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Capillary Pumped-Loop Thermal Performance Improvement
with Electrohydrodynamic Technique
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The capillary pumped loop (CPL) is a state-of-the-art technology for cooling spacecraft and telecommunication
devices. It is a two-phase heat-transport device in which the driving force is provided by the capillary action of
the wick material in the evaporator. Compared to the widely used heat pipes, it provides a higher heat-transport
capacity, more � exibility of installation, and greater heat-transport distance because of wickless transport lines
and the absence of liquidand vaporcounter� owing.The major disadvantagesof the CPL are long and complicated
startup procedures and the possibility of deprime at high heat input and large load variations. This paper inves-
tigates the liquid-vapor separation and thermal management with the electrohydrodynamic (EHD) technique for
an EHD-assisted CPL using R-134a as the working � uid. An experimental investigation, along with a mechanism
analysis, was employed to evaluate the potential of the EHD technique for thermal performance improvement of
CPL systems. Experimental results showed that enhancements, up to three times, could be obtained in heat-transfer
coef� cients by applying an electric � eld at different heat load levels. The depriming conditions of a capillary pump
can also be prevented with the EHD technique.

Nomenclature
A = surface area
a = object radius
E = electric � eld strength
F = electrohydrodynamic(EHD) force
h = heat-transfercoef� cient
I = heater’s current
i = discharge current
L = length
N = number of thermocouples
Q = heat-transfer rate or power
T = temperature
V = heater’s voltage
D P = pressure drop
² = permittivity
g = enhancement factor
j = dielectric constant
q = density
u = EHD potential

Subscripts

c = capillary
e = electric
g = gravity
h = heater
l = liquid or loop
ref = reference
t = total
v = vapor
w = wick or wall
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0 = base case
1 = liquid phase
2 = vapor phase

Introduction

T HE capillary pumped loop (CPL) is a passively pumped two-
phaseheat-transportdevicethathasdemonstratedperformance

capabilities substantiallygreater than that of conventional,state-of-
the-art heat pipes. It transports a large heat load over long distances
with very small temperature differences in the system. The driving
force for the CPL loop is surface tension forces developedin porous
wicks located within the evaporator.1 Like other heat-transfer de-
vices, the CPL is limited by a maximum amount of heat that can
be transported from the evaporator end to the condenser end of the
system. The capillary limit is again a major concern similar to con-
ventional heat pipes, expressed as

( D Pc)max = D Pv + D Pl + D Pw + D Pg (1)

Acquisitionof heat at the evaporatorprovides the driving force in
a CPL system.Therefore, the capillarypump is the primary element
for heat acquisition. For a given heat input to the CPL, the total
pressure drop in the loop must not exceed the capillary pumping
head if the CPL is to work properly. The wick meniscus will also
adjust itself so that the capillary pressure equals the loop pressure
drop.

The other limit, more speci� c to the operation of the CPL, is the
liquid line boiling limitation.2 Between the evaporatingand absorb-
ing surfaceof the wick, a pressurespikeis actuallyobservedbecause
of superheated liquid boiling. A pressure rise is required to match
the pressure surge, observed as the liquid is pushed from the vapor
line.3 The pressure drop through the wick can be minimized to pre-
vent boiling. The Clausius–Clapeyron equation is appropriate for
determining subcooling requirements. The liquid line boiling limi-
tation is reinforcedthroughthe liquid subcoolingafter condensation
to avoid boiling in the liquid line. It is also related to the liquid pres-
sure drop. Kolos and Herold4 performed detailed analysis for the
observed oscillatory � uid motion in the capillary evaporator core.

Above the capillary pump limit, ensuring that the loop is
still working properly or developing a vapor-tolerant CPL sys-
tem becomes a challenge. Babin et al.5 investigated an ion-drag
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Fig. 1 Schematic of the EHD-assisted CPL.

pump-assisted capillary loop. Up to 100% improvement of the
heat transport capacity and about 70 Pa of maximum electrohy-
drodynamic (EHD) pressure head were reported. Bryan and Seyed-
Yagoobi6 studied the monogroove heat pipe with EHD pumping.
Combinationof thecapillaryandEHD forcesyielded320Pa of pres-
sure headat an appliedpotentialof 20 kV. Ohadiet al.7,8 investigated
the feasibility of the EHD-assisted CPL. Signi� cant improvements
in the liquid pumping capacityand the evaporativeheat-transferco-
ef� cient, using EHD in a CPL equivalent system, were experimen-
tally demonstrated. Mo et al.9,10 � gured out the potential of heat-
transfer enhancement and the startup time reduction for an EHD-
assistedCPL. Using EHD effectsof liquid-vaporseparation,this pa-
per identi� es the potential of the heat-transferenhancement and the
preventionof deprime conditionon an EHD-enhancedCPL system.

EHD is a new and promising technique that has demonstrated
potential for signi� cantly reducing the heat-exchangersize/volume
whileprovidingon-line/on-demandcontrol for theheat-transfersur-
face. Its applicabilityfor substantial increaseof heat-transfercoef� -
cients of industrially signi� cant � uids such as refrigerants R-134a,
R-123, PolyAlphaole�n, and certain aviation fuels has alreadybeen
proven.Polarized EHD force (pumping) can also assist or substitute
capillary forces to collect, guide, and pump condensate in regions
of high electric � eld intensity, whereas the saturated vapor of the
dielectric � uid is repelled to locations where the electric � eld is
less intense. Because of the dominance of polarization EHD force
over surface tension forces, the dielectrophoresisphenomenonmay
signi� cantly improve the heat-transfercapability of two-phase � ow
thermaldevicesusingdielectric� uidswith poorsurface tension.The
potential terrestrialapplicationsof the EHD techniqueare extensive
and include commercial heat-exchanger equipment for refrigera-
tion and air conditioning,electronic cooling, cryogenicand process
industry applications,and laser medical/industrial cooling.

An on-line/on-demandcontrol feature to the heat-transfersurface
is provided because the magnitude of heat-transferenhancement in
the EHD technique is directly proportional to the applied voltage.
This feature is particularly attractive for developing higher heat-
transfer capacity and vapor-tolerant CPL systems. In addition to
improving the heat transfer, EHD coupling will also enhance CPL
startup procedure. These merits further promote the readiness of
CPL technology for space thermal control applications.

Experimental Apparatus
The schematic diagram of the EHD-assisted CPL setup used in

the current experiments is shown in Fig. 1. The key component of
the setup is the EHD-assistedevaporator.The heater for the evapora-
tor was designed for a maximum allowable heat-transport capacity
of 1500 W. The working � uid in the experiments reported here was
the environmentally acceptable R-134a (HFC-134a). Other major
components included the cooling loop, the control (reservoir) loop,
and the various auxiliary instrumentations for monitoring and con-
trol of the depriming conditions. A brief description of the main
components of the experimental apparatus is given in the following
sections.

EHD-Assisted Evaporator Test Section

An EHD-assisted evaporatorwas designedand fabricated to sim-
ulate conditionsin a spacecraftCPL system. A 25.4-mm CPL pump
(evaporator) was modi� ed to realize the EHD-assisted test section.
It was oriented horizontallyin the loop. The wick structurematerial
in the evaporator was polyethylene. As shown in Fig. 2, a spring-
type (helical) electrode was inserted into the liquid channel of the
evaporatorto implementEHD-assistedperformance.The axialpitch
of the spring electrode was about 1 mm. The outer diameter of the
spring was 12 mm, nearly the same as the inside diameter of the
wick structure. The grooved aluminum tubing served as the ground
electrode,whose inside diameter was 15.4 mm. The gap of the elec-
trodes then was 6.35 mm. A heater was placed at the surface of the
evaporator.The outer surface area of the wick was 202 cm2 . A total
of 14 thermocouples (T1 ¡ 14w), as shown in Fig. 3, were mounted
along the outside wall of the evaporator to measure the average
wall temperature. Differential pressure measurement was used to
evaluate the evaporatorbehavior in the loop. Seven additional ther-
mocouples (T1 ¡ 71 ) were placed in the loop to measure temperatures
at various points on the loop, as shown in Fig. 1. The electrode for
applied high-voltage electric � eld was inserted in the liquid side of
the wick. The voltage potential was applied via a laboratory-grade
high-voltagesupply.The applied electric � eld enhanced the transfer
of liquid across the wick to the evaporator surface.

Capillary force in the wick of evaporator provides the pump-
ing head required for the CPL. Menisci, which adjust naturally to
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Fig. 2 Schematic of the EHD-assisted capillary evaporator.

Fig. 3 Surface temperature measurement at capillary evaporator.

provide the proper pumping head required to match the � ow losses
associated with the applied heat input and condenser conditions,
are formed at the liquid–vapor interface in the evaporator.The wick
used in the current experiments was a sintered porous ultra-high-
molecular-weightpolyethylene,with nominal diameter of 15l . The
wick permeability ranged from 10 ¡ 14 to 10 ¡ 12 m2, with a porosity
of 50% and a low thermal conductivity.

Cooling (Condensing) Loop

The stability of the EHD-assisted CPL setup was maintained us-
ing a cooling (condensing) loop. Cold water generatedby the chiller
circulated in the condenser side and removed the heat generated as
a result of the phase change process in the evaporator.

Control (Reservoir) Loop

The function of the reservoir in the CPL system was to control
the operating temperatureand facilitate the startupprocedurefor the
loop. Instead of an electric heater, a small chiller with temperature
control was installed on the reservoir.

Different Depriming Condition Control

Two adjustable valves were arranged at the liquid line and va-
por line of the CPL loop. At different power levels, by adjusting
the opening of the two valves, the depriming conditions were trig-
gered. As shown in Fig. 1, four custom-designedsight glasses were
installed in the system to better visualize the loop operation.

Experimental Procedure

A typical experimental procedure began by turning on the two-
chiller system. When the reservoir temperature reached the operat-
ing temperature, the power to the evaporatorwas applied to start up
theCPL system.After the loopoperationstabilized,thehigh-voltage
electric � eld was applied to realize the EHD effect.

Next, the system was allowed to reach steady-state conditions
where the � uctuations in wall temperatures and the average differ-
ential pressure readingwere less than 1% of average readings.Then
the local wall temperatures along the test section, the loop temper-
atures, and the high-voltage current were measured. Depending on
the type of parametric study, the condition settings were changed
accordingly for the next data point. The procedure was repeated
until completion of the experimental run.

Data Reduction
The averagewall temperatureof theevaporatoris calculatedusing

the following equation:

Tw =
N

î = 1

Tw ,i/ N (2)

The heat-transfer rate Qh of the test section is evaluated by

Qh = V £ I (3)

The test section was well insulated, and heat losses to the sur-
roundings were estimated to be negligible. Then the heat-transfer
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coef� cient can be de� ned as

h =
Qh

A £ (Tw ¡ Tref)
(4)

(Teff taken as the reservoir temperaturecorrespondingto the system
operating temperature).

The enhancement factor g is then de� ned as

g = h / h0 (5)

The ratio of EHD power consumptionto the total heat transferred
to the test section is calculated as

QEHD

QTotal
=

QEHD

Qh + QEHD

(6)

Analysis of the various operating temperatures and system de-
priming conditions is achieved by collecting data by the various
differentialpressure transducers,evaporatorwall and loop tempera-
tures,appliedvoltageand current,and other auxiliarymeasurements
at various points in the loop.

The evaluationof uncertainty is based on the fact that a differen-
tial change of a functioncan be expressed in terms of the differential
change of the dependent variables and the partial derivatives with
respect to the correspondingdependent variables. Measurement er-
rors for the current experiments were the following: temperature
§0.1±C, pressure §0.1% of the reading, heater voltage §0.5% of
the reading,heater current §0.1% of the reading,appliedEHD volt-
age §0.1% of the reading, and applied EHD current §0.1% of the
reading.The analysisshowed that theuncertaintyin theheat-transfer
rate Qh was §1.35%, and the uncertainty in the heat-transfer coef-
� cient h was from §2.86% to §11.8% with the higher uncertainty
correspondingto the lower heat � ux. The uncertainty in power con-
sumption QEHD was §1.74% to §5.16%, where again the larger
uncertainty is associated with the lower heat-� ux levels.

Results and Discussion
Heat-Transfer Coef� cient Enhancement

On the normal condition the potential of the heat-transfer co-
ef� cient enhancement with the EHD assistance was � rst identi-
� ed. When applying an electric � eld, the wall temperatures at the
evaporator would decrease. Therefore the heat-transfer coef� cient
would increase accordingly. Figure 4 shows the EHD-enhanced
heat-transfercoef� cient and enhancement ratio as a function of ap-
plied voltages. As illustrated there, up to two-and-one-half-times
enhancement can be obtained at 9 kV applied high voltage. Similar
enhancement trends for power levels 600, 625, and 650 W are seen
in Fig. 5, where up to three times heat-transfercoef� cient enhance-
ment is obtained. The results con� rm a previous feasibility study
� nding that EHD is applicable in an actual CPL system.7

The heat-transfer coef� cient reaches the maximum value at
around 525 W power level. The heat-transfercoef� cient above and

Fig. 4 Heat-transfer coef� cient and enhancement ratio: 100, 525, and
575 W.

Fig. 5 Heat-transfer coef� cient and enhancement ratio: 600, 625, and
650 W.

below 525 W is lower for the base case (without EHD). This is
because the pressure head generated in the evaporator pump at the
525 W level is at its optimum condition.The liquid-vapor interface
inside the evaporatorwick is at the optimum positionfrom the view-
point of CPL pressure head limit and boiling limit. However, above
525 W, the EHD-induced heat-transfer enhancement is higher. The
highest three times enhancement is obtained for 650 W. Also, The
EHD power consumption is on the order of 50 mW, which trans-
lates into a maximum value of 0.1% EHD power consumptionratio.
Comparedwith thepower input levels(100–650 W), theEHD power
consumption is clearly negligible.

Three major factors attribute to the liquid-vapor separation and
performance enhancement by using the EHD technique. They
are EHD-affected bubble behavior, electrothermally induced EHD
pumping and EHD-induced Maxwell stresses.11 These EHD effects
can be used in heat pipes or CPL for the performanceimprovement.

For the vaporbubble in a nonuniformelectric � eld, Pohl12 showed
that the excess EHD force on a small spherical object of dielectric
constant j 1 in a dielectric � uid of dielectricconstant j 2 was given as

Fe = 2p a3 j 1 e 0
j 2 ¡ j 1

j 2 + 2 j 1
r E 2 (7)

This relation indicates that the motion of the sphere under the
in� uence of the nonuniform electric � eld will be proportional to
the difference of the dielectric constants and the divergence of the
electric � eld strength.It was derivedfrom the ideal case, where only
one bubble was present in the liquid pool. For the speci� c cases the
trends, where the � uid with a higher dielectric constant will always
move toward the stronger � eld strength and vice versa, will be the
same.

The electrothermally induced EHD pumping effect, when com-
bined with bubble-modi�cation caused by the Maxwell stresses,
results in liquid-vapor separation phenomenon, which leads to im-
proved pumping head at the evaporator wick and performance im-
provement of an EHD-assisted CPL system.

The deprime of a capillary pump (evaporator) is referred to the
condition that an evaporator is no longer able to pump working � u-
ids in the loop. The evaporator will be starved of liquid because of
insuf� cient � ow of vapor on the liquid side of the wick. The vapor
may be pushed into the liquid core of the evaporator under the de-
prime condition.Thus a deprimed evaporatorwill not transportheat
because the evaporator cannot generate pumping heat to circulate
the working � uid. Accumulation of vapor bubbles in the evapora-
tor core attributes to the CPL deprime under certain high heat load
operations.

When applying an electric � eld, the induced Maxwell stresses
at the liquid-vapor interface, combined with the electrothermally
induced pumping effect, make the liquid surface rise, resulting in
lifting of the liquid-vapor interface in the direction of the ground
electrode (evaporator plate), as seen in Fig. 6. Furthermore, EHD
also repels the vaporbubble to a less intense electrical� eld, which is
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Fig. 6 CPL evaporator behavior at different power level (in presence of the EHD condition).

away from the charged electrodeand toward the evaporatorsurface.
All of those EHD effects collaborate to enhance heat transfer.

As shown in Fig. 6b, at normal operation of given power level Q,
the liquid-vaporinterface moves up to vapor channel and affects the
effective wick radius, thus enhancing the heat-transfer coef� cient.
These EHD effects of liquid-vapor separation are the major mech-
anism for the heat-transfer enhancement at the normal operating
conditions. To prevent depriming conditions, as shown in Figs. 6c
and 6d, liquid-vapor interface moves up to the wick structure, and
more bubbles are repelled away and out into vapor channel. The
effective wick radius will be delayed in reaching its limit of the
minimum value (pore radius). Thus the higher EHD-induced heat-
transfer enhancementwill be expected for the high heat load levels,
as observed at 650 W power level.

Deprime Condition Prevention

When the effective wick radius reaches its limit of minimum
value, a depriming condition will occur for a CPL with further heat
input. In our experimental setup the opening of two valves at the
liquid line and vapor line was adjusted to triggerdeprime conditions
at different valve positions. For the prede� ned depriming condition
a corresponding heat load was applied � rst. Then the openings of
the two valves were slowly adjusted until the deprime occurred.
After that the heat input was turned off. The loop was restartedwith
the already determined opening positions of the two valves. The
prede� ned heat load was applied again to verify the occurrence of
the deprime phenomenon. Finally, the openings of the two valves
for the depriming condition were identi� ed. Instead of adjusting
operating temperature or power level to trigger the deprime, this
methodcouldprovide the same power level deprimingconditionfor
different tested working � uids. In the following the data of R-134a
for the deprime prevention at 150 and 300 W depriming conditions
are discussed.

Figures 7a and 7b show the experimental result on the 150-W
depriming condition. From the readings of the differential pres-
sure (DP), evaporator wall and loop temperatures, realization of
the vapor-tolerantproperties with 15 kV applied voltage is demon-
strated. Seen there without the applied high voltage, the evaporator
wall and loop temperatureskept rising with the elapsed time, which
eventually would lead to the occurrence of deprime. Then 15-kV
high voltage was applied, these temperatures dropped, and � nally
the loop operated in the stable status. The deprime was prevented.
With the reductionof thepower level to 100W, the loopstill operated
normally.

Figures 8a and 8b show the similar results for a 300-W deprim-
ing condition. The vapor-tolerant system is achieved with 18-kV
applied voltage. Furthermore, the observation was made that the
loop would deprime again at the reduced 250-W power level (at
around 320 min) without applying an electric � eld after EHD had
already prevented the depriming condition at 300 W. This means
that EHD can only tolerate the vapor bubbles during the deprim-
ing condition, but cannot collapse or break the big vapor bubbles.
The loop only operated normally again until the further reduction
of power to 200 W.

Fig. 7a Variation of DP and evaporator wall temperature (#9): 150-W
depriming condition.

Fig. 7b Variation of evaporator wall and loop temperatures: 150-W
depriming condition.

On the partial depriming condition before applying EHD, as
shown in Fig. 9a, vapor may penetrate some parts of the wick while
the liquid occupies other parts of the wick. Some small vapor bub-
bles will also appear in the liquid line of the evaporator.

When an EHD is applied, the trends of repelling vapor to a less
intense electric � eld may collect small bubbles together. However,
EHD effects are not strong enough to collapse or break them. After
some time at the vapor partially penetrating location, bubbles will
be at equilibrium under forces of EHD extraction, capillarity, and
gravity. No small bubbles will exist in the liquid line. The bigger
bubbles present at the original vapor partially penetrating location
will keep relatively stable, as seen in Fig. 9b. If the EHD effect is
turned off, the loop will deprime again even though the power level
is reduced because of the vapor appearingbetween the wick and the
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Fig. 8a Variation of DP and evaporatorwall temperature (#9): 300-W
depriming condition.

Fig. 8b Variation of evaporator wall and loop temperatures: 300-W
depriming condition.

a) No EHD condition

b) EHD condition

Fig. 9 Different bubble behaviors under EHD on and off.

liquid line. In summary, the EHD vapor tolerance is achieved by
preventing further growth and penetration of bubbles in the liquid
line and the wick.

Conclusions
Likeotherheat-transferdevices,theCPL is limitedbya maximum

amount of heat that can be transported from one end to the other.
The capillary limit is a major concern, as is the case in conventional
heat pipes.

An experimental investigationalong with analysis of the control-
ling mechanism was employed to evaluate the potential of the EHD
technique on CPL thermal performance improvement. Experimen-
tal results showed that up to three times heat-transferenhancement
could be obtained by applyingan electric � eld at different heat load
levels.When EHD is applied to a phase-changeprocess,liquidphase
and vapor phasewill behavedifferentlybecauseof their differentdi-
electricproperties.Thus, the liquid-vaporseparationcan be realized
by using the EHD technique. Furthermore, Maxwell stresses com-
bined with an electrothermally induced pumping effect assist the
capillary force to improve the wick performanceinside the evapora-
tor. Experimental data also revealed that the deprime condition of a
capillary pump can be prevented in the presence of an electric � eld.
In general, the results of the present experiments suggest that with
proper electrodedesign an EHD-assisted CPL can be vapor tolerant
and bene� t from improved reliabilitywhile exhibiting substantially
improved thermal performance.
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