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Anexperiment has been developed to examine the behavior of a titanium–water loopheat pipe under standard and

elevated acceleration fields. The loop heat pipe was mounted on a 2.44 meter-diameter centrifuge table on edge with

heat applied to the evaporator via a mica heater and heat rejected using a high-temperature polyalphaolefin oil

coolant loop. The loop heat pipe was tested under the following parametric ranges: heat load at the evaporator

100 � Qin � 600 W, heat load at the compensation chamber 0 � Qcc � 50 W, radial acceleration 0 � ar � 10 g.
For stationary operation, the evaporative heat transfer coefficient decreased monotonically with heat load whereas

the thermal resistance decreased to a minimum then increased. Heat input to the compensation chamber was found

to increase the evaporative heat transfer coefficient and decrease the thermal resistance forQin � 500 W. Transient

periodic flow reversal in the loop heat pipe was found for some cases, whichwas likely due to vapor bubble formation

in the primarywick. Operation in an elevated acceleration environment revealed that dry outwas dependent on both

Qin and ar, and the ability for the loop heat pipe to reprime after an acceleration event that induced dry out was

influenced by the evaporator temperature. The evaporative heat transfer coefficient and thermal resistance were

found not to be significantly dependent on radial acceleration. However, the evaporator wall superheat was found to

increase slightly with radial acceleration at high heat loads.

Nomenclature

a = acceleration, m=s2

Cp = specific heat, J=�kg-K�
D = diameter, m
f = frequency, Hz
g = standard acceleration, 9:81 m=s2

h = heat transfer coefficient, W=�m2-K�
k = thermal conductivity, W=�m-K�
L = length, m
m = mass, kg
Nu = Nusselt number, hD=k
Q = heat transfer rate, W
R = thermal resistance, K=W
Ra = Rayleigh number, g��Ts � T1�D3=��
r = radial coordinate, m
T = temperature, K
�T = average temperature, K
t = time, s
V = volume, m3, voltage, volt
� = thermal diffusivity, m2=s
� = volumetric thermal expansion coefficient, K�1

� = ratio of specific heats
�T = temperature difference, K

�Tsh = evaporator wall superheat, �Te � Te=cc, K
" = emissivity
� = resultant acceleration vector angle, arc degrees
� = absolute viscosity, �N-s�=m2

� = kinematic viscosity, m2=s
� = density, kg=m3

� = Stefan–Boltzmann constant, 5:67 � 10�8 W=�m2-K4�
’ = fluid phase

Subscripts

amb = ambient
b = bayonet inlet
c = condenser
cc = compensation chamber
cl = centerline
conv = convection
cp = cold plate
D = diameter
e = evaporator
eg = ethylene glycol
e=cc = evaporator/compensation chamber junction
ie = loop heat pipe inner edge
in = in
max = maximum
oe = loop heat pipe outer edge
out = out
PAO = polyalphaolefin
r = radial
rad = radiation
sh = superheat
tot = total
v = vapor
z = axial
1 = primary
2 = secondary
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I. Introduction

L OOPheat pipes (LHPs) are two-phase thermal transport devices
that operate passively using the latent heat of vaporization to

transport heat from one location to another. The LHPwas invented in
1972 by Gerasimov and Maidanik [1] in the former United Soviet
Socialist Republic, and was later patented in the United States [2].
The LHP consists of an evaporator, compensation chamber, liquid
and vapor transport lines made of smooth tubing, and a condenser as
shown in Fig. 1a. Heat is applied directly to the exterior wall of the
evaporator, which often has a circular cross-section. The majority of
the input heat is used to vaporize theworking fluidwithin the primary
wick structure, which is an inverted meniscus wick in direct contact
with the exterior evaporator wall. The vapor is captured in the axial
vapor grooves in the primary wick and is directed via a manifold at
the end of the evaporator to the vapor line due to the increased
pressure within the evaporator. Menisci are developed in the primary
wick due to evaporation which establishes a capillary pressure head

that returns liquid to the evaporator from the condenser. This
capillary head must be greater than the total system pressure drop in
order for the LHP to continue to operate without drying out.

The vapor from the evaporator section travels via the vapor line to
the condenser section, which is also made of smooth tubing. Heat is
rejected from the condenser to the ultimate heat sink. The working
fluid enters the condenser as a superheated vapor. After sufficient
heat is rejected, the vapor becomes a saturated vapor, a two-phase
mixture, a saturated liquid, and, depending on the amount of heat
rejection, it may or may not become a subcooled liquid. The location
of the point at which the working fluid becomes a subcooled liquid
(2’ � 1’ point) is dependent on the heat input at the evaporator, the
heat rejection at the condenser, and the saturation temperature in the
compensation chamber. After exiting the condenser section, the
liquid will continue to lose heat due to convection and/or thermal
radiation to the ambient. The subcooled liquid returns to the
evaporator via the bayonet tube, which delivers the liquid to the end
of the evaporator where the vapor manifold resides.

As stated earlier, most of the evaporator heat input evaporates
liquid in the primary wick. The rest of the heat is transferred by
conduction through the primarywick, where liquid is evaporated into
vapor channels leading to the compensation chamber (Fig. 1b and
1c). Part of this vapor stream condenses onto the secondary wick,
which is in intimate contact with the bayonet tube. This heat transfer
to the bayonet tube raises the temperature of the subcooled liquid
entering the compensation chamber to the saturation temperature as it
travels to the end of the evaporator. The rest of the vapor condenses
onto the wick lining the compensation chamber. This latent heat is
then rejected from the compensation chamber to the ambient. The
condensate in the compensation chamber is drawn back to the
evaporator section through the secondarywick by capillary action. In
this way, the secondary wick and the compensation chamber behave
similar to a conventional heat pipe.

The compensation chamber allows the LHP to automatically
regulate itself during startup, shutdown, or a change in the operating
conditions. The compensation chamber provides for storage of
excess liquid when the evaporator heat input is high, whereas the
majority of the condenser section is free of subcooled liquid. The
compensation chamber can also be used to control the location of the
2’ � 1’ point in the condenser. Controlling the heat transfer through
the shell of the compensation chamber can adjust the saturation point
in the condenser, thereby changing the amount of subcooling of the
liquid returning to the evaporator.

There has been limited experimentation on the acceleration effects
on loop heat pipes and heat pipes. Ku et al. [3] performed exper-
iments on a miniature aluminum/anhydrous ammonia LHP by using
a spin table to examine the effects of varying acceleration on startup.
Four mounting configurations were examined: horizontally with the
compensation chamber and liquid line outboard on the table,
horizontally with the evaporator and vapor line outboard on the table,
vertically with evaporator above the compensation chamber with no
radial acceleration, and vertically with evaporator below the
compensation chamber with no radial acceleration. Several different
experiments were conducted, including LHP startup before
acceleration was applied and vice versa, as well as varying heat
load inputs up to Qin � 100 W. Several acceleration profiles were
examined, including ar � 0:0 g, constant ar � 1:2 g, constant
ar � 4:8 g, combination of constant ar � 1:2 and 4.8 g, constant
ar � 1:2 g for 30 seconds followed by ar � 0:0 g for 300 seconds
periodically, constant ar � 4:8 g for 30 seconds followed by ar �
0:0 g for 300 seconds periodically, and combinations ofar � 1:2 and
4.8 g followed by ar � 0:0 g for 300 seconds periodically. Their
experimental results indicated that the wall superheat, defined as the
difference between the evaporator and compensation chamber wall
temperatures, appeared to be independent of input heat load and
acceleration. When temperature overshoot in the evaporator was
examined for heat loads greater than Qin � 50 W there was
essentially no overshoot. For smaller heat loads, such as at
Qin � 5 W, a temperature overshoot of a few degrees was always
observed, but atQin � 25 W the temperature overshoot ranged from
0–45�C. In every experiment, the LHP started successfully.

Fig. 1 Loop heat pipe operation: a) overall schematic. Evaporator:

b) side view, c) cross-sectional view. Adapted and reprinted with

permission from AIAA [19].
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Ku et al. [4], in an extension of the previous experimental study,
examined the temperature stability of the same miniature LHP under
varying heat loads and acceleration levels. Their experimental results
showed that the radial acceleration caused a redistribution of fluid in
the evaporator, condenser, and compensation chamber, which in
turn changed the LHP operating temperature. The effect was not
universal, in the sense that all of the operating conditions needed to be
taken into account. With sufficient time, constant acceleration could
either increase or decrease the LHP operating temperature. Periodic
acceleration led to a quasi-steady operating temperature. Temper-
ature hysteresis could also be caused by the radial acceleration. In all
of the experiments the LHP continued to operate without problems.

Similar research has been conducted to examine body force effects
on heat pipes. Ponnappan et al. [5] examined a flexible copper–water
arterial wick heat pipe subjected to transverse acceleration using a
centrifuge table. Evaporator heat loads up to Qin � 150 W and
steady state radial accelerations up to ar � 10:0 gwere investigated.
Transport capacity of the heat pipe dropped from Qout � 138 W at
radial accelerations of ar � 1:0 g to Qout � 60 W at ar � 10:0 g.
The temperature difference between the evaporator and condenser
remained fairly constant up to ar � 4:0 g then decreased from ar �
4:0 to 10.0 g. This decreasewas due to amore uniform distribution of
fluid within the wick at the higher radial acceleration.

Yerkes and Beam [6] examined the same flexible copper–water
arterial wick heat pipe as Ponnappan et al. [5] under transient
transverse and axial acceleration forceswith periodic and burst trans-
verse accelerations from f� 0:01 to 0.03 Hz and magnitudes from
ar � 1:1 to 9.8 g peak-to-peak and evaporator heat inputs up to
Qin � 83 W. It was observed that pooling of excess fluid had a
significant effect on the heat transport of the heat pipe at steady state
transverse acceleration. Heat transport potential decreased with
increasing transverse acceleration, which was caused by partial dry
out of the artery and pooling in the condenser. The heat pipewas able
to reprime after dry-out events with subsequent reduction of
transverse acceleration. Under cyclic transverse acceleration,
significant fluid slosh was thought to create a cyclic variation in
heat pipe temperature. Temperature risewas lower at the onset of dry-
out conditions when compared with steady state transverse
acceleration. Frequency of the steady periodic burst transverse
acceleration had no effect on the heat pipe temperature and tended to
delay the onset of dry out.

Thomas and Yerkes [7] examined the same flexible copper–water
arterial wick heat pipe as Ponnappan et al. with evaporator heat loads
fromQin � 75 to 150W; condenser temperatures of Tc � 3, 20, and
35�C; and sinusoidal acceleration frequencies of f� 0, 0.01, 0.05,
0.1, 0.15, and 0.2Hz. The amplitude of the radial acceleration ranged
from ar � 1:1 to 9.8 g. The effects of the previous dry-out history of
the heat pipe were also examined. It was discovered that the thermal
resistance increased and then decreased with respect to increasing
acceleration frequency. The thermal resistance also increased with
increasing evaporator heat loads. The previous dry-out history
adversely affected the thermal resistance of the heat pipe when dry
out occurred before increasing the acceleration frequency.

Thomas et al. [8] examined the behavior of a helically grooved
copper-ethanol heat pipe in terms of the evaporator heat input and
transverse radial acceleration. Heat loads ranging from Qin � 20 to
250 W were applied to the evaporator. At Qin � 20 W the heat pipe
did not experience any dry-out conditions when the radial
acceleration was increased and then decreased stepwise from ar � 0
to 10 g.AtQin � 50 W, the heat pipe experienced dry-out conditions
at ar � 0:0 and 2.0 g, but quickly reprimed at the higher radial
accelerations. This indicated the elevated body forces actually aided
the performance of the heat pipe by increasing the capillary limit due
to the forces generated from acceleration gradients down the length
of the helical groove. The thermal resistance of the heat pipe was
noted to decrease then increase with increasing heat transported
when dry out started.

Zaghdoudi and Sarno [9] examined the body force effects on a flat
copper–water heat pipe via a centrifuge setup. The heat pipe was
mounted such that the accelerating forces were opposite to the liquid
flow, or in an “unfavorable” mounting condition. Three types of

acceleration profiles were performed in this study: A parabolic
profile from ar � 0:0 to 10.0 to 0.0 g with a 5 s stabilization at
ar � 10:0 g, a step increase from ar � 0:0 to 10.0 to 0.0 g with a 10 s
stabilization at each step, and increasing then decreasing the
acceleration from ar � 0:0 to 10.0 g after thermal stabilization. Heat
loads of Qin � 20, 40, and 60 W were applied to examine the effect
on evaporator and condenser temperatures aswell as to determine the
thermal resistance. For the first two types of acceleration profile, a
delayed increase in evaporator temperature and a decrease in
condenser temperature was observed. This was likely due to pooling
of fluid in the condenser. Thermal resistance also experienced a
delayed onset and remained elevated even in the absence of an
accelerating force. For the third type of acceleration profile, therewas
a much more gradual increase in evaporator temperature and nearly
negligible decrease in condenser temperature, quickly returning to
normal in the absence of the accelerating force. Thermal resistance
had a similar trend, quickly returning to normal after the acceleration
burst. This suggested that the heat pipe quickly reprimed after the
acceleration event. These tests demonstrated the importance of prior
operation history when the heat pipe was subjected to elevated body
forces.

The objective of the present experiment was to determine
the operating characteristics of a titanium–water loop heat pipe
subjected to varying heat loads and radial acceleration levels.
The titanium–water LHP configuration was selected for high-
temperature electronics applications as given byAnderson et al. [10].
Transient temperature distributions, the evaporative heat transfer
coefficient, the thermal resistance, and the evaporator wall superheat
have been found in terms of the heat input at the evaporator, heat
input at the compensation chamber, and radial acceleration field. In
addition, transient behavior during startup and nominally steady
operation has been examined. A performance map has been
developed that relates dry out to the heat load and radial acceleration
for the experimental conditions described. The experimental
parametric ranges were as follows: heat load at the evaporator
100 � Qin � 600 W, heat load at the compensation chamber
0 � Qcc � 50 W, radial acceleration 0 � ar � 10 g.

II. Experimental Setup

The centrifuge table test bed at Wright–Patterson Air Force Base,
U.S.Air ForceResearchLaboratory, PropulsionDirectorate, Energy/
Power/Thermal Division, Thermal and Electrochemical Branch
(AFRL/RZPS)was used to determine the heat transfer characteristics
of the titanium–water LHPunder stationary and elevated acceleration
fields. The test bed consisted of a 2.44m diameter horizontal rotating
table driven by a 20 hp dc electric motor. The test bed was able to
deliver the following to devices mounted to the rotating table:
conditioned dc electrical power through three separate power
supplies, 120 VAC power, temperature-controlled ethylene-glycol
coolant, andelectrical signals for analogordigital control. Inaddition,
electrical signals were collected from instruments on the table and
stored in a data acquisition computer. The radial acceleration could
exceed ar � 12 g, with a maximum onset of approximately
_ar � 10 g=s, inducing a tangential acceleration. The acceleration
field could be varied manually using a potentiometer or controlled
digitally using a signal generator in the data acquisition system. The
acceleration field was measured using an orthogonal triaxial
accelerometer (Columbia Laboratories, Inc. SA-307HPTX).

Power was supplied to heaters on the table by three precision
power supplies through power slip rings. These slip rings were
separated from the instrumentation slip rings to reduce electrical
noise. The heater power was calculated by multiplying the voltage
drop across the heater by the current. The current was determined
from the voltage drop across a precision resistor in series with the
heater. This type of measurement was required due to the voltage
drop between the control room and the table.

Heat was rejected from the centrifuge table using an ethylene-
glycol/water mixture that was delivered to the rotating centrifuge
table via a double-pass hydraulic rotary coupling. The temperature of
the coolant was maintained at a constant setting by a recirculating
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constant-temperature bath. The volumetric flow rate of the coolant
mixture was controlled using a high-pressure booster pump, which
aided the low-pressure pump in the recirculating chiller. Throughout
experimentation the flow rate was held constant.

Instrumentation signals generated on the table were acquired
through a custom-built 40-channel instrumentation slip ring using a
data acquisition system. Temperatures, mass flow rates, accel-
erations, and voltages were all measured using a data acquisition
mainframe (Agilent Technologies, Inc.VXI E8408A) with a
command module (Agilent E1406A), a 51

2
digit multimeter module

(Agilent E1411B), and a 64-channel 3-wire multiplexer module
(Agilent E1476A).The rotational speedof the centrifuge table, heater
power, and other low voltage control devices on the table were
controlled using an 8=16-channel D/A converter module (Agilent
E1418A). Communication between the data acquisition unit and the
computer was established using a general purpose interface bus
coupled with a custom-designed LabVIEW virtual instrument.

Gathering temperature data from rotating machinery using slip
rings presents unique problems. First, when thermocouple (TC)
wires are connected to the wires leading to a slip ring, at least one
extra junction is created, depending on the materials of the TCwires.
To avoid this problem, a type-E TC amplifier was installed on the
centrifuge table with internal cold junction compensation. This
converted the millivoltage signals from the thermocouples to 0 to
10V signalswithout the creation of extra junctions. Another problem
that is present when slip rings are used is electrical noise. This
problem was reduced (not eliminated) by the use of a low-pass filter
for each of the thermocouple signals coming from the table before the
data acquisition system.

The test article, a titanium–water loop heat pipe,was developed for
AFRL/RZPS by Advanced Cooling Technologies, Inc., under
contract FA8601-06-P-0076. Initial design parameters set by AFRL/
RZPS were to develop a loop heat pipe capable of a minimum heat
load of 500 W and minimum heat flux of 3 W=cm2. The minimum
transport line length was 2m to simulate relevant aircraft geometries.
An evaporator operating temperature of 200�C and condenser
operating temperature between 5 and 140�C were selected to match
relevant acquisition and rejection temperatures aboard aircraft. The
LHP was passivated and purged of initially formed noncondensable
gas identified during life tests of similar titanium–water heat pipes by
Anderson et al. [11]. A summary of the loop heat pipe specifications
can be seen in Table 1. The LHP was instrumented with 12 type-E
exposed tip thermocouples as seen in Fig. 2. A summary of the
locations of all of the thermocouples is given in Table 2.

The loop heat pipewasmounted onto the centrifuge table such that
the centerline of the tubing coincided with the outer table radius as
much as possible. Small deviations existed because the condenser
section and the evaporator/compensation chamber were both
straight. This induced a nonuniform radial acceleration field over the
lengths of these sections that needed to be quantified. A survey was
taken at 22 locations on the loop heat pipe to determine how far
various portions of the loop heat pipewere from the centerline radius.
The loop heat pipe had a minimum radius to centerline of 119.2 cm
and amaximum radius to centerline of 123.3 cm. The entire loop heat
pipe fittedwithin 4.6 cm for a percent acceleration difference of 3.8%
[12]. Stands were designed using G-7 phenolic to mount the loop
heat pipe with support at the compensation chamber, evaporator,
condenser, and transport lines. The tops of these stands were
anchored to the table to reduce deflectionwhen the tablewas rotating.
To minimize heat loss to the environment, the entire assembly was
thoroughly insulated using Kaowool blankets and aluminum foil.
The assembly was placed inside an aluminum frame for structural
support and enclosed with sheet metal sides to minimize convective
heat losses.

During operation, heat was applied to the LHP at the evaporator
while the heat transfer to the compensation chamber was inde-
pendently controlled. A mica heater was located between the
aluminum evaporator body and a ceramic fiber insulative layer,
followed by the evaporator stand. A flexible electric heater tape was
wound around the compensation chamber and surrounded by
insulation and aluminum foil to minimize heat losses.

As mentioned earlier, the centrifuge table was equipped with an
on-board fluid loop for dissipating heat from sources on the table,
which used ethylene glycol as its working fluid. In the present
experiment, it was desired to have the option of operating the LHP
condenser section at elevated temperatures, and so a high-
temperaturefluid loopwas constructed andmounted to the centrifuge
table to act as an interface between the LHP and the low-temperature
fluid loop. The high-temperature working fluid (Brayco Micronic
889 PAO oil) flowed from a custom-made copper reservoir into a
positive displacement gear pump. After passing through a filter and a

Table 1 LHP design summary

Requirement Parameter

Thermal

Minimum heat load 500 W
Minimum heat flux 3 W=cm2

Maximum operating temperature 200�C
Condenser heat sink temperature 5–140�C
Tilt in 1 G �0 inches, horizontal
Conductance 50�C=W
Proof of pressure test 3102 psi 200�C

Materials
Evaporator envelope material Titanium, CP grade 2
Primary wick material Titanium, CP grade 2
Secondary wick material Titanium, CP grade 2
Transport line material Titanium, CP grade 2
Working fluid Water
Fluid charge 300 mL

LHP dimensions
Evaporator footprint 20:32 � 10:16 cm2

Condenser footprint 30:48 � 28:58 cm2

Vapor line length Approx 243.8 cm
Vapor line diameter 0:9525 o:d: � 0:0889 cm wall
Liquid line length Approx 335.3 cm
Liquid line diameter 0:6350 o:d: � 0:0889 cm wall
Condenser line length Approx 279.4 cm
Condenser line diameter 0:9525 o:d: � 0:0889 cm wall

Compensation Chamber
Diameter 6.033 cm o.d.
Length 11.43 cm
Chamber location Coaxial with evaporator

Primary wick properties
Effective pore radius 9:1 �m
Permeability 1:2 � 10�12 m2

Outside diameter 2.286 cm
Length 20.32 cm
Inside diameter 0.8001 cm
Number of grooves 6
Groove depth 0.1524 cm
Groove width 0.1524 cm

Secondary wick properties
Mesh 150 � 150

Fig. 2 Thermocouple locations on the LHP: a) locations of thermo-

couples TC04–TC15 across the LHP, b) locations of TC04–TC07 within

the evaporator.
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flow-straightening section, the PAOwas directed through the turbine
flow meter (Omega FTB-9506). The calorimeter on the condenser
section consisted of three heat exchangers plumbed in series and
mounted to the condenser section. Type-E thermocouple probeswere
installed at the inlet and outlet of the three heat exchangers for
calorimetry, and another was placed before the flow meter. This was
needed due to the dependence of the viscosity of PAO on temper-
ature. After the PAO exited the three heat exchangers on the
condenser, it flowed to a liquid/liquid heat exchanger that transferred
heat from the high-temperature coolant loop to the low-temperature
ethylene-glycol loop. The PAO then returned to the reservoir. A
schematic of the experimental setup can be seen in Fig. 3.

Thermocouple calibrations were conducted over two tempera-
ture ranges depending on the anticipated operating temperatures.
Grounded probe thermocouples were used for calorimetry, coolant
flow meter calibration, and the measurement of the ambient temper-
ature. These four thermocouples were calibrated over the anticipated
range of 20 to 145�C in 5�C intervals. Twelve exposed tip thermo-
couples weremounted on the LHP invarious locations and needed to
be calibrated over the full range of 20 to 230�C in 5�C increments.
The calibration procedure consisted of using two separate re-
circulating constant-temperature bathswith PAOas theworkingfluid
to achieve the required temperature range. The temperature readings
from the 16 thermocouples were compared with a National Institute
of Standards and Technology (NIST)-traceable platinum resistance
temperature detector (RTD) with a resolution of �0:009�C. To
ensure that the bath had reached steady state at a given set-point
temperature, the RTD temperature was continuously monitored.
When the standard deviation of 100 readings dropped below the
specified threshold of 0.005�C, 100 readings from the thermocouples
were sampled, stored in an array, and the bath temperature was
changed. For repeatability, the bath temperature was first in-
cremented from the lowest to the highest temperature, and then
decremented from highest to lowest, and the two sets of 100 data
points collected for each thermocouple at a given temperature were
used to determine average readings. The uncertainty associated with

each thermocouplewas determined by accounting for four sources of
error: the stated uncertainty of the RTD, the confidence interval of the
RTD average reading at a confidence level of 0.95, the confidence
interval of the thermocouple average reading at a confidence level of
0.95, and themaximumdeviation of the temperature calculated using
the polynomial curve fit from the actual measured temperature.

The turbineflowmeter used in the high-temperature fluid loopwas
calibrated to achieve accurate results for the amount of heat extracted
from the LHP. This was critical for the calculation of the evaporative
heat transfer coefficient and the thermal resistance of the LHP.
Because the viscosity of the PAO used in the high-temperature fluid
loop changes significantly with temperature, a calibration surface
was generated that related the output voltage of theflowmeter and the
temperature of the PAO at the entrance of the flow meter to the mass
flow rate. The calibration setup consisted of a recirculating constant-
temperature bath filled with PAO from the same source as used in the
high-temperature fluid loop. The gear pump, inline filter, and
calibrated grounded thermocouple probe from the high-temperature
fluid loopwere installed with tubing from the bath to the turbine flow
meter. Flow-straightening sections up and downstream were placed
according to the manufacturer’s instructions. A three-way valve was
installed after the flowmeter, which allowed the entire flow system to
reach a steady temperature. Once the temperature was steady, the
flowwas diverted to a catch basin for a specified amount of time. The
voltage from the flow meter and the temperature from the thermo-
couple were recorded during this time, and when the basin was full,
the flowwas again diverted to recirculating the PAO back to the bath.
All of the data were collected through the instrumentation slip rings
on the centrifuge table to the data acquisition system to capture all
errors inherent to the centrifuge table test bed. A laboratory scalewas
used to determine the mass collected during a given test run. During
each measurement, as many data points as possible were collected
from the flow meter across the time span with the limiting factor
being the iteration time on the LabVIEW software. The minimum
number of data points collected for any given run was 437. The
voltages and temperatures were averaged and a confidence interval
was calculated based on a confidence level of 0.95 for each test run.
The test was repeated for a total of five averaged data points for each
nominal temperature and flow rate. These tests were completed over
the range of T � 20 to 120�C in intervals of 25�C and flow rates
ranging from _mcp � 0:0064 to 0:025 kg=s in intervals of approxi-
mately 0:002 kg=s. A 3-D paraboloid regression equation was
generated to relate temperature, flow meter voltage, and mass flow
rate. The uncertainty of themass flow rate measurement was effected
by themaximum deviation of the regression equation from the actual
data, the confidence interval for the temperature and flow meter
voltage measurements, the root-sum-square total error associated
with the scale, and stopwatch, and the root-sum-square error
associated with the temperature and voltage measurements.

The heat transferred from the LHP condenser to the cold plate was

Qout � _mcpCp;PAO�Tout � Tin� (1)

A linear fit equation for Cp;PAO as a function of temperature was
developed by Ghajar et al. [13] and used in Eq. (1). The average
evaporative heat transfer coefficient was defined as

�h 	 Qout

	DL� �Te � Tv�
(2)

whereD is the inside diameter of the evaporator shell,L is the length

of the evaporator, �Te is the average evaporator temperature measured
by the four thermocouples embedded in the wall between the heater,
and thewick (Fig. 2b), andTv is the external temperature of the vapor
line at the outlet of the evaporator. The thermal resistance of the loop
heat pipe was determined using the average evaporator temperature
and the average temperature of the cold plate

R 	
�Te � �Tcp

Qout

(3)

Table 2 Summary of thermocouple locations

Thermocouple Location

TC00 Cold plate inlet
TC01 Cold plate outlet
TC02 PAO flow meter inlet
TC03 Ambient
TC04 Evaporator 1
TC05 Evaporator 2
TC06 Evaporator 3
TC07 Evaporator 4
TC08 Evaporator outlet
TC09 Condenser inlet
TC10 Condenser 1
TC11 Condenser 2
TC12 Condenser 3
TC13 Condenser outlet
TC14 Bayonet inlet
TC15 Evaporator/CC junction

Cold Plate
TC00

TC01

Liquid-Liquid
Heat Exchanger

Gear Pump

Flow meter

LHP Condenser

Reservoir

Recirculating 
chiller

TC03

LHP Evaporator

Electric Heater
PAO Heater

Filter

Fig. 3 Experimental setup schematic.
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where �Tcp � 0:5�Tout 
 Tin� is the average cold plate temperature.

The root-sum-square uncertainties of Qout, �h, and R are given by

�Qout � ��Cp;PAO�Tout � Tin�� _mcp�2 
 � _mcp�Tout � Tin��Cp;PAO�2


 � _mcpCp;PAO�Tout�2 
 �� _mcpCp;PAO�Tin�2�1=2 (4)
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The uncertainty ofCp;PAO was estimated byGhajar et al. to be 0.5%of
the value. For each steady state condition, 151 data points were
collected from each sensing device representing fiveminutes of data.
Measured values were averaged and uncertainties were calculated
based on the fixed error of each instrument and the confidence
interval for the average at a confidence level of 0.95. A summary of
the uncertainties for this experiment can be found in Table 3. Details
of the uncertainty analysis are given by Fleming [12].

III. Results and Discussion

The purpose of this series of experiments was to determine
the operating characteristics of a titanium–water loop heat pipe
subjected to changes in evaporator heat input, compensation cham-
ber heat input, and radial acceleration. Steady state and transient

temperature data were collected which provided insight into the
fluid-thermal behavior of the LHP. The raw data were reduced to
obtain the evaporative heat transfer coefficient, thermal resistance,
and evaporator wall superheat in terms of the heat transported and
radial acceleration level. Quasi-steady phenomena and dry out of the
LHP were observed and quantified in a performance map.

A typical stationary (az � 1:0 g, ar � 0:0 g) cold-start test of the
LHP is presented in Fig. 4, which consisted of the following: with the
LHP at ambient conditions, the recirculating constant-temperature
bath in the low-temperature fluid loop was set to Teg � 35�C. Heat
was applied as a step function to the evaporator section (in this case,
Qin � 600 W) while the pump for the high-temperature fluid loop
was simultaneously turned on ( _mcp � 0:0077 kg=s). The mass flow
rate of the high-temperature fluid loop was maintained constant at

Table 3 Summary of uncertainty analysis

Quantity Uncertainty

Measured TC00 �0:12�C
TC01 �0:11�C
TC02 �0:11�C
TC03 �0:11�C
TC04 �0:31�C
TC05 �0:29�C
TC06 �0:29�C
TC07 �0:33�C
TC08 �0:33�C
TC09 �0:29�C
TC10 �0:29�C
TC11 �0:29�C
TC12 �0:27�C
TC13 �0:30�C
TC14 �0:30�C
TC15 �0:30�C

Acceleration 
�0:01
 �ar;oe � ar;cl�� g
��0:01
 �ar;cl � ar;ie�� g

Mass flow rate �4%
Voltages ��0:00025V 
 0:005�V

Constant Resistors �0:0002R�
Wick D, L �0:0000254 m

Calculated �Tcp �max��Tout;�Tin�
�Te �max���TC04�, ��TC05�,

��TC06�, ��TC07��
�Tsh �0:63�C
Cp;PAO �0:005
Cp� �Tcp�
Qout Eqn. (4)
�h Eqn. (5)

R Eqn. (6)
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this value throughout this series of experiments to minimize the
uncertainty associated with the calorimetry of the cold plate. In
Fig. 4a, the evaporator temperature (TC04) increased very quickly
whereas the rest of the LHP did not react. After approximately 60 s,
the thermocouple located on the vapor line nearest to the exit of the
evaporator (TC08) suddenly increased. This was followed in turn by
increases in temperature reflected by the thermocouples located
throughout the condenser section. This shows the progression of the
saturated vapor clearing the condenser section of liquid, which was
subsequently displaced into the evaporator section and the
compensation chamber via the bayonet tube. Figure 4b shows that
the evaporator temperature was significantly higher than the
condenser temperatures, which led to a relatively high value of
thermal resistance, which will be discussed in detail below. The
temperatures appear to become steady after approximately 6000 s.
However, to determine when steady state occurred the time rate of
change of the temperatures was averaged over 15 min. intervals and
plotted with respect to time as shown in Fig. 4c. It was observed that
dT= dt approached zero shortly after 6000 s, but for times greater
than 6000 s, significant oscillations occurred. The oscillations in
dT= dt were not apparent in the raw temperature traces, but steady
state was found to occur at approximately 18,000 s. This
methodology was used throughout testing to ensure that a repeatable
steady state was reached.

Temperature traces in the condenser (TC09–TC13) and at the
bayonet inlet (TC14) are shown in Fig. 5 after the stationary LHP
reached steady state conditions at heat inputs ranging from
100 � Qin � 600 W. In Fig. 5a, with Qin � 100 W, the liquid
entering the bayonet tube was highly subcooled at approximately
38�C. At this heat input level, the majority of the condenser was
flooded with subcooled liquid. In fact, only TC09 (condenser inlet)
indicated 2-phaseflow.The casewhen then evaporator heat inputwas
set toQin � 200 W, shown in Figs. 5b, was a unique operating point
that is described further in the following paragraph (Fig. 6).
Figures 5c–5f shows that the 2’ � 1’ point progressed through the
liquid line as heat input increased until it reached the bayonet inlet. If
the heat input at the evaporator is high enough, saturated vapor will
pass through the bayonet tube and reach the evaporator section. This
point represents a performance limit to LHP operation because if
vapor enters the evaporator, the wick will dry out and the LHP will
overheat.

The oscillatory behavior of the LHP for the heat input of Qin �
200 W is shown in Fig. 6. Initially, at t� 0, the evaporator
temperatures (TC04–TC07) ranged from 66 to 68�C. The evaporator
temperature nearest to the bayonet tube outlet (TC07)was the lowest,
which indicated that the subcooled liquid that entered the evaporator
tended to reduce the evaporator temperature at this point. The vapor
line and condenser temperatures (TC08–TC13) ranged from 46 to
58�C. The vapor line (TC08) was the highest, with the first three
thermocouples in the condenser (TC09, TC10, TC11) decreasing
slightly. The vapor became saturated within the condenser, and
condensation formed on the interior walls of the tubing. From the
point at which the quality of the working fluid was x� 1 (saturated
vapor) in which it reached x� 0 (saturated liquid), the temperature
should have been constant, except for the fact that the pressure
dropped slightly due to viscous losses. This drop in the saturation
pressure in turn decreased the saturation temperature. Past TC11, the
other condenser temperatures (TC12 and TC13) dropped
significantly. This showed that the 2’ � 1’ point, in which x� 0,
occurred between TC11 and TC12. Theworking fluid after this point
became a subcooled liquid, in which the temperature dropwas due to
sensible heat extraction by the cold plates. Interestingly, at t� 0, the
temperature at the bayonet inlet (TC14) was higher than the outlet of
the condenser. Under typical operation, this was not the case due to
convective losses from the liquid lines.

As time progressed from t� 0 (Fig. 6a), several things occurred
nearly simultaneously. The evaporator thermocouple nearest to the
vapor manifold (TC07) suddenly decreased, which indicated
movement of subcooled liquid from the exit of the bayonet tube into
the evaporator. The junction between the evaporator and the
compensation chamber (TC15) increased and then decreased in

temperature over a relatively short period. This was due to warm
liquid in the evaporator section being pushed through the mesh in the
secondary wick into the compensation chamber, followed by cooler
liquid from the bayonet tube exit. The inlet of the bayonet tube
(TC14) decreased, and the two thermocouples measuring the
subcooled liquid in the condenser increased (TC12 and TC13).
Again, this was indicative of movement of the slug of liquid that
existed from the 2’ � 1’ point in the condenser to the meniscus
within the grooves of the secondary wick inside the evaporator
section, as shown in Fig. 1b. The dramatic temperature increase in the
condenser section (TC12) shows that the 2’ � 1’ point moved from
between TC11 and TC12, across the TC12 location, and then
between TC12 and TC13 as shown schematically in Fig. 6b. In fact,
TC12 increased to the saturated vapor temperature existing within
the first half of the condenser.

At approximately t� 80 s, the temperatures in the evaporator and
the bayonet tube inlet (TC14) started to increase while the condenser
temperatures TC12 and TC13 decreased. This behavior indicated
that the liquid slug had reversed direction; i.e., the 2’ � 1’ point
recrossed thermocouple location TC12 in the condenser. The
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significant rise in the bayonet inlet temperature TC14 shows that
warm liquid originally in the evaporator was now flooding back
through the bayonet tube into the liquid line. Thismovement of liquid
out of the evaporator may be due to the sudden appearance of a vapor
bubble within the wick structure of the evaporator section which
would tend to drive the heated liquid in the evaporator in the opposite
direction. As can be seen in Fig. 6a, the period of the oscillation was
approximately 150 s. Discussion of flow reversal within LHPs in the
literature was limited to operation during startup and shutdown.
Douglas et al. [14] discussed flow reversal in LHPs as a phenomenon
that occurred during startup and continued until the capillary
pressure in the secondary wick could no longer maintain the system
pressure drop. Cimbala et al. [15] used neutron radiography to
visualize LHP operation and observed flow reversal only occurred
when the heat input was reduced toQin � 0 W. It was concluded by
Cimbala et al. that with no heat input, convective and radiative heat
transfer from the LHP to the ambient caused the flow reversal. In
general, flow reversal was not discussed as part of normal operation.
However, in the present experiment, flow reversal was found at some
operating points.

The various steady state LHP temperatures versus transported heat
for the stationary case are shown in Fig. 7. The four evaporator
temperatures in Fig. 7a increased monotonically with heat
transported, but diverged, from the vapor outlet temperature. The
behavior of the condenser temperatures with heat transported was
slightly different, as shown in Fig. 7b. At the lowest heat input value
(Qin � 100 W), a significant temperature drop was present between
the inlet of the condenser (TC09) and the thermocouples within the
condenser. This shows that the 2’ � 1’ point resided between TC09
and TC10, which means that very little of the available condenser
was being used for 2-phase condensation. This condition also shows
that the liquid returning to the evaporator section (TC14) was
highly subcooled. As the heat input increased to Qin � 200 W, the
temperatures measured at TC10 and TC11 rose to match that at
TC09, which means that the time averaged location of the 2’ � 1’
point moved farther into the condenser (between TC11 and TC12).
At a heat input of Qin � 300 W, the 2’ � 1’ point traveled past the
end of the condenser into the liquid lines such that the condenser
temperature was nearly constant. As the heat input increased, the
condenser temperatures continued to rise. However, the average

evaporator temperature increased at a faster rate, which is indicative
of an increased superheat penalty.

The thermal performance of the stationary LHP for heat inputs
ranging fromQin � 100 to 600Wis shown in Fig. 8. The evaporative
heat transfer coefficient, Fig. 8a, decreased monotonically with
transported heat. This behavior was controlled by the slope of the
average evaporator temperature versus that of the evaporator outlet,

as shown in Fig. 7a. The temperature difference ( �Te � Tv) defined in
Eq. (2) increased more rapidly thanQout, which resulted in an overall

decrease in �h. As dry out was approached, more of the wick in the
evaporator section was depleted of liquid, which tended to increase
the evaporator temperature. The thermal resistance of the stationary
LHPversus heat transported is presented in Fig. 8b, inwhich it is seen
to decrease, reach a minimum, and then increase. At low power
inputs, the relatively large temperature drop defined by Eq. (3),

( �Te � �Tcp), drove the thermal resistance to a high value. This
temperature drop was a result of the fact that most of the condenser
section was flooded by subcooled liquid which was close to the cold
plate temperature. As the 2’ � 1’ point moved through and then
exited the condenser, the temperature drop decreased with
transported heat, which decreased the thermal resistance. The
minimum R corresponds to the point in Fig. 7b where the 2’ � 1’
point just exited the condenser. Past this point, the evaporator section
increased in temperature more rapidly than the condenser section,
which resulted in the thermal resistance increasing with transported
heat. The evaporator wall superheat, defined as the difference
between the average evaporator temperature and the temperature of
the evaporator/compensation chamber junction, was found to
monotonically increase with an increasing amount of transported
heat, as shown in Fig. 8c.With respect to the evaporative heat transfer
coefficient, thermal resistance, and evaporator wall superheat, no
notable difference was observed between starting the LHP while
the unit was at ambient temperature versus a step change in the
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evaporator heat input from a lower to higher value or a higher to lower
value [12].

The operating characteristics and performance of the stationary
LHP for an evaporator heat input ofQin � 500 W while varying the
compensation chamber heat input fromQcc � 0 to 50Ware shown in
Fig. 9. For this particular test, the LHPwas allowed to achieve steady
state conditions for the given evaporator heat input, after which the
compensation chamber heat input was incremented in steps of 5 W,
achieving steady state conditions at each step. In Fig. 9a and 9b, for
Qcc � 0 W, the evaporator temperatures were relatively uniform, in
which the vapor exiting the evaporator was slightly superheated and
the 2’ � 1’ point was out of the condenser. When a small amount of
heat was in put to the system through the compensation chamber
(Qcc � 5 W), the evaporator temperatures and the evaporator exit
temperature both decreased whereas the condenser temperatures
remained constant. This trend continued until approximately
Qcc � 15 W, at which point the evaporator temperature leveled off,

the evaporator exit temperature decreased to the saturation
temperature within the condenser, and the condenser outlet temper-
ature dropped below the saturation temperature. The decrease in the
average evaporator temperature significantly affected the evaporative
heat transfer coefficient and the thermal resistance, as shown in

Fig. 9c. In fact, �h increased by 68% with an increase in the overall
heat input of only 3%. The drop in the condenser outlet temperature
indicated that the 2’ � 1’ point moved from the liquid line into the
condenser section. For Qcc � 20 W, the evaporator temperatures
increased and the 2’ � 1’ point continued to move toward the
evaporator within the condenser. The increase in the amount of
subcooling increased the thermal resistance and decreased the
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evaporative heat transfer coefficient byway of an increased superheat
penalty. This did not hold true for Qcc < 20 W. When the LHP
operated at Qin � 500 W, the 2’ � 1’ interface was located in the
liquid return line. Increasing the heat input to the compensation
chamber moved the 2’ � 1’ interface to the condenser outlet at
Qcc � 15 W. Operation at this point maximized the amount of heat
transfer due to condensationwith the added benefit of cooler liquid in
the compensation chamber and evaporator which decreased the
thermal resistance and increased the evaporative heat transfer
coefficient. By comparison, Ku [16] indicated that operating the
compensation chamber at a higher temperature by using an external
heater, in effect, increases the amount of subcooling in the condenser
and liquid return line. This subcooling is necessary to balance the
additional heat input and results in underutilizing the condenser and a
degradation of the thermal conductance. It is clear that for the present
experiment this conclusion was only valid forQcc � 20 W, whereas
for Qcc < 20 W an increase in LHP performance was observed.

Also of interest is the temperature increase at the bayonet inlet
(TC14) starting when Qcc � 35 W as seen in Fig. 9b. Transient
temperature traces in the condenser, bayonet tube, and evaporator/
compensation chamber junction for Qcc � 25 to 50 W are shown in
Fig. 10. In Fig. 10a and 10b, with Qcc � 25 and 30 W, subcooled
liquid moved forward through the bayonet inlet as seen in typical
operation. In Fig. 10c–10f, with Qcc � 35–50 W, a sudden increase
in temperature at the bayonet inlet (TC14) higher than the condenser
outlet (TC13) showed that flow reversal occurred in the evaporator
section. This was similar to the oscillating phenomena described for
Qin � 200 W except that the liquid-vapor meniscus in the secondary
wick was driven backward by the elevated vapor pressure within the
compensation chamber, whichwas due to the heat input at the shell of
the compensation chamber. In addition, the temperature of the
evaporator/compensation chamber interface (TC15) did not vary
appreciably, which was different than that seen atQin � 200 W and
Qcc � 0 W. The liquid-vapor meniscus moved backward due to the
increased pressure within the compensation chamber until a point at
which the pressure was balanced. Forward flow then resumed and
heat was lost through the liquid line, shown by the slow decrease in
temperature at the bayonet inlet (TC14) to the temperature of the
subcooled liquid at the condenser outlet (TC13).

To further explore compensation chamber heat input and heat loss
to the ambient, Table 4 shows the effect of operating the stationary
LHP forQin � 500 W with the compensation chamber uninsulated,
insulated, temperature controlled to Tcc � 72:8�C via simultaneous
heat input to the compensation chamber (Qcc � 20 W) and
evaporator, and preconditioning the temperature to Tcc � 72:8�C via
heat input (Qcc � 100 W reduced toQcc � 20 W) before heat input
to the evaporator. For this series of tests, thermocouple TC15 was
relocated to the top side of the compensation chamber to directly
monitor its operating temperature. It was observed that the average
evaporator temperature increased, the evaporative heat transfer
coefficient decreased, and the thermal resistance increased in the
uninsulated state when compared with the insulated case. The
uninsulated compensation chamber operated at a temperature 3.6�C
lower than the insulated case as expected due to free convection and
radiative heat loss. To estimate the amount of heat loss to the ambient
in the uninsulated case, the exposed compensation chamber was
modeled as a cylinder in free convection with radiation. The average
Nusselt number for free convection was given by [17]

Nu D �
�
0:60
 0:387Ra1=6D

�1
 �0:559=Pr�9=16�8=27
�
2

(7)

where

RaD �
g��Ts � T1�D3

��
(8)

with air properties evaluated at the average temperature of the
freestream and the surface. The average heat transfer coefficient was
given by

�h� k

D
NuD (9)

The total heat loss per unit length from the compensation chamber
was given by

q0tot � q0conv 
 q0rad � �h	D�Ts � T1� 
 
	D��T4
s � T4

surr� (10)

The emissivity of grade 2 titanium used in this calculation was
"� 0:3 [18]. The heat loss from the compensation chamber for the
uninsulated case was found to be Qcc ��6:2 W. When the
uninsulated case was included with the preceding compensation
chamber heat input data, it was found that evaporative heat transfer
coefficient and thermal resistance followed the trends shown in
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Fig. 9c. These results were expected because removing the insulation
from the compensation chamber in effect provided additional
cooling, which moved the 2’ � 1’ point away from the condenser.
The average evaporator and cold plate temperatures were signi-
ficantly different which was likely due to a 10�C higher ambient
temperature during the test involving the variation of compensation
chamber heat input from Qcc � 0 to 50 W. As a result, for this
particular case, it was advantageous to operate the LHP compen-
sation chamber insulated for improved performance. For controlling
the temperature of the compensation chamber, the evaporative heat
transfer coefficient, thermal resistance, and operating temperatures

Table 4 The effect of compensation chamber temperature control on LHP

operation (Qin � 500 W, ar � 0 g, _mcp � 0:0077 kg=s, Tamb � 26:4�C)

Compensation chamber conditions Qcc, W �Te,
�C �Tcp,

�C Tcc,
�C Qout, W �h,W=m2-K R, K/W Time to

steady
state

Uninsulated, no temperature control 0 115 52.4 59.3 442� 19 878� 37 0:142� 0:0060 300 min
Insulated, no temperature control 0 107 52.6 62.9 447� 19 1050� 51 0:122� 0:0052 375 min
Insulated, temperature controlled to
Tcc � 72:8�C, simultaneous heat
input startup 20 103 53.5 72.8 470� 20 1340� 77 0:106� 0:0045 310 min

Insulated, temperature controlled
to Tcc � 72:8�C, preconditioned CC 100–20 103 53.4 72.8 467� 19 1350� 77 0:106� 0:0045 250 min
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Fig. 11 Transient temperature traces of the LHP at elevated
acceleration (Qin � 600 W, Qcc � 0 W, _mcp � 0:0077 kg=s, 55:2 �
�Tcp � 59:7�C, 27:9 � Tamb � 30:1�C): a) ar � 0:1 g startup phase,

b) transition to and steady state at ar � 10:0 g, and c) transient rate of

change of temperatures.

Fig. 12 Effect of resultant acceleration vector direction on fluid

distribution within the LHP: a) resultant acceleration vector angle vs
radial acceleration, b) liquid pooling in the evaporator, compensation

chamber, and condenser under elevated acceleration (to scale, top view),

and c) liquid pooling in the condenser bends.
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were nearly identical between simultaneous compensation chamber
and evaporator heat input startup and compensation chamber
temperature preconditioning, demonstrating that the startup proced-
ure had no impact on steady state conditions. However, pre-
conditioning the compensation chamber required approximately 1 h
less time to reach steady state conditions over the simultaneous heat
input startup.

Transient LHP temperatures for a typical test at elevated
acceleration (az � 1:0 g, ar > 0 g) are presented in Fig. 11.With the
LHP at ambient conditions, the recirculating constant-temperature
bath in the low-temperature loop was set to Teg � 35�C. Heat was
applied as a step function (in this case, Qin � 600 W) while
simultaneously starting the pump for the high-temperature loop
( _mcp � 0:0077 kg=s). In addition, the radial acceleration was
increased to ar � 0:1 g, which was a nominally small value to
prevent damage to the power slip rings (Fig. 11a). The LHP was
allowed to achieve steady state conditions at ar � 0:1 g, indicated by
dT= dt (Fig. 11c) decreasing to below the threshold of 0:01 K=min,
then the acceleration was increased to the next desired radial
acceleration value (in this case, ar � 10:0 g). The LHP was again
allowed to achieve steady state conditions at the given acceleration
(Fig. 11b), then the acceleration was reduced to ar � 0:1 g for a
minimum of 30 min. If another elevated acceleration was desired,
steady state at ar � 0:1 g was reached before increasing the
acceleration level. When the acceleration was increased to ar �
10:0 g at t� 15; 000 s in Fig. 11b, the average evaporator
temperature increased by 11�C. The 2’ � 1’ point moved to the
condenser outlet from the liquid line with increasing acceleration,
indicated by the small oscillations in temperature at the TC13. The
amount of subcooling increased overall as indicated by the decrease
in temperature at the bayonet inlet (TC14). These phenomenamay be
due in part to fluid redistribution in the LHP and are discussed in the
following paragraph.

As the rotational velocity of the centrifuge table increased, the
resultant acceleration vector magnitude and direction changed
(Fig. 12a), which influenced the distribution of fluid in the LHP.
Subcooled liquid entering the primary wick of the evaporator was
forced to the outboard side of the evaporator body, opposite of the
heat source, and perhaps led to a partial dry out of thewick (Fig. 12b).
The elevated acceleration also hindered the ability of the secondary
wick in the compensation chamber to supply the evaporator with
liquid due to pooling. In the condenser, pooling occurred in the bends
of the condenser coil, again due to the acceleration gradient.
Depending on the acceleration vector direction, this pooling could
either open or close the passage to vapor flow (Fig. 12c). All of these
phenomena are a result of centrifuge testing. Because of the short
radius, strong acceleration gradients occur that could have
advantageous or adverse effects on the LHP operation. Operation
in an aircraft environment, with significantly larger radii during
turns, may provide a more uniform acceleration gradient across the
LHP and potentially yield different temperature profiles, evaporative
heat transfer coefficients, and thermal resistances.

The thermal performance of the LHP for radial accelerations
ranging from ar � 0:0 to 10.0 g and heat inputs ranging from
Qin � 100 to 600Wis shown inFig. 13. The evaporative heat transfer
coefficient, Fig. 13a, again decreased with transported heat, similar
to the trend in Fig. 8a for the stationary LHP. The thermal resistance
of the LHP (Fig. 13b) was found to decrease to a minimum and then
increase, again similar to the stationary test results shown in Fig. 8b.
In fact, when combining the stationary and elevated acceleration test
data, it was found that the evaporative heat transfer coefficient and
thermal resistance data were in close agreement with each other,
regardless of the radial acceleration. This indicated that bench-top
testing of the LHP is a reliable method for determining the
evaporative heat transfer coefficient and thermal resistance of a LHP
in an elevated acceleration environment. However, it will be shown
that this was not true with respect to finding the dry-out limit. The
wall superheat (Fig. 13c) was higher at elevated accelerations
when compared with ar � 0 g. This was possibly due to fluid
redistribution in the evaporator forcing liquid away from the heater.
The dependence of �Tsh on both Qout and ar found in the current

research is different than the results of Ku et al. [3], who found no
significant variation of thewall superheat over the ranges ofQout and
ar tested.

Ku et al. [3,4] observed that radial acceleration changed the fluid
distribution throughout the LHP, which changed operating
temperatures, and that acceleration could either increase or decrease
LHP operating temperatures. In addition, evaporator temperature
overshoots were observed for midrange heat inputs, and the
evaporator wall superheat was independent of heat input and
acceleration during startup. In the present elevated acceleration tests,
it was observed that the accelerating force changed the fluid
distribution within the LHP, causing the operating temperatures to
change. However, in all instances, it was observed that elevated
acceleration forces increased operating temperatures over those at
ar � 0:1 g. Evaporator temperature overshoots were not observed in
any of the elevated acceleration tests.
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Fig. 13 Steady state performance characteristics of the LHP vs

transported heat at stationary and elevated acceleration (Qcc � 0 W,

_mcp � 0:0077 kg=s, 37:2 � �Tcp � 67:7�C, 25:1 � Tamb � 38:7�C):

a) evaporative heat transfer coefficient, b) thermal resistance, and

c) evaporator wall superheat.
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The transient response of the LHP during a series of dry-out
events is shown in Fig. 14. Dry out was indicated by a steady
increase in the evaporator temperature and a decrease in the heat
extracted by the calorimeter Qout. In addition, the position of the
2’ � 1’ point in the condenser moved toward the evaporator as
indicated by a sequential decrease in the condenser temperatures.
This occurred because the evaporator no longer generated a
sufficient flow of vapor which changed the operating point of the
LHP. In Fig. 14a, the LHP reached steady state while rotating
slowly at ar � 0:1 g and Qin � 400 W. The rotational speed of the
centrifuge table was increased until the radial acceleration reached
ar � 8:0 g at t� 300 s. After the evaporator temperature TC06
reached Te;max � 150�C, the radial acceleration was reduced back to
ar � 0:1 g. At this time, the evaporator temperature continued to
increase, but then leveled off, and then decreased back to nearly the

same temperature as the preceding steady state. In fact, all of the
LHP temperatures returned to within 1�C of the original steady state
except for TC13 (condenser outlet), which returned to within 4�C of
the preceding steady state. The higher temperature at TC13 was
attributable to a slight change in the location of the 2’ � 1’ point in
the condenser. This recovery behavior shows that the LHP was
capable of repriming at the end of an acceleration burst even if the
heat input remained constant. In Fig. 14b and 14c, the radial
acceleration was again increased from ar � 0:1 to 8.0 g with the
same heat input (Qin � 400 W). In fact, all of the experiments
presented in Fig. 14 were performed sequentially. In Fig. 14b, the
evaporator temperature TC06 was allowed to reach Te;max � 175�C
before decreasing the radial acceleration to ar � 0:1 g, and in
Fig. 14c the evaporator temperature TC06 reached Te;max � 200�C
before decelerating. In each instance, the evaporator temperature
continued to increase, reached a maximum, and then decreased to
the original steady state. However, the intensity of dry out did seem
to have an impact on the ability of the LHP to reprime. In Fig. 14c,
with a maximum evaporator temperature at deceleration of
Te;max � 200�C, the evaporator temperature reached two maximums
before finally decreasing to the preceding steady state; whereas in
Fig. 14a and 14b, the maximum evaporator temperatures reached a
peak and then monotonically decreased. This indicated that if the
evaporator temperatures were much higher than 200�C, the LHP
may not have recovered, which would have required that the heat
input be reduced to zero.

The temperature traces associated with the test at Qin � 200 W
and ar � 0:1 and ar � 4:0 g are shown in Fig. 15. Following the
startup procedures mentioned earlier, the LHP reached a quasi-
steady state while the centrifuge table rotated slowly for ar � 0:1 g,
as shown in Fig. 15a. Similar to the stationary case at this heat input,
the LHP temperatures oscillated, showing that the heat pipe was
operating during reversals in the liquid flow due to the liquid-vapor
meniscus in the secondary wick moving back and forth. Overall, the

35

40

45

50

55

60

65

70

75

0 50 100 150 200 250 300

T
 (

C
)

t (s)

(TC14)(TC12) (TC13)

(TC15)
(TC04)(TC06) (TC07)(TC05)

(TC08)

(TC10) (TC11)

(TC09)

Evaporator Condenser
Vapor Line Liquid Line
Evap / CC          Cold Plate

(TC00) (TC01)

30

40

50

60

70

80

90

100

110

0 100 200 300 400 500 600 700

T
 (

C
)

t (s)

(TC14)(TC12) (TC13)

(TC15)

(TC04) (TC06) (TC07)(TC05)

(TC08)

(TC10) (TC11)

(TC09) Evaporator Condenser
Vapor Line Liquid Line
Evap / CC          Cold Plate

(TC00) (TC01)

a)

b)
Fig. 15 Quasi-steady state temperature traces of the LHP and cold

plate (Qin � 200 W, Qcc � 0 W, _mcp � 0:0077 kg=s, �Tcp � 41:9�C,

Tamb � 26:4�C): a) ar � 0:1 g, and b) ar � 4:0 g.

Fig. 14 Transient temperature traces of the LHP at elevated

acceleration showing dry-out behavior (Qin � 400 W, Qcc � 0 W,

_mcp � 0:0077 kg=s, 37:2 � �Tcp � 59:7�C, Tamb � 28:0�C): a) Te;max�

150�C, b) Te;max � 175�C, and c) Te;max � 200�C.
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temperatures shown in Fig. 15a were quite close to the case shown in
Fig. 6a. In addition, the period of the oscillation of the ar � 0:1 g
case was nearly identical to the ar � 0 g case (approximately 175 s).
The only significant differences in the independent variables
between the two tests were the ambient temperature (�Tamb�
5:3�C) and the relatively small value of the radial acceleration. Of
note, however, was the location of the 2’ � 1’ point in the
condenser. For ar � 0 g, this point resided close to TC12, whereas
for the case in which ar � 0:1 g, the 2’ � 1’ point was near TC10.
The linear distance between these two points was approximately
143 cm. Although it was impossible to know the exact location of the
2’ � 1’ point due to the coarse resolution of the thermocouples in
the condenser, it was obvious that the location had changed
significantly between the two cases.

After achieving the quasi-steady state at ar � 0:1 g, the radial
acceleration was increased to ar � 4:0 g, and the LHP again reached
a quasi-steady state, as shown in Fig. 15b. The average evaporator
temperature increased bymore than 30�C, and the temperature in the
bayonet inlet ranged from 37 � Tb � 70�C, whichwas amuch larger
range than that for ar � 0:1 g. Oscillations were again seen at this
acceleration level, but the period of the oscillations increased to
approximately 350 s. This may be due to the distance that the
meniscus travelled within the evaporator, which resulted in wider
swings in the evaporator temperatures and significant oscillations of
the cold plate outlet temperature, which was nearly steady in the
ar � 0:1 g case.

The steady state performance map for the LHP relating radial
acceleration and heat transported for ar � 0:0–10.0 g and
Qin � 100–600 W is shown in Fig. 16. It was observed that dry-
out conditions occurred at varying radial accelerations forQin � 100
to 400W.Dry-out conditionswere not observed throughar � 10:0 g
at Qin � 500 and 600 W. This was likely due to a combination of a
larger fluid inventory in the compensation chamber at higher heat
loads and fluid distribution in the condenser. Quasi-steady state
conditions were observed at Qin � 200 W and 0:0 � ar � 4:0 g.
This demonstrated that bench-top testing cannot be used to determine
the dry-out limit with respect to elevated acceleration.

IV. Conclusions

The effect of changes in evaporator heat input, compensation
chamber heat input, and radial acceleration on the performance of a
titanium–water loop heat pipe were investigated for Qin � 100 to
600W,Qcc � 0 to 50W, and ar � 0:0 to 10.0 g. For evaporator heat
inputs ranging from Qin � 100–600 W, it was observed that the
evaporative heat transfer coefficient decreased monotonically, the
thermal resistance decreased to a minimum and then increased, and
the evaporator wall superheat monotonically increased. Flow
reversal was observed at Qin � 200 W due to vapor bubble
generation in the evaporator.

When examining the effect of compensation chamber heat input
for Qin � 500 W, it was found that the average evaporator

temperatures dropped by 15�C, and evaporative heat transfer
coefficient improved by 68% with only a 3% increase in heat load.
These results differ from Ku [16] in that an improvement was
observed for compensation chamber heat input up to the point at
which subcooling was occurring in the condenser. Periodic flow
reversals were observed starting atQcc � 35 W due to the increased
pressure in the compensation chamber driving the liquid/vapor
meniscus in the secondary wick mesh backward. Operating the LHP
compensation chamber uninsulated at Qin � 500 W was found to
degrade the LHP performance for this particular case and pre-
conditioning the compensation chamber temperature before
evaporator heat input shortened the time to reach steady state.

When examining the effect of radial acceleration, it was found that
dry-out conditions occurred more readily at lower heat inputs
(Qin � 100–400 W) than at higher heat inputs (Qin � 500–600 W).
The LHP was found to be able to reprime after an acceleration event
that caused dry out without the heat input being reduced to zero. It
was also observed that radial acceleration had little effect on the
evaporative heat transfer coefficient and thermal resistance of the
LHP. The evaporator wall superheat was found to be higher at steady
state elevated accelerations when compared with ar � 0 g. This led
to the conclusion that bench-top testing of the LHP is a reliable
method for determining the evaporative heat transfer coefficient and
thermal resistance of a LHP in an elevated acceleration environment
induced by a centrifuge table, but is not sufficient for determining the
dry-out limit or evaporator wall superheat. These results may or may
not actually occur in an aircraft environment as centrifuge operation
can induce artifacts in the data due to the short radius of operation.
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