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Abstract-In order to investigate the mechanism of augmentation of boiling heat transfer by utilizing 
electrohydrodynamic (EHD) phenomena, we performed basic experiments and analyses of bubble behav- 
iour under applied electric fields and temperature gradients. These experiments clarified that the number 
of boiling bubbles increased greatly and they were forced to move around on the heat transfer surface 
violently, and that the area between the bubbles and heating surface effective for boiling heat transfer 

was enlarged. 

1. INTRODUCTION 

SINCE THE application of an electric field to thermal 
hydraulic phenomena was demonstrated to produce 
new phenomena called the electrohydrodynamic 
(EHD) effect, resulting in augmentation of heat trans- 
fer, a great deal of research has been conducted, 
primarily on augmentation of convective and con- 
densation heat transfer. Some of this has been directed 
at practical applications. As for boiling heat transfer, 
however, due to the complexity of EHD effects during 
boiling, a qualitative understanding of this effect is 
lacking, and in many cases only experimental data 
have been reported [l-5]. In such reports the following 
phenomena have been described : the number of boil- 
ing bubbles may increase or decrease under an electric 
field ; bubbles become charged, causing them to be 
attracted to electrodes. These phenomena seem to be 
related to the type and polarity of the electric fields. 
The fundamental mechanisms of these phenomena 
have not been reported. 

In order to clarify the mechanisms of these phenom- 
ena and to establish a new method of augmenting 
boiling heat transfer, we have carried out basic exper- 
iments and analyses on the behaviour of bubbles 
under an electric field. 

In a previous experiment on augmented boiling heat 
transfer in a smooth single tube boiling apparatus [6], 
a 25 kV source was used to apply an electric field to 
a mixture of ethanol and R-l 1, of which the relaxation 
time of the electric charges was smaller than the 
detachment period of the bubbles. Boiling heat trans- 

fer was augmented by about 8.5 times that without an 
electric field. To clarify the mechanism of augment- 
ation, air bubble behaviour was observed under an 
electric field in adiabatic conditions. These exper- 
iments revealed that bubbles were deformed and pre- 
ssed against the heat transfer surface, and were forced 
to move around violently on the surface by an electric 
field. This paper describes the results of experiments 
and analyses on the behaviour of bubbles in an electric 
field when temperature gradients exist. 

2. EXPERIMENTS 

Figure 1 shows the experimental apparatus used to 
observe bubble behaviour. This apparatus is nearly 
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FIG. I. Schematic diagram of experimental apparatus for 
observing bubble behaviour under electric fields. 
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NOMENCLATURE 

AA element of surface area [m’] 
4 equivalent diameter [m] 
E electric field strength [v m- ‘1 
i electric current density [A m- *] 
k Boltzmann constant [eV K- ‘1 
n normal unit 
PO electrostriction force [pa] 
PE electrostatic force [pa] 
PM Maxwell stress [Pa] 
R principal radius of curvature [m] 
r radial component of cylindrical 

coordinate 
T temperature [K] 
W activation energy [WI 

Z vertical component of cylindrical 
coordinate. 

Greek symbols 
a surface tension [N m- ‘1 
Y fluid density [kg mm31 

& relative dielectric constant 
so absolute dielectric permittivity [F m- ‘1 
e angle [deg] 
t deformation length of bubble [m] 
PC electric charge density [C m-‘1 
Q, electrical conductivity [A V- ’ m- ‘1 
4 electrical potential M. 

Subscripts and superscripts 
non-dimensional expression 

0 base value 
b bubble 
G vapour 
i ith component 
L liquid 
max reference value (maximum value) 
r radial component 
sat saturation 
Z vertical component. 

the same as that described in the previous report [6]. 
A brass heat transfer surface 45 mm in diameter is 
installed in a cubic vessel made of acryl resin meas- 
uring 200 mm on each side. Water flows in the jacket 
below the heat transfer surface for heating and 
cooling. An electric heater is also used for heating 
instead of water. A brass screen of 25 mesh per inch 
is used for the upper electrode and its distance from 
the grounded heat transfer surface is 5 mm. Mixtures 
of R- 113 and ethanol and R- 11 and ethanol were used 
as the heat transfer media to make the relaxation time 
of the electric charge shorter. A mixture of R-l 13 and 
ethanol was used for the observation of air bubbles, 
while a mixture of R-l 1 and ethanol was used for the 
observation of air and boiling bubbles. A high speed 
VTR system (Kodak SP-2000) was used for these 
observations. 

Figure 2 shows the experimental apparatus used to 
measure the boiling heat transfer of a mixture of R-l 1 
and ethanol. This apparatus has a brass heat transfer 
surface 50 mm in diameter, surrounded by a teflon 
insulator 150 mm in outer diameter. It is located at 
the bottom of a vessel made of acrylic plate. The size 
of the vessel is 240 mm in width, 240 mm in length 
and 510 mm in height. A water-cooled condenser is 
located in the upper part of this vessel. The central 
part of the heat transfer surface consists of a brass bar 
5 mm in diameter, with a 2 mm thick teflon insulator 
wrapped around it. In this brass bar, a total of five 4 
0.5 mm K-type sheathed thermocouples are stacked 
horizontally 5 mm apart in the vertical direction to 
measure the heat flux. The thermal conductivity of the 
brass was measured by the laser flash method. In each 

c. 
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shalul heat; Te<Un insulator 

(a) Schematic diagmm of experimental apparatus 

(b) Detail of heating section 

FIG. 2. Experimental apparatus for measuring heat transfer 
characteristics under electric fields : (a) schematic diagram 

of experimental apparatus ; (b) detail of heating section. 
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experiment, the brass heat transfer surface was 
polished with No. 2000 emery paper. 

The experimental conditions in the vessel were as 
follows : 

pressure atmospheric 
heat flux 3-50 kW m- 2 
applied voltage &30 kV 
(electric field strength) &6MVm-’ 
polarity of applied 

voltage positive and negative d.c. 

In addition, the alcohol concentration of the mix- 
ture was changed to observe the effect of electrical 
conductivity. To measure the electrical conductivity, 
a super insulating resistance meter was used. 

3. EXPERIMENTAL RESULTS 

In the experiment of heating air bubbles, a phenom- 
enon different from that in the previous case of non- 
heating [6] was observed. Figure 3(a) shows photo- 

graphs of the air bubble behaviour in the electric field. 
When there was no heating (i.e. under isothermal 
conditions), the bubbles were pressed against the 
lower electrode with a positive applied voltage and 
were not pressed with a negative applied voltage. On 
the other hand, when heated, the bubbles were pressed 
against the heat transfer surface serving as the lower 
electrode and moved violently around on it when 
either a positive or negative voltage was applied. In 
addition, more bubbles remained attached to the heat 
transfer surface in the heating condition than in the 
isothermal condition. When the heat transfer surface 
was cooled, no bubbles were attached to the heat 
transfer surface, irrespective of the polarity of the 
applied voltage. 

In boiling of the R- 11 /ethanol mixture in the electric 
field, almost the same behaviour as was observed for 
air bubbles occurred, but it was entirely different from 
the phenomenon of nucleate boiling ordinarily 
observed without the electric field. When the applied 
voltage exceeds 10 kV, boiling bubbles are pressed 

(4 Flu id RII 
Fluid temperature - 20% 
Us = 3.92 x IO-* (A/Vm) 

25 kV 

(b) Pressure 103 kPa 
cr,= 3.93x10-*(A/Vm) 

FIG. 3. (a) Air bubble behaviour in the electric field. (b) Boiling bubble behaviour of R-l I in the electric 
field. 
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FIG. 4. Boiling bubble behaviour by observing high speed video recorder. 

against the heat transfer surface and move violently 
around on it. When the applied voltage exceeds 20 
kV, the diameter of the bubbles becomes smaller and 
they move more violently, simultaneously generating 
new bubbles by break-up on the heat transfer surface. 
The generated bubbles also move violently around 
the heat transfer surface, producing new bubbles. A 
sketch of such bubble behaviour is shown in Fig. 4. 
Initially there are no bubbles on the heat transfer 
surface and only the floating bubbles exist in the elec- 
tric field. Then one of the floating bubbles becomes 
attached to the heat transfer surface by the electric 
force, and the bubble begins to move violently on the 
surface. Soon after, it splits into smaller bubbles that 
continue moving violently and they soon grow as large 
as the mother bubble and also split into new small 
bubbles. Consequently, when the heat transfer surface 
becomes covered with bubbles, the electric field can- 
not keep the bubbles attached to the surface because 
the electric field strength around the bubbles becomes 
weaker, allowing them to float in the bulk liquid. 

The shape of the bubble attached to the heat trans- 

fer surface is semi-ellipsoidal with a spread bottom. Its 
gas-liquid interface is severely perturbed. The bubble 
diameter decreases as the applied voltage increases 
and the rise-up velocity of the bubble increases. The 
boiling heat transfer characteristics are shown in Fig. 
5. This figure also displays data for pure R-l 1 on other 
high-performance heat transfer surfaces, such as the 
commercial ‘Thermoexcel’ [7j machined porous 
surface, the ‘High Flux’ [8] sintered surface and 
another sintered surface with the highest performance 
[9]. The present data show much higher heat transfer 
rates than these high-performance surfaces, demon- 
strating the high EHD effect on boiling enhancement. 

For the same heat flux, the degree of superheat 
decreases when the applied voltage increases. In 
addition, the boiling heat transfer rate depends on the 
electrical conductivity of the liquid, as indicated in 
Fig. 6, and becomes nearly constant when the elec- 
trical conductivity exceeds 7 x IO-* (A V-’ m-‘). As 
shown in Fig. 6, augmentation of boiling heat transfer 
reaches 50 times the base value. The mechanism of 
the augmentation of boiling heat transfer is analysed 

c Porous surface 

IO5 uc High Flux+ Ni*ib% Ito 

R-l It C,H,OH 

IO3 I I I I 
10-i 5 IO0 5 IO’ 

Wall superheat, AT, (K) 

5. Experimental results of boiling characteristics 
ing curves). 

0 5 IO 15 
Electrical conductivity, oe Y I@ 

UT’m-‘1 

FIG. 6. Relationship between augmentation of boiling heat 
transfer and electrical conductivity of fluid. 

FIG. (boil- 
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using the conceptual model described in the next 
section. 

4. ANALYSIS 

4.1. Models for augmented boiling heat transfer 
From the observation of air bubble and boiling 

bubble behaviour in an electric field, the following 
model for augmented boiling heat transfer is 
proposed : 

(1) Inside the thermal boundary layer, the bubbles 
are pushed toward the heat transfer surface under the 
applied voltage and pressed against it by the electro- 
static force. The bottom of the bubble spreads out on 
the heat transfer surface causing an increase in the 
area of the thin liquid film beneath the bottom of the 
bubble. 

(2) Bubbles move violently around on the heat 
transfer surface and generate new bubbles by break- 
up of old bubbles, thereby increasing the number of 
bubbles on the heat transfer surface. To put it con- 
cretely, increase of the applied voltage causes the bub- 
ble diameter to decrease and, at a constant heat flux, 
the number of bubbles moving around the heat trans- 
fer surface increases and a maximum increase in the 
number of bubbles present on the surface occurs 
under the maximum applied voltage. 

These models are discussed in the following 
sections. 

The reason why the bubbles are pressed against the 
heat transfer surface is discussed in the following. 
Figure 7 shows the force in the electric field that acts 
on the bubbles in the thermal boundary layer. Because 
the electrical conductivity, cc, is temperature depen- 
dent, electric charges are created in the thermal 
boundary layer. Representating the gradient of elec- 
trical conductivity by Va,(r), the charge density can 
be expressed as 

Therefore, when the upper electrode is positive a nega- 
tive charge is generated in the superheated layer, and 
when the polarity is negative a positive charge is gen- 
erated. In addition, the electric field strength of the 
superheated layer becomes weaker than that of the 
saturated liquid. In contrast, due to the difference in 
the dielectric constants between the gas phase and 
the liquid phase, a dielectrophoretic force acts on the 
dielectrics. Since sL > ho, bubbles tend to move away 
from the stronger electric field toward the weaker 
electric field if the electric current is assumed to be 
constant. Consequently the bubbles are pressed 
against the heat transfer surface. In the case of 
cooling, the electric field strength in the thermal 
boundary layer is larger, so that the bubbles are not 
pressed against the heat transfer surface. The latter 

effect was confirmed experimentally under a cooling 
condition. 

In addition, because the electric field strength in the 
superheated layer is weaker than in the saturated fluid, 
the electrostatic force acting on the liquid-bubble 
interface weakens. Assuming that the bubbles are iso- 
baric and their volumes remain constant, the bubbles 
are compressed at the saturated fluid interface by the 
electrostatic force, becoming more slender in the 
middle and broader at the bottom. The result is that 
the bubbles are elongated in the superheated layer. 

The reason why an increase in electrical con- 
ductivity causes an increase in the augmented heat 
transfer rate is discussed as follows. As the electrical 
conductivity increases, the boiling heat transfer is 
greatly augmented because the relaxation time of the 
electric charge becomes sufficiently smaller than the 
detachment period of bubbles. However, the bubble 
detachment period itself becomes shorter because the 
applied voltage is increased. Therefore, the value of 
the electrical conductivity increases to maintain the 
highest value of the augmentation of heat transfer 
rate. 

The reason why the bubble diameter decreases and 
the number of bubbles on the heat transfer surface 
increases as the applied voltage increases is as follows. 
The bubbles pressed against the heat transfer surface 
move violently around on the heat transfer surface by 
an electrostatic force, causing faster growth of bubbles 
by evaporation of the thin liquid films between the 
bottoms of the bubbles and the heat transfer surface. 
However, due to the EHD instability at the liquid- 
bubble interface, a bubble cannot grow beyond a criti- 
cal diameter (derived from the Taylor instability cri- 
terion), and the bubble splits into smaller bubbles, 
causing an increase in the number of bubbles on the 
heat transfer surface. Also, the bottom of each bubble 
spreads due to the electrostatic force, thereby increas- 
ing the heat transfer area. This is considered to be 
another reason for the large enhancement of heat 
transfer. 

Observation with a high speed VTR indicated a 
reduction in the number of bubbles on the heat trans- 
fer surface several times per second. This occurs when 
the bubbles fill the gap between the upper electrode 
and the grounded heat transfer surface, varying the 
distribution of electrical potential. This weakens the 
electrostatic force on the bubbles, allowing them to 
be released from the surface due to buoyancy. As 
the number of bubbles on the heat transfer surface 
decreases, the electrostatic force acting on the bubbles 
increases, so that the bubbles are again pressed against 
the heat transfer surface. These bubbles move around 
violently and new bubbles are generated by fracture. 

With regard to the mechanism of augmented heat 
transfer utilizing EHD effects in the nucleate boiling 
region, the parameters related to properties of the 
heat transfer surface such as surface roughness and 
nucleation site density are not important. In contrast, 
the EHD effect on the behaviour of bubbles on the 
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FIG. 7. Model of bubble behaviour affected by the electrostatic force. 

heat transfer surface is important. In other words, 
the initial bubbles may be generated by a variety of 
mechanisms: at active cavities on the heat transfer 
surface ; formed by bubbles at both ends of the heat 
transfer surface ; in the groove of the spacer between 
the electrodes where the local heat flux is higher ; and 
floating bubbles in the liquid. In whatever way they 
are formed, the EHD effect makes these bubbles be 
pressed against the heat transfer surface, resulting in 
the effects mentioned above. Furthermore, a bubble 
break-up that occurs on the heat transfer surface leads 
to the generation of smaller bubbles, and each bubble 
repeats this growth and break-up process inde- 
pendently of the properties of the heat transfer 
surface. This should be an excellent feature for prac- 
tical applications. 

In the preceding report 161, the mechanism wherein 
the bubbles move violently on the heat transfer surface 

was described by an analysis of the electric field affect- 
ing the bubbles. A fundamental analysis of the shape 
of the bubbles on the heat transfer surface is described 
in the following. 

4.2. Analysis of electrical potential distribution around 
a bubble 

Considering the relationship between the charge 
relaxation time and the detachment period of gen- 
erated bubbles, the liquid can be treated as an elec- 
trical conductor. Because the flow velocity is small, 
we neglect the term for the convective electric cur- 
rent so that the basic equations can be expressed as 
follows : 

(i) continuity equation of electric current 

V-j=0 

(ii) Ohm’s law 
(2) 
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j=ucE 

(iii) definition of electrical potential 

(3) 

E = -V$J. (4) 

By adopting the cylindrical coordinates, we define 
the following dimensionless variables : 

applied voltage 6 = dhtnax 
distance between electrode i = z/z,,, 
radial distance i = r/rmax. 

With these dimensionless variables the boundary con- 
ditions are 

(9 fJ=O at Y=O. 

(ii) f$=l at z’=l. 

(iii) When 2 > z,,, at J = 0 and r’ = 1 

(5) 

(6) 

(iv) In the direction normal to the liquid-bubble inter- 
face 

(8) 

Furthermore, at the edge of the thermal boundary 
layer, 

w D,, = D2n (9) 

and 

(vi) 4, = Ea. (10) 

Since the dielectric constant of the liquid can be 
regarded as almost constant compared to the electrical 
conductivity for a given temperature change, the basic 
equations inside the thermal boundary layer differ 
from those outside it. By substituting equation (3) 
into equation (2) we obtain an expression that is valid 
inside the thermal boundary layer : 

V- (a,E) = 0. (11) 

Substituting equation (4) into equation (11) yields 

Outside of the thermal boundary layer, Va, = 0, so 
equation (12) reduces to 

V’c#J = 0. (13) 

The electrical conductivity can be expressed as a func- 
tion of temperature as 

ue = ueo e -(WN-l (14) 

where W is the activation energy [lo]. 
Therefore, when a Taylor expansion is made for 

small variations of temperature T,, and substituting 
K = W//CT& equation (14) can be approximated as 
a, = Q,~ { 1 + K( T- T,,)}. The gradient of a, can there- 
fore be expressed as 

Therefore, equation (15) can be expressed as 

V% K aT 
y= I+K(T-T,,) dz’ (16) 

The temperature distribution inside the thermal 
boundary layer is approximated by the following 
cubic polynomial of z : 

T(z) - Tsa, AT,, = (l-$(1+;) (17) 

where AT,, = T,-T,,. Taking the derivative of 
equation (17) with respect to z, we obtain 

;= -?(I-$(,+;). (18) 

Using equations (16) and (18), equation (12) can be 
expressed as 

where 

v2f$+a-v(fJ = 0 (1% 

O=~(l-$(l+;)l+K(;-TO). (20) 

Expressing equation (19) in cylindrical coordinates 
yields 

I a -- 
( > 

,!?? +,c!?+!Y=() 
r ar ar aZ az2 . (21) 

Similarly, for conditions outside the thermal bound- 
ary layer, equation (13) can be expressed in cylindrical 
coordinates as 

(22) 

Consequently, by solving equations (21) and (22) the 
distribution of the electric potential is obtained. 

From equations (9) and (lo), the boundary con- 
ditions of the electric displacement vector and electric 
field strength at the edge of the thermal boundary 
layer are obtained as 

(23) 

(24) 

respectively. ’ 

4.3. Analysis of the bubble shape 
From the distribution of the electric potential 

obtained with equations (21)-(24), the bubble shape 
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is obtained considering the pressure balance between 
the electrostatic forces (Maxwell stress and electro- 
striction force) and the surface tension. 

That is, the bubble radius, R, is obtained as 

2ci 
x+ 3EL-ED)EI+EOyLaECE2 

1 
= 

2 Jr, I 
constant. 

(25) 
By rewriting the electrostriction force of the third 
term of the left-hand side of equation (25) using the 
Clausius-Mossotti relationship of 

Assuming that the first term on the left-hand member 
is R = R,+r (R,, radius of initial shape), and by 
rewriting equation (25) using spherical coordinates 
assuming that a bubble is spherically symmetric, we 
obtain 

+ 2 (sL - l)(~~ +2)E2 = constant. (27) 

The constant on the right-hand side of equation (27) 
is equivalent to the pressure increase caused by the 
electrostatic force. Equation (27) is solved by con- 
sidering the pressure to be constant. It is based on the 
assumption that the volume of the bubble would be 
constant, since the pressure increase caused by the 
electrostatic force would be negligibly small compared 
with the atmospheric pressure. Figures 8(a) and (b) 

(a) 

(aI Applied voltage IO kV 

r 

I- Electrosbtk farce (I%) 

FIG. 8. Analytical results of bubble deformation and electro- 
static force on the bubble: (a) applied voltage 10 kV; (b) 

applied voltage 25 kV. 

show the shape of bubbles obtained by considering 
the effect of the electrostatic force on the gas-liquid 
interface and by solving equation (27). The numerical 
calculations were conducted under the conditions that 
K = 0.05 (“C-l), which corresponds to a mixture of 
R-l 1 and ethanol with a 24 : 1 weight ratio, one-third 
of the bubble height as the thickness of the thermal 
boundary layer, 30% of the distance between elec- 
trodes as the height of the bubble and 0S”C as the 
degree of superheat of the heat transfer surface. While 
no changes in the shapes of the bubbles were observed 
at an applied voltage of 10 kV, the bottom of the 
bubble spreads in the thermal boundary layer at 25 
kV. These simulations indicate that the heat transfer 
area of the thin liquid film at the bottom of a bubble 
is enlarged and the change in the shape of bubble 
observed in the experiment is confirmed. 

5. CONCLUSIONS 

The purpose of this study was to investigate the 
effect of an applied electric field on augmentation of 
heat transfer by nucleate boiling and to clarify the 
mechanism responsible for the effect. An experiment 
on pool boiling heat transfer on an upward-facing 
horizontal surface and an analysis of bubbles in an 
electric field when a thermal boundary layer exists 
were carried out. 

From the experiment and analysis, the following 
points were clarified : 

(1) When the heat transfer surface is heated, the 
bubbles in the electric field are pressed against the 
surface independently of the polarity of the electric 
field and move violently on and around the heat trans- 
fer surface. On the other hand, the bubbles are not 
pressed against the surface when it is cooled. 

(2) It was shown that the boiling bubbles broke up 
and generated many new bubbles by moving violently 
around on the heat transfer surface, thereby leading 
to a drastic increase in the number of bubbles. This 
was the main cause for augmentation of heat transfer. 

(3) It was demonstrated that the heat transfer per- 
formance was augmented as the electrical conductivity 
increased and became almost constant at electrical 
conductivities higher than 7 x 1 O- ’ (A V- ’ m- ’ ) . The 
heat transfer augmentation reached a maximum of 50 
times. 

(4) The bubble deformed in the electric field to have 
a spread bottom on the heat transfer surface. An 
analytical simulation indicated that this shape was 
formed because a superheated liquid layer caused a 
weaker electric field strength than in the saturated 
region, resulting in a weaker electric force, and 
because of the internal pressure balance of a bubble. 
Also, it was predicted that the area of thin liquid film 
at the bcttom of a bubble was enlarged by this bubble 
shape, giving rise to augmented heat transfer. 
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