensity; the dielectric force

Fi=~(E?/2)Ve , (5)
where ¢ is the permittivity of the fluid; and the elec-
trostrictive force

Fe = V([(E*/2)(6¢/6p)] , (6)

where p is the fluid density. It is usual to include
the electrostrictive term with the pressure. Thus the
dominant body force in tlie gases arises from the eec-
trophoretic force and tlie electrostrictive force.

In EHD systems tlie electrodynamic equations com-
prise Maxwell’s relations and appropriate constitutive
relations. For a single known species of charge carrier
tlie constitutive relation for current a DC system as-

sumes tlie form
j=¢@E+qu+ D.Vq, (M

wliere, except in ultra-pure liquids in which free elec-
trons may occur, charge carriers are tliought to exist
as positive or negative ions!'®1%, The first term rep-
reselits the current which results from the drift of ions
relative to surrounding host fluid molecules (b being
the ion mobility), while the otlier terms account for the
convective transport and diffusion of ions respectively.
D, istlie ion diffusion coefficient and except in regions
very close to the electrons(u — 0) the diffusion term
issmall compared with the other two terms and can be
neglected. From the foregoing, it isclear that as a body
force the electrophoretic component, ratlier than acting
on all the constituents of tlie medium, operates only on
individual ions which then transfer momentum to sur-
mediuin.

In Fig. 1, convective specific heat transfer coeffi-
cient for various gases are plotted as a function of elec-
tricfield. At very low fidd strength, the induced dipole
moment is small, resulting in the weak electrophoretic
force and lience no coiivection is observed. As the
field isincreased gradually, dipolar interaction increases
and thisin turn increases the electrophoretic force and
hence enhances the convection. In the saturation re-
gion, an energy balance is obtained due to Joule heat-
ing wliich developes gradually as the field is increased
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and is responsible for the reduction of heat transfer as
observed in each case. Theelectric field intensity inside
the cyliiider isestimated as

E. =(0.13/r)E(Vem) , (8)

where r istheradial distance from the centre of the wire
and E isthe voltage applied to the cylinder. Tlie max-
imum conduction current following through the cylin-
der of maximum electricfield strength and pressure was
recorded as 100, 190, 200, 300, 200 and 150 A for air,
argon Nj, Oy, Freon-12 and Freon-22, respectively. An
estirnate of Joule heating near the immediate vicinity
of the platinum wire gives a very significant figure, im-
plying the fact that Joule heating is responsible for the
reduction of heat transfer as observed in the experi-
ment.

Figs. 2af show the results of the electroconvec-
tive specific heat transfer coefficient for air, argon, ni-
trogen, oxygen, Freon-12 and Freon-22, plotted as a
function of pressure with a fixed electric field. The
enhancement in heat transfer coefficient observed in
each case is the dorninance of the electrophoretic force
over the electrostrictive force. In the saturation region,
electrophoretic force is balanced by the electrostrictive
force, while the reduction in heat transfer coefficient
is due to the dorninance of the electrostrictive force
over the electrophoretic force. As the pressure is in-
creased, electrostrictive force also increases and thisin
turn reduces tlie r.m.s. velocity of the coiivection. At
elevated pressure, the r.m.s. velocity of the convection
disappears completely, leading to a zero value of heat
transfer coefficieiit as observed in several cases.

In Table I, the electric Nusselt number for various
gases has been calculated using tlie relation
haD

K’ ©)
where h,; is the electrocoiivective heat transfer coeffi-
cient, D is the diameter of the cylinder and K is the
thermal conductivity of tlie fluid and the values were
taken from Ref. 20. Tliefluid properties were evaluated
at the film temperature given by

= Tet T 0

where T,, is the temperature of the wire and Ty, istlie

Nug =

temperature of the surrounding medium. ASs seen in

tliat Table for any particular case, tlie Nusselt num-
ber increases witli an increase in electric field, reaches
a maximum vaue and then decreases as tlie field is
further increased and becomes zero as may be seen in
oxygen and nitrogen. A zero value of Nusselt number
implies absence of electroconvection, while a positive
value implies that the heat flows from the wire to tlie
surrounding medium. In Table II, the Nusselt num-
ber has been plotted for various gases as a function
of pressure, while the electric field was kept constant.
Again, theelectric Nusselt number increases witli an in-
crease in pressure, reaches a maximum value and then
decreases, as may be seen in air, nitrogen, Feon-12 and
Freon-22.

The efficiency for €lectro-convection has been calcu-
lated using the relation

het
Yo = | 11
: het + hy (11)

where h,; is the electroconvective heat transfer coef-
ficient and h; is tlie free convective heat transfer co-
efficient. Tlie result for air is presented in Table III,
where tlie efficiency for convectioii lias been calculated
as a function of AC and DC fields. Tlie general trend
observed in this case is found to be exactly similar to
that obtained for tlie electric Nusselt number (Table
I). However, tlie efficiency obtained in a DC field is
found to be liigher than tlie AC field. Likewise, the
efficiency obtained in a vertical cylinder isfound to be
liiglier than tlie horizontal cylinder. The efficiency for
electroconvection for argon isshown in Table 1V, where
tlie efficiency has been calculated as a function of the
frequency of tlie applied electric field. Asseen in tlieta-
bles, the efficiency decreases gradually as tlie frequency
isincreased and reaches a stationary value.

V. Conclusion

Tlie electroconvective specific heat transfer coeffi-
cient has been measured in polar and nonpolar gases.
The diiliaiicement in heat transfer coefficient in polar
gases is found to be liiglier than the non-polar gases.
Siniilarly, tlie enhancement in heat transfer coefficient
in a DC fidd is found to be higher than the AC field.
The enhancement in lieat transfer coefficient witli an
increase in electric field is due to tlie increase in elec-
trophoretic force, while tlie reduction in heat transfer
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coefficient is attributed to Joule heating. Likewise, the
enhancement of heat transfer coefficient with an in-
crease in pressure IS due to the dominance Of the elec-
trophoretic force over the electrostrictive force, while
the reduction in heat transfer coefficient is due to the
reduction in r.m.s. velocity of the convection.

The Nusselt nuinber for various gases is found to
increase witli an increase in elecric field, reach a max-
imum value and then decrease as the field is further
increased. Similar effect is also noticed when the pres-
sure of the zas is increased. The efficiency for eec-
troconvection is found to increase with an increase in
electric field. At higher electric field, efficiency reaches
its maximuni value and then decreases as the field is
further increased. Efficiency obtained in a DC fidd is
found to be liigher than in the AC field. Similarly, the
efficiency obtained in a vertical cylinder isfound to be
higher than in the horizontal cylinder, but a decrease in
efficiency is roticed when the frequency of the applied
field is increased.
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