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Electrohydrodynamically Augmented Micro Heat Pipes
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An experimental investigation was conducted to evaluate the potential bene� ts of electrohydrodynamic (EHD)
forces on the operationofmicro heatpipes. In these experiments, electric � elds were used toorient and guidethe � ow
of the dielectric liquid within the micro heat pipe from the condenser to the evaporator. The experiments indicate
the heat transport capability of the EHD micro heat pipes is increased by up to six times of that of conventional
ones. In parallel, an analytical model was developed to predict the maximum heat transport capability for various
electric � eld intensities and micro heat pipe geometries. The analytical model agrees well with the experimental
results for the geometry studied experimentally. The model shows that large pore sizes are optimal from a heat
transport capacity perspective. Finally, a critical assessment of the experimental results suggest an alternative
design capable of achieving as much as a 180 times improvement in the heat transport capacity in comparison to
traditional micro heat pipes.

Nomenclature
A = cross-sectionalarea, m2

a = channel depth, m
C = coef� cient
d = width of pipe plus space between pipes, m
E = electric � eld intensity, V/m
f = friction factor
g = gravitational acceleration,m/s2

h = spacing of the electrodes, m
L = length, m
L eff = effective length, m
M = parameter de� ned in Eq. (10)
P = pressure, N/m2

Q = total heat input into device, W
q = heat transport for one channel, W
q 00 = heat � ux, W/m2

Re = Reynolds number
Rh = hydraulic radius, m
r = meniscus radius of curvature, m
T = temperature, K
U = velocity of � uid moving, m/s
V = applied voltage, V
w = channel width, m
" = permittivity,"0·
· = dielectric constant
¸ = latent heat of vaporization,J/kg
¹ = viscosity, Ns/m2

½ = density, kg/m3

¾ = surface tension, N/m
Ã = tilt angle

Subscripts

c = capillary
EHD = electrohydrodynamic
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e = evaporator
h = hydraulic
l = liquid
max = maximum
v = vapor

Introduction

M ICRO heat pipe devices have drawn much attention for their
promise to dissipate high-power densities since Cotter1 � rst

proposed them. Their promise comes from the effective heat trans-
port associatedwith phase change and their small geometry. In gen-
eral, a micro heat pipe consists of a small noncircular channel that
utilizes sharp angled corner regions as liquid arteries (wick struc-
ture) to provide liquid � ow from the condenser to the evaporator
region. The heat applied to the evaporator end vaporizes the work-
ing liquid in that region, forcing it to the cooler end, where it con-
denses and gives up the latent heat of vaporization.A typical micro
heat pipe has a hydraulic diameter ranging from 10 ¹m to several
millimeters and a length of up to several centimeters. By de� nition,
a micro heat pipe requires the Bond number .Bo D ½gR2

h=¾ / to be
on the order 1 or less. Many studies have been conducted on dif-
ferent kinds of micro heat pipe.2¡7 To date the maximum heat � ux
dissipated with these devices has been 60 W/cm2 (Ref. 8).

One of the factors that limits the heat transport capacity of micro
heat pipes is the large viscous losses associated with the transport
of the liquid from the condenser to the evaporator.9;10 As the heat
input is increased, these losses increase. At large heat inputs, the
liquid � ow rate cannot sustain the evaporation. When this occurs,
the evaporator region is said to dry out. This limitation is called
capillarylimitation.Anothershortcomingis that conventionalmicro
heat pipes are passive in nature and do not allow for active control
of the system temperature.Thus, as the heat input increases,so does
the temperature of the heat source.

The presentresearchis premisedon the assumptionthat both aug-
mentation of the heat transport capacity and active thermal control
of micro heat pipes can be achieved through the application of a
static electric � eld. When an electric � eld is strategically applied
within micro heat pipes at the liquid–vapor interfaces that are inter-
nally present, dielectrophoreticelectrohydrodynamicforces can be
induced due to the discontinuityof the electrical permittivity of the
medium. These forces can contribute to a pressure jump condition
at the interface,effectivelyreducing the liquid pressurein the region
affectedby the � eld. This pressurereductioncan be used to augment
the � ow of liquid from the condenser to the evaporator region.

Jones11 � rst proposed replacing the capillary wick structure in a
heat pipe with electrodes. The concept was demonstrated success-
fully by Jones and Perry12 and Jones.13 Their results showed that
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the electric � eld was able to communicate working � uid between
the condenser and the evaporator enabling the functioning of the
heat pipes, but the performance was poor in comparison to the ex-
isting capillary-driven heat pipes. Loehrke and Debs14 improved
the electrohydrodynamic (EHD) heat pipe of Jones and Perry and
were able to achieve equivalent thermal performance of conven-
tional axial-groove heat pipes. More recently, Bryan and Seyed-
Yagoobi15 performedan experimentalstudy on a monogrooveEHD
heat pipe. About 100% enhancement in the heat transport capacity
was achieved in their experiments as a result of the EHD pumping.

Hallinanet al.16 conductedexperimentalstudies on electrohydro-
dynamic micro heat pipe arrays. Their experimentswere conducted
on a micro heat pipe array having multiple parallel 1 mm (wide)£
0.6 mm (deep) grooves. The results of their experiments showed
that for low heat input the electric � eld had little effect on heat
transport because capillary pressure was suf� cient to sustain liquid
to the evaporator. However, at heat inputs suf� cient to cause evap-
orator dry out, the application of an electric � eld had the effect of
reducing the heat source temperature.

Based on the promising initial work of Hallinan et al.,16 more de-
tailedexperimentsare conductedto furtherdemonstratethe promise
of using electrostatic � elds to augment the heat transport capacity
of EHD-assisted micro heat pipes. Additionally,to better generalize
the results for various � uids and micro heat pipe geometry, an an-
alytical model of an EHD-assisted micro heat pipe is developed,
which can be used to predict the maximum heat transport capacity
and the optimum geometry.

EHD-Assisted Micro Heat Pipe Concept
The EHD micro heat pipe was designed to rely on a dielec-

trophoretic force to augment the liquid � ow from the condenser
to the evaporator.13 This force results from applicationof an electric
� eld at a liquid–vapor interface. The physical explanation of the
force derives from that the polarizing effect of the electric � eld is
greater in the liquid phase, due to the larger electrical permittivity.
When an electric � eld is applied, the molecules of the dielectric
� uid present within the micro heat pipe are polarized and dipoles
form. In the electric � eld, the dipoles and other polarizedmolecules
tend to become statistically more ordered and, therefore, exhibit a
minimum-energystate.Therefore, the liquid tends to � ll the regions
of higher electric � eld intensity due to the requirement of minimiz-
ing energy. Jones13 described that, in EHD heat pipe, polarization
force collected the dielectric liquid in regionsof higher electric � eld
intensity.Based on thermodynamicstheory,Melcher17 discussedthe
phenomena that dielectric liquid tended to � ll the region where the
electric � eld is strongest. He performed his model analysis using
Bernoulli’s equation, relating potential energy to the polarization
force.

Based on this reasoning,the experimentalmodel shown in Fig. 1a
was designed.In this design,the electrodeswere located in the evap-
orator, where the working liquid is needed. These electrodes were
placed only over every other groove to draw liquid to the evaporator
along these grooveswhile permitting a vapor return path to the con-
denser along adjacent grooves. In this con� guration, Fig. 1b shows
the ideal liquid orientation within the micro heat pipe when the
electric � eld applied, with liquid � lling the grooves where the elec-
trodes are present and receding in the grooves without electrodes.
For the electrodecon� gurationemployed, the localizedelectric � eld
in the evaporatordraws liquid into the evaporator.As such, the heat
transport capacity of the micro heat pipe can be increased.

Modeling of EHD Heat Micro Pipes
The model developed here follows that of Ma and Peterson6 for

a conventionalmicro heat pipe, differing primarily in the inclusion
of dielectrophoretic EHD forces. The model is subject to the fol-
lowing assumptions: steady-state � ow, constant � uid properties, a
nearly horizontal con� guration, constant meniscus radius of cur-
vature at a given axial location, constant vapor temperature, and
constant surface tension. Also, only axial variations in temperature
and meniscus shape are considered.

a)

b)

c)

d)

Fig. 1 Schematic con� guration of EHD micro heat pipes: a) top view
of the con� gurationwithoutapplicationof electric � eld, b)con� guration
with application of electric � eld, c) schematic of the sandwich electrode
structure at A–A section, and d) side view of experimental setup.

At steady state, the operation of EHD micro heat pipes requires
thatthepressurepotentialprovidedby thecombinationofEHD force
and the capillary force be greater than the sum of all the pressure
drops occurring throughout the liquid and vapor � ow paths. This
requirement can be expressed as9

1PEHD C 1Pc ¸ 1Pv C 1Pl C 1PC C 1Pslug (1)

where 1PC is the normal hydrostatic pressure drop, which can be
neglectedin thepresentmodelbecauseof theassumedhorizontalop-
eration, and 1Pslug is the pressuregradient in the liquid slug located
beneath the electrodes. Here, the EHD pumping pressure 1PEHD

can be found from Maxwell stress tensor (see Ref. 18, pp. 161–167)

Ti j D "Ei E j ¡ ."=2/.Ek Ek /±i j (2)
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where ±i j is the Kronecker delta. In the present model, the main
electric � eld direction is de� ned as y, and so Ex and Ez are much
less than E y . Thus, the stress tensor is given as Tyy D 1

2
¢ "E2 D P .

At the interface in the liquid phase, Pl D 1
2

¢ "l E 2, and in the vapor
phase, Pv D 1

2
"v E 2. The electric � eld is assumed to be uniform in

present model. Therefore, the pressure discontinuity at the liquid–

vapor interface due to the applied electric � eld is

1PEHD D 1
2
."l ¡ "v/E 2 (3)

Here 1PEHD acts normally from liquid to vapor. In present model,
1PEHD is assumed to be dominated by dielectrophoretic forces.
Electrostriction forces owing to the compressibility of the vapor
phase are proportional to E2"0.·v ¡ 1/ (Ref. 19), whereas dielec-
trophoretic forces are proportional to E2"0.·l ¡ ·v/. For the work-
ing � uid considered (pentane), ·l D 1:8371 and ·v

»D 1. Therefore,
electrostriction forces are very small compared with the dielec-
trophoretic forces.

Based on the Laplace–Young equation, 1Pc arises from the cap-
illary pressure differences between the evaporator and condenser
ends and can be written as

1Pc D ¾.1=rc;e ¡ 1=rc;c/ (4)

where rc;e is the minimum meniscus radius of the curvature in the
evaporator and rc;c is the average meniscus radius of curvature oc-
curring in the condenser.The minimummeniscus radius in the evap-
orator is de� ned as

rc;e D 3¾=[4 ¢ .¾=rc;c C 1Pv C ½l gL sin Ã/] (5)

Note that the application of electric � eld in� uences to some ex-
tent the wetting ability of the working liquid; therefore rc;e is af-
fected by the electric � eld for the present analysis. Hence, the use
of Eq. (5) provide an approximate evaluation for rc;e . The average
meniscus radius in the condenser is set equal to half of the width of
channel.

The pressure drops in the micro heat pipe array are shown
schematically in Fig. 2, and they are determined as follows. The
vaporpressuredrop 1Pv basedon momentum conservationis given
as

1Pv D
fv ¢ Reh;v¹v

2.rh;v/2 Av½v¸
L effq (6)

The liquid pressure drop 1Pl is given as

1Pl D

"
fl ¢ Reh;l ¹l Leff

2C1

¡
C¤C2rc;e

¢4
½l¸

#
¢ q (7)

where C1 and C2 are coef� cients depending only on the channel
angle of the groove and the contact angle of the liquid. They can be

Fig. 2 Pressure drops distribution.

determined using the equations derived by Ma and Peterson.6 C¤

may be determined as

C¤ D 1
2 .1 C rc;c=rc;e/ (8)

As seen in Fig. 1b, the working liquid was drawn to the region
of electric � eld forming liquid slugs beneath the electrodes. The
pressure losses in this slug 1Pslug can be derived for laminar � ow
in a square channel � lled with liquid:

1Pslug D 12¹l

wa3½l¸
L slugq (9)

where L slug is the length of the slug on both side of the trappedvapor
bubble.

When all of the precedingexpressionsare substitutedinto Eq. (1)
and rearranged, a relationship between thermal throughput q and
electric � eld intensity E is found as follows:

q D .1=M/
£
."l ¡ "v /.E2=2/ C ¾ .1=rc;e ¡ 1=rc;c/

¤
(10)

In this equation, M can be considered as a parameter depending
on the geometry of the micro heat pipe and the properties of the
working � uid, and it is expressed as

M D
12¹l L slug

wa3½l ¸
C

fv Reh;v¹v Leff

2r 2
h;v

Av ½v¸
C

fl Reh;l ¹l L eff

2C1

¡
C¤C2rc;e

¢4
½l ¸

(11)

Once the applied electric � eld intensity and the minimum menis-
cus radius of the curvatureoccurring in the evaporatorare given, the
maximum heat transport capacity can be predicted by Eq. (10).

The distributionof the electric � eld is complicatedbecauseof the
presenceof multiphase.Therefore, the electric � eld used here might
be referred to as apparent electric � eld. The actual electric � eld in
liquid may be determined using Crowley’s formula (see Ref. 18,
pp. 19–20)

El D
¡."s="l /.V=h/

1 C [."s="l / ¡ 1].a=h/
(12)

where "s is the glass permittivity.

Experiments
The micro heat pipe array used in the present experiments was

manufacturedfroma 1-mm-thick glass slide. It was 28 mm long and
composed of 7 parallel grooves that terminated in plenums on both
ends. The grooves and plenums were machined via an ultrasonic
milling process. The cross section of each channel was 1 mm wide
by 0.6 mm deep, and the spacing between the channels was 1 mm.

Several shapes and locations of electrodes were tested. The con-
� gurationproducingthebest resultsis shownin Fig. 1. The electrode
pair sandwiches the groove in the evaporator section as shown in
Figs. 1c and 1d. From Fig. 1c, it can be seen that the high-voltage
electrodes were directly attached to the 1-mm-thick cover slide ad-
hered to the open side of the grooves;hence, the electrodewas in in-
timate contact with the liquid. The ground electrodeswere attached
to the exterior surface of the grooved slide. Therefore, the spacing
between two electrodes of different levels is 1 mm. The electrodes
were fashioned out of aluminum foil. The application of the high-
voltage across the electrodes was achieved using a high-voltagedc
power supply. The voltage was monitored using a high-voltageme-
ter. The uncertainty of the measurement is §10 V. The current was
also measured using a microamperes meter. The current at 8 kV is
10 § 1 ¹A. Therefore, the power dissipation was estimated to be
0.08 W, which is less than 3% of the heat input to the micro heat
pipe.

Heat was input to the heat pipe array via an electric resistance
heater element located just at the end of channels on the evaporator
side as shown in Fig. 1. Heat was rejected by pumping 5 § 0:5±C
deionizedwater through a cooling jacket attached to the micro heat
pipe array on the condenser side. The entire facility was insulated
with 5 cm of ceramic � ber insulation to ensure that all heat was
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rejected through the cooling jacket. Heat losses were estimated to
be less than 5% of the total heat input.

Five calibrated thermocouples were attached to the micro heat
pipe array with thermally conducting epoxy. These thermocouples
were distributed along the central channel with spacing of 5.5 mm.
They were used to monitor micro heat pipe temperature in the tests.
Every test continued until steady state was reached, usually taking
24–30 min. The uncertainty associated with the temperature mea-
surement was less than §0:2±C.

The working � uid used in the experiments was pentane, a di-
electric � uid with high vapor pressure. Its permittivity "l D 1:8371,
and its electricalconductivity¾e · 2 £ 10¡10 ohm ¡1 ¢ cm ¡1 at 20±C
(Ref. 20). The permittivityof the glass"s D 7:0 (Ref. 21). The micro
heat pipe array was posed at a 9-deg tilt angle, with the evaporator
elevated above the condenser. This initial inclinationwas only nec-
essary at startup. The applied electric � eld intensities were 4, 6, 8,
and 9.5 kV/mm. At 10 kV/mm, breakdownoccurs. Tests without an
electric � eld were also conductedto serve as a baselinefor tests con-
ducted with electric � eld applied. The heat inputs considered were
1 W and 1.5, 2, 2.5, and 3 § 0.1 W, respectively,for each of the four
different electric � eld intensities. The micro heat pipes were � lled
with pentane with 30, 40, 52, and 60 § 5% liquid volume fractions
at ambient conditions.

The experimental test procedure was as follows. First the deion-
ized water was pumped through the cooling jacket. The electric
� eld and heat input were establishedsimultaneously.The wall tem-
peratures were monitored until steady state was reached, at which
time the heat input and electric � eld were discontinued. Some ex-
periments were conducted with the micro heat pipe visible. The
transparent structure permitted visualization of the internal � uid
orientation. A high-resolution camera with 8-mm tape was used
to provide a video record of the operation to better understand its
functioning.

Results and Discussion
The experimentsconductedwere mainly focusedon investigating

the in� uence of the applied electrostatic � eld on the maximum heat
transport capacity. The experimental maximum heat transport ca-
pacity was determined in the following way. For an applied electric
� eld strengthand heat input, the experimentcontinueduntil the wall
temperature reached a steady-statevalue. When the maximum heat
transport capacitywas reached,dry out conditionsin the evaporator
caused the evaporator temperature to rise rapidly.

The transient temperatures were recorded using an IoTech tem-
perature measurement system, TempScan/1000. One of the typical
datum is plotted in Fig. 3. At 2.5-W heat input, the lowest maximum
temperaturesat steadystatewereobtainedunder8- and6-kVelectric
� eld intensities. In the no electric � eld case, no steady state existed.
The evaporator dried out very fast. This indicates that the electric
� eld dramatically promotes the heat transport capability of micro

Fig. 3 Temperatures vs time at 2.5 W under various operating volt-
ages.

Table 1 Ratio of EHD driving potential and capillary
pressure potential to total driving potential

Electric � eld
intensity,
kV/mm 1Pelectr=1Ptotal , % 1Pcap=1Ptotal , %

0 0 100
4 63.3 36.7
6 79.5 20.5
8 87.3 12.7
9.5 90.7 9.3

Fig. 4 Predicted and experimental maximum heat transport capacity
vs electric � eld intensity.

heat pipesbecauseof the applicationof electric� eld collectingmore
working liquid at the evaporator. It was observed that thick liquid
� lms were formed in the evaporator region due to the collection
effect of the electric � eld.

Taking the contactangle as 0, C1 , and C2 were calculatedequal to
1.155 and 0.42, respectively,using the formulas derived by Ma and
Peterson.6 Constant C¤ was found to be 1.65 based on Eq. (8). A
valueof 16 was taken for fv ¢ Reh;v and 15 for fl ¢ Reh;l accordingto
the geometry of the duct.22 When these values were substitutedinto
Eq. (10), the maximum heat transport capabilities were evaluated.
The model permitted predictionof the maximum heat transport ca-
pacity for various electric � eld intensities. Both the experimental
results and the model predictions for the maximum heat transport
capacity as a function of the electric � eld intensity are shown in
Fig. 4. Good agreementbetween predictedvalues and experimental
data is achieved.In Fig. 4, both experimentaldata and model predic-
tions show that increasingelectric � eld intensity causes an increase
in the maximum heat transport capacity. Most signi� cantly, the ex-
perimentalresults suggestabouta six-timeimprovementin the max-
imum heat transportcapacityat the greatestelectric � eld considered
(9.5 kV/mm), above which corona discharge was evident.

In evaluatingthe heat transportcapacityusing Eq. (10), it is found
that, with an increase in the electric � eld intensity, the proportion
of the EHD potential to the total driving potential increases. This
increase in heat transport capacity with electric � eld is better vi-
sualized by looking at the relative importance of the EHD driving
force to capillary force as a function of the electric � eld, as shown
in Table 1. Here 1Ptotal represents the total driving pressure. It can
be seen from Table 1 that the EHD potential becomes the dominant
driving force at high electric � elds, constituting 87.3% of the driv-
ing potential at an electric � eld of 8 kV/mm. The experimentaldata
demonstrate the same trend, as shown in Fig. 5. At the same heat
input, for example, 2.5 W, as electric � eld increases, the heat trans-
port capacity increases, leading to the maximum temperature in the
micro heat pipe going down, from 72±C at 4 kV to 57±C at 8 kV.

With the veri� cationof theapplicabilityof themodel in predicting
the performanceof one EHD micro heat pipe, the developedmodel
can also be used to analyzegeometricaland parametricvariationsof
the EHD micro heat pipes. When the spacing between the grooves
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Fig. 5 Experimental results of electric � eld in� uence on heat transport
capacity of micro heat pipes.

Fig. 6 Theoretical maximum heat transport capacity vs groove width
with and without an applied electric � eld of 8 kV/mm.

Fig. 7 Theoretical maximum heat transport capacity vs length of the
pipe with various groove widths at 8 kV/mm.

d is set to be two times the width of a groove, that is, d D 2w and L,
the length of a channel, the relationshipbetween the maximum heat
transport capacity and the groove width is revealed to be q / w4,
and it is plotted in Fig. 6. In this evaluation, the electric � eld is � xed
at 8 kV/mm and the micro heat pipe length is 22 mm. Figure 6 shows
that the maximum heat transfer capacityof EHD micro heat pipes is
achievedwhen the groove width is maximized.Note that this would
only be true for Bond numbers less than unity. The relationship
between q and w for zero electric � eld is approximately q / w2.
Interestingly,EHD microheatpipes receivemorebene� t from larger
pore sizes than conventionalmicro heat pipes.

The relationshipbetween themaximumheat transfercapacityand
the length L is also obtained at 8 kV/mm and is plotted in Fig. 7.
Figure7 shows theeffectofmicro heatpipe lengthforvariousgroove

Fig. 8 Maximum heat pipe temperatures vs heat input for various
liquid volume fractions under 8 kV/mm.

widths on maximum heat transportcapacity.When combined, these
results suggest that a wider and shorter micro heat pipe is optimum.
Similar conclusionswere drawn by Longtin et al.3 for conventional
micro heat pipes.

The amount of � lled liquid is also an important factor for EHD
micro heat pipe operation. Four different � ll levels were tested in
present experiments, and the results are shown in Fig. 8. The best
performance of EHD micro heat pipes is achieved in the 40% case
becauseof the lowest maximum temperatures at steady state. It was
observed that when redundant liquid was � lled, for example, 60%,
� ooding occurred in the condenser region, which obstructed vapor
to reach the condenser and, therefore, degraded the performance
of the EHD micro heat pipes. When the � ll amount was small, for
example, 30%, no suf� cient liquid could be supplied for evapora-
tion; therefore,EHD micro heat pipes can not operate properly.The
precedingdiscussionimplies that the � ll amount of liquid should be
suf� cient for the forming of a capillaryartery and while no � ooding
occurs in the condenser.Therefore, the � ll amount of liquid in EHD
micro heat pipes is a complex issue.

The electric charge relaxation time ¿e is estimated to evaluate the
impact of the liquid motion on the electric � eld. For present ex-
perimental model, ¿e D "l=¾e ¼ 1:62 £ 10¡3 s. The velocity of � uid
travelingwas determinedby U D q 00=.½l ¸/. Thus, electricReynolds
number ReEHD D "lU=.¾e Leff/ D 3:24 £10¡3: ReEHD ¿ 1, and so
the � eld and charge distribution are not appreciably in� uenced by
the liquid motion.

Closer inspection of the model predictions � nds that the vapor
pressure drop only accounts for 0.8% and the pressure drop in the
liquid slug accountsfor 0.2%of the total pressuredrop, respectively,
in the micro heat pipe. This implies that all of the pressuredrops are
con� ned to the liquid � lm surrounding the trapped vapor bubble in
the liquid supply channels (Fig. 2). This result indicates that if the
trappedvaporbubblecan be eliminated,much greaterheat transport
capacity should be obtained. This ideal condition may be achieved
if the electrodes fully cover the liquid supply channels, as shown in
Fig. 9. The application of electric � eld makes the channels covered
by electrodes fully � lled with working liquid. In this scenario, the
pressure drops are shown in Fig. 9b, and Eq. (1) becomes

1PEHD C 1Pc ¸ 1Pv C 1Pslug (13)

The heat transport capacity is then expressed as

q D .1=M 0/
£
"0."l ¡ "v/.E2=2/ C ¾ .1=rc;e ¡ 1=rc;c/

¤
(14)

where M 0 is expressed as

M 0 D
12¹l L slug

wa3½l ¸
C

fv Reh;v¹v Leff

2r 2
h;v Av½v¸

(15)

A comparison of the model predictions on heat transport capacity
for a fully and partiallyliquid � lled evaporatorchannelas a function
of electric � eld is shown in Fig. 10. Here, fully liquid � lled means
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Fig. 9a Liquid fully � lled schematic (ideal model).

Fig. 9b Pressure drops in liquid fully � lled case.

Fig. 10 Predictions of maximumheat transfer capacity vs electric � eld
for fully liquid � lled and partially liquid � lled micro heat pipes.

the whole channel beneath the electrode was fully � lled with liquid
when electric � eld applied as shown in Fig. 9; partially liquid � lled
means the channel beneath the electrode was partially (50%) � lled
with liquidas shown in Fig. 1b. Clearly, eliminationof the entrapped
vapor bubble can substantially increase the heat transport capacity
of the micro heat pipe. In this case, up to a 180-fold increase in the
heat transport capacity is predicted.

Experimentally,electrodeswere fashionedto cover the whole liq-
uid supply channels. The micro heat pipe was charged with a 50%
liquid volume fraction at ambient conditions as shown in Fig. 9a.
The maximumheat transportcapacitymeasuredexperimentallywas
observedto be substantiallyless than thevery optimisticpredictions,
as shown in Fig. 11. It is observed in experiments that the ideal loop
heat transfermode, as shown in Fig. 9b, was not implemented in the
whole micro heatpipe array.Onlyone or two of the four vaporreturn
channels served for their function during experiments.Other vapor
return channels were � lled with liquid, which hindered the vapor
return and, therefore, degraded the function of the micro loop sys-
tem. The reason for the phenomenonmay be that the actual electric
� eld was not uniform and its distribution was fairly complicated.

Fig. 11 Model predictions and experimental data of maximum heat
transport capacity for ideal model (fully liquid � lled) micro heat pipes.

Although the electrodesdid not cover the vapor return channels, the
electric � eld was still so strong that liquid was collected in those
channels and obstructed the vapor back to the condenser. This phe-
nomenon, however, is not indicative of the inherent failure of this
concept. Rather, it suggests a remedy that should be addressed in
future design. The high-voltage and ground-level electrodes in the
evaporating channels should be in intimate contact with the liquid.
As well, the vapor return line should be completely shielded from
the electric � eld. Such a design is expected to be the optimum one.

Conclusions
A mathematical model to predict the maximum heat transport

capacity of electrohydrodynamicmicro heat pipes vs electric � eld
intensity is presented.Good agreement is achievedin comparing the
predicted value with the experimental data. Equation (10) indicates
that increasingapplied electric � eld can increase the maximum heat
transport capacity of EHD micro heat pipes because, at high level
electric� eld, theEHD drivingforcebecamedominant.Theoptimum
geometry of the EHD micro heat pipe can also be predicted using
Eq. (10). The predictionindicatesthat the optimum EHD micro heat
pipe is short and wide with the requirement that the Bond number
be less than one. An ideal con� guration of the EHD micro heat
pipe is predicted by Eq. (10). The ideal EHD micro heat pipe model
should have specially shielded vapor return channels for the vapor
to reach condenser rapidly.Equation (10) can be used to predict the
performance of EHD micro heat pipes and to aid the future design
of the pipes.
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