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This paper reports on the effects of body forces environment: gravitation, vibration, and acceleration forces
using constant heat load on the thermal performance of a � at copper/water heat pipe. The effect of gravitation
forces is studied by testing the heat pipe in different positions: horizontal, vertical with a heat source upwards
(antigravityposition), and vertical with a heat source downward (thermosyphonposition). Transient accelerations
and vibrations are generated using centrifuge and shaking tables, respectively, in order to simulate vibration
and acceleration forces corresponding to aircraft maneuvering in frequency, amplitude, duration, and direction.
The experimental results on the orientation effects show that the heat pipe is hardly affected by the gravitation
forces and exhibits nearly the same thermal performance whatever the tilt angle for input heat powers lower
than 20 W. For input heat powers higher than 20 W, there is a slight heat pipe thermal performance dependency
on gravitation. For the vibration tests the heat pipe is mounted on a tri-axis shaking table and it is subjected to
sinusoidal excitation. The heat-pipe thermal performance is hardly affected by vibration whatever the mounting
direction on the shaking table. An investigation into the effects of transient acceleration forces with constant input
heat loads on the heat-pipe thermal performance has been conducted. Pooling of the excess working � uid plays a
signi� cant role in the heat transport potential of the heat pipe subjected to accelerations. There is a decrease in
the heat-pipe thermal performance with increasing acceleration as a result of partial dryout of the evaporator and
pooling in the condenser section. Dryout, which is demonstrated as a result of increased acceleration, depends on
the input heat power and the acceleration type. However, under certain acceleration tests the heat pipe successfully
reprimed with a suppression of acceleration. In all cases the increase of the heat-pipe thermal resistance does
not exceed 70%. The maximum heat-pipe thermal resistance obtained under 10-g acceleration level remains an
acceptable value for the electronic package safety.

Nomenclature
Fv = vapor friction coef� cient, s/m4

F1 = liquid friction coef� cient, s/m4

g = gravitational acceleration,m/s2

L eff = effective length, m
Q = input heat power, W
Qmax = maximum capillary heat � ux rate, W
Rth = thermal resistance, K/W
r = radial location of accelerometer axis, m
Tev = evaporator temperature, ±C
Tc = condenser temperature, ±C
° = radial acceleration,m/s2

1Pc eff = effective capillary pressure, N/m2

1Pc max = maximum capillary pressure, N/m2

1Pv = vapor pressure drop, N/m2

1P° = acceleration pressure drop, N/m2

1P1 = liquid pressure drop, N/m2

! = angular velocity, rad/s

Introduction

P ACKAGING and thermalmanagementof electronicequipment
havebecomean importantproblembecauseof increasedpower

levels and simultaneous miniaturization of the devices. This may
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cause dif� culties to use the latest packaging technologies avail-
able particularly in avionics or space applications. Indeed, more
functions are being levied on aircraft systems. The raise of func-
tional density increases the electronic component density. To meet
the added functional requirements, electronic devices must shrink
to allow more devices on a module and to allow the increase of
processing/interconnection speeds. This, however, produces 1) an
increase of card and module total heat dissipation so that the heat
dissipated is greater than 100 W for a module and 2) an increase of
local heat densities for highly integrated components so that heat
� uxes underneath the chips could be higher than 25 W/cm2 .

The typical cooling techniques for avionics are based on cooling
with conductionand with forced or natural convection.These tech-
niques may provide no convenient source of cooling to prevent the
electronicsfromoperatingat temperaturessurpassingthoserequired
for maximum component life. New cooling techniques will have to
be developedto maintain componentswithin the temperaturelimits.

Heat-pipe technologymay be able to providesuf� cient coolingin
these typesof situations.Heat pipeshave traditionallybeenoperated
in environments free of adverse body forces such as vibrations and
high acceleration forces. Recently, heat pipes have been proposed
to be used aboard � ghter aircraft to act as heat sinks for electronic
packages. During combat, transient acceleration � elds up to 10 g
could be present on the aircraft. Acceleration force � elds may be
transient and coupled with transient heat loads. Therefore, charac-
terizing the steady state and transient performance of heat pipes
under elevated acceleration � elds is of importance to designers of
the electronicspackages in need of cooling and will require experi-
mental approaches.Accelerationvalues shouldbe obtainedfrom the
aircraftstructuralloads analyses.Figure 1 shows the six acceleration
directions to which the aircraft can be submitted during maneuver-
ing and combat. Suggestedaccelerationlevels for different avionics
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Table 1 Suggested g levels for different avionics vehicles

Test level

Direction of vehicle acceleration (Fig. 1)

Lateral
Forward

Vehicle category acceleration A, g Fore Aft Up Down Left Right

Aircrafta;b 2 1A 3A 4.5A 1.5A 2A 2A
Helicoptersc —— 2 2 7 3 4 4
Manned aerospace vehiclesd 6 to 12 1A 0.33A 1.5A 0.5A 0.66A 0.66A

aFor carrier-based aircraft the minimum value to be used for A is 4, representing a basic condition associated
with catapult launches.
bFor attack and � ghter aircraft add pitch, yaw, and roll accelerations as applicable.
cFor helicopters forward acceleration is unrelated to acceleration in other directions. Test levels are based on
current and near future helicopter design requirements.
dWhen forward acceleration is not known, the high value of the acceleration range should be used.

Table 2 Overview of studies on acceleration effects on heat-pipe thermal performances

Acceleration Heat-pipe
Authors Study levels, g speci� cations Fluids

Kiseev et al.1 Experimental 5 and 10 Axially grooved Acetone Freon 11
n-pentane ammonia

Ponnappan et al.2 Experimental Up to 10 Flexible Water
Yerkes and Beam3 Experimental Up to 10 Flexible/arterial Water
Peng et al.4 Analytical —— Arterial Water
Ochterbeck et al.5 Theoretical —— Arterial Water

Experimental —— Arterial Water
Thomas and Yerkes6 Experimental Up to 10 Flexible Water
Romestant and Alexander7 Experimental Up to 10 Axially grooved Ammonia

Sintered powder Water
Thomas et al.8 Experimental Up to 10 Helically grooves Ethanol

Straight grooves

Fig. 1 Acceleration directions during maneuvering and combat.

vehicles are presented in Table 1 (standard military speci� cations:
MIL-STD-810D—Procedure II: operational test).

Moreover,vibrationscannotbe avoided in the aircraftequipment.
Therefore,somestudyof theeffectsof vibrationson theperformance
of heatpipesmust be carriedout to determineif vibrationswill either
aid or hinder the operation of the heat pipe.

Gravitationalforces have long been used to return the condensate
to the evaporatorsectionof thermosyphons.However, investigations
concerning the analysis of the performance of heat pipes subjected
to steady state and transient accelerationforces greater than 1-g en-
vironment are scarce. Investigations on the heat-pipe performance
with the inclusion of accelerationforces are typically done to verify
wickingpropertiesfor speci� c wick structures.These investigations
have included1) dryoutand rewettingphenomenaunderaxialaccel-
eration with constant heat load, 2) dryout and rewetting phenomena
under axial and transverse acceleration with step changes in heat
load, and 3) dryout and rewetting phenomena under accelerations
induced by direction changes with constant heat load. Studies on
acceleration effects on heat pipes are summarized in Table 2.

Kiseev et al.1 experimentally investigated the performance of an
antigravity heat pipe with separate liquid and vapor channels sub-

jected to acceleration forces of 1, 5, and 10 g. The heat pipes were
� lled with acetone, pentane, and Freon 11 as working � uids. They
found that the heat pipe operated with a reduced maximum heat
� ux accompanied by a large thermal resistance when subjected to
adverse acceleration forces. A Bond number for the heat pipe was
derivedas a balancebetween thepressureexertedon the � uid caused
by acceleration and the available capillary pressure caused by the
surface tension

Bo D ½° Ld p sin Á

4¾ cos µ

where L is the length of the heat transfer section of the antigravity
heatpipe,Á is the tilt angleof theheatpipe with respectto horizontal,
dp is the average pore diameter, and µ is the wetting angle. It was
determinedthat the heatpipe operationstopswhen theBondnumber
is greater than unity.

Ponnappan et al.2 studied the effects of accelerationon a � exible
copper-water arterial heat pipe by using centrifuge table. Different
possible mounting orientations were considered so that radial and
tangential accelerations, which are favorable and unfavorable for
liquid return, were applied. Like the Kiseev study, a Bond number
is de� ned as follows:

Bo D ° .½1 ¡ ½v/darc=¾

where da is the diameter of the artery, rc is the capillary pore ra-
dius, and ¾ is the surface tension. In a circumferentially mounted
orientation it was found that the � exible heat pipe operated safely
for radial accelerationsof up to 10 g. For a radially mounted orien-
tation and steady-stateaccelerationsof 1.01, 2.35, 4.35, and 10.1 g,
it was found that the dryout limit decreases with increasing radial
acceleration (Fig. 2) because of the depriming of the artery. As the
heat load is reduced, however, the artery is able to reprime.

Yerkesand Beam3 reportedthe effectsof transientand axialaccel-
eration forces with step changes in input power on the performance
of a � exible copper/water arterial heat pipe. Heat-pipe performance
as a result of transient transverse accelerationforces from 1 to 10 g
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Fig. 2 Effect of radial acceleration on heat-pipe performance.2

in the form of step changes, sinusoidally varying steady periodic
cycles, and burst cycles were presented.The burst cycles consisted
of a sinusoidal radial acceleration, followed by a steady-state ac-
celeration of 2 g, where each component lasted for 5 min. Partial
depriming of the artery, poolingof the unconstrainedworking � uid,
and � uid sloshingwere found to havea signi� cant impacton theheat
transport and the transient behavior of the heat pipe. Repriming of
the heat pipe under thermal load while being subjected to transient
transverse accelerationswas also demonstrated.

Peng and Peterson4 conducted an analytical investigation to de-
termine the effect of short-term longitudinal accelerations on the
liquid-vaporinterface in external artery heat pipes,which have been
suggested for use as external radiator elements on Space Station
Freedom. Changes in orbital attitude or docking maneuvers impose
longitudinal accelerations,which may force the liquid in the chan-
nel into the vapor channel, therebydepriming the heat pipe.Closed-
form expressions for the locations of the liquid-vapor interfaces in
the liquid channel, the vapor channel, and the slot connecting them
were derived as functions of time. Also, the steady locations under
a constant acceleration were determined. The lengths of the liquid
columns in the liquid and vapor spaces were functions of time, the
acceleration magnitude, the working � uid properties, and the inter-
nal geometry of the heat pipe.

Ochterbeck et al.5 developed a combined analytical and numer-
ical model in order to analyze the deprime and reprime/rewetting
characteristics of arterial heat pipes undergoing induced accelera-
tions.The resultsof the theoreticalanalysiswere thencomparedwith
the experimental results obtained from accelerationtests conducted
aboard STS-43. The depriminganalysis indicatedthe importanceof
frictional effects on the liquid con� guration during an external ac-
celeration.In addition, the evaporatorrecovery time of the heat pipe
was found to be dominated by the liquid artery reprime/rewetting
characteristicsas opposed to the characteristicsof the circumferen-
tial wall grooves.

Thomas and Yerkes6 determined the quasi-steady-state thermal
resistance of a � exible copper/water heat pipe under transient ac-
celeration � elds with constant heat input. The performance of the
heat pipe was examined in terms of the heat input, condenser tem-
perature, radial acceleration,and sinusoidalaccelerationfrequency.
In addition, the effects of the previous dryout history were noted.
It was found that the thermal resistance of the heat pipe decreased
with increasing acceleration frequency and condenser temperature
and increased with the heat input.

Romestant and Alexander7 studied the effect of the axial ac-
celeration variations caused by direction changes typifying high-
performance aircraft maneuvering on two types of commercially
availableheat pipes: aluminum/ammonia axiallygroovedheat pipes
and copper/water sintered powder heat pipes. It was demonstrated

that both heat pipes are sensitive to transient acceleration up to 6 g
induced by rapid change in directions.

Thomaset al.8 studiedexperimentallyand theoreticallytheeffects
of transverseacceleration-induced body forceson the capillarylimit
of helically or straight grooved heat pipes with ethanol as working
� uid. The heat pipe is mounted on the centrifuge table circumfer-
ence so that uniform transverse accelerationcould be applied along
the entire length of the heat pipe.The heat pipe is mounted to a plat-
form, which overhangs the edge of the horizontal centrifuge table.
This allows the heat pipe to be positionedsuch that the radiusof cur-
vature is equivalent to the outermost radius of the centrifuge table.
Therefore, the heat pipe has a circumferencialmounting orientation
with a condenser leading end, which indicates that the acceleration
actually aided in the return of the working � uid back to the evapora-
tor section. By varying the heat input and centrifuge table velocity,
information on dryout phenomena, thermal resistance, and the cap-
illary limit was obtained. Because of the geometry of the helical
grooves, the capillary limit increases by a factor of � ve when the
radial acceleration increases from 0 to 6 g. The experimental study
on the heat pipe with straight grooves showed that their thermal per-
formance was not improved when radial accelerationwas increased
from 0 to 10 g.

Most of the experimental studies have been carried out in the
absence of vibration, even though almost all heat-pipe applications
involve vibrations.

Deverall9 tested a stainless-steel/water heat pipe under sinusoidal
and random vibrations. Three wraps of 100-mesh stainless-steel
screen were used as the capillary wick. Heat input was achieved
with a coiled heater rod, which was soldered to the heat pipe, and
heat was releasedfrom the pipe by naturalconvection.Experimental
parameter ranges were as follows: vibration frequency, 0–2000 Hz;
acceleration, 0–12 g; inclination angle from horizontal, 0–40 deg;
working temperature 60, 70, 90±C. At the maximum angle against
gravity, the liquid drained out of the wick and puddled in the con-
denser section, leading to a temperature drop in that section of 7±C.
When the vibrations were started, the heat pipe became isothermal
to within 1±C. It was suggestedby the author that the initial wetting
of the wick after assembly of the heat pipe could be accelerated by
applying vibrations.

Richardson et al.10 carried out experiments on the effect of lon-
gitudinal vibration on a long stainless-steel/water heat pipe. The
frequency of vibrations ranged from 0 to 580 Hz, the acceleration
from 0 to 12 g, and the inclinationangle against gravity was 32, 35,
and 38 deg. It was determined that longitudinal vibrationsdecrease
the maximum heat-transportcapacityof the heat pipe.This decrease
was found to be more severe at lower frequenciesand higher accel-
eration levels.

The results of the previous studies have indicated a need for im-
proved thermal performance under acceleration � elds and vibra-
tions. In addition, a capillary wick is sought to provide an adequate
behavior of the working � uid within heat pipes under these condi-
tions. Therefore, to address these points a heat pipe with arteries
and sintered powder is fabricated and tested. The objectives of this
study are to examine the thermalbehaviorof a copper/water � at heat
pipeunderdifferenttilt angles:horizontal,verticalwith a heat source
downwards(thermosyphonposition), and verticalwith a heat source
upwards (antigravity position). Thermal performances are also de-
termined when the heat pipe is subjected to sinusoidal vibrations
and transient axial accelerationforces with step variations in ampli-
tude and duration.Accelerationsup to 10 g are applied for different
input heat � uxes.

Theoretical Background
For a heat pipe to functionproperly,the net capillarypressuredif-

ference between evaporator (heat source) and condenser (heat sink)
must be greater than the summation of all pressure losses occur-
ring throughout the liquid and vapor � ow paths. This relationship,
referred to as the capillary limitation, can be expressed mathemati-
cally as

1Pc max ¸ 1P1 C 1Pv C 1P° (1)
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In this relation pressure drop across phase transition in evaporator
and condenser are neglected. One can note that if ° D 1 g, 1P°

represents hydrostatic pressure drop. When the maximum capillary
pressure is equal to or greater than the summation of these pressure
drops, the capillary structure is capable of returning an adequate
amount of working � uid (priming or repriming of the heat pipe)
to prevent dryout of the evaporator wicking structure. When the
summation of all pressure drops exceeds the maximum capillary
pumping pressure, the working � uid is not supplied rapidly enough
to the evaporatorto compensatefor the liquid loss throughvaporiza-
tion and the wicking structure becomes starved of liquid and dries
out (depriming of the heat pipe). This condition referred to as cap-
illary limitation varies according to the wicking structure, working
� uid, evaporatorheat � ux, operating temperature, and body forces.

The maximum capillary heat � ux rate that can be transferred by
a wicked heat pipe is

Qmax D
1Pc max ¡ 1P°

.F1 C Fv/L eff
D

1Pc eff

.F1 C Fv/L eff

(2)

where L eff is equal to La C 0:5 (L e C L c/. La; L e, and L c are the
adiabatic, evaporator, and condenser lengths, respectively. These
coef� cients depend on the liquid and vapor � ow regimes and the
wick properties.11;12

Equation (2) shows that submitting a wicked heat pipe to adverse
acceleration forces will reduce the effective capillary pressure and
the maximum capillary heat � ux rate. The accelerations as well as
vibrations could result in redistribution of the working � uid and
require a reduction in the evaporatorheat � ux to allow rewetting of
the wick structure. This point is the subject of the present paper.

Heat-Pipe Structure and Test Rig
The purpose of the experiments is to examine the thermal per-

formance of a sintered powder arterial � at copper/water heat pipe
undervariousheat inputs,tilt angles, sinusoidalvibrations,and axial
accelerations.

Heat Pipe and Wicking Structures

A � at heat pipe (FHP), designed especially for aircraft applica-
tions, is used for the experimental testing (Fig. 3a). The main char-
acteristicsof this heat pipe are given in Table 3. The FHP (Fig. 3b) is
manufactured with an axial and rectangular capillary groove struc-
ture (0.7 mm wide and 1 mm deep) and a porous copper plate (30
mm wide, 115 mm length, and 1.9 mm thickness). The heat-pipe
body is manufactured in two halves as shown in Fig. 3a. Manufac-
turing of FHP begins with the capillarygroovesbeing mechanically
machined in the � rst half. Sintered copper powder is � xed to the
second half, which is machined for this purpose. The next step of
the FHP manufacturing is to join the two halves by electronic beam
welding. After testing the FHP for leaks (Helium test), the heat
pipe is charged with 1.4 ml of water by a conventional boiling off
method. The liquid charge is determined by the weighting method
after the � lling procedure is completed.Because the introductionof
a determined optimum amount of water is dif� cult on these small
scales, a suf� cient � ll criteria for the FHP is therefore de� ned as the
� ll ratio that produces a suf� ciently small temperature drop in the
condenser during normal heat-pipe operation, which signi� es that
the condenser is not blocked with excess liquid. Filling of the heat
pipe with the optimum amount to properly work presents one of
the greatest challenges of this study because the heat-pipe thermal
behaviorunderacceleration� elds dependsgreatlyon thisparameter.

Experimental Setup and Instrumentation

The heat pipe is mounted on a special setup (cooling system) in
order to conduct experiments in acceleration conditions. The heat
pipe is attached to an aluminum heat sink as illustrated in Fig. 4.
Heat input is provided by a 40 £ 15-mm thermofoil heater located
at one end of the heat pipe, much like an electronic component
would be in an actual application. Input power for the heater and
air� ow are supplied by precision power supplies through rotating

Table 3 Heat-pipe speci� cations

General Dimensions

Heat-pipe length 125 mm
Heat-pipe width 40 mm
Heat-pipe thickness 2.4 mm
Design power 60 W
Working � uid Water
Wall/wick material Copper
Capillary structure Arteries and sintered powder
Total weight 75 g
Evaporator

Length 15 mm
Width 40 mm

Condenser
Length 15 mm
Width 40 mm

Fig. 3a FHP global view.

Fig. 3b Sketch of the FHP structure.

contactors � xed inside the centrifuge table-rotatingaxis. The input
power is calculated using the current and voltage readings. Steady-
state variation in input heater power, caused by the voltage drop
along the rotating contactors, is found to be §2%. Heat is removed
by an aluminum heat sink attached to the copper heat-pipe end
opposite the heater.A thermally conductivepaste is used to enhance
the heat transfer between the heat pipe and the aluminum heat sink.
The heat pipe is cooled by air, which is provided by a fan so that the
aluminum heat sink is maintained at a constant temperature.

Three type-J surface mounted thermocouplesare used to monitor
the electricalheater, evaporator,and condenser temperatures.All of
the thermocouples are mounted directly to the surface of the heat
pipe.Mounting locations for the thermocouplesare shown in Fig. 5.

Uncertainty Analysis

Uncertainty estimates for the heat input, heat transferred, and
thermal resistance are given in this section. The heat input to the
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electric heater is calculatedusing the measured amperage and volt-
age (Q D V £ I ). The thermal resistance Rth of the heat pipe is
de� ned as the ratio of the temperature drop Tev ¡ Tc across the heat
pipe to the inputheatpower Q. Using the analysisgivenbyKline and
McClintock,13 themaximumrssuncertaintiesfor all of themeasured
and calculated values presented in this paper are given in Table 4.

Experimental Methodology and Results
Effects of Gravitation on Heat-Pipe Thermal Performance

To determine the signi� cance of the gravitational forces, experi-
ments are carried out with different heat-pipe orientations (Fig. 6):
horizontal position, favorable vertical position (thermosyphon po-
sition: the condenser is up and the evaporator is down), and the
unfavorable vertical position (antigravityposition: the condenser is
down, and the evaporator is up).

A comparative technique is used to evaluate the steady-state and
transient behavior of the heat pipe. In this technique the heat pipe
and a copper plate having the same dimensions as the heat pipe are
attachedto a common aluminumheat sink.Heat input is providedby
thermofoilheaters located at one end of the heat pipe and the copper
plate surfaces. The heaters are connected in parallel to ensure that
a constant power is supplied to each evaporator section.

Series of runs, in which the heat sink temperature is � xed at
30±C and the input power is varied incrementally, are carried out
to determine the input power effect on the evaporator temperature.
Figure 7a illustrates the source-sink temperature difference varia-
tions Tev ¡ Tc as a function of the input heat � ux rate Q obtained
for the heat pipe and the copper plate. As it is shown, the heat-pipe
source-sink temperature difference is signi� cantly lower than that
obtained for the copper plate. These results show the effectiveness
of the heat pipe and clearly indicate the reduction level that can
be expected at higher heat � ux rates prior to dryout. Indeed, for
a given input power, a threefold decrease in thermal resistance is
obtained when using the heat pipe instead of a copper plate having
the same dimensions. Moreover, input powers as high as 45 W can
be reachedwithout exceedingcritical temperatureon the thermofoil
heater. However, when using the copper plate, the maximum allow-

Table 4 Maximum uncertainties of measured
and calculated values

Parameter Value

Measured values
Heater temperature §1±C
Evaporator temperature §1±C
Condenser temperature §1±C
Heater voltage §2% of reading
Heater current §2% of reading
Radial acceleration §0:1 g

Calculated values
Heat input §4%
Thermal resistance §15%

Fig. 4 Cooling system.

able input power is 30 W for which a high thermofoil temperature
exceeding 140±C is reached.

It is also noticed that the heat-pipe thermal performances are
nearly independentof the orientationfor inputheat � uxes lower than
20 W. For input heat power higher than 20 W, the heat pipe exhibits
thermal performancedependencyon gravitation:the thermosyphon
position gives the lowest heat source-heat sink difference. As it is
noticed in Fig. 7a, the heat source-heat sink difference temperature
gap between thermosyphonand antigravitypositions increaseswith
increasingheat � ux rates. Indeed, this gap increases from 4 to 11±C
for input powers ranging from 20 to 40 W. Figure 7b shows the

Fig. 5 Thermocouples location on the heat pipe.

Fig. 6a Horizontal position.

Fig. 6b Thermosyphon position.

Fig. 6c Antigravity position.
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a) Evaporator-condenser temperature difference vs heat input rate

b) Thermal resistance vs heat input

Fig. 7 Effect of orientation on the heat-pipe thermal performance.

thermalresistancevariationsas a functionof the inputheat � ux rates.
The thermal resistance decreases with increasing input heat � ux
rates and then remains nearly constant for input powers higher than
20 W for the horizontal and the thermosyphon positions.However,
for theantigravitypositiontheheat-pipethermalresistanceincreases
when input powers exceed 20 W. The lowest thermal resistance is
obtained for the thermosyphon position.

Vibration Effects on Heat-Pipe Thermal Performance

In the vibrations experiments the cooling system is placed on a
shaking table. The vibration axis is that corresponding to the liquid
� ow inside the heat pipe. Sinusoidal vibrations are applied corre-
sponding to the spectrum conditions:50–2000 Hz (5 and 10 g, log-
arithmic sweep speed: 1 octave/min). The tests have been carried
out for a heat input power of 30 W, and the heat pipe is horizontally
oriented.Figure 8 shows the evaporatorand condenser temperatures
variationsvs time for both accelerationlevels (5 and 10 g in Figs. 8a
and 8b, respectively). Thermal resistanceand evaporator-condenser
temperature variations are given in Figs. 9a and 9b.

For both acceleration levels the heat-pipe thermal resistance is
slightly affected by vibrations. The evaporator and condenser tem-
peratures as well as thermal resistance � uctuations are low. The
average thermal resistance obtained under vibrations and for 30 W
is 1 K/W, which is higher than that obtained during the static tests
(see preceding section) in the same conditions, for example, in hor-
izontal position (¼0.8 K/W).

Acceleration Effects on Heat-Pipe Thermal Performance

Acceleration forces are generated after mounting the already de-
scribed setup on a centrifuge table (Fig. 10). Transient acceleration
forces consisting of step changes are generated by controlling the
angular velocity of the centrifuge table. An accelerometer is used
to monitor the time-variant acceleration forces. For these experi-
ments the heat pipe is mounted such that only axial accelerations
are considered.Because the heat-pipeassembly is subjected to great

a) Temperature vs time (5 g sinus, Q = 30 W)

b) Temperature vs time (10 g sinus, Q = 30 W)

Fig. 8 Effect of vibrations on the heat-pipe thermal performance.

a)

b)

Fig. 9 Effect of vibrations on the heat-pipe thermal performance:
a) evaporator-condenser temperature difference and Rth variations vs
time (5 g sinus, Q = 30 W) and b) evaporator-condenser temperature
difference and Rth variations vs time (10 g sinus, Q = 30 W).
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Fig. 10 Experimental setup for acceleration tests.

Fig. 11 Acceleration pro� les (type 1).

air velocities caused by the rotation of the table, the entire heat pipe
is insulated in order to reduce convectiveheat losses from the exte-
rior of the heat pipe and to provide a reasonableadiabaticoperating
environment. Heat losses are estimated to be less than 2% of the
input heat power. The output thermocouple signals are ampli� ed
and linearized to 0–10 V signal on the centrifuge table prior to
data acquisition through the rotating contactors. Conditioning the
temperature signals prior to leaving the centrifuge table avoids the
disturbance of the thermocouple signal by the voltage drop in the
rotating contactors.

Three types of accelerations are considered in this study. The
� rst type (type 1) of acceleration is generated using a time-variant
centrifuge table angular velocity ! in the form of linear curve. The
slope of this curve, which represents the speed of the centrifuge
table angular velocity increaseor decrease, can be varied so that the
duration of the applied acceleration can be modi� ed. In this study
the speed, at which the centrifugetable angular velocity is increased
or decreased, is � xed at 1 rpm/s. This results in the centrifuge table
angular velocity and acceleration pro� les depicted in Fig. 11. The
acceleration pro� le is parabolic because it is related to the angular
velocity by ° D !2r . Hence, a centrifuge table angular velocity up
to 94 rpm, which corresponds to a radial acceleration level of about
10 g, is reached in 94 s. This duration corresponds to the accelera-
tion increase and decrease time and a 5-s stabilization for the 10-g
acceleration level.

The second type (type 2) is generated using a step change in
the centrifuge table angular velocity !. The speed, at which the
centrifuge table angular velocity is increased or decreased, is � xed
at 1 rpm/s. This results in the centrifuge table angular velocity and
acceleration pro� les depicted in Fig. 12. A stabilization of 10 s is
considered for each acceleration level. The overall duration of this
test is about 300 s, and 10-g acceleration level is reached in 140 s.

The third type of acceleration (type 3) test consists of increasing
anddecreasingtheaccelerationlevelafter thermalstabilization.This
test is the longestone becauseit dependson the time needed to reach
the steady-state heat-pipe operation for each acceleration level.

Fig. 12 Acceleration pro� les (type 2).

a) Favorable position b) Unfavorable Favorable position

Fig. 13 Heat-pipe mounting on the cooling system.

The experimentsare carried out for different constant heat loads,
and the preceding acceleration types are applied for each heat load
level. The heat pipe is mounted on the centrifugetable in such a way
that accelerationforces are opposite to the liquid � ow (unfavorable
heat-pipe mounting, Fig. 13b).

Heat-Pipe Behavior Under Acceleration Forces of Type 1

For this typeof acceleration,heat-pipetemperaturesfor theheater,
evaporator, and condenser are plotted with time for different input
powers (Q D 20, 30, and 40 W) in Fig. 14. With steady-state input
powers of 20 W (Fig. 14a), 30 W (Fig. 14b), and 40 W (Fig. 14c), the
accelerationinitiating dryout is approximately6, 4, and 3 g, respec-
tively.These accelerationlevels correspondto a sharp increaseof the
temperatures(evaporatorand heater temperatures). Dashed lines are
reportedon the curvesin order to indicate these levels.The heat-pipe
thermal resistance Rth variations as a function of time are depicted
in Fig. 15. In zero acceleration� eld the heat-pipe thermal resistance
decreases with increasing input heat loads and increases when ap-
proaching dryout (Rth ¼ 0.75 K/W for Q D 20 W, Rth ¼ 0:56 K/W
for Q D 30 W and Rth ¼ 0:68 K/W for Q D 40 W). In acceleration
� eld, for Q D 20 W, the increase in the heat-pipe thermal resistance
is about20% for 10 g (Fig. 15a). For Q D 30 W and 40 W (Figs. 15b
and 15c) the increasein Rth is about60 and 70%, respectively,for the
same accelerationlevel. For Q D 20 W the heat pipe is not reprimed



ZAGHDOUDI AND SARNO 391

a) Q = 20 W

b) Q = 30 W

c) Q = 40 W

Fig. 14 Temperature variations vs time (acceleration of type 1).

althoughthe accelerationis suppressed.For Q D 30 W there is a par-
tial repriming of the heat pipe, and for Q D 40 W a nearly complete
repriming of the heat pipe is accomplished. Hence, the transient
behavior of the heat pipe under acceleration depends not only on
the acceleration level but also on the input heat load. Dryout and
depriming of the wick structure is caused by a combination of heat
� ux rate and acceleration.

Heat-Pipe Behavior Under Acceleration Forces of Type 2

Figure 16 shows experimental results for the heat pipe with
steady-state input power and submitted to acceleration forces of
type 2. Heat-pipe temperatures for the heater, evaporator, and con-
denser are plotted with time for input powers of 20 W (Fig. 16a)
and 40 W (Fig. 16b). The heat-pipe thermal resistancevariations as
a function of time are depicted in Fig. 17. In acceleration � eld the
heat-pipe thermal resistance increase is about 30% for Q D 20 W
(Fig. 17a) and 40% for Q D 40 W (Fig. 17b) for 10-g acceleration
level. The acceleration initiating dryout, which causes a sharp and

a) Q = 20 W

b) Q = 30 W

c) Q = 40 W

Fig. 15 Thermal resistance variations vs time (acceleration of type 1).

rapid increase of the evaporator and heater temperatures as well as
the heat-pipe thermal resistance, is approximately5 g (indicated by
dashes lines on the curves) for both input heat loads. As it is noticed
for the precedingacceleration type, the heat pipe is not reprimed al-
though the acceleration is suppressedfor input heat load Q D 20 W.
For Q D 40 W there is a total repriming of the heat pipe.

Heat-Pipe Behavior Under Acceleration Forces of Type 3

Temperature and acceleration data vs time for acceleration test
run of type 3 are presented in Fig. 18 for two different heat input
settings. In Fig. 18a, with a heat input of Q D 20 W, the transient
behaviorof the heat pipe is completely different from the preceding
accelerationtypes (types1 and 2). Indeed, reprimingof the heat pipe
is observed immediately after acceleration suppression. With heat
input of Q D 40 W (Fig. 18b), the same transientbehavioras in type
1 and 2 accelerations is noticed. However, this type of acceleration
tends to shift or delay the onset of dryout. Indeed, the accelerations
initiating dryout are approximately 7 and 5 g (indicated by dashed
lines on the curves) for Q D 20 and 40 W, respectively. Thermal
resistance and acceleration data vs time are depicted in Fig. 19.
The increase in the heat-pipe thermal resistance is about 50% for
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a) Q = 20 W

b) Q = 40 W

Fig. 16 Temperature variations vs time (acceleration of type 2).

a) Q = 20 W

b) Q = 40 W

Fig. 17 Thermal resistance variations vs time (acceleration of type 2).

a) Q = 20 W

b) Q = 40 W

Fig. 18 Temperature variations vs time (acceleration of type 3).

a) Q = 20 W

b) Q = 40 W

Fig. 19 Thermal resistance variations vs time (acceleration of type 3).
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Q D 20 W (Fig. 19a) and 60% for Q D 40 W (Fig. 19b) for 10-g
acceleration level.

Discussion

When subjected to axial unfavorable acceleration, a redistribu-
tion of the working � uid within the capillary structure occurs. The
excess working � uid is pooled into the condenser section. This is
evidenced by the decrease in condenser temperature with a subse-
quent increase in acceleration (Figs. 14, 16, and 18). This pooling,
which is a direct result of the mounting con� guration of the heat
pipe on the centrifugetable, reduces the effective condensationarea
implying that there should be an increase in the evaporator temper-
ature, which occurs for a certain critical level of the acceleration
depending on the input heat load as it is given in Table 5. Onset of
dryout occurs with evaporator temperature increase. For this case a
subsequent reduction in the acceleration,while maintaining power
to the heat pipe, has no immediate effect on the operating tempera-
ture oncedryouthas started.This results in a plateau in the operating
temperatureuntil there is a suf� cient reductionin the accelerationto
reprime the heat pipe thereby reducing the operating temperature.
This hysteresis, which signi� cantly altered the heat pipe transient
behavior once dryout was initiated, can be explained by the rewet-
ting behavior of the capillary structure under different input heat
loads and acceleration types.

Indeed, by examining the thermal behaviorof the heat pipe under
acceleration types 1 and 2, it can be noticed that almost the same
behavior is obtained when operatingwith input heat � uxes less than
30 W, that is, the heat pipe is not repriming when the acceleration
is suppressed. However, for Q D 40 W a partial repriming of the
heat pipe is obtained for acceleration type 1, and a total repriming
is observed for acceleration type 2. For the acceleration type 3 a
repriming of the heat pipe is observed when the acceleration is
suppressedwhatever the input heat � ux rate. These phenomena can
be explained by the effect of the acceleration pro� le on the liquid
distribution within the heat pipe and the hydrodynamics aspects
relative to the liquid and vapor � ow within the porous capillary
structure under acceleration forces.

When operating with low input heat � ux rates under zero-� eld
acceleration, the liquid distributionwithin the heat pipe is such that
no blocking liquid is trapped in the condenser, and so all of the
liquid charge is circulating within the porous capillary structure.
When accelerations of types 1 or 2 are applied, 10-g acceleration
level is reached after 94 s and 140 s, respectively, the condenser
� ooding is abrupt, and a large amount of the circulating liquid is
blocked in the condenser section. Because for low heat loads the
liquid velocity is weak, the axial acceleration forces are greater
than the liquid inertial forces, the repriming of the heat pipe is not
immediate after accelerationsuppression,and a long time is needed
for the heat pipe to reprime. Actually, the repriming of the heat pipe
under these conditionsis observedwhen the inputheat is suppressed
for 15 min and then set to its value before suppression.

For high heat loads approaching dryout under zero acceleration
� eld, liquid � ows faster. In these conditions pushing the liquid to-
ward the condenser section under acceleration forces of types 1 or
2 causes a faster dryout in the evaporator section under low ac-
celeration level (see Table 5). However, the repriming of the heat
pipe when acceleration is suppressed is immediate because liquid
velocity is high.

For acceleration type 3 10-g acceleration level is reached after
900 s. For low as well as high heat � uxes, the redistributionof the
liquid within the porous capillary structure after applying acceler-
ation type 3 is not abrupt because a waiting time corresponding
to the thermal stabilization operation after each acceleration level
increase is imposed. When operating with low heat � ux rates, the
waiting time results in a low amount of blocking liquid compared
to that obtained for accelerationstype 1 or 2. This explains the total
repriming of the heat pipe for low heat � ux rates under this type
of acceleration.For high heat � uxes the total repriming of the heat
pipe is caused by the high liquid velocities.

To quantify the repriming or the depriming of the heat pipe, the
Bond number is used, which is de� ned as

Table 5 Synthesis of the experimental results

Acceleration Type 1 Type 2 Type 3

Heat input 20 30 40 20 40 20 40
Depriming 6 g 4 g 3 g 5 g 5 g 7 g 5 g
Repriming No No Yes No Yes Yes Yes
Rth increase, % 20 60 70 30 40 50 60

Fig. 20 Bond number variations vs input heat � ux rate.

Bo D ½° Ldp=4¾ (3)

where L is the length of the heat transfer section of the heat pipe
and dp is the average pore diameter. It is clear that the heat-pipe
depriming condition holds when the acceleration forces overcome
the surface tension forces, that is, Bo > 1. For the heat pipe tested
in this study, the mean diameter of the pores, which is measured
by an electronic microscope, is 250 ¹m. The liquid density as well
as the surface tension are calculated by considering the adiabatic
temperature,which is measured for each input heat � ux rate.

The Bond number variations as a function of the input heat � ux
rate are shown in Fig. 20 for different acceleration levels. Note that
for a given accelerationBo increases with increasing input heat � ux
rate Q. For a given input heat � ux rate, Bo increaseswith increasing
acceleration. For Q D 20 W, Bo > 1, that is, depriming of the heat
pipe happens for ° ¼ 6 g. For Q D 40 W the heat-pipe depriming
happens for 5.5 g. These values are of the same order of magnitude
of those determined experimentally under certain accelerationcon-
ditions (Table 5). However, estimating the acceleration level, which
causes theheat-pipedeprimingon thebasis of theBondnumbercon-
siderations,does not take into account the effect of the acceleration
type or pro� le.

From Eq. (3)one can predict the effectsof someparameterson the
heat-pipeoperationunder accelerationforces. Among them we dis-
tinguish the heat-pipe length and the pore diameter of the capillary
structure. Increasingthe heat-pipe length results in the deprimingof
the heat pipe under low acceleration levels. This effect is observed
during our experimental tests on other heat-pipe prototypes hav-
ing different lengths. Indeed, considering longer heat pipes implies
more liquid � ll charge, and consequently the effect of acceleration
is more pronounced. Moreover, reducing the diameter of the pores
results in the heat-pipe depriming under high acceleration levels.
This trend is evidenced experimentally by Ponnappan et al.2 who
carriedout experimentson two porouscapillarystructureswith pore
diameters of 55.4 and 306 ¹m, respectively (Fig. 2).

Conclusions
An investigation into the effects of body forces with constant in-

put heat loads on the performance of � at copper heat pipe has been
conducted. The heat-pipe thermal performance is hardly affected
by gravitational and vibration forces. Transient acceleration forces
are generated to simulate acceleration forces for high-performance
aircraft maneuvering in amplitude, duration, and direction. Pool-
ing of the excess working � uid plays a signi� cant role in the heat
transportpotentialof the heat pipe subjected to accelerations.There
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is a decrease in the heat-pipe thermal performance with increasing
accelerationas a result of partial dryout of the evaporator and pool-
ing in the condenser. Dryout, which is demonstrated as a result of
increased acceleration,depends on the input heat power and the ac-
celeration pro� le. However, under certain conditions the heat pipe
successfully reprimed for high continuous input heat load, with a
suppressionof acceleration.In all cases the increaseof the heat-pipe
thermal resistance does not exceed 70%. The maximum heat-pipe
thermal resistance obtained under 10-g acceleration level is about
1.1 K/W, which remains an acceptablevalue for the electronicpack-
age safety.

This investigation has demonstrated the potential use of heat-
pipe technology in a transient body force environment. However,
characteristictimescalesfor constantheat loads, coupledbody force
effects,and transientaccelerationswill de� ne the transientor steady
performance of the heat pipe.

The next step of this work will be the study of the effects of
steady periodic cycle and burst cycle radial acceleration forces on
the transient heat-pipe thermal performance.
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