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Understanding of the boiling crisis mechanism is still incomplete; starting from exper-
imental obser®ations of the dry spots during boiling crisis, a new approach to bridge this
gap is proposed. The thermal instabilities occurring at the triple contact lines where
e®aporation is intense are focused on. The ‘‘dry-out’’ phenomenon is local; it depends
on the local conditions at a ®ery tiny e®aporating meniscus adjacent to the heating
surface. The enhancing role of EHD for CHF is studied through a stability analysis of
the meniscus subjected to an electrical-field. The equations describing the e®aporating
system are modified to account for the effect of electrical forces. We ha®e found that the
electrical-field delays thermocapillary instability. Our analysis re®ealed that the onset of
instability is ®ery sensiti®e to the interface deformation.

Introduction

Boiling heat transfer is an efficient method to handle high
heat fluxes in numerous technological applications, such as
compact heat exchangers, X-ray medical devices, high-power
lasers, and fusion reactors. Heat loads for fusion-reactor
components may require cooling schemes that can dissipate
heat fluxes greater than 1 MWrM2. The dry-out caused by

Ž .exceeding the critical heat flux CHF is of major importance
Žfor heat-transfer devices involving a phase change in the nu-

.clear industry it may lead to catastrophic reactor damage . In
several applications it has a serious influence on the deterio-
ration of heat-transfer processes. Since the heat fluxes re-
quired for these applications exceed the CHF attainable with
common flow boiling systems, the ability to both predict and
increase the magnitude of CHF is therefore of paramount
importance. A debate has been taking place for several years
among researchers working in boiling on the mechanism con-
trolling the boiling crisis. Understanding these processes is
crucial because of the extensive use of heat exchangers to
accommodate large heat fluxes in industry over the last sev-
eral decades. There has been an increasing interest in the
investigation of the CHF mechanism and numerous studies
have been devoted to this problem. Since then, scholars have
emerged on the leading mechanism of CHF, in particular the

Ž .hydrodynamic instability theory, Zuber 1958 and the micro-
Ž .layer theory, and Haramura and Katto 1982 , have gained

wide acceptance in the scientific community. However, the
challenge for a unified mechanistic theory remains unsolved.
Several models have been proposed, but none of them brings

a convincing response to the unanswered challenging prob-
lems, such as boiling behavior under reduced pressure, or
boiling in microgravity where the previous theories are no

Ž .longer applicable, as shown by Straub 1991 and Ervin et al.
Ž .1992 . In particular, hydrodynamic theories have been

Ždemonstrated to be invalid under many conditions cf. micro-
. Ž .gravity, small heaters, low pressure Katto, 1994 . These re-

sults question the assumption that the critical heat flux is
controlled by a hydrodynamic instability. Indeed, an under-
standing of the major controlling mechanism during the CHF
occurrence is still incomplete. Several recent reviews have

Ž .pointed out this issue Sadasivan et al., 1994 , and the issue
of explosive boiling has been reported in previous works.
Many researchers have pointed out the role played by the
triple-line region and the contact line between liquid, vapor,
and solid that is not accounted for in the hydrodynamic and

Ž .microlayer theory Wayner, 1994 . It is well known from ex-
perimental observations that on approaching the critical heat
flux, dry spots form on the heating surface, which later, nearer
the CHF, start to oscillate. The dry-out phenomenon occurs
when dry spots spread over the heating surface, leading to a
transition to film boiling. In this work it is suggested that the
controlling mechanism for boiling crisis is due to the instabil-
ities occurring at the triple line of the evaporating meniscus,
leading to the wearing-off and dry-out. Instabilities responsi-
ble for such a mechanism originate from the high evapora-
tion rates and thermal constraints present at the edge of the
evaporating meniscus. An explosive type of vapor bubble
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Figure 1. Observed of pentane meniscus in a 1-mm
(capillary pore receding from the experiments

)of Pratt et al., 1998 .
Ž . Ž .a Just prior to the origination of instability, and b 1r10 s
later.

growth was observed in recent experiments on boiling in mi-
Ž .crogravity Lee and Merte, 1998 . These researchers consid-

ered the instability of the interface in order to explain the
vapor explosion behavior. According to their observations, the
vapor seems to spread over the heating solid. These observa-
tions, as well as recent experimental work on the evaporation

Ž .of menisci in capillaries Pratt et al., 1998 , suggest the exis-
tence of a new mechanism based on instabilities occurring in
the evaporating menisci. Observations reported by Pratt et al.
Ž . Ž .1998 Figure 1 , revealed the instability mechanism to be

Žoperating at very small length and time scales tenths of sec-
.ond . The experiments were performed on evaporating

menisci in heated tubes of 0.5 to 3 mm in diameter, which
makes the analogy with evaporating menisci in boiling stems
well justified. The observations of Pratt et al. demonstrated
the onset of instabilities at the edge of an evaporating menis-
cus where the wetting contact angle increases suddenly. The
receding meniscus follows the increase in the contact angle.
These observations suggest an analogy with the mechanism
of boiling crisis, that is, the dry-out phenomenon occurs start-
ing from the triple line, which is subjected to high thermal
stresses. Pratt et al. referred to the thermocapillary instability
to explain their observations. This instability causes the evap-
orating meniscus to recede, leading to the observed dry-out,

Ž .as described in the observations of Pratt et al. 1998 . The
instability is triggered near the contact line, and thus rein-
forces the proposed mechanism for CHF in the model intro-
duced in this article, that is, these recent revelations confirm

Ž .our former theory Sefiane et al., 1998 , about the likelihood
of the controlling mechanism leading to dry-out. This theory,
when further verified, can replace the existing models of the
CHF mechanism, which proved to be unsatisfactory for many
conditions.

Ž .The recoil instability as observed by Hickman 1952 and
Ž .later analyzed by Prosperetti and Plesset 1984 is found to

occur over hundredths of a second. The fact that both the
thermocapillary and the recoil instabilities operate at a very
short time scale makes the observations very difficult in the
case of boiling heat transfer.

Electrohydrodynamic Effect at the Critical Heat
Flux

The need to conserve energy has led to an increased effort
by the scientific community to improve the efficiency of
heat-transfer enhancement in both single- and two-phase
heat-transfer processes. Enhancement techniques are catego-
rized as passive or active. The former does not require use of
external power, whereas the latter require some direct use of
power for the enhancement. The passive category includes
treated, rough, and extended surfaces, displacement en-
hancement devices, swirl flow devices, and so forth. Surface
and fluid vibration, suction or injection, mechanical aids, and
high-intensity electrostatic fields are examples of active en-

Ž .hancement technique Bergles, 1997 . The increase of the
heat-transfer coefficients in heat exchangers can be achieved

Ž . Ž .by either 1 a reduction in the heat exchange areas, 2 a
reduction in the temperature difference between fluids ex-

Ž .changing heat, or 3 an increase in the thermal capacity for a
given size and temperature difference. Enhancement of the
thermal capacity can be critical in a plant where an increased
load may be required beyond that envisaged at the design

Ž .stage due to some unforeseen demand. Reay 1991 provided
a detailed analysis of the possibilities of various enhancement
techniques, indicating also that enhancement can lead to en-
vironmental improvements.

The possibility of using an intense electric field to enhance
Ž .heat transfer rates, termed electrohydrodynamic EHD heat

Ž .transfer, had been reported as early as 1916 Chubb, 1916 .
The application of EHD requires an electrode to be placed
near the active heat-transfer surface. In most cases, high volt-
age is applied at the electrode while the surface is earthed.
The particular advantages of using EHD in heat-transfer en-
hancement may include:

1. Simple control of the heat-transfer coefficient by con-
trolling the voltage

2. Simple implementation�integration
3. No moving parts�reliability
4. External power consumed is in most cases negligible

Ž .usually a few watts
5. Negligible pressure loss increase.
In addition, EHD can eliminate boiling hysteresis and con-

tribute to the eradication of ‘‘start-up’’ problems in plants op-
erating with small temperature differences, where the degree
of superheat required for ebullition may not be available at
the beginning of the process. Further, EHD can be beneficial
in the presence of oil in the working fluid by countering the
reduction of heat transfer that it may cause. The negligible
current of EHD applications makes this technique safe to

Ž .use. Allen and Karayiannis 1995 suggested that EHD en-
Ž .hancement of boiling and condensation can be attributed to

the following factors, which can act individually or in combi-
Ž . Ž .nation: a action at liquid�vapor interface, b action on va-

Ž .por bubbles; and c change in surface tension and contact
angle. EHD has been reported to augment boiling heat-
transfer rates in the lower nucleate regime, but the highest

Žimprovements have been reported at the peak and minimum
.film boiling conditions. In effect EHD ‘‘extends’’ the nucle-

ate boiling regime to higher q and �T. However, the com-
plexity and uncertainty in the mechanism that determines the
occurrence of the CHF limited the analytical efforts of the
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researchers and most of the reported past work is experimen-
Ž .tal Allen and Karayiannis, 1995 . Zhorzholiani and Shekri-

Ž .ladze 1972 reported that the CHF of boiling acetone in-
creased by a factor of 2.14 when the electric field applied was

Ž .0.9 MVrm. Similar increases were reported by Choi 1962
Ž .for R113. Markels and Durfee 1964, 1965 studied EHD

boiling in semi-insulating liquids such as isopropyl alcohol and
deionized water. The CHF was increased by up to five times

Ž .by application of 8 kV dc. Bologa et al. 1988 studied EHD
boiling heat transfer in slot channels with R113, pentane, and
diethyl alcohol, and found an increase of up to three times.

Ž .Winer 1967 used R114 boiling on a cylindrical heater and a
radial electric field and reported an increase of more than
40% in the CHF at 5 kVrm. An improvement up to six times

Ž .for R113 at 40 kV was also reported by Asch 1966 .
Ž .In a recent review chapter, Yabe et al. 1996 suggested

using electric-field effects to analyze the dynamic mechanism
of the CHF. One such attempt with an applied electric field

Ž .�2 MVrm is described by Takahashi et al. 1994 . They used
a high-speed camera and a capacitance probe to measure the
variation of the thickness of a thin liquid film on a heat-
transfer surface at the bottom of a boiling bubble and the
length of tiny circular vapor stems on the surface at CHF.
They reported that, under the influence of the field, nearly
continuous vapor columns grow in the direction of the field
and that the bubbles were not broken up near the heat-trans-
fer surface or near the top of the circular vapor stems. The
average time period for the departure of one set of bubbles

Žwas smaller with the electric field applied from 45�55 ms to
.less than 30 ms , and this shorter period was related to the

augmentation of the CHF. The researchers concluded that
analyzing the mechanism causing this shorter time period was
important in analyzing the mechanism causing the CHF. Hy-
drodynamic theory has been extended previously to the anal-

Ž .ysis of CHF with an electric field. Berghmans 1978 consid-
ered a flat heater located in a conducting liquid and per-
formed a stability analysis including the effect of a uniform
dc field. He developed a surface-wave theory to predict the
effect of the electric-field on the CHF. In his analysis for a
conducting liquid, he included the electric-field induced force
at the liquid�vapor interface to obtain an expression for the

Figure 2. Model for the triple line and evaporating
meniscus.

Figure 3. Perturbed interface and various effects.

wavelength of the perturbation with the largest growth rate.
This analysis resulted in an equation for the CHF, including
the applied electric-field strength that was compared with the

Ž .small number of data points of Markels and Durfee 1964 .
The choice of the vapor film thickness was considered to be a
possible reason for the deviations of the theory from the ex-

Ž .periments. Johnson 1968 amended the hydrodynamic the-
ory to include the effect of a perpendicular electric field
across the liquid�vapor interface that exists at the maximum
Ž .and minimum heat flux and correlated the ratio q q asc,Er c ,o
a function of fluid properties and electric-field strength. He
assumed that the only EHD coupling mechanism was at the
liquid-vapor interface. The resulting equation for the maxi-
mum heat-flux condition was compared with the experimen-

Ž .tal results of Winer 1967 . The experimental results were
limited, however, and no firm conclusions could be drawn. Di

Ž .Marco and Grassi 1995 carried out an energetic theoretical
analysis and concluded that the effect of the electric field on
the interface stability can be fully described by means of 2-D

� Ž .groups, E and k electrical number and wavelength .
The coupling mechanism of EHD at the liquid�vapor in-

terface was also used more recently by Verplaetsen and
Ž .Berghmans 1996 to study the electric field effect on film

boiling for a conducting fluid. The additional interfacial force
ŽMaxwell stress, normal to the interface and directed from

Ž ..the liquid to the vapor see Figure 3 , was included in the
analysis that concluded that EHD affects both the distance
between vapor bubbles at the interface and their shape. Their
analysis demonstrated a possible increase in the heat-transfer
coefficient of up to 10 times when the electric influence num-
ber is about 5.

In the present work we propose to study the enhancement
effect due to the electric field through the stability of the
evaporating meniscus adjacent to the heating surface. This
could be used in confirming the new approach to the model-
ing of CHF and enhancement techniques.

Mathematical Formulation
An evaporating meniscus is described in Figure 1. The co-

ordinate system chosen is such that the ‘‘ x ’’ coordinate is on
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the evaporating interface and the ‘‘y’’ coordinate to be nor-
mal to it. At the interface a thermal boundary layer of thick-
ness � is supposed to exist, where heat transfer is purely con-

Ž .ductive Figure 2 . The approach used is to write equations
describing the evaporating meniscus, with additional terms

Žtaking into account the effect of the electrical field equa-
.tions in bulk liquid, bulk vapor, and at the interface . The

velocity of the interface ® i is dictated by the evaporation rate,
Ž i i .and has two components in this model ® , ® . Taking a lin-x y

ear profile for the evaporation rate will give velocity �, com-
ponents described by an angular velocity which gives the two
components as ® is� x and ® is� y. Since the dielectricx y
permeability of the liquid is much higher than vapor, then
the electrical field is mainly concentrated in the vapor phase.

General Form
For incompressible fluids the conservation equations for

mass, momentum, and energy are

�� us0 1Ž .
� u

2� q � u �� usy�Pq � ®� u 2Ž . Ž .
� t

� T
2qu ��Ts	 � T . 3Ž .L� t

In the preceding equations, P is the pressure tensor includ-
ing Maxwell tensor. Taking into account the presence of the
electrical force, the boundary conditions at the liquid�vapor
interface are expressed. The following equations are written:
mass, continuity of the tangential component of velocity, en-
ergy conservation, normal, and tangential components of mo-
mentum.

Perturbed System
By adopting a linear stability analysis, the basic equations

representing the steady state of the system are the conserva-
tion of mass, momentum, and energy at the interface. The
system of equations is now perturbed by an infinitesimal

Ž .amount primed quantities from their quiescent values
Ž .starred quantities . We introduce in our system a perturba-
tion in the form of a surface wave with a wave number, k.

Ž .The interface at the steady state ys0 is then displaced by
� � ² : i� t iŽk x .an amount B in the y-direction, where B s B e e ,

² :B is the amplitude of the perturbation. This perturbation
of the interface will give rise to corresponding perturbations
in the pressure, velocity, and temperature fields:

� ² : i� t i k x � ² : i� t i k x � ² : i� t i k xp s P e e , W s W e e , T s T e e .

Ž .We apply twice the curl operator �n to the momentum
equation to eliminate the pressure terms, and we neglect the
gravity term in the bulk equations as well as second-order

Žterms. We make the assumption of exchange of stability the
real and imaginary parts of the time growth constant are set

.equal to zero . We then get for a single normal mode of the
perturbation, after making some mathematical rearrange-

Ž .ment Sefiane, 1998 , that:

Momentum equation leads to the following expression:

� �
� � �2 2� 
� W y� y W q� x W s0, 4Ž .

� x � y

where W � is the perturbation in the normal component of
the velocity field.

For a single normal mode of the perturbation, we get

�2 2 2 2D yk 
 D yk q� xDy ik� y W s0 5Ž . Ž . Ž .

with Ds�r� y.
Ž .The energy equation Eq. 3 is written as

�2 2	 D yk y ik� yy� xD TŽ . Ž .L L

y� W � y� � y�0L
s 6Ž .½ 0 y�� y�y� .

The general conservation equations at the liquid�vapor in-
terface are given below: The mass balance across the inter-
face is given by

Js � V yV i � ns � V yV i � n , 7Ž .Ž . Ž .® ® L L

where V isdB�rdt is the interfacial velocity. The continuity
of the tangential component of velocity is given by

V yV � ts0. 8Ž .Ž .® L

The energy balance across the interface expressed by

1 12 2i iJ H q V yV � n y V yV � n yk �T � nŽ . Ž .f g ® L ® ®½ 52 2

i ˆ ˆqk �T � nq V yV . 2
 T � n y2
 T � n s0. 9Ž .Ž . Ž . Ž .L L ® L L ® ®

The normal momentum balance is represented by

2ˆ ˆJ V yV � ny T yT � n � ns� �� nq� E � nŽ . Ž .Ž .L ® L ® L L

� �L ®2
y� E � n y E � E q E � E. 10Ž . Ž .® L L2 2

The tangential momentum balance is given by

ˆ ˆT yT � n � ts� E � n E � t y� E � n E � t . 11Ž .Ž . Ž .Ž .Ž .Ž .® L L L L ®

Using the preceding general form of conservation equations
at the interface and neglecting the second-order terms as well
as negligible terms in vapor and liquid, and neglecting heat
conductivity of vapor before the one in liquid, the following
boundary conditions are given. The mass and continuity of
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the tangential velocity balance read:

dB�

�� W y � W s � y � , 12Ž . Ž .L L ® ® L ®dt

or

dB� dB�

� � � �J s � W y � s � W y � s � ® . 13Ž .L L L ® ® ® L idt dt

Continuity of tangential velocity gives:

� � W � � W �
L L ®�� 2J 1y � B s y . 14Ž .ž /� � y � y®

The normal component of the interfacial momentum balance
reads:

� W � � W �
L ®� � �� y1 y1P y P s2 J J � y � q2 
 y
Ž . Ž .L ® V L L ®ž /� y � y

� 2B� QE
�y� q s0. 15Ž .2 2� x

We can see in the preceding equation, describing the con-
servation of the normal momentum, that an extra term re-
lated to the electrical effect through density of the electric

Ž .force is present Berghmans, 1978 . The same equation is
written at ys0 using a Taylor series. It is then written in
such a way as to provide an analysis of the effect at the elec-
trical forces. The electrical field, combined with the charge
density, will give the force density, which acts on the
liquid�vapour interface QEr2.

Writing Eq. 15 is equivalent to taking into account the ef-
fect of the electrical field on the surface tension term through

� Ž .� s� y QEr2 . The electrical force is directed from the
liquid to the vapor. This relationship can be used to analyze
the effect of the electrical field and to propose the mecha-
nism that operates. Equation 15 describes the normal pres-
sure pattern of the surface. In the absence of mass flux, P� isL
positive under the crests and negative under the troughs; this

Žpressure distribution tends to damp the perturbation. As to
the effect of the electric force, which is directed into the va-
por phase in the crests, the pressure in the liquid counters it,
whereas in the troughs it acts to damp down the perturba-

.tion. In the presence of the thermocapillary effect, liquid
driven from the troughs to the crests amplifies the perturba-
tion. In troughs, the electrical force tends to damp the per-

Žturbations and act against the thermocapillary effect Figure
.3 . The electric field is related to the charge density Q by the

following relationship:

Qs� E.®

After the development of the electrical-field perturbation in

the preceding expression, we get:

� W � � W �
L ®� � �� y1 y1P yP q2 J J � y � q2 
 y
Ž . Ž .® L ® L L ®ž /� y � y

� 2B�

� �� 0y� q g � y � B q� E E s0. 16Ž . Ž .L ® g y2� x

Because the perturbed electric field can be derived from a
� wpotential E , a solution could be developed in the form seey
Ž .xBerghmans 1978 :

E� sB�E0k coth kD at ys0,y

where D is the distance between the liquid�vapor interface
and the electrode. The normal momentum balance is written
as follows:

� W � � W �
L ®� � �� y1 y1P yP q2 J J � y � q2 
 y
Ž . Ž .® L V L L Vž /� y � y

� 2B�
2� �� 0y� q g � y � B q� E B k coth kDs0. 17Ž . Ž .L ® g2� x

The tangential component of the interfacial momentum bal-
ance reads:

� 2W � � 2W �
L ®� � �2 2 2
 � W y y
 � W y s� � . 18� � � Ž .L L ® ®2 2ž / ž /� y � y

At the reference surface, ys0, we have to account for the
variation of surface tension with temperature expanding T �

in a Taylor series about ys0:

��
� �2 2

�� � s � T� � ys BLž /� T
� � �

�T sT y�B .ys B ys 0L L

ŽThe conservation of energy at the interface neglecting the
kinetic term, which is usually much smaller than the latent

.heat term is given as:

� T � 
 � W � 
 � W �
L V ® L L� �H J qk y2 J y s0. 19Ž .f g L ž /� y � � y � � yV L

Scaling
The perturbations, as well as the expected instability, occur

at the thermal boundary-layer scale. The scaling factors are
chosen to be related to the transfer properties in the thermal
layer, and length is scaled on the thermal-layer thickness,
which depends on the position, x. According to the model

Ž .proposed in Figure 2, �s X y x �� . Velocity in the vapori
is scaled by the ratio of the characteristic times of heat diffu-
sion to viscous dissipation, which introduces the momentum
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Ž .transfer at the interface, � � r� � . The hydrodynamic ve-L L ®

locity in the liquid is scaled by the thermal diffusivity through
the layer � r� . Pressure in liquid and in vapor is usually scaledL

Ž . 2by � � r� . Temperature is scaled by the temperature dif-L L
ference through the layer �� .

Momentum balance in the liquid, the vapor, and the en-
ergy balance are given in the dimensionless form:

ỹ
2 2 2 2˜ ˜ ˜ ˜ ˜ ˜ ˜D yk D yk yR Dy ik W s0 20Ž .Ž . e Lž /x̃

ỹ
2 2 2 2˜ ˜ ˜ ˜ ˜ ˜ ˜D yk D yk yR N Dy ik W s0 21Ž .Ž . e � ®ž /x̃

y ˜˜ yW y1� y�0˜L2 2˜ ˜ ˜ ˜ ˜D yk yR P Dy ik T se r Lž / ½x̃ 0 y�� y�y1.˜
22Ž .

Equations 20, 21, and 22 can be solved for yrxf� , where �˜ ˜
is a small parameter of first order. This condition is fulfilled

Ž .at the edge of the triple line Figure 2 where evaporation is
greatest. This region is potentially the most unstable, because
the high evaporation rate its instability causes will trigger the
destabilization of the whole thermal layer. Equations 20, 21,
and 22 then reduce to:

˜2 ˜2 ˜2 ˜2 ˜ ˜D yk D yk yR D W s0 23Ž .Ž . Ž .e L

˜2 ˜2 ˜2 ˜2 ˜ ˜D yk D yk yR N D W s0 24Ž .Ž . e � ®ž /
˜yW y1� y�0˜L2 2˜ ˜ ˜ ˜D yk yR P D T s . 25Ž .Ž .e r L ½ 0 y�� y�y1˜

After scaling Eq. 12, Eqs. 14 and 17�19 become, respectively:

y1 ˜ ˜ ˜R P C 1yN W yH T yB s0 26Ž .Ž .e r r p ® i L

˜ ˜N W yN W s0 27Ž .p L � ®

˜ ˜ ˜2 ˜N DW yDW qR P N y1 k Bs0 28Ž .Ž .� ® L e r P

N�˜ ˜ ˜ ˜ ˜ ˜C P yP q2C DW yDW y2 H T yBŽ . Ž . Ž .r L ® r ® L i Lž /Pr

˜2 ˜ �˜˜ ˜y k qB BqE kB coth kD s0 29Ž .Ž .Ž .o

˜2 ˜ ˜ 2 ˜ 2 ˜ ˜2 ˜ ˜k M T yB qD W yD W qk W yW s0 30Ž .Ž . Ž .a L L ® L ®

˜ ˜ ˜P DT q2 B DW yN DW s0. 31Ž .ž /r L r L p ®

At the bottom of the thermal boundary layer the liquid tem-
perature at

˜ ˜ysy1, T , and � T r� y 32Ž .˜ ˜L L

must be continuous.

Solutions
Ž .Solving the bulk equations Eqs. 23, 24 and 25 leads to:

˜ 2 2 ˜2 1r2yk y 1r2wR N yŽR N q4 k . x y˜ ˜e � e �W̃ sC e qC e 33Ž .® 11 12

˜ 2 ˜2 1r2k y 1r2wR yŽR q4 k . x y˜ ˜e eW̃ sC e qC e 34Ž .L 21 22

1 1r22 2 2˜yR P q R P q4 k ỹw xŽ .e r e r2
T̃ sC eL 31

1 1r22 2 2˜R Prq R P y R P q4 k yw x ˜Ž .e e r e r Cž / 212 k̃ ỹqC e q e32 k̃R Pre

1 1r22 2˜qC yR q R q4kŽ .22 e e2
2 ˜2 1r21r2wyR qŽR q4 k . x ỹe e� R Pry1 e y1� y�0 35Ž . Ž .˜e

1 1r22 2 2˜ ˜T sC yR P q R P q4k y y�� y�y1,˜ ˜Ž .L 33 e r e r2
36Ž .

Where c , c , c , c , c , c , c are integration con-11 12 21 22 31 32 33
stants.

Equations 33, 34, and 35 are substituted in the boundary
Ž .Eqs. 26�32 . Evaluating at ys0 and eliminating pressure by˜
use of momentum conservation in the bulk, we obtain then a
system of equations of the form:

A � Cs0 37Ž .

Ž . Žwhere A is a matrix relating all the parameters M , R ,a e
.H , C , B , P , N , N , . . . to the wave number k, and C isi r o r � 	

the matrix describing the integration constants

Det A s0. 38Ž . Ž .

This condition will give the dispersion relation. The marginal
Žstability curve is obtained from the dispersion relation Eq.

.38 by plotting the Marangoni number against the wave num-
ber. Figure 4 gives the curve separating stable regions from
unstable ones. The minimum point on this curve represents

( )Figure 4. Marginal stability curve from Eq. 33 .
H s 0, C s10y3, B s1, N s 300, B s 0, P s 30, N si r o � r r 	
105, R s 0.01, E�s0.e
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the least constraint, corresponding to the Marangoni number
from which unstable states are triggered. The Marangoni
number value corresponding to this minimum is designated
as the ‘‘critical Marangoni number’’; it will be used as the
main parameter indicating the threshold for the onset of
thermocapillary driven instability.

We can see that the minimum of the marginal stability curve
occurs at a finite wave number of 0.2. In the following sec-
tions calculations are performed to investigate how the
threshold of the instability is influenced by the application of
an electrical field.

Discussion
The boiling crisis is the overheating of a surface starting

from the formation of a hot, dry patch underneath a bubble
or a vapor column. The behavior of these dry patches and the
local heat flux is thought to determine the CHF. Little is
known, however, of the mechanism controlling the start of
the boiling crisis. In subcooled boiling, the onset of CHF cor-
responds to the drying out of a liquid film under one of the
larger vapor bubbles, or ‘‘mushrooms.’’ It has been suggested
that the appropriate mechanism in the subcooled region is
the spreading of a dry patch following microlayer evaporation
under a bubble, while in saturated boiling the mechanism is
thought to be that of dry-out. Several alternative mechanisms
for the dry-out of the liquid film on a heated surface have
been proposed:

� Simple dry-out due to the inability of the deposition of
droplets to make up for the loss of liquid by evaporation

� Rivulet patterning of liquid film followed by breakup of
the liquid film below a certain critical liquid flow rate, caus-
ing a local dry-out

� Strong liquid reentrainment in the vapor core to dry out
the liquid film

� Breakup of the liquid film due to the growth of bubbles
at nucleation sites�comparable to pool boiling.

The mechanism we introduce in this article is based on the
Žrole of interfacial instabilities thermocapillary, recoil, or in-

.ertial in triggering the mechanism for dry-patch enlarge-

Figure 5. Critical Marangoni number vs. E �.
H s 0, C s10y3, B s1, B s 0, N s 300, P s 30, N si r o r 
 r �
105, R s 0.01.e

ment. The approach adopted is a stability analysis of the
evaporating meniscus adjacent to the dry patches. In this study
we limited the analysis to thermocapillary instability, which is
likely to prevail in many situations.

Ž .Concerning EHD enhancement of CHF, Collier 1972 de-
scribed the improvement of CHF through the use of electric
fields. The application of an electric field to pool boiling re-

Ž .sults in large increases in the CHF. Yabe 1996 increased
the CHF in R113 by 20% using uniform electric-field strength
of 20 kVrcm. Many other researchers have reported and con-
firmed the enhancement of CHF when applying an electric
field.

As discussed earlier, several theories have been proposed
for boiling crisis, only one of which, the hydrodynamic the-
ory, has been applied to the electrohydrodynamic situation.
The theoretical results of Johnson and Berghams are, how-
ever, not supported by sufficient experimental evidence. We
think that more research is needed, both in this field and to
investigate the effect of EHD in the other approaches to the
critical heat flux.

In this article, the stability of the evaporating meniscus as
well as the influence of the electrical field will be investigated
in terms of the influence of the voltage, distance to the elec-
trodes, and electrical number on the instability threshold,
given by the critical Marangoni number, Ma . The variationcr
in Ma as a function of the electrical number E�, is showncr
in Figure 5. The threshold of unstable states is increased and
the stable region is enlarged at higher values of Ma .cr

The following conclusion could be proposed to account for
the data shown in Figure 5: increasing the value of the elec-
trical number, E�, will increase the threshold of the unsta-
ble regions, implying that the onset of instability is delayed by
increasing the electrical number. The electrical number in-
cludes the electrical-field intensity, revealing the role of
electrical-field application in the delay of the onset of the
instability mechanism.

The influence of the crispation number reflects the effect
of the interface deformation, which is illustrated in Figure 6.
The crispation number is the ratio of the viscous dissipation

Figure 6. Critical Marangoni number vs. electrical num-
ber for various crispation number.
H s 0, B s1, N s 300, P s 30, B s 0, N s10 5, R si o 
 r r � e
0.01.
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to surface tension over length scales of the order of � . Van-
ishing values of the crispation number may correspond to in-
finite surface tension and an undeformable interface. In the
opposite case the capillary number diverges to infinity when
one approaches a critical point or for very thin liquid sam-
ples. In practice, its value can be related to the surface defor-
mation in a liquid layer. Typically the crispation number in
standard thermocapillary convection is small, typically
10y3 �10y7. Figure 6 indicates that a decreasing crispation
number leads to a more stable system. The threshold of the
themocapillary instability is delayed as the crispation number
decreases, demonstrating that the more deformable inter-
faces are subject to greater instability.

In Figure 7 it is shown that increasing the density ratio
delays the instability. The density ratio could be related to
the operating pressure, reducing pressure results in larger
density ratios. Under these conditions other kinds of insta-
bilities, such as the vapor recoil effect, may prevail.

In order to have a more detailed idea about the influence
of the electrical field, resulting from the application of a volt-
age through a distance D, the influence of both these pa-

Ž .rameters is investigated Figure 8 . The increase in the volt-
age is found to stabilize the interface, whereas the distance

Ž .to the electrode D is found to decrease the threshold when
it is increased. This confirms that the stabilizing effect is due
to the influence of the electrical field.

Figure 7. Critical Marangoni number vs. electrical num-
ber for different density ratios.
H s 0, C s10y3, B s1, N s 300, B s 0, P s 30, N si r o 
 r r �
105, R s 0.01.e

In the following section, the influence of the Bond number
is investigated. The Bond number is the ratio of surface ten-
sion effects to the effect of gravity over a length scale � . The
evolution of the threshold for the thermocapillary instability

( )Figure 8. Critical Marangoni number as a function of the applied voltage kV .
Ž .The effect of the spacing D is plotted to emphasize the effective influence of the electrical field. H s 0,i

C s10y3, N s 300, R s 0.01, P s 30, B s 0, N s10 5.r 
 e r r �
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Figure 9. Critical Marangoni number vs. Bond number for different electrical number.
H s 0, C s10y3, N s 300, R s 0.01, P s 30, B s 0, N s10 5.i r 
 e r r �

is found to increase when decreasing the Bond number. This
result is in agreement with the solution found by Skarda and

Ž .McCaughan 1999 . However, this trend is emphasized in
Ž .the presence of the electrical field Figure 9 . The case for

� Ž .E s0 without electrical field agrees with the trend de-
Ž .scribed by Skarda and McCaughan 1999 .

Ž .It was emphasised in previous works Katto, 1994 that the
boiling crisis is found to behave differently under low pres-

Ž .sure. In our previous work Sefiane et al., 1998 , we proposed
different mechanisms for destabilization at the evaporating
meniscus and found that one kind of instability is likely to
prevail, depending on the conditions. At low pressure the va-
porrliquid density ratio is high enough to promote recoil in-
stability; however, at higher pressure, thermocapillary insta-
bility would prevail. In the following section we investigate
the influence of the electrical field on the thermocapillary
instability as the vaporrliquid density ratio is increased,
equivalent to a decrease in pressure. We found the stabilizing
effect of the electrical field to be enhanced at lower pressure
Ž .Figure 7 .

From Figure 10 it can be concluded that the electrical field
would have a more pronounced enhancing effect at lower
density ratios. At higher density ratios, which may corre-
spond to lower pressure, the effect of the electrical fields is
less remarkable.

Figure 10. Critical Marangoni number vs. density ratio
for different electrical number.
H s 0, C s10y3, N s 300, R s 0.01, P s 30, B s 0, Bi r 
 e r r o
s1.

Perspectives
Our approach provides a physical basis for further studies

of the critical heat-flux phenomenon. The enhancement tech-
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niques widely used to improve boiling heat transfer could find
in this approach improved ways in which the influence of
these enhancement methods can be modeled, starting from
the local conditions at the triple lines. Other instabilities may
prevail, especially at low pressure, where the density ratio is
high enough to give rise to recoil instability. The driving force
of such instability is the density ratio of the liquid-to-vapor
phase.

The thermocapillary instability investigated in this article is
Ž .found to work over tenths of seconds Pratt et al., 1998 . The

recoil instability, as introduced in the analysis of Palmer
Ž . Ž .1976 and later by Prosperetti and Plesset 1984 , is found to
occur over hundredths of seconds. The fact that these insta-
bilities operate at a very short time scales makes observations
very difficult in the case of boiling heat transfer. We propose
that new experiments should be designed for the investiga-
tion of boiling heat transfer, focusing on this region.

In the proposed mechanism the wetting parameters are of
primary importance. Previous works have demonstrated the
influence of these parameters. A more complete understand-
ing of the role of the contact angles of liquids in boiling crisis
mechanism is still under investigation. We propose new ex-
periments to elucidate the effective role of wetting in the
boiling transition.

Conclusion
In this work, we propose a mechanism for the occurrence

of boiling critical heat flux, based on thermocapillary instabil-
ity. This is likely to contribute at some stage to the destabi-
lization of the steady evaporating meniscus. This approach
opens up new avenues in the modeling of the enhancement
techniques employed to improve boiling heat transfer. In or-
der to apply this new approach, the modeling of the electro-
hydrodynamically enhanced boiling has been investigated.

The stability of an evaporating meniscus, under the action
of an electrical field has been investigated to find out the
parameters influencing the onset of thermocapillary instabil-
ity.

It has been demonstrated that the application of the elec-
trical field tends to delay thermocapillary instability. The sta-
bilizing effect of the electrical field in the evaporation of a
meniscus is a key to the understanding of the enhancement
role of electrical-field application.

Notation
˜ Ž .Asdimensionless quantity scaled A

A�sperturbed quantity A
A� sQuantity A corresponding to steady state
B�sinterfacial displacement

Ž .X sabscissa of the triple line Figure 2i
Eselectrical field

H slatent heat of vaporizationf g
Pspressure
usvelocity vector

Wsy-component of the hydrodynamic velocity
Jsevaporation rate

Ž 2 2 .� sSurface derivation operator, � � r� x qrr
Ž 2 2 .� r� z

kswave number in x-direction
tsthe unit tangent vector
nsthe unit normal vector
Tstemperature

˜ ˜T , T sstress tensors in liquid, vaporL ®
k , k sheat conductivity in liquid, vaporL ®

E0selectric field in steady state
® isvelocity of the interface

Greek letters
�sThermal boundary-layer thickness
�selectrical permitivities
�stemperature gradient in thermal layer, � Tr�
�sdepth of the thermal boundary layer
�sangle covered by the liquid meniscus
�sdensity
	sThermal diffusivity

 sCinematic viscosity

sdynamic viscosity
� ssurface tension

Subscripts and superscripts
Lsliquid
®svapor
� sunperturbed state
isinterface

crscritical

Dimensionless numbers
� j j��� 2
® y1 y1Ž .Hickman numbersH s � y �i ® L�ž /� T � 	 �L L

� E0�®�Electrical numbersE s ��
�� �� 2

Marangoni numbersM sya � T 
 	L L
j��

Reynolds numbersR se 
L

 	L L

Crispation numbersC sr �� �

L

Prandtl numbersP sr kL
2 Ž .� g � y �L V

Bond numbersB so ��
W �
 2

L L
Brinskman numbersB sr 2� k �L

�L
Density ratiosN s� �®


L
Viscosity ratiosN s
 
®
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