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Here we consider some features of the effects of electric fields [7] on the thermal and 
hydrodynamic characteristics of heat pipes. 

I. Electroosmotic Heat Pipes. The hydrodynamic head Ap and speed v of the liquid in 
an electroosmotic pump With cylindrical capillaries are given by 

AP= 4~o~U (I) 
am 

~o~U 
v -  8 ~ l '  (2)  

where  t h e s e  f o r m u l a s  have  b e e n  d e r i v e d  f r o m  t h e  e q u a l i t y  o f  t h e  Coulomb f o r c e  a t  t h e  d o u b l e  
b o u n d a r y  l a y e r  a t  t h e  c a p i l l a r y  w a l l  [2] and the  v i s c o u s  r e s i s t a n c e  f o r  s m a l l  v a l u e s  o f  t he  
R e y n o l d s  number  [ 3 ] .  E q u a t i o n s  (1) and (2)  a p p l y  p r o v i d e d  t h a t  t h e  p o r e  d i a m e t e r s  do no t  
d i f f e r  t oo  g r e a t l y  f r o m  t h e  t h i c k n e s s  o f  t h e  d o u b l e  l a y e r .  

I n  t h e  c a s e  of  a w ick  w i t h  p o r e s  of  more complex  s h a p e ,  t h e  f o r m u l a s  f o r  AP and v s h o u l d  
n o t  d i f f e r  g r e a t l y  f rom t h o s e  o f  (1) and ( 2 ) ;  w i t h  co~ = 1 0  - 9  F/m, ~ = 0 . 0 5  V, U = 103 V, 
and d = 10 -~ m we g e t  AP = 2-103 N/m 2, which  c o n s t i t u t e s  a l a r g e  f r a c t i o n  o f  AP f o r  an o r d i -  
n a r y  c a p i l l a r y  pump. I n  f a c t ,  m e a s u r e m e n t s  [4] show t h a t  the  h e i g h t  to  which  e t h a n o l  r i s e s  
i s  i n c r e a s e d  by  a s u b s t a n t i a l  f a c t o r  on i n s e r t i n g  e t h a c r y l  powder  o f  p a r t i c l e  d i a m e t e r  0 .03  
mm and a p p l y i n g  a p o t e n t i a l  d i f f e r e n c e  o f  1000 V, w h i l e  t h e  r a t e  o f  r i s e  of  t he  l i q u i d  i s  
a l s o  s u b s t a n t i a l l y  i n c r e a s e d .  

A l i q u i d  o f  h i g h  d i e l e c t r i c  c o n s t a n t  and h i g h  z e t a  p o t e n t i a l  ( a l c o h o l ,  w a t e r ,  o r  aqueous  
s o l u t i o n s  o f  HC1, KC1, o r  KOH) may be employed [5] to  o b t a i n  l a r g e  p r e s s u r e s  in  e l e c t r o o s m o -  
t i c  pumps; h o w e v e r ,  some o f  t h e s e  a r e  o f  h i g h  c o n d u c t i v i t y ,  which  p r e v e n t s  t h e  a p p l i c a t i o n  o f  
s t r o n g  f i e l d s  b e c a u s e  o f  h e a t i n g  and e l e c t r o l y s i s .  

2. E l e c t r o h y d r o d y n a m i c  Hea t  P i p e s .  These  p i p e s  have  two d i f f e r e n t  d e s i g n s :  w i t h  l o n g -  
i t u d i n a l  e l e c t r o d e s  and w i t h  m u l t i s t a g e  pumping.  

I n  t h e  f i r s t  c a s e ,  t h e  e f f e c t  a r i s e s  f rom the  l i q u i d  b e i n g  drawn i n t o  t h e  s p a c e  b e t w e e n  
t h e  e l e c t r o d e s  i n  t h e  c o n d e n s e r ,  i n  which  a h y d r o s t a t i c  p r e s s u r e  d i f f e r e n c e  i s  s e t  up [ 6 , 7 ] :  

AP = ~ o ( ~ t - - ~ , g E ~  _ eo(~z - -  ~ )  Ec 2 (3)  
�9 2 2 

The condition for normal operation of such a device is E e > Ec, which is met by appro- 
priate shaping and disposition of the electrodes. The liquid moves from the condensation 
zone in response to the electric field in the evaporation zone. The maximum possible pres- 
sure difference set up by the electric force (for E c = 0) is 

Apron= ~o(~t - -~v)E2  (4) 
2 

where the field strength is derived from the formula for a planar condenser. 

Various designs with longitudinal electrodes have been examined; the electrodes may be 
strips [7], thin wires [8,9], or rods []0,77], or they may be insulated [12] or bare wires. 
The electric fields may be steady or alternating because the effects described by (3) and (4) 
are not dependent on the direction of the field. 
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Fig. I. Electrohydrodynamic heat pipe with longitudinal elec- 
trode: 1) supporting insulator; 2) sealing washer; 3, 7) high- 
voltage electrodes in the evaporation and condensation zones; 
4) body; 5) insulating washer; 6) capillary structure; 8, 9) 
welded and bolted flanges. 

' J _ I t ) I )  

Fig.  2. Electrohydrodynamic heat  p ipe  wi th  vary ing  f i e l d  
s t reng th"  1, 5) i n s u l a t i n g  washers;  2) s ea l i ng  washer; 3) 
h igh -vo l t age  e l e c t r o d e ;  4) body; 6, 7) welded and bo l ted  
f l anges .  

The heat carrier is drawn into the region of strongest field, which ensures that it is 
supplied to the evaporation zone, but also there may be electroconvection and dispersal in a 
device with longitudinal electrodes, and these effects can be utilized in controlling the 
heat transfer, as is clear from researches on condensation and boiling in the presence of 
electric fields [13-19]. However, there has been no adequate research on the scope for better 
use of these effects in heat pipes. 

We have examined several types of electrohydrodynamic heat pipe, which have yielded very 
hopeful results. In particular, viability tests have been performed on a very simple design 
(Fig. I) [20,21], which may be made of copper (length 1000 mm, diameter 22 n~n, and wall 
thickness 2 mm), with an electric heater of length I00 mm and a condenser of length 150 mm. 
The wick is provided by E-01 glass cloth of 60% porosity and thickness 3 mm. The design pro- 
vides for applying electric fields separately to the evaporation and condensation zones. 
The pipe was tested in a near-horizontal position. The heat carrier was freon I13. An elec- 
tric field in the evaporation zone produced a substantial fall in the temperature difference 
along the heat pipe because the carrier was drawn into the space between the electrodes, 
whereas a field in the condensation zone caused a considerable increase in the temperature 
difference, sometimes because the field caused the wick to dry out in the evaporation zone. 

Such a heat pipe has also been built without a capillary structure (length 120 mm, dia' 
meter 19 mm, heater length 50 m m, and condenser length 60 mm), in which the return of the 
carrier was provided solely by the electric field (Fig. 2). Here again the carrier was freon 
113. Inhomogeneity in the electric field was provided by appropriate shaping of the high- 
voltage electrode, which was a truncated cone whose base lay in the evaporation zone. The 
body of the heat pipe was grounded. Some results have been published [22] on this heat pipe 
operating at 45 ~ (against the force of gravity). 

The design of another form of pipe has been simplified by providing a field only in the 
evaporation zone [23], which reduced the temperature difference along the pipe substantially. 
The measurements were made on a pipe manufactured from copper of length 750 mm and of internal 
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Fig. 4. Distribution of temperature T (~ along 
the heat pipe: |) E e = O, Q = 35 W, thermal-syphon 
mode; 2) E e = 25 kV/cm, Ah = 1 cm. 

diameter 12 mm. The electric heater had a length of 70 mm, while the condenser was a liquid 
heat-exchanger of length 140mm. The wick was provided by three layers of 200-um brass gauze 
fixed by explosive techniques to the wall of the tube (method developed at this institute). 
The working medium was freon If3. The high-voltage electrode was a needle of diameter 2 ram 
and length equal to the length of the evaporation zone. Figure 3 shows the mean temperature 
of the evaporator as a function of the heat-flux density. The pipe was tested with the eva- 
porator I cm above the condenser. A field of 25 kV/cm in the evaporation zone doubled the 
maximum working heat flux. The transport performance of the wick matched the heat loading 
for low heat fluxes, and the curves at low fluxes were virtually coincident. Both curves in 
Fig. 4 correspond to a transferred power of 35 W; in one case the voltage was zero, so the 
pipe worked as a simple thermal syphon, while in the other case the field was 25 kV/cm, with 
the evaporator l cm above the condenser. 

Figure 5 shows the mean temperature difference across the evaporator in relation to the 
power transferred by the pipe; curve 2 corresponds to thermal-syphon load, while curves l and 
3 represent the evaporator I cm above the condenser for E = 0 and E = 25 kV/cm in the evapor- 
ation zone. 

These results show that the heat fluxes are those produced in thermal-syphon mode if a 
heat pipe with longitudinal electrodes is operated with the evaporator slightly above the 
condenser. 

Therefore, the electric field in such a device sets up an additional hydrodynamic pres- 
sure difference AP as defined by (3) and accelerates the heat transfer in the boiling and 
condensation zones, while a field applied only to the condensation zone as a rule adversely 
affects the heat transfer, because liquid is drawn into the condensation zone, with the con- 
sequence that the evaporation zone tends to dry out. The transfer characteristics may be 
readily controlled by means of the field strength. On the other hand, the scope for utili- 
zing field effects is not exhausted in the above designs. From (4) we have that for eo(e~ -- 
Ev) = 2-10 -*~ F/~ E 2 =I0 I~ V/m 2 the result is AP = 103 N/m 2 = lO cm H20, which is not always 
adequate for practical purposes. 

We can neglect the pressure difference across the vapor phase and write the pressure 
balance in the following form [24] in evaluating the heat and mass transfer in such a pipe: 

Ap t + Apm+ eo(ez --~v)E~2 ~'<APcap~ eo(~z --ev)E~2 (5) 

We neglect the inhomogeneity in the capillary structure and rewrite (5) as 
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Fig. 5. Mean temperature difference AT e (~ 
at evaporator in relation to power Q (W) trans- 
ferred by heat pipe: I) E e = 0, Ah = I cm; 2) 
E e = 0, Ah < 0; 3) E e = 25 kV/cm, Ah = I cm. 

4or cos 0 eo(et "ev)  g2e ~ltOtL eo(eZ --ev) Ec z ~ < ~  + �9 (6) 
Ft,7 t :h ? Z gL sin 13 + 2 d 2 ' 

Qmax -- Fk~t~lt L (4~;cos0 } . d  e~ t --ev)2----E$ e~ (el ---ev) E ~ 2  !:TlgLsinfJ) " (7) 

Here the minus sign in front of the third term corresponds to the electrohydrostatic head and 
the head set up by the capillary forces, which may in part balance out, while the minus sign 
in front of the fourth term corresponds to the case where the gravitational forces prevent 
the return of the carrier to the evaporation zone. 

The following is the electric field in the condensation zone that inhibits the device 
in the horizontal position for the case Ee = 0: 

= 1 /  8~cosO (8) Ee 
V ~o (~z -- ~) 

Experiment shows that an electric field applied to the condensation zone with the tube 
in the horizontal position or with the evaporator slightly above the condenser can be used 
to switch the pipe on and off. 

Equations of Electroconvective Heat Transfer. More efficient heat pipes, including 
those operating against gravitational forces, can be designedby combining eleetrohydrodyna- 
mic transfer with electroconvective heat transfer. A multistage pump (where the hydrostatic 
pressure difference is proportional to the number of stages, so the pressure can be adjusted 
by choice of an appropriate number) also provides for variation of the carrier, the field 
strength, and the field configuration; this can result in considerable improvement in the 
performance bycomparison with ordinary heat pipes. 

Mathematical description of the electrohydrodynamic phenomena and electroconvective heat 
transfer in such a heat pipe can be based on the following general system of equations 
26]: 

v (o-v  = - v P  + + nv 

~vT = av~T + ~E~eV, 

v~=O, 

0 = V (~o8s 

= "vU, 

v7=0. 

[25, 

(9) 

(1o) 

(1i) 

(~ 2) 

(14) 

(15) 
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Fig. 6. Electrohydrodynamic heat pipe 
with multistage electrohydrodynamic pump. 

o'e = ~e(T, E), 

e =g(T, E). 

( 1 6 )  

(Z7) 

(18) 

It follows from (12) and (15) that the following is the Coulomb force for v = D = 0: 

= pE = ge~VTE (I 9) 

which arises because the medium is inh0mogeneous. The latter in turn may be due to tempera- 
ture differences or inhomogeneity in the electric field, as is evident from (17) and (18), or 
else it may be due to heterogeneity in the medium and so on. Here we consider only the elec- 
trohydrodynamic phenomena that have been observed in electrohydrodynamic heat pipes. 

Needle-Plane Electrohydr0dynamic Pump. In this type of pump, electroconvection arises 
from I~Inhomogeneity in the electric field, and the design is extremely simple (Fig. 6). As 
the field is inhomogeneous (VE 2 # 0 on account of the electrode geometry), we have from (12) 
and (17) that the force is f ~ pE m OeEVoe(E) ~ VE 2 # 0, and it is readily seen that this is 
always directed towards the point. If such an electrode system is surrounded by a channel, 
we get a needle,lane EHD pump. 

The operation of such a pump has been discussed [26], and the following equations have 
been derived for the pressure difference set up in one stage: 

i 

, ),or,, (+ 0 ' ] ' - ' '  AP=-b'L~-- ~- ~-Eeor ---~-[~L Jr -FEco 2 ' (20) 

where 

2 I ( 2 1 )  
nop = a [ /  

is the optimum efficiency; L, distance between the electrodes; g, loss coefficient; and gcor , 
field at which a corona discharge arises. 
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Fig. 7. Mean evaporator temperature as a func- 
tion of heat-flux density q (W/cm2): I) ther- 
mal-syphon mode; 2) Ah = I0 cm, 3) 50. 

Equation (20) is inconvenient for engineering calculations, because the current density 
appears in the argument, and this is dependent on the working conditions, so we consider a 
simplified form in order to obtain a more convenient formula. The space-charge density in 
the one-dimensional case is 

SO 

dE (22) 
p ~ S o 8  - -  , 

dx 

E = p x + C. (23) 
48 

We assume that the electrical relaxation time of the medium is small by comparison with 
the characteristic time spent by the liquid in the space between the electrodes, i.e., we 
assume that the liquid flow is completely saturated with charge, so the field strength near 
the corona electrode is affected by the charge density 0 and may be taken as zero, whereupon 
C = 0 and 

E----- p x. (24) 
8~ 

We assume that 0 -- const and put 

L L 

U = ~ E d x = ~  pxd~=pLzl2e~ (25) 

0 0 

SO 

P = 28o 8U/L2" (26) 

The Coulomb force oE set up by one stage results in the following pressure difference 
defined by (24) and (26): 

L L 

AP = pEdx = -s xdx = 2eoeUal L a. (27) 
0 0 

We e s t i m a t e  t h e  f r e o n  1!3  pumping r a t e  i n  such  a pump by means of  t h e  H a g e n - - P o u s e i l l e  
e q u a t i o n  f o r  a c y I i n d r i e a l  c h a n n e l  on t h e  b a s i s  o f  ( 2 7 ) :  

2eoeUZ/L z =_= 32rWa v L/R2, (28) 

S O  

ray ---- goeU~R2/16rlL 3, (29) 
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Fig. 8. Heat pipe with electroconvective cooling: 3) 

body; 2) capillary structure; 3) insulating washers; 4) 
high-voltage electrodes; 5) cooling fins. 

which can provide a pump of handling capacity 2.2"10 s W with R = I n~n, U = 20 kV, L = 5 mm, 
eoc = 2-30 -11 F/m, r = 1.45.10 s J/kg, and n = 5"10 -4 N'sec/m 2. 

Heat Transfer in Condensation and Boilin$ in an Electric Field. We consider heat trans- 
fer during condensation and boiling [39] in a film in an electric field. This involves exam- 
ining the hydrodynamics of a liquid partially filling the space between the electrodes and 
the condenser, which is connected to a high-voltage source, and this has a bearing on an 
electrohydrodynamic heat pipe because of the partial filling with liquid and the presence of 
an electric field. There is an interface between phases differing in electrophysical param- 
eters (liquid and vapor), and the external electric field induces charges and produces forces 
that disperse the liquid, so thin films are produced on the electrodes. The heat transfer 
can then be determined approximately from 

~= ~/6, ( 3 0 )  

where ~ is the effective film thickness. 

The method of dimensions gives the thickness 6 in an electric field (apart from a con- 
stant); it is assumed that 6 = f(o, eocEi/2), and the above quantities can give only one 
dimensionless complex eoeEa6/o, which is assumed to be a function of o and eoeEi/2, but it 
is impossible to form a dimensionless complex from these. Therefore EoeE=6/o = const, and 
so ~ = const ~/eoeE a, while experiment [39,27] gives 

= 0.2 a/eo~f  2 = 0.2~/Eps, (31 )  

where 9s is the surface charge density. 

The boiling and condensation are repetitive, so the surface charge density is dependent 
on the relation between the characteristic time t and [ for film renewal, and it is defined 
by 

9s = ~ o e v E [ l - - e x p ( - - t ] ~ ) ]  �9 (32)  

For given heat flux q and thickness 

t ---- &fr/q. (33) 

If t/T -< 3, it is sufficiently accurate to replace l -- exp (--C/T) by t/(T + t), and then we 
take the first two terms in the expansion of exp (--t/T) to get the joint solution of (30), 
(31) and (33) as 

2~oevE2~rT - I  
= (34) 

0.2 c?r~ -1 + V'(0.2 ~ y m - 9  z + 0.8 ~oevEZWT-t~q 

This formula is in agreement with experiment [39]. 

Parameter Measurement. Figure 6 shows a general view of a multistage system in section; 
the heat pipe consists of the body I, which encloses the multistage electrohydrodynamic pump 
2, with the metallic grids 3 filled with the porous material 4. The arrows indicate the di- 
rections of motion of the vapor and liquid. 

When the system is connected to a high-voltage supply as shown in Fig. 6, the liquid is 
pumped into the evaporation region; the porous material 4 causes the material to wet the metal 
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grids 3, and the electric field between the body ] and the grids 3 causes the liquid to dis- 
perse over the surface of the evaporator, while the film of condensate in the condenser is 
withdrawn. 

The above theoretical arguments can be applied in calculating the heat-transfer char- 
acteristics of such a pipe; the observations were made on a pipe in which the carrier was 
supplied to the evaporator by an electrohydrodynamic pump and was distributed there by a 
capillary-channel structure (Fig. 7). The heat-transfer characteristics were almost inde- 
pendent of the orientation. The overall length was 1000 mm, while the evaporation area was 
45 cm 2, and this served to reproduce the results obtained in thermal-syphon mode with the 
evaporator at heights up to 50 cm above the condenser. 

Electroconvection in External Heat-Pipe Cooling. Most of the studies considered above 
are concerned with improving the internal characteristics of heat pipes, but it is also 
necessary to improve the external characteristics in many cooling applications, particularly 
for electronic and thermoelectric devices. One of the best techniques in this area is to 
use finned surfaces. Although fins have been widely employed, their performance is often 
far from perfect in accelerating heat transfer, particularly as concerns the energy consumed 
in providing the required thermal performance. 

However, ribbed tubes usually result in much larger cooling devices, and the desire to 
minimize dimensions lead us to examine various means of adjusting the hydrodynamic character- 
istics of heat-carrier flows. Forced air cooling of fins consumes a considerable amount of 
energy and also reduces the reliability (on account of the pumps and blowers), and therefore 
we have examined a static device in which free convection at the fins is accelerated by an 
electric field (electric wind), which is most effective if the field is highly inhomogeneous. 
The heat pipe of Fig. 8 has a condensation zone in the form of a cylinder of diameter 12 mm 
and wall thickness ] mm, which has eight fins of height 40 mm and length 150 mm cooled by 
free convection in air. The evaporator and the adiabatic zone are thermally insulated. 
High-voltage electrodes are placed symmetrically between the cooling fins. This pipe was 
tested in various orientations ranging from horizontal to vertical, where it was assumed that 
the internal thermal resistance was small by comparison with the external thermal resistance 
in the condensation zone. The temperature of the heat-transfer surface was measured with 
copper-constantan thermocouples at the base and crest of a fin. These thermocouples were 
placed in such a way as to minimize any additional inhomogeneity in the electric field. 

Measurements were made (Fig. 9) at 50 Hz and 10 kV; the heat-transfer coefficient was 
only slightly dependent on the temperature difference, and AT less than I0 ~ resulted in 
Joule heating by the corona current having a considerable effect, so the absolute values of 
a in this range are somewhat underestimated. The heating of the air by the corona current 
can be neglected at higher degrees of thermal loading. See [28] for the main results on fin 
cooling by electric wind methods. 

These results show that electrohydrodynamic methods of controlling heat-transfer char- 
acteristics of heat pipes are reasonably effective and should find general use. 

NOTATION 

L, pipe length; R, radius of channel; 7 and d, capillary length and diameter; Ah, height 
of evaporator above condenser; y, density; r, heat of phase transition; AP, pressure drop; 
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n, dynamic viscosity; G, flow rate; F, cross section for liquid transport; o, surface ten- 
sion; 8, wetting angle; B, angle of inclination; Q, heat flux; T, temperature; ~, thermal 
diffusivity; c, specific heat; m, heat-transfer coefficient; k, permeability; ~, thermal 
conductivity; q, heat flux; CoS, dielectric constant; ~, electrical potential of interface; 
U, potential difference; E, electric field; ~e, specific electrical conductivity; f, power 
density; g, acceleration due to gravity; p, space-charge density; j, current density; D, dif- 
fusion coefficient; T, electrical relaxation time; b, carrier mobility. Subscripts: ~, 
liquid; v, vapor; e, evaporator; c, condenser; m, mass forces; cap, capillary forces. 
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