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Fig. 3 Electron number density pro� les for nonequilibrium in-
viscid and viscous � ow over a blunt wedge (20 cm from the leading
edge).

weakened, producing a smaller density gradient across the
shock. Viscosity also increases chemical dissociation near the
wall; nel is most affected since recombination with NO is
inhibited by the release of thermal energy in the � ow near the
wall. Signal attenuation predicted for inviscid � ow is 10.7 dB,
and for viscous � ow it is 16.6 dB. The viscous � ow value
more closely matches the measured value of 18 dB. Peak elec-
tron number densities shown in Fig. 3 (nel,pk > 5 1012 cm 3)
are larger than the critical density nel,crit of 9 108 cm 3 for

= 1.7 GHz. As noted earlier, this is the situation (i.e., nel,pk

>> nel,crit) for which the present EM model is accurate. Addi-
tional results for an isothermal body surface (freestream tem-
perature) are also shown in Fig. 3. Noticeably smaller values
for nel are computed near the isothermal wall; divergence of
the curves begins between the body surface and the bow shock.
A signal attenuation of 16 dB predicted for the isothermal wall
is smaller than that for the adiabatic wall, cited earlier. The
wedge model used in the Boyer study was metallic and it is
well known that metallic surfaces catalyze chemical reactions
in air, therefore, computations were performed for viscous � ow
and an isothermal, fully catalytic wall (see Fig. 3). Because of
enforced equilibrium, e recombination with NO is promoted
near the wall (nel 0, log10(nel) 10). Note the similarity
of the pro� le shape in Fig. 3 for a fully catalytic wall and that
shown in Fig. 1. A signal attenuation level of 15.8 dB predicted
for the fully catalytic isothermal wall is smaller than that for
a noncatalytic adiabatic wall.

Conclusions
Flow viscosity is an important factor in achieving close

comparison between measured and computed signal attenua-
tion since the electron distribution in the shock/boundary layer
is much larger than that for inviscid � ow. An adiabatic wall
yields a greater number of � ow electrons as compared to an
isothermal wall, producing the largest degree of attenuation. A
catalytic wall reduces electron number density and reduces at-
tenuation.
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Introduction

T HE analysis of heat pipes has usually been restricted to
the inclusion of a static acceleration � eld, such as that

caused by gravity. While this analysis is appropriate in many
applications, it is not valid in the assessment of the thermal
performance of heat pipes in acceleration � elds that are vary-
ing with time. For instance, heat pipes have been proposed to
be used aboard � ghter aircraft such as the U.S. Navy F/A-18
to act as heat sinks for electronics packages that drive aileron
or trailing-edge � ap actuators.1– 3 During combat, transient ac-
celeration � elds of up to 9 g will be present on the aircraft.
Therefore, knowledge of the thermal performance of heat pipes
under transient acceleration loadings is of importance to de-
signers of the electronics packages in need of cooling. The
objective of the present experimental investigation is to deter-
mine the quasi-steady-state thermal resistance of a � exible
copper-water heat pipe under transient acceleration loadings
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Fig. 1 Temperature vs time for Tc = 35 C and various frequency
settings. Qe = a) 75, b) 100, and c) 137 W.

with constant heat input. The performance of the heat pipe is
examined for the following parameter ranges: heat input Qe =
75– 150 W; condenser temperature Tc = 3, 20, and 35 C; and
acceleration frequency f = 0, 0.01, 0.05, 0.1, 0.15, and 0.2 Hz.
The centrifuge radial acceleration loadings ranged from 1.1 to
9.8 g for each frequency setting. In addition, the effects of the
previous dryout history are noted.

Experimental Setup
Determination of the thermal resistance of the � exible cop-

per-water heat pipe under transient radial acceleration loadings
was accomplished by placing the pipe onto a 2.44-m-diam
centrifuge table.2 The heat pipe was mounted along a circular
path at a radius of 1.149 m from the central axis of the cen-
trifuge table. Transient acceleration � elds were imposed on the
heat pipe via open-loop control of the centrifuge angular ve-
locity by a waveform generator, which fed signals to the motor.
The angular velocity of the centrifuge table was sinusoidal,

= sin ft, but the radial acceleration was a sine-squared func-
tion given by ar = r 2 = r sin2 ft. While the acceleration � elds
on an aircraft are made up of many harmonics, information
can be gathered over a range of frequencies for a single har-
monic waveform to study the frequency response of the sys-
tem. In this way, a performance envelope can be developed
that can be used by designers of the electronic packages. The
20-hp dc electric motor was capable of maintaining a proper
waveform on the table up to frequencies of f = 0.2 Hz, which
dictated the upper end of the frequency testing. At higher fre-
quencies, the response of the table was such that the imposed
acceleration was attenuated from the desired range of 1.1 to
9.8 g. The acceleration � eld at the heat pipe location was mea-
sured by a triaxial accelerometer with an uncertainty of 0.1
g. Input power was supplied to the heat pipe from a precision
power supply through power slip rings to the table. The input
power was read by a power analyzer that had an uncertainty
of 1 W. A thermofoil heater was attached to the evaporator
mounting plate. Cooling � uid was delivered to the condenser
mounting plate via a hydraulic rotary coupling. The tempera-
ture of the cooling � uid was maintained at a constant setting
by a recirculating chiller to within 0.5 C. The mass � ow rate
of the coolant was measured by a calibrated rotameter to an
uncertainty of 0.02 kg/min. Heat pipe temperatures were
measured by type T thermocouples ( 0.5 C). Temperature sig-
nals were ampli� ed and conditioned on the centrifuge table.
These signals were transferred off the table through instru-
mentation slip rings, which were completely separate from the
power slip rings to reduce noise. Conditioning the temperature
signals prior to leaving the centrifuge table eliminated dif� -
culties associated with creating additional junctions within the
slip-ring assembly. Temperature and acceleration signals were
collected using a personal computer and data logging software.
Information concerning the heat pipe is given by Yerkes and
Beam.2

Test Procedure
The � exible copper-water heat pipe was tested in the fol-

lowing manner. The recirculating chiller was turned on and
allowed to reach the set point temperature. The centrifuge table
was started from the remote control room at a slow constant
rotational speed ( f = 0) to prevent damage to the power and
instrumentation slip rings. Power to the heater was applied,
and the heat pipe was allowed to reach a steady-state condi-
tion, which was determined by monitoring various tempera-
tures on the heat pipe. The centrifuge table angular velocity
was then changed to a sinusoidal waveform. The frequency of
the waveform driving the centrifuge table was increased in
steps ( f = 0.01, 0.05, 0.1, 0.15, and 0.2 Hz), with steady con-
ditions being reached at each setting. After all data had been
recorded, the power to the heater was turned off and the heat
pipe allowed to cool before shutting down the centrifuge table.
The thermal resistance of the heat pipe, de� ned as the evap-

orator-to-condenser temperature difference divided by the heat
input, was calculated for each steady-state condition, Rth = (Te

Tc)/Qe, where Te and Tc are the temperatures nearest the
evaporator and condenser end caps,2 respectively. Calorimetric
tests were performed and it was determined that the difference
between the heat input to the evaporator and that extracted by
the condenser was less than 10%, and so the heat input is used
for data reduction. The maximum uncertainty of the reported
thermal resistance data was calculated to be 9.5 10 3 K/
W. The repeatability of the data was examined and the maxi-
mum difference in the thermal resistance observed between
two identical runs was 7%.

Results and Discussion
The performance characteristics of a � exible copper-water

heat pipe under transient radial acceleration loadings have been
determined using a centrifuge table. The thermal resistance of
the heat pipe was measured while varying the following pa-
rameters: the acceleration frequency, evaporator heat input,
and condenser temperature. The raw data from a typical set of
tests are shown in Fig. 1. The overall temperature difference
across the heat pipe was slightly higher under the imposed
transient acceleration � eld, as opposed to that for no acceler-
ation ( f = 0). Also, the temperature difference decreased as
the centrifuge table frequency increased. This was a result of
the � uid within the heat pipe sloshing from the condenser to
the evaporator section, which effectively cooled the evaporator
by supplying additional � uid above that delivered by the cap-
illary wick structure. For the lower heat inputs (Figs. 1a and
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Table 1 Overtemperature
dryout conditions for the

� exible copper-water heat pipe

Tc, C f, Hz Qe, W

3 0 150
3 0.01 113
3 0.05 125
3 0.1 137
3 0.15 137
3 0.2 137
20 0.01 137
20 0.05 150

Fig. 2 Thermal resistance vs frequency for various heat inputs.
Tc = a) 3, b) 20, and c) 35 C.

1b), the overall temperature difference did not change appre-
ciably. For the higher heat input (Fig. 1c), the thermal resis-
tance was signi� cantly higher for the case of f = 0.01 Hz. At
this point, the outboard evaporator pad temperature (closest to
the evaporator end cap) exceeded the inboard temperature
(closest to the adiabatic section), which was de� ned as a partial
evaporator dryout condition. In some cases, the evaporator
temperature exceeded Te = 100 C, which was de� ned as an
overtemperature dryout condition. Because of limitations of
the instrumentation and the impracticality of allowing elec-
tronic components to reach such a high temperature, a steady-
state overtemperature condition was not attempted. Table 1
presents the conditions under which the heat pipe experienced
an overtemperature dryout condition. With no acceleration ( f
= 0), the heat pipe dried out at Qe = 150 W for the lowest
condenser temperature (Tc = 3 C). The heat input at which

dryout occurred when the transient acceleration � eld was im-
posed decreased signi� cantly for the lowest frequency settings.
In these cases, the time period during which the heat pipe was
tangentially accelerating and decelerating was relatively long.
This resulted in a liquid pool that alternately resided in the
condenser section and evaporator section for a signi� cant
amount of time. When the pool was in the condenser, the evap-
orator reached a partial dryout condition that was not recov-
ered from when the liquid pool returned to the evaporator,
because the signi� cant overheating impaired the ability of the
� uid to rewet the evaporator wick. The power input at which
overtemperature dryout occurred increased with the centrifuge
table frequency for both condenser temperatures. Overtemper-
ature dryout was not encountered for Tc = 35 C. The test re-
sults for the stationary heat pipe ( f = 0) are presented graph-
ically in Fig. 2. The thermal resistance was nearly constant for
condenser temperatures of Tc = 20 and 35 C, but increased
signi� cantly with heat input after Qe = 113 W for Tc = 3 C.
This reduction in the capillary limit with operating temperature
resulting from property variations is well documented in the
heat pipe literature.4– 6 The heat pipe thermal resistance for the
case of increasing frequency is also shown in Fig. 2. In gen-
eral, the thermal resistance decreased as the table frequency
increased, particularly above values of f = 0.1 Hz. This may
be indicative of a type of resonance within the heat pipe sys-
tem where the effects of � uid slosh and partial dryout were
affecting the performance of the pipe. This particular phenom-
enon will be addressed in future analytical studies. The heat
pipe thermal resistance also decreased as the condenser tem-
perature increased. Therefore, the condenser section should
reject heat to conditions that can maintain the operating tem-
perature of the heat pipe signi� cantly above the freezing tem-
perature of the working � uid.

Partial Dryout Results
During the course of experimentation, it was discovered that

the thermal resistance of the � exible copper-water heat pipe
was dependent on the previous dryout conditions. This phe-
nomenon is elucidated by examining the following set of tests,
where the input power was Qe = 137 W and the coolant tem-
perature was Tc = 20 C. Figure 3a shows a typical test for the
thermal characteristics of the � exible heat pipe (test 1), where
the centrifuge table frequency was increased throughout the
test ( f = 0, 0.05, 0.1, 0.15, and 0.2 Hz). In Fig. 3b, the table
frequency was varied as follows: f = 0, 0.15, 0.1, 0.05, and
0.1 Hz (test 2). Figure 3c presents the results for test 3, where
the frequency variation was f = 0, 0.2, 0.15, 0.1, 0.05, and 0.1
Hz. After the steady state was reached in test 3 at f = 0.1 Hz,
the input power was shut off, and the heat pipe was allowed
to cool and the evaporator wick to reprime fully before re-
starting the pipe. Table 2 summarizes the results of the three
tests. The repeatability of the results are excellent, as can be
seen in the evaporator temperatures for f = 0.05 Hz (Te = 97.0,
99.4, and 97.0 C). In addition, the transition from f = 0.05 to
0.1 Hz is also repeatable (Te = 75.1, 74.2, and 75.1 C for f =
0.1 Hz). Upon examination of the results for f = 0.1 Hz, it can
be seen that the evaporator temperature is dependent on the
previous temperature history of the heat pipe. For example, in
tests 1 and 3, the transition from f = 0.05 to 0.1 results in
evaporator temperatures of Te = 75.1 C at f = 0.1 Hz for each
test. However, the transition from f = 0.15 to 0.1 Hz, shown
in tests 2 and 3, gives Te = 54.7 and 54.0 C, respectively (at f
= 0.1 Hz). Similar results can be found for f = 0.15 Hz (Te =
67.8 C for f = 0.1– 0.15 Hz and Te = 42.3 C for f = 0.2– 0.15
Hz). In both cases, when the heat pipe did not experience a
partial dryout at the previous frequency setting, the evaporator
temperature was lower than when a partial dryout was present
at the previous setting. In other words, if the evaporator tem-
perature shows a partial dryout condition, increasing the fre-
quency will decrease the evaporator temperature, but not as
much as if no dryout was present. Therefore, the thermal re-


