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Electrohydrodynamically Coupled Minimum
Film Boiling in Dielectric Liquids

T. B. Jones* and R. C. Schaeffert
Colorado State University, Fort Collins, Colo.

The Zuber hypothesis for the minimum film boiling point as a hydrodynamic condition is modified to account
for the effects of strong electrohydrodynamic coupling at the vapor-liquid interface surrounding a heated cylin-
drical wire when the interface is stressed by a strong nonuniform electric field. Different models for ac voltage
highly insulating and ac/dc conducting fluid cases are proposed, based on charge relaxation effects. The models
predict the effect of electrohydrodynamic coupling on dominant unstable wavelengths and heat flux values at the
minimum film boiling condition. The ac voltage, highly insulating fluid model compares favorably with theory.
The dc¢ data do not deviate substantially from the ac data. Further, for both ac and dc voltages above some
critical voltage, which depends.on the heater wire radius, the appearance of the instability of the vapor film
changes drastically, indicating an upper limit on the validity of the electrohydrodynamic model developed.

Nomenclature
=thickness of liquid layer
=thickness of vapor film
=electric field
=electrical body force
=electric field frequency
=mechanical frequency
= gravitational acceleration (9.81 m/sec?)
=+ -1
=2n/\ =wavenumber
= components of wavenumber
=pressure

) =heat flux
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R =heated wire radius

R’ =RIpg/v}” =dimensionless radius

t =time

U = fluid velocity

x,y,Z =coordinate axes

o = —jw =growth rate

oy =maximum growth rate

% =surface tension of liquid

€ = dielectric permittivity

€0 = permittivity of free space (8.85-10 ~'2F/m)
=wavelength

& =surface displacement

o =liquid density

Py =vapor density

g = liquid electrical conductivity

7.,7,  =electrical surface traction

Ty =charge relaxation time

d = electric potential function

w =radian frequency

g,Na,

etc. =normalized quantities
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Introduction

ENERAL agreement exists as to the effects of elec-

trohydrodynamic (EHD) forces on convective, nucleate,
and film boiling heat transfer. Data representative of the ex-
perimental results of most workers, showing the effect of
these forces on normal pool boiling, are shown in Fig. 1.
Though all regimes of EHD coupled heat transfer in liquids
have been studied, EHD enhanced film boiling seems to have
received the least attention in past experimental and
theoretical work. This paper reports progress on an ex-
perimental and theoretical investigation into elec-
trohydrodynamically coupled film boiling heat transfer.
Specifically, the effects of strong, nonuniform electric fields
on the minimum film boiling point are considered. A theory,
which predicts the effect of EHD forces on the minimum film
boiling point is developed. This theory is based on the well-
known Zuber hypothesis »? concerning minimum film boiling
but modified to account for electrohydrodynamic coupling at
the vapor-liquid interface. Experimental data are presented as
a test of this electrohydrodynamic theory, but further, as an
indication of the validity of certain models of the electrostatic
field distribution.

Only a few attempts to model true ebullient processes
(nucleate and film boiling) have been made. Choi? and Bon-
jour, et al.,* correlated the effect of a nonuniform electric
field on the boiling crisis with the dielectrophoretic force
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Fig. 1 Pool boiling data showing influence of a dc electric field on
boiling in Freon-113® with a 0.0127 cm radius platinum wire,
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which acts on vapor bubbles. Johnson® considered the elec-
trohydrodynamically coupled surface dynamics of 1) vapor-
liquid jets for boiling crisis and 2) vapor films for minimum
film boiling. No other truly distinguishable attempts at
theoretical modeling of the problem of EHD enhanced boiling
heat transfer are found in the literature.

Experimental studies of EHD coupled film boiling have
been undertaken by Choi,? Bonjour et al.,* Johnson,® and
Markels and Durfee.®” All the aforementioned ex-
perimentalists have found that the minimum film boiling heat
flux is increased by strong electric fields. Further, Markels
and Durfee report unique high voltage circuit electric current
measurements, which provide some clues as to the influence
of the electrohydrodynamic forces on the stable vapor film.
Their data indicate a possible electric field dependent in-
termittent wetting of the heated surface.

The work previously reviewed falls short of providing a
complete picture of EHD coupled film boiling on several ac-
counts. First, in theoretical work there is a general lack of
recognition of potentially significant differences between ac
and dc electric field effects due to charge relaxation. Second,
the experiments performed have not been designed with
enough of the relevant physical parameters (such as dielectric
charge relaxation time, electric field frequency, heater wire
radius) in mind. Third, Johnson,’ who recognizes the EHD
surface coupling mechanism, does not consider the significant
effect of the nonuniform electric fields on the dynamics of the
vapor-liquid interface.

Theory

Review of the Zuber Theory (no EHD coupling)

Film boiling is characterized by the presence of a vapor film
which blankets the heated surface and which essentially
prevents liquid from contacting it. This equilibrium is subject
to the classical Rayleigh-Taylor instability, which deforms the
interface in wave-like corrugations and results in bubbles
which carry the heat away from the surface. As the heat flux is
turned down, a minimum point is reached at which the heat
flux just balances the rate of generation of bubbles due to the
Rayleigh-Taylor instability. Zuber hypothesizes that this con-
dition corresponds to the minimum film boiling point.*? If
the heat flux is then further decreased, the instability removes
vapor faster than it can be generated and the vapor film
collapses.

The basis of the Rayleigh-Taylor instability is the surface
equation of motion which results in a dispersion relation?®
relating stable or unstable wavelengths to frequencies or
growth rates. Using empirical results to relate growth rates to
bubble release frequencies, it may be shown that, for a flat
plate heater,

(@/A) min = Mgy ¢y

where «, is the maximum unstable growth rate and A\, is the
wavelength associated with this maximum growth rate (called
the fastest growing wavelength). In the absence of EHD
coupling,
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For the thin heated wires ordinarily used in pool boiling
studies, the minimum film boiling point correlation based
upon Eqgs. (1-3) is not satisfactory. Therefore Lienhard and
Wong?® developed a quasi-two-dimensional model which ac-
counts for the effects of transverse curvature on the surface
dynamics of a cylindrical vapor film surrounding a wire. This
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model successfully predicts the influence of the heated wire
radius on the dominant unstable wavelength and the heat flux
at the minimum film boiling point. For the cylindrical case®
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where Egs. (4) and (5) reduce respectively to Egs. (2) and (3) in
the limit of R—oo. Using an approach analogous to that of
Zuber, Lienhard and Wong® derived a minimum filmboiling
point heat flux which differs from the proportionality of Eq.
(1). This new relationship® predicts that (g/A4 ), depends on
the second power of the wavelength A4, 1

(@/A) min & Niorg ©)

Based upon theoretical and experimental results reported in
this paper, the validity of Eq. (6) is questioned. i

Electroquasistatic Regimes of Interest

Depending on the charge relaxation time of the liquid 7,,
the frequency of the applied electric field f, and the
mechanical frequency of the-interface, f,, at least three
possible regimes of operation may be hypothesized. The
necessary conditions for these three regimes are outlined here.

If the frequency of the electric field is significantly greater
than the inverse charge relaxation time, that is,

f>>1/1,=0dle N

then no charge can build up on the vapor-liquid interface, and
a perfectly insulating liquid assumption (¢=0) is valid for
EHD surface wave modeling purposes.!'! Under these con-
ditions, the electric field is radially distributed through the
vapor and dielectric field.

If the fluid is sufficiently conductive, then the electric field
is totally excluded from the dielectric fluid. With the entire
voltage drop thus occurring across the thin vapor film, the
electric field coupling at the vapor-liquid interface is much
stronger than that for the highly insulating ac case previously
discussed.

An intermediate situation may be hypothesized if the fluid
is very highly insulating and if the fundamental mechanical
frequency f,, is much greater than the inverse charge
relaxation time, i.e.

S>> (0/¢€) 8)

In this case, the charge at the surface can respond to tangen-
tial electric fields quite rapidly, effectively resulting in a con-
ducting interface, with insulating liquid on one side and in-
sulating vapor on the other side. !> Attempts to use this model
in the prediction of EHD coupling effects with insulating
dielectric liquids and dc applied voltages have not met with
any success.

The three distinct cases previously described briefly
represent three important possible electroquasistatic regimes.
However, other situations may possibly exist. Some evidence
of breakdown in the vapor film for large dc electric fields
exists. 3 In such a case, the electric field distribution would

—
T Dielectric Liquid Gravity )
& (pgr¢)

: V- Fig.2 Flat plate problem
(E’ij‘% geometry.
b Vapor Film {£,:€)

[ .

Heat Flow



DECEMBER 1976

differ markedly from any of the cases described above. The
proper choice amongst these and other electroquasistatic
regimes for the modeling of electrohydrodynamic film boiling
processes must be based in large part on experimental evi-
dence.

Flat Plate Problem

All the experiments described in this paper involve a thin
cylindrical heated wire, but the modeling of the simpler flat
plate problem is presented here because the thin cylindrical
wire geometry theory is based on this model.

Refer to Fig. 2. The lower plate serves as an electrode and
as the heated surface. A thin vapor film of thickness b covers
this surface while the liquid layer is of thickness a. It is
assumed that

b< <A< <a ©
where \ is the wavelength of disturbances on the vapor-liquid
interface. The voltage applied between the upper and lower
plates creates an initial uniform electric field which is normal
to the interface. It is assumed that the fluid is incompressible,
homogeneous, and inviscid, and that the electrostatic ap-
proximation is valid. Further, due to the very low relative den-
sity of the vapor film, its dynamics are neglected (that is, p,
=0). The relevant equations are

pe(dijdty= —Vp—pgk+F¢ (10)
v-0=0 a1
E=-vd (12)

where F* is the electrical force density including free charge
and polarization forces, 4

Fe=pFE—(E?/2)Ve @13)
Electrostriction is not effective due to the incompressibility
assumption, !°

The vapor-liquid interface is deformed into wave-like
corrugations; the form of this deformation is

E(n.2,0) = Rel£(r)e ko) (14)
If the deformation is small enough,
IE(,zt) < <b (15)

from which a linearized theory for small amplitude surface
waves may be developed. The assumptions of fluid in-
compressibility and homogeneity indicate that the elec-
tromechanical interaction may be completely accounted for
by a balance of hydrodynamic and hydrostatic pressures with
the surface tension and electrical surface forces at the in-
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terface. The details of the -fluid mechanical and elec-
troquasistatic boundary value problems are not covered here.
The balance of forces to first order in £ (y,z,¢) at the vapor-
liquid interface results in a surface equation

a*€

kK di?

L]

+k*yE—pgé—1. (£, V)=0 (16)

where k? =k2 +k2, and 7, (£, V) is the normally acting elec-
trical surface traction. The form of 7, depends on which elec-
troquasistatic condition discussed in the preceding subsection
is in force. Refer to Table 1 where expressions for 7, are con-
tained. Equation (16) is parametric in V(¢), the applied
voltage, but it is found from experiment that the important
mechanical frequencies are in a range from 10 to 30 Hz. Since
the lowest attainable ac voltage frequency in the experiments
reported is 45 Hz, parametric effects are not likely to occur,
and thus they are neglected.
If parametric-effects can be neglected, then all dependent
variables can be assumed to have sinusoidal dependence, e.g.,
E(r)=Eel a7
and the surface equation may be reduced to a dispersion
equation relating w and k. Table 1 contains the normalized
dispersion relations for two of the three electroquasistatic
regimes. Note that the following convenient normalizations
have been used

k=krkq, (18)

w=w/ay, (19)
The dispersion relations show that the surface tension tends
to stabilize, while the gravitational and electrohydrodynamic
terms tend to destabilize thé interface. In the zero-voltage
limit, the Rayleigh-Taylor instability emerges. Note also that
the interface is always unstable for very small & (very large
wavelength A\). The unstable wavelength A, with the fastest
growth rate ay = ( —jw) nay 15 important in the minimum film
boiling point theory, and normalized expressions for these im-
portant quantities are included in Table 1. These quantities
are normalized to their zero-EHD coupled values, \;, and
ado.
From Eq. (1),

(q/A)min _

N ay
(@/A)min, Mgy o,

(20)

Table 1 shows that the electric field tends to decrease
wavelength while increasing the growth rate. Thus, the
relative effects of the electric field on A; and «, determine the
net effect on the minimum film boiling point heat flux.
Equation (20) neglects the effect of the zero-order electrical

Table 1 Summary of theoretical results for the Flat Plate Problem (ka> > 1, kb< <1, p;> > p,, assumed)

DISPERSION NORMALIZED NORMALIZED
PHYSICAL EHD EHD RELATION FASTEST GROWING MAXIMUM
MODEL SURFACE TRACTION INFLUENCE NUMBER (NORMALIZED) WAVELENGTH GROWTH RATE
(1) (E2) Q\d=>\d/>\do) (gd=ad/udo)
(i) 2 N 2 Ll =l k3 -1
INSULATING e(i - ) vk £ E(-E- —1) voooE s {—2— Eg+ [4__1312 + 1}1‘} At +EL/30 :
FLUID, o o 3 9 24 L3
3
AC FIELD a2 42’ I “EE'E’L'EZ
(i1) 2143 s %
2 2 2 w?=Tk
CONDUCTING e, VO E 3e, v 2 {1 + EEJL} 1+ 25
FLUID, 3 3 3 3
AC/DC b 2 8b . (% + m) K
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Table 2 Summary of theoretical results for the Cylindrical Heated Wire Problem (b< <R< <Ry, p;> >p, (g* =g +v/2p:R?)

DISPERSION GROWTH RATE OF
PHYSICAL ELECTROHYDRODYNAMIC ELECTROHYDRODYNAMIC RELATION NORMALIZED MOST MOST DANGEROUS
MODEL SURFACE TRACTION INFLUENCE NUMBER (NORMALIZED) DANGEROUS WAVELENGTH WAVELENGTl'i
() (E2) (Ad=xd/xdo> (gd—ad/ado)
2 1 3 a a
w = 2.& - 25 ER‘_

INSUTS;;‘ING € (%' 1)[1 + (é - 1) kR] vag 35(%- 1) v?

2 b <1 2.1 . 1-2 )%
FLUID, 3 Zgo'+(ZE0 ) + 250 + 1 AT ASATTER +200CEL
R.\]2 * 3 __q) 2 { 3 44 T34 P
AC FIELD =3 [ln(?o)} 80,8*R [ln(R _ (———-1) Ky RELK 3 3 _
(i1) . 2 - 3
CONDUCTING e, v2E 3e,V Wi lk3-(——+m)k 1+ 25 dia %m}
FLUID, —3 8 =72 7\2 = 3
Ac/pC 4p3 80,8 b

ER'= (i - 1)kd’REIL
EO o

surface traction on the vapor density, which is calculated to be
small.

Comparison of the dispersion relations in Table 1 shows
that for a given applied voltage V, the dc, highly conducting
fluid case exhibits the strongest electrohydrodynamic
coupling, while the ac, highly insulating fluid case exhibits the
weakest EHD coupling. The thickness of the vapor film
b< <a plays the crucial role in establishing the more intense
normal electric field at the vapor-liquid interface for the con-
ducting fluid case. Accurate predictions of b are important in
any calculations of (q/A) ., for this case, but not for the in-
sulating fluid case.

Equation (20), with the ac, highly insulating expressions for
Aq¢ and a4 from Table 1, checks with Johnson’s similar ex-
pression (his Eq. (19)).°

Thin Cylindrical Wire Problem

The model for the electrohydrodynamically enhanced thin
heated wire pool boiling experiment is essentially a
modification of the theory of Lienhard and Wong.? Their
theory is a quasi-two-dimensional modification of Zuber’s
theory, developed to account for the transverse curvature of
the vapor-liquid interface. In turn, the modification presented
here adds in the effect of a nonuniform normal electric field.
The approach followed is to add the nonuniform electric field
and transverse surface curvature terms to the surface equation
of motion. :

Lienhard and Wong® rely upon experimental observations
of the vapor film deformation for their modeling exercise.
The basis of their simplified quasi-two-dimensional model is
that the vapor film deforms and releases bubbles only on the
top surface as shown in Fig. 3. For electric fields up to
moderate values, this observation is still valid, and so a
relatively straightforward modification to the flat plate theory
of the preceding subsection is possible.

* The surface equation for the small surface deformations

£(z,t) =Reff (1)e ~*] 1)

2
L L Vi-pgb-r EV)=0 (@)
2R

The surface tension term now includes both longitudinal
stabilizing and transverse destabilizing components. The cir-
cumferentially averaged normal electric surface traction 7, in-
cludes components due to the self-field and electric field
gradient effects, both of which are destabilizing. The surface
traction expressions for two of the three electroquasistatic
cases in the preceding subsection are found in Table 2.

The dispersion relations in Table 2 use the normalizations
w=w/ a&o
k=k/kg, (23)

Also found in Table 2 are normalized expressions for the
previously defined quantities N\; and «,. These dispersion
relations reduce to the result of Lienhard and Wong?® in the
limit of ¥'=0. Note the destabilizing nature of both the self-
field and the electric field gradient terms.

The obvious differences between the flat plate and cylin-
drical wire problems are reflected in the different expressions
for A, and o, found in Tables 1 and 2. These differences are
caused by the net effects of transverse surface curvature and
the nonuniform electric field. A more subtle apparent dif-
ference appears when the theory of Lienhard and Wong is
closely scrutinized. Their Eq. (20) suggests that the minimum
film boiling point is proportional to the quantity AJe,, as
reflected in Eq. (6). The theory developed here to account for
electrohydrodynamic effects on minimum film boiling relies
on predictions of the electric field influence on A, and «,.
Thus, if the dependence of (g/A)n;,, on A\; and a4 is not
correct, then discrepancies between theory and experiment are
bound to arise even if the EHD model is correct. The theory
using Table 2 with Eq. (6) predicts a monotonic decrease in
the minimum film boiling heat flux as the voltage is increased.
This is due to the A2 dependence. If our Eq. (20) is used in-
stead, fairly good experimental correlation is obtained (see
following section). The evidence thus indicates that Eq. (6) is
not physically correct, and that the Lienhard and Wong’s ex-
pression for (q/A)mm, viz their Eq. (20),° is misleading in
form, though parametrically correct in the absence of elec-
trohydrodynamic coupling. .

Experiment

Description of Apparatus

The experiment is illustrated in Fig. 4. A thin wire is held
securely along the axis of a 6 cm diameter pyrex glass cylin-
der. A conductive layer of aluminum deposited on the inside

Heoted Vapor
Wire Film

Cross-section

Fig.3 Cylindrical problem geometry.
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Fig.4 Cylindrical heated wire experimental apparatus and circuitry.

Fig. 5 Minimum film boiling on a horizontal heated wire in Freon-
113, nichrome wire (radius =0.0406 cm). a) V=0kV,b) V¥=2kV, ¢)
V=4kV,d) V=6kV.

surface of the glass cylinder serves as an electrode. Thin
masked slits on opposite sides of the cylinder provide a con-
venient means of observing boiling phenomena. These slits
are small enough to avoid any electric field distortion. The
test wire is soldered to two 16 gage copper wires which are, in
turn, fastened to the end bulkheads as shown. Constraints im-
posed by the electrode configuration make it necessary to
provide end fastenings for the heater wire which are subject to
end effects as discussed by Kovalev.'S The glass cylinder
assembly with the heater wire in place is immersed in a large
pyrex tank filled with the experimental dielectric fluid, Freon-
113®, A preheater and mechanical stirrer maintain the fluid
outside the cylinder at uniform temperature without in-
troduction of significant fluid convection inside the cylin-
drical experimental test cell.

For ac electric field experiments, a variable frequency ac
power supply is used with a modified X-/ray step-up trans-
former to achieve voltages to 10 kV (rms) at frequenc es from
45 to 500 Hz. A 20 kV battery bank provides ripple-free dc

voltages for dc experiments. Freon-113® is used exclusively as .

the experimental heat transfer fluid. The important properties
of this dielectric fluid are contained in Table 3. All ex-
periments are run at or very close to saturation conditions for
the liquid.

Heater wires of two sizes have been used experimentally.
The first is a 0.0127 cm radius platinum wire, and the other is
a 0.0406 cm radius nichrome wire. The dimensionless radius
R’ of Lienhard and Sun'? is a modulus useful in charac-
terization of these experiments

R’ =Rlpwg/v]” (29
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Fig. 6 Normalized wavelength data and theory for nichrome wire
(radius = 0.0406 cm) at minimum film boiling point in Freon-113. a)
dc voltage, b) ac voltage (500 Hz).

For the platinum wire R’ =0.12 and for the nichrome wire
R’ =0.39, both in Freon-113® at saturation.

Procedure

The experimental data at the minimum film boiling point
are obtained as follows. The bath heater and stirrer are turned
on and allowed to bring the entire fluid mass up to the
saturation temperature. After equilibrium is reached, the
voltage is applied to the heated wire and it is turned high
enough to obtain the spontaneous transition from nucleate to
stable film boiling. Then, the electric field is applied and after
a new equilibrium is achieved the heated wire current is
decreased slowly toward the minimum film boiling point.
Eventually, an equilibrium point is reached at which nucleate
boiling starts to emerge at one end of the wire. Just below this
point, nucleate boiling starts to propagate down the wire. This
point is interpreted as the minimum film boiling condition. At
this point, the current and voltage in the heater wire are
measured and/or a high-speed photograph of the wire and
surrounding vapor film is taken in order to obtain the
wavelength data. This same procedure is duplicated to obtain
minimum film boiling point data at other applied voltages and
frequencies.

Experimental Results

The data plotted in Fig. 1 are obtained from an experiment
using a platinum wire and dc voltages of both polarities.

“These results show the overall qualitative consistency of this

experiment with other previous work of Choi? and Bonjour et
al.* Note that the effect on minimum film boiling is to in-
crease (q/A)n, while slightly decreasing the superheat AT,
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Fig. 7. Normalized minimum film boiling heat flux and theory. a) Platinum wire (radius = 0.0127 cm) dc voltage, b) Platinum wire (radius =0.0127
cm) ac voltage (500 Hz), ¢) Nichrome wire (radius =0.0406 cm) dc voltage, d) Nichrome wire (radius = 0.0406 cm) ac voltage (50 and 500 Hz).

Substantial effort has been devoted to measurements of the
" dominant unstable wavelength at the minimum film boiling
point for both the platinum wire (radius =0.0127 cm) and the
nichrome wire (radius =0.0406 cm). Much greater success has
been encountered with the thicker (nichrome) wire. If any

voltage above ~0.5 kV is applied to the thinner wire, serious .

distortion of - the vapor-liquid interface occurs and iden-
tification of wavelengths is not possible. A similar effect oc-
curs for voltages above ~ 4.0 kV for the nichrome wire. Refer
to Fig. 5. In these high-speed photographs, the effect of the
electric field is quite evident. Initially, as the voltage is in-
creased, the dominant wavelength decreases, but eventually
the surface dynamics change drastically. Note that in Figs. 5¢
and 5d, vapor bubbles start forming on the lower side of the
wire. This suggests that the radial symmetry of the electric
field starts to dominate the asymmetric nature of the
gravitational body force.

The data plotted in Fig. 6a are from experiments conducted
with dc electric fields using the thicker (nichrome) wire, and
they are normalized to the average of the zero electric field
wavelength data points, all of which fall within +40% of the
median of 6.4 cm. The data exhibit scatter, which may be ex-
plained partially by the theoretical prediction that a band of
wavelengths about M\; is unstable. No success in the
theoretical prediction of this data or for any other dc voltage
experiments has been obtained. Several explanations for the
lack of success may be offered, including corona breakdown
in the vapor film and surface charge pumping near the ends of
the heated wire sections.

Figure 6b plots wavelength data obtained again using the
nichrome wire with a 500 Hz ac applied electric field. These

data are also normalized to the average ot the zero electric
field wavelength values. Again, scatter is evident, and the ex-
perimental points lie somewhat,above the theoretical curve
obtained from case (i) of Table 2.

In Fig. 7 are plotted experimental minimum heat flux data
for the platinum and nichrome wires and dc¢ and ac (500 Hz)
electric fields. These data are normalized similar to the
wavelength data. Two-fold increases in the minimum film
boiling point are obtained for the platinum wire and the
nichrome wire. In Figs. 7b and 7d, theoretical curves from
case (i) of Table 2 are plotted along with the data.

Discussion

The ac wavelength data, for which a theory exists, are
reasonably consistent with the predictions of the elec-
trohydrodynamic surface wave model. The electric field
coupling decreases the dominant unstable wavelength up to
some value of voltage where substantial alterations to the in-

. terfacial dynamics become apparent, as shown in Fig. 5.

Clearly, another more complex model for the vapor-liquid

Table3 Freon-113® properties at saturation conditions

liquid density (p,) 1.51 - 103 kg/m3
surface tension (y) L0159 Nt/m
boiling point 48°C
relative dielectric constant (ei) " 2.3115
electrical conductivity (o) <10 {Q-m)
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surface deformations is requir.d above this critical voltage.
This critical voltage is dependent on the wire radius,
suggesting that some electric field parameter measured at the
vapor interface is important.

The correlation of the minimum film boiling heat flux data
to the theory for case (i) is reasonable for Figs. 7b and 7d.
Given the uncertainties in taking minimum film boiling data,
such agreement may be fortuitous. Yet the simultaneous good
agreement of both the wavelength and heat flux data suggests
otherwise. If one accepts the conclusion that the success with
the wavelength data validates the electrohydrodynamic
model, then the success with the heat flux data means that the
Eq. (20) is valid for cylindrical heated wires as well as flat
plates. -

A forceful argument questioning the validity of the data,
based on the uncertain influence of end effects on ex-
perimental determination of the actual minimum film boiling
condition may be made.!®!® However, the method of data
presentation is intended to alleviate such objections. The data
are normalized to the zero electric field value, and thus Figs. 6
and 7 present only the effects of the electric field on the
hydrodynamic and heat transport processes. In this way,
various empirical factors discussed by Berenson'® are
presumably eliminated. Since the electric fringing field effects
are minimal at the ends of the heated wire, the same electrical
forces are in play there as in the center of the heated wire,
where the analysis of the Flat Plate Problem subsection ap-
plies. Since both the wavelength and heat flux data correlate
reasonably well to theory for the ac electric field insulating

" fluid case (see Figs. 6b and 7d), there appears to be
justification for this similarity argument.

The data of Figs. 6a, 7a, and 7c¢ indicate that little dif-
ference exists between the ac and dc electrohydrodynamic ef-
fects, both in wavelength and minimum film boiling heat fhix
values. All attempts to model the dc case produced predictions
of much stronger coupling. A fundamental lack of un-
derstanding of the dc interactions exists. Of the proposed ex-
planations, neither vapor corona breakdown nor surface
shear pumping near the ends has yet been conclusively iden-
tified.

Conclusion

Some tentative conclusions supported by the previous sec-
tions of this paper can be drawn. 1) Good correlation of
theory and experimental data exist for ac experiments in an in-
sulating dielectric fluid (Freon-113®). The theory accurately
predicts the effect of electrohydrodynamic coupling on
dominant unstable wavelengths and minimum film boiling
heat flux. 2) The dc experiments do not provide very con-
sistent results and, further, the data do not seem to deviate
very much from the ac data. No model to predict the dc elec-
trohydrodynamic surface wave coupling exists. Elec-
troconvection effects not observed for ac and corona break-
down are two mechanisms which may be at work. 3) Electric
fields substantially alter the basic Rayleigh-Taylor instability
mechanism above some threshhold voltage which is depen-
dent upon the heater wire radius. A strictly three-dimensional
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model may be required to account for electrohydrodynamic
surface coupling above this threshold voltage which is depen-
dent upon the heater wire radius.

The electroquasistatic models for dc electrohydrodynamic
coupling in film boiling are not yet verified, due to the pre-
sently limited data. Considerable further experimental work is
required. More dc voltage wavelength, bubble frequency and
heat flux data at the minimum film boiling point must be ob-
tained. Other experimental fluids must also be tried. Further
experiments with heater wires of varying sizes will be needed
to quantify the effect of voltage and wire size on the
hydrodynamics of the vapor-liquid interface.
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