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ABSTRACT
In this communication, a grooved flat plate heat pipe is con-

sidered with an electric field applied between the top and bot-
tom plates of the heat pipe. In this way, a dielectric force arises,
which aims at pumping the liquid phase together with the cap-
illary force. The ability of the electric field to change the shape
of the liquid-vapor interface is theoretically investigated by a nu-
merical approach. This approach consists in the strong coupling
between the Laplace-Young equation, extended with the electric
stress, and the Poisson equation for the electric potential. The
former is used for the calculation of the shape of the liquid-vapor
interface while the latter is solved for the determination of the
electric stress along the interface. The results show that the elec-
tric field can extend the capillary limit of the heat pipe by increas-
ing the maximum curvature of the liquid-vapor interface before
the meniscus recession. This effect is even greater than the elec-
tric pumping effect for non-wetting fluids. A final discussion is
presented to highlight the configurations for which the use of an
electric field yields significant improvements to the performance
of a grooved flat plate heat pipe.

1 INTRODUCTION
Flat plate heat pipes are usually designed for thermal manage-

ment of electronic components. They are passive devices made
of a cavity filled by a two-phase working fluid. Like other heat
pipes, they enable to transfer high heat fluxes with a low tem-
perature gradient by means of the liquid-vapor phase change.
However, these systems present various working limits which
therefore lead to a limitation of the maximum heat flux that the
system can transfer. The capillary limit is widely encountered
in industrial applications. It occurs when the capillary structure
cannot provide a high enough capillary pressure difference be-
tween the evaporator and the condenser to compensate for the
pressure drops in the liquid and vapor phases. The use of an
electric field to assist the capillary forces can enhance the heat
pipe performance.

When two media are submitted to an electric field, an electric
stress arises at the interface between the two media because of the
jump of properties at the interface. Jones and Perry [1] and later
Loehrke and Debs [2] showed that an electric field could be a

NOMENCLATURE

g [m/s2] Gravity acceleration
h [m] Height
Lc [m] Capillary length
P [Pa] Pressure
q [C/m3] Electric charge density
r [m] Radius of curvature
Te [N/m2] Electric stress tensor
~Fe [N] Volumic electric force
~E [V/m] Electric field
w [m] Width
x [m] Horizontal coordinate
z [m] Vertical coordinate

α [-] Apparent angle
ε [F/m] Permittivity
εr [-] Relative permittivity
θ [-] Contact angle
κ [m−1] Interface curvature
φ [-] Angle between the tangent at the interface and the horizontal
ρ [kg/m3] Density
σ [N/m] Surface tension

Subscripts
edge Edge
f Fins
g Grooves
l Liquid
n Normal component
max Maximal
t Tangential component
v Vapor

substitute for the capillary structure in heat pipes even though the
performance was poor in comparison with the existing capillary
driven heat pipe.

However, Bryan and Seyed-Yagoobi [3] managed to reach
a 100% enhancement in the heat transport capability of a
monogroove heat pipe with the use of DC electric fields at 20 kV.
The fluid used in the experiment was R123.

Several numerical models available in the literature try to ex-
plain the EHD effect in a capillary groove. For instance, Suman
[4] and more recently Saadet al. [5] developed a model taking
into account both hydrodynamics and heat transfer in a capil-
lary groove submitted to an electric field. But the theoretical ap-
proach of these models do not take into account the deformation
of the liquid-vapoor interface due to the the electric stress. As
a consequence, there is a need for a better understanding of the
different mechanisms that govern the EHD effect in heat pipes.
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The present communication is dedicated to the study of electric
fields effects on the liquid-vapor interface shape in a rectangular
groove. A model for local deformation of interfaces submitted
to the EHD effect in a square groove is presented. It takes into
account the gravitational and capillary forces, the pressure jump,
as well as the electric stress at the liquid vapor interface.

2 GENERAL CONFIGURATION
The flat plate heat pipe geometry considered in this study is

similar to that of Lipset al. [6]. It consists in a grooved cop-
per plate and a transparent plate forming a sealed cavity, filled
with FC-72 as working fluid (figure 1). The FC-72 is a dielec-
tric fluid with an relative electric permittivity of 1.75 and it is
used in electronic applications. This fluid is also used for actual
experimental investigations.

Figure 1. Schematic of the flat plate heat pipe considered in
the present study. (a) Top view, (b) lateral cross section and (c)
close-up on the grooves cross section.

To study the effect of electric fields, the lower plate contain-
ing the grooves is used as the mass electrode. The upper plate
is an assembly of different transparent layers to ensure experi-
mental visualization. The upper part of the heat pipe is made of
three different layers: a 5 mm thick polycarbonate plate, a thin
100 nm indium tin oxide (ITO) film glued on the polycarbonate
plate with an optical glue and a 175µm PET film to protect the
ITO layer (figure 2). Table 1 lists the main geometric character-
istics of the heat pipe.

wf (µm) hg (µm) wg (µm) hv (µm) hdie (µm)

400 400 400 1000 175

Table 1. Geometry parameters

In a flat plate heat pipe, liquid and vapor flow are driven by
the capillary pressure distribution along the heat pipe. The liquid
evaporation at the evaporator side leads to higher meniscus cur-
vatures than at the condenser side where condensation fills the
grooves. This difference of curvature induces a gradient of pres-

PET film
hdie

ITO thin film + glue V =V0

hv

Copper V = 0V

wg

wf /2

Vapor

Liquid

hg ~g

α

φ

κ(0) z

x
0

~en

Figure 2. Cross section of the electric flat plate heat pipe con-
figuration

sure along the grooves which compensate for the pressure drops
in the liquid and vapor phase (figure 3). Thus, the condensate
is pumped back to the evaporator by the capillary flow. A num-
ber of limitations could affect the circulation of the working fluid
for conventional flat plate heat pipe. When the pumping pressure
produced by the grooves cannot overcome the sum of all pressure
drops, the ”capillary” limit is reached. This limitation is linked to
the extremal curvature at the center of the interface in a groove.
In practice, the value of the curvature is bounded by a maximal
value corresponding to the recession of the meniscus inside the
groove and a minimal value corresponding to the overflow of the
liquid out of the groove. They both depend on the wettability
of the fluid on the walls. Wettability is defined as the ability of a
fluid phase to preferentially wet a solid surface in the presence of
a second immiscible phase. The wettability can be represented
by the contact angleθ. This angle is conventionally measured
through the liquid, where a liquid-vapor interface meets a solid
surface. The meniscus recession occurs at the evaporator when
the dry out is reached leading to the maximal pressure jump at
the liquid-vapor interface. At the meniscus recession, the ap-
parent angleα equals the contact angle. The apparent angle is
defined as the angle between the vertical wall and the tangent
vector along the interface at the triple contact line. The maxi-
mal pressure jump at the center of the interface is expressed as
follow:

∆Pcap,max= (Pv−Pl)max= σκmax (1)

whereσ the surface tension of the working fluid,κmax the max-
imum curvature of the liquid-vapor interface and∆Pcap,max the
maximal pressure jump at the center of the interface.

In absence of electric field, the meniscus shape is governed by
the capillary stress and the gravity. The capillary length is a char-
acteristic length scale for an interface which is submitted both to
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Figure 3. (a) Capillary pressure along a groove, (b) zoom on a
cross section of a groove in the evaporator area and (c) zoom on
a cross section of a groove on the condenser area

gravitational acceleration and to a surface force due to surface
tension in the interface. The capillary lengthLc is expressed as
follows:

Lc =

√

(
σ

∆ρg
) (2)

where∆ρ the liquid-vapor density difference andg the gravity
acceleration. If the capillary length of the working fluid is much
more greater than the width of the grooves, which is the case in
the present study, then the shape of a cross section of the inter-
face is mainly governed by the capillary stress and tend to be a
portion of circle. The curvatureκ of the interface depends on the
difference of pressure between the vapor and the liquid phase. It
can be positive, as presented in figure 3, or negative in the case
of non wetting fluids. In the working geometry, the width of the
groove is small enough to neglect the gravity force: the cross
section of the meniscii are assumed to be a portion of circle. The
maximal pressure jump at the center of the interface is expressed
as follow:

κmax=
2cos(θ)

wg
(3)

wherewg is the groove width.
When the liquid-vapor interface is submitted to an electric

field, the resulting electric stress balances the capillary force. Be-
cause of the shape of the interface, the electric stress is not evenly
distributed over the interface leading to local deformations. The
resulting shape has no reason to be a portion of circle anymore.

3 MATHEMATICAL MODEL
The EHD phenomenon is governed by the forces acting on the

surface between two fluids. The interfacial stress is linked to the
jump of the Maxwell tensor at the interface. The Maxwell tensor

is expressed as [7]:

Te =−
1
2

ε
(

~E.~E
)

I + ε~E⊗~E (4)

whereTe is the Maxwell tensor. Considering the orthogonal sys-
tem defined with the unit normal vector pointing from media 1
to media 2, the electric field can be defined as follow:

~E =

[

En

Et

]

(5)

Based on the previous assumptions, the normal component of the
electric stress is thus expressed by:

Ten =−
ε1

2

(

E2
n1
−E2

t1

)

+
ε2

2

(

E2
n2
−E2

t2

)

(6)

Only the normal electric stress can deform the interface, whereas
the tangential electric stress can create a flow in the phases. Here,
only the normal electric stress is considered.

The meniscus shape in the absence of electric field is the re-
sult of the balance between the capillary force and the gravity.
The Laplace-Young equation is used to link the curvature of the
meniscus and the capillary pressure on the interface. In the pres-
ence of an electric field, the capillary stress and the electric stress
are balanced with the pressure jump. Here, the curvature radius
of the interface along the heat pipe axis is assumed to be infinite.
For a meniscus, the extended Laplace-Young equation is verified
all along the interface:

Pv−Pl = κσ+Ten (7)

wherePl −Pv is the pressure difference between liquid and vapor
phases,κ the local curvature. The electric field adds a normal
stress on the meniscusTen. The pressure difference between a
point of the interface and the center of the interface is also due to
the weight of the fluid. Thus:

∆ρl gz= Pl (z)−Pl(0) (8)

wherez is the height between the center of the meniscus and the
given point atz= 0 Thus, the surface shape is determined by
only one parameter, the pressure difference at the interface.

4 NUMERICAL PROCEDURE
The meniscus shape is numerically determined by an itera-

tive methodology. The purpose of this methodology is to find
the shape of the liquid-vapor interface at the equilibrium of the
gravitational, capillary and electric forces. The software COM-
SOL Multiphysics is used to mesh the working geometry and
to solve the distribution of the electric field. Matlab is used to
determine the interface with an explicit scheme. The iterating
numerical model evaluates the shape of the liquid-vapor inter-
face for a given curvature at the center of the groove for various
electric potential.

The electric field is firstly evaluated with COMSOL Multi-
physics with an initial interface. Then the modified Laplace-
Young equation is solved in Matlab and the new interface is ex-
port in Comsol. This procedure is iterated until convergence.
This numerical methodology is faster than a moving mesh model
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or a level set model.

4.1 Determination of the electric field
The working geometry consists of one rectangular groove.

The groove is supposed to be infinite along the heat pipe axis
and far enough from the edges of the heat pipe to neglect the
effect of the side walls. The geometry is split in three different
domains: the dielectric layer, corresponding to the PET film, the
vapor phase and the liquid phase. Assuming that the media are
linear, isotropic, homogeneous and with no charge density, the
electric potential is found by solving the Poisson equation:

div(σ ~gradV) = 0 (9)

An example of the field distribution evaluated in COMSOL is
represented on figure 4. The field distribution is then exported in
Matlab.

Figure 4. Exemple of the effect of electric field on the interface
shape

4.2 Determination of the meniscus shape
The normal electric stress is evaluated in Matlab using the

equation (6). From the value of the electric stress at each node
on the interface, the new position of the nodes can be evaluated
with the pressure difference between the node and the center of
the interface.

Pl (z)−Pl(0) = σκ(0)−σκ(z)+Ten(0)−Ten(z) (10)

wherez= 0 is taken at the center to the interface. A shooting
method is used to verify the wettability condition on the edge.
This method consists in an explicit scheme starting from the cen-
ter of the interface:

δφ =
dφ
dx

δx=
κ(0)+ z(x)

L2
c
+

Ten(0)−Ten(x)
σ

cos(φ(x))
δx (11)

whereφ is the angle between the tangent at the interface and
~exconsideringz(0) = 0 andφ(0) = 0 to keep the symmetry.Lcap

is the capillary length.

The new geometry is then exported as a spline curve in Com-
sol and a new mesh is built. The convergence was fund to be
reached after 8 iterations.

4.3 Impact of the edge
In COMSOL, the edge of the fin is not represented by a sharp

edge, but a circular arc to avoid divergence of the electric field in
this area. The value of the edge radius is chosen to consider the
rounded edge as a sharp edge from a mechanical point of view
and to be greater than the minimum mesh element. A sensitivity
study was conducted to determine the impact of the edge radius
value. Figure 5 presents an example of the shapes of the inter-
face close to the fin edges for various radii of curvature, with
or without electric field. The curvature at the center of the inter-
face is fixed with interface shape changes focused near the edges.
Different values ofredgeare considered. These values are small
enough to consider the edge as a sharp edge from a mechanical
point of view. When no electric field is applied (solid lines), the
three interfaces exhibit the same slope close to the triple contact
line. The radius of curvature of the edge only affect the location
of the triple contact line but has a low effect on the apparent an-
gle. This is particularly true for values under 1µm. In presence
of an electric field (dashed lines), the apparent angle changes
and becomes higher than in absence of electric field. The results
show that all the three interfaces are almost the same in presence
of an electric field for a given curvature at the center of the in-
terface. The apparent angle and the pressure jump at the center

µm
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redge = 1 × 10−6m
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Figure 5. Effect of the edge radius on the meniscus shape.

of the interface in presence of an electric field in the same con-
ditions as before are displayed on table 2. The results showed
that the impact on the pressure jump is non significant (less than
0.1%).The impact on the apparent angle is also non significant
(less than 1%). In presence of an electric field, the slope of the
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liquid-vapor interface is not affected for small values of the edge
radius, but the location of the triple contact is somewhat modi-
fied. Thus, in this study,redgeis considered to be equal to 1µm.

Redge(m) Pressure jump (Pa) Apparent angle ( ˚ )

1×10−5 22.563 91.9

5×10−6 22.557 91.8

1×10−6 22.552 91.6

5×10−7 22.553 91.5

Table 2. Deformation of the interface for different radii

5 NUMERICAL RESULTS
5.1 Effects on the meniscus shape

In order to observe the impact of the electric field on the liq-
uid circulation, the pressure jump at the liquid-vapor interface is
plotted as a function of the curvature on figure 6. In the presence
of an electric field, the pressure jump at the interface for a given
curvature is larger than in the absence because of the sum of the
electric and capillary forces. This effect is more important for
low and negative curvatures than high and positive curvatures,
which reduces the pumping effect on the fluid.
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Figure 6. Effect on the pressure jump for FC-72.

An example of a deformed interface is given in figure 7. In
this figure, only the sign of the curvature and the electric stress
are modified. When the liquid-vapor interface is submitted to an
electric field, the result is a high deformation of the liquid-vapor
interface near the edge for a given curvature. The apparent angle
is strongly modified by the electric field. The analytic solution
for V =0 V is deduced from equation (7)

The apparent angle is plotted as function of the curvature for
different values of the electric potential on figure 8. For capillary
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Figure 7. Exemple of the effect of electric field on the interface
shape

force only the analytical solution is expressed as:

α = acos(wg∗κ/2) (12)

The numerical results forV = 0V show a good correlation with
the analytic solution, represented by the solid curve, meaning the
meniscus is a portion of circle.
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Figure 8. Effect of an electric field on the maximal pressure
for FC-72.

For a given apparent angle, the presence of an electric stress
leads to increased curvatures. The interface has no reason to be
portion of circle. This effect is explained by the concentration
of the electric field near the edges of the fin. The electric stress
is pulling up the interface near the edge which results in higher
curvature in the center of the meniscus. For the same apparent
angle, the higher the electric potential, the greater the deforma-
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Figure 9. Effect of an electric field at meniscus recession for FC-72.

tion. This effect could be used at the evaporator to increase the
heat flux corresponding to the capillary limit.

5.2 Effects on the heat pipe performance
At the meniscus recession, the contact angle and the appar-

ent angle become equal and the pressure jump at the interface is
found maximum. Figure 9 shows the maximal pressure jump as
function of the contact angle. The analytical solution is deduced
from equation (7) and equation (12) withα = θ.

The results highlights greater maximal pressure jump at the
interface in the presence of electric stress. If the effect of electric
field is only concentrated over the evaporator area, possible en-
hancement of the capillary limit could be obtained. In the pres-
ence of an electric stress (V = 4000 V), the maximal pressure
jump on the interface doubles for a contact angle of 70 ˚ (19 Pa
for V =0 V compared to 38 Pa in the presence of electric stress).
This effect is even greater for non wetting fluids for which the
sign of the maximal pressure jump can be reversed.

6 CONCLUSION
A theoretical model was developed to analyze the deformation

of a meniscus in a flat plate heat pipe submitted to EHD effects.
The model is based on the modified Laplace-Young equation and
the Poisson equation. The Laplace-Young equation is modified
in order to take into account the electric stress. The model is
able to predict the shape of a meniscus for a given electric field.
The results show a high concentration of the electric stress near
the edges, which pulls up the interface and which yields higher
curvatures. This suggests that, contrary to the current state-of-
the-art on heat pipes, non wetting fluids might be used as working
fluids. The capillary limit can be extended in presence of an
applied electric field. Capillary pressure is reduced when the

electric field is applied all along the grooves. In order to enhance
the performance of the heat pipe, the electrode should be placed
over the evaporator area.

Further experimental investigations on the shape of an inter-
face submitted to an electric field are expected for both isother-
mal and non-isothermal conditions.
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