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Longitudinal Vibration Effects on a Copper/Water Heat Pipe’s
Capillary Limit
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and
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The effect of longitudinal vibration on the capillary limit of a copper/water heat pipe with a tightly wrapped
screen wick was investigated. The capillary limit was measured over a range of operating temperatures under
static conditions. A bench-top shaker was used to provide vibration in the longitudinal axis of the heat pipe.
The capillary limit was measured at vibration frequencies of 10, 30, and 50 Hz. At each of these frequencies,
tests were run at vibration amplitudes of 0.2 and 2.0 g. The pipe was maintained at a constant inclination angle
and power throughput was increased until dryout occurred. The power throughput at dryout was considered
the capillary limit. The measured capillary limit for each vibration test was compared to the static tests to
determine the effect of the vibration. The results covered operating temperatures from 41.4 to 96.6°C. A vibration
amplitude of 0.2 g caused a 2.3% decrease in the capillary limit. However, there is a 3.7% uncertainty in the
data. A vibration amplitude of 2.0 g at 30 and 50 Hz caused a 9.6 and 6.1% degrade in capillary heat transport
limit, respectively. At 2.0 g and 10 Hz there is a 1.8% decrease in capillary heat transport limit.

Nomenclature

specific heat at constant pressure, J/kg-K
acceleration due to gravity, m/s®
current, A

mass flow rate of coolant, kg/s

power, W

capillary heat transport limit, W
temperature, °C

manifold inlet coolant temperature, °C
operating temperature, C

= manifold outlet coolant temperature, °C
thermocouple number location
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Introduction

HERE has been very little research concerning vibration

effects on heat pipes. Three previous studies were re-
viewed that investigate the effect of vibration on heat pipe
performance. It is interesting to note that the first two date
back to the late sixties/very early seventies and that the last
study was done in 1992.

An experiment conducted by Deverall' addressed changes
in operating temperature due to sinusoidal vibration. A stain-
less steel/water heat pipe was subjected to vibration spanning
5-2000 Hz and up to 12 g. The heat pipe was operated at
temperatures of 60 and 90°C. Two specific tests were con-
ducted. The first consisted of varying the frequency and noting
changes in the heat pipe wall temperature. The second con-
sisted of maintaining vibration at 60 Hz and varying the in-
clination angle of the heat pipe. Changes in wall temperature
were again noted. This report concluded that vibration is not
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detrimental to heat pipe performance and can aid in the wet-
ting of the wick.!

Another experiment conducted by Richardson et al.? ad-
dressed longitudinal vibration on heat pipe performance. A
stainless steel/water heat pipe was subjected to frequencies
of 60, 120, 240, and 580 Hz and inclination angles of 32, 35,
and 38 deg. The time until dryout occurred was determined
by sequentially increasing the power input. This study con-
cluded that longitudinal vibration has a detrimental effect on
the maximum heat transport capability and that this effect is
greater at higher amplitudes and lower frequencies.? How-
ever, the authors did not quantify this effect and suggested
further investigation.

A study conducted by Charlton® addressed the effect of
transverse vibration on the capillary limit of a heat pipe. A
wrapped screen wick copper/water heat pipe was subjected
to transverse vibration at frequencies of 30, 250, and 1000 Hz
and amplitudes of 1.0, 2.5, and 5.0 g. The heat pipe operating
temperature varied from 50—75°C and was kept at an incli-
nation angle of 0 deg. The test consisted of determining the
heat pipe’s static performance by increasing power input until
dryout occurred. The vibrational performance was deter-
mined in a similar manner and the two were compared. This
study concluded that there is little or no effect on the capillary
heat transport limit due to transverse vibration.

The objective of this study is to determine the effect of
longitudinal vibration on the capillary limit of a wrapped screen
wick copper/water heat pipe. This is a direct extension of the
transverse vibration experiment conducted by Charlton.? This
study utilized the heat pipe that was designed and built by
Charlton for the 1992 transverse vibration experiment. Tests
to determine the static and dynamic performance of the heat
pipe were conducted at 0-deg inclination and at varying am-
plitudes and frequencies. The operating temperature of the
heat pipe was varied from 41.4 to 96.6°C. The static and
dynamic capillary heat transport limits of the heat pipe were
compared to identify trends occurring during vibration. Am-
plitudes of 0.2 and 2.0 g and frequencies of 10, 30, and 50
Hz were chosen. These amplitudes and frequencies were se-
lected because many space-related applications are likely to
encounter this vibration regime.* Also, Richardson?® noted
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that lower frequencies (60 and 120 Hz) were detrimental to
the performance of the heat pipe used in his experiment.

Experiment Design

The only change to Charlton’s® heat pipe for this study is
the use of a different heater. The new heater is slightly longer
than the old one, which results in a longer evaporator section;
0.1022 m instead of 0.1016 m. The condenser length does not
change, remaining at 0.1111 m, therefore, the adiabatic sec-
tion was shortened to 0.0915 m from 0.0921 m. All other heat
pipe dimensions remain as specified in Charlton’s work.

The pertinent heat pipe measurements are as follows: total
working length, 0.3048 m; 0.d., 2.223 cm; i.d., 1.892 cm; wall
thickness, 1.651 m; wick, 100 mesh copper screen; and water
volume, 5.7 g.

The sonic and entrainment heat transport limits are unaf-
fected by the evaporator and adiabatic section length changes.
At 100°C the sonic limit is 74,910 W and the entrainment limit
is 8746 W. The boiling limit increased slightly to 2088 W from
2076 W. The capillary heat transport limit for this study was
slightly lower than that calculated by Charlton. It ranges from
101 Wat a T, of 37°C to 181 W at a T, of 97°C. The capillary
limit is clearly the most restrictive. In fact, it is at least an
order of magnitude lower than any of the other limits. There-
fore, when a maximum heat transport rate is reached, it can
be attributed to the capillary limit.

This experiment design is a derivative of Charlton’s setup.
As such, much of the same equipment is used. The primary
differences include: 1) a nichrome heater wire instead of a
heating tape, 2) insulation of the entire heat pipe instead of
just the heater, 3) a refrigerated bath/circulator to provide
coolant at a constant temperature and flow rate instead of
using tap water, and 4) a longitudinal vibration fixture instead
of a transverse fixture. This setup is also very similar to the
one used by Buchko® for his low-temperature heat pipe ex-
periment.

Figure 1 shows the main components of the experiment
setup. This figure provides reference points for the following
component descriptions and test procedures.

Heater

A heater capable of providing a uniform heat distribution
was desired. A uniform heat distribution resulted in a constant
temperature throughout the evaporator section while the heat
pipe was operating in the heat pipe mode. This constant tem-
perature in the evaporator section made the temperature in-
crease at dryout more noticeable. This heater also had to be
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Fig. 1 Experimental setup: 711 = coolant inlet temperature and 712
= coolant outlet temperature.

capable of producing dryout in the heat pipe, i.e., it had to
provide enough power density to exceed the heat pipe’s power
throughput capability. Finally, the heater had to be capable
of sustaining longitudinal vibration at 2.0 g and up to 50 Hz,
which were the vibration limits of this study. Several off-the-
shelf heater units were available, but none were ideal. There-
fore, a rugged, yet simple, heater was produced.

The resulting heater was a single core, nichrome heater
wire with an Inconel 600 sheath. The maximum predicted
power throughput for the heat pipe was 185 W. Therefore,
the heater was designed to deliver 500 W. This ensured that
dryout conditions could be met for this heat pipe and that the
heater could be used for higher power applications in the
future. The heat pipe evaporator area was 95.25 mm long by
22.23 mm diameter. Thirty wraps of 3.18-mm sheathing were
necessary to fully cover the 95.25 mm length. This resulted
in 2.39 m of total wire length. The resistance of the wire was
5.24 Q/m for a total resistance of 12.52 ). A maximum input
power of 500 W was achieved by supplying the wire with 79.2
V and 6.3 A. The heater was covered with 12.7 mm of RPC-
XA-AQ felt (a 1566°C ceramic fiber insulation made by Re-
fractory Products Company). This fiber was also applied to
the entire length of the heat pipe in an equal depth.

The power supplied to the heater was monitored using an
ammeter and a voltmeter. The power is simply the voltage
multiplied by the current, P = { X V. A signal conditioning
rectifier (SCR) was used to apply the power in approximately
5-W increments. The actual power input was not important
to this study. The efficiency of the pipe is not under inves-
tigation, only the power throughput. The power monitoring
was done to ensure that a constant increment was applied to
the heat pipe for all of the tests.

Coolant Control

The coolant served several purposes. The most important
was in the calculation of the capillary limit Q. ... Buchko’s®
low-temperature heat pipe experiment, Charlton’s? transverse
vibration experiment, and this study all measure Q. .., using

Qr‘mz\x ) mcpA T (1)

where A T'is the difference between the coolant manifold inlet
and outlet temperature (K).

Equation (1) was used to calculate Q. ... at dryout. The
AT was the temperature difference between the coolant inlet
and outlet. The coolant also dictated the heat pipe operating
temperature. The operating temperature could be varied by
changing either the coolant inlet temperature or the coolant
flow rate. Both had the effect of changing the mean condenser
temperature, which in turn changed the heat pipe’s operating
temperature. A lower condenser temperature resulted in a
lower operating temperature. A higher flow rate also resulted
in a lower operating temperature. A constant flow rate was
chosen and the coolant temperature was varied to control
operating temperature.

A NESLAB Endocal RTE-100 refrigerated bath/circulator
was used to supply the coolant. The bath/circulator pumps
fluid at a constant mass flow and can be set to temperatures
ranging from 0 to 100°C to the nearest 0.1°C. The flow rate
of the coolant system was controlled with a variable flow
meter placed in the coolant line. A Manostat scale/float-type
flow meter was used. The flow meter was set to 100 (ap-
proximately 0.0016 kg/s) on its scale and then calibrated for
each of the coolant temperatures used.

Vibration Control System

The shaker system used to provide longitudinal vibration
was identical to the one used during Charlton’s transverse
vibration experiment. For this study, the Unholtz-Dickie
shaker was bolted directly to a 1-m? concrete isolation block.
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This was done in an effort to eliminate as much vibration in
the transverse and vertical axis as possible. The feedback
accelerometer was recalibrated to ensure accurate vibration
amplitudes.

The vibration fixture had to hold the heat pipe at a constant
inclination angle and maintain mainly longitudinal motion.
The fixture was designed to attach directly to the shaker ac-
tuator surface. The shaker and the support bracket were bolted
directly into the concrete isolation block. The support bracket
had a groove along its top in which the flange of the heat
pipe mounting slides in. This reduced the amount of vibration
in extraneous directions. All vibration fixture parts were made
of aluminum and were manufactured in a machine shop. Phe-
nolic insulation was used to thermally and electrically insulate
the heat pipe from the vibration stand. The mounts were
designed for ease of heat pipe removal if necessary.

Data Acquisition

The data acquisition system was capable of recording or
displaying the following information: 1) vibration frequency,
2) vibration amplitude, 3) heat pipe wall temperature, 4) cool-
ant inlet and outlet temperature, 5) room temperature, 6)
heater power, 7) coolant flow rate, and 8) coolant temperature
in the bath/circulator.

The vibration data was gathered using accelerometers. The
longitudinal axis accelerometer acted as the control for the
vibration level in the shaker system. The transverse and ver-
tical axis amplitudes were fed directly to an oscilloscope for
amplitude measurement. This experiment made use of the
exact shaker control/accelerometer pairing used by Charlton
for the transverse study. The off-longitudinal accelerometer
readings were used to ensure that the vibration was occurring
mainly in the longitudinal direction. The off-longitudinal vi-
bration ranged between 2.5-40% of the longitudinal vibra-
tion.

The temperature measurements were all taken using T-type
copper/constantan thermocouples. There was a total of nine
thermocouples (TCs) connected directly to the heat pipe wall
as shown in Fig. 2. Reference 6 provides thermocouple at-
tachment and temperature recording details.

All temperature readings were taken at 5-s intervals to
minimize the size of the data files. Time intervals of 5 s pro-
vided enough resolution to determine when dryout occurred.

Experimental Test Procedure
A very strict test procedure was developed and followed
for all test runs. This ensured consistency in the data gathered.
The following test procedures were used:
1) Ensure that the heat pipe is initially at room temperature.

2) Incline the heat pipe (condenser high) to approximately
45 deg to ensure that the wick has rewet (keep inclined for
at least 30 min).

3) Return the heat pipe to a horizontal position.

4) Input approximately 100 W of power into the heater.

5) Allow the heat pipe to reach steady-state operation (in-
dicated by T1, T2, and T3 changing by less than 0.5°C over
10 time steps, 50 s).

6) Begin vibration at specified amplitude and frequency.

7) Begin taking temperature data.

8) Increment the input power by 5 W and allow to reach
steady operation again.

9) Repeat step 8 until dryout occurs.

10) Turn off input power and allow pipe to cool.

11) Look at the temperature data file and determine at
which time index dryout occurred.

12) Record frequency, amplitude, T,
mass flow rate.

13) Look up ¢, (Ref. 7) at the average coolant manifold
temperature.

14) Calculate Q. ... using Eq. (1).

T,
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Experimental Analysis

Temperature Measurements

The accuracy of the temperature measurements for this
study were the same as those done by Charlton.® In addition,
because the same temperature data acquisition was used, the
temperature data error analysis is very similar to Charlton’s.

Great care was taken in attaching the nine heat pipe wall
thermocouples. Each was wired flush to the wall and covered
with a conductive grease. This, in conjunction with an added
layer of insulation over the length of the heat pipe, helped to
ensure that only the heat pipe wall temperature was being
measured as opposed to the temperature of the surroundings.
For this study, the adiabatic section’s wall temperature read-
ings were the most important. The evaporator section’s wall
thermocouples were used to observe temperature trends and
to predict dryout. They were not used to determine an exact
temperature. The adiabatic section thermocouples were used
to determine the heat pipe operating temperature. The pre-
cautions taken in attaching these thermocouples result in a
very small error.

Temperatures were recorded to the nearest 0.1°C; however,
the temperature readings fluctuated by up to 0.4°C for both
the steady and dynamic cases. It was assumed the temperature
readings were accurate to the nearest 0.5°C.

Vibration Data

The accuracy of the longitudinal accelerometer was ensured
by calibrating it before any test runs. This process was also
identical to the one used by Charlton.? In fact, it was con-
ducted on the same equipment and used the same standard
calibrating accelerometer. Once calibrated, the output of this
accelerometer was displayed on the oscillator to the nearest
0.01 g.

The off-longitudinal accelerometers were used only to en-
sure that the vibration was occurring mainly in the longitudinal
direction. These accelerometers were factory calibrated and
their readout was displayed on an oscilloscope. The oscillo-
scope was observed for all of the test runs and the worst case
off-longitudinal accelerations were recorded.

Coolant Flow Measurement

The coolant flow was monitored using an adjustable flow
meter. The coolant temperature ranged from 0 to 60°C. It
was decided to use only one flow meter scale setting and
calibrate it over the expected temperature range of the cool-
ant. A scale setting of 100 was chosen, resulting in flow rates
of 0.001446—0.001833 kg/s.
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Heat Pipe Inclination

The heat pipe inclination angle has a strong effect on per-
formance. If the condenser is higher than the evaporator,
capillary pumping is aided by gravity and dryout can be de-
layed. If the condenser is lower than the evaporator, capillary
pumping must work against gravity and dryout will occur
early. This study did not investigate changes in inclination
angle, but used an angle of 0 deg for all test cases.

Determination of Accumulated Experimental Error

A rss uncertainty analysis was performed to determine the
error bars associated with each test run. This analysis is similar
to Charlton’s,? but varies in the mass flow error calculation.

Experimental Results

Static Data

The static performance of the heat pipe was determined by
conducting 21 test runs. These static tests were conducted
holding the heat pipe motionless and near to horizontal. Op-
erating temperatures between 41.4-96.6°C were investigated.
A lower limit of 41.4°C was selected because it was the lowest
operating temperature feasible at the coolant temperature
lower limit (0.0°C). An upper limit 96.6°C was selected be-
cause it was just within the heat pipe design operating tem-
perature of 100°C. These limits were also chosen to closely
model the limits from the transverse study.

Figure 3 presents the operating limit of the heat pipe under
static conditions. The static test data were consistently above
the predicted operating limit of the heat pipe. “Variations in
cleanliness during assembly, the production technique, the
true physical dimensions, and the tightness of the wick wrap
are a few of the variables that impact the performance of the
pipe.”?

The predicted operating limit of the heat pipe assumes an
inclination angle of 0 deg (horizontal). However, although
the experiment kept a constant inclination angle, it was not
necessarily horizontal. An inclination angle other than 0 deg
allows gravity to effect the heat pipe performance:

Qcmax = 24.4045-(T,,,)" 47 2

Therefore, the heat pipe inclination angle was kept constant
to ensure that gravity did not effect dryout. Any of these
variables could explain why the heat pipe operated above the
predicted operating limit. A power law relation predicted the
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operating limit most accurately and was used to describe the
static data: Equation (2) will be used during the statistical
breakdown of the longitudinal vibration results. Specifically,
Eq. (2) will represent a baseline with which to compare the
vibration data.

Longitudinal Vibration Data

The effect of longitudinal vibration on the heat pipe was
determined by comparing test runs at specific amplitudes and
frequencies against the static runs. Amplitudes of 0.2 and 2.0
g and frequencies of 10, 30, and 50 Hz were used. Higher g
loads were not possible due to limitations of the bench-top
shaker. Each amplitude was run at each of the three fre-
quencies. These six combinations were then run at three dif-
ferent operating temperatures to create 18 different test cases.
In addition, five extra cases were run to confirm repeatability,
bringing the total number of test cases to 23. The work done
by Charlton for transverse vibration was conducted at am-
plitudes of 1.0, 2.5, and 5.0 g. Each of these amplitudes were
run at frequencies of 30, 250, and 1000 Hz (Ref. 3). The
transverse study indicated little or no effect at these ampli-
tudes and frequencies. However, the greatest effect was no-
ticed at 30 and 250 Hz. This can be attributed to larger dis-
placements corresponding to lower frequencies. In addition,
space systems spend a significant amount of time exposed to
vibration low frequency, low amplitude. Therefore, the lon-
gitudinal study was conducted at lower amplitudes and fre-
quencies.

The lower frequencies caused the vibration apparatus to
physically displace the heat pipe far more than at higher fre-
quencies. A larger displacement causes more of an impact on
the bulk movement (if any) of the working fluid. The lower
frequencies would also allow more time for each displacement
to make an impact.

Each amplitude was run at each of the frequencies resulting
in six cases. These six cases were conducted at three operating
temperatures resulting in a total of 18 different vibration cases.
Five additional cases were also run to ensure repeatability.
The three operating temperatures for the 23 desired cases
were approximately 42, 63, and 87°C. The operating tem-
perature varied slightly as a result of the uncertainties in the
exact power input to the heater due to the accuracy of the
power supply.

Figure 4 depicts the static, vibration, and static curve fit
[Eq. (2)] data plotted on the same graph. Initial observations
lead to the conclusion that the 2.0-g data have lower capillary
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Fig. 4 Q. ... vs T,,: static and vibration.
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heat transport limits at similar operating temperatures com-
pared to the static data. The only difference between the static
and vibration tests was the movement of the heat pipe under
vibration conditions. Therefore, the lower capillary heat
transport limit for the vibration tests is attributed to the vi-
bration. This is especially noticeable at the midrange oper-
ating temperature.

To statistically represent the capillary heat transport limit
data, the change in Q. ., at different amplitudes and fre-
quencies has to be quantified. A AQ, .., was found by sub-
tracting the actual Q. .., from the expected static Q. ... [Eq.
(2)]. This effectively deleted temperature as a variable be-
cause the static and vibration capillary heat transport limits
can be compared at the same operating temperature. A pos-
itive AQ, ... indicated that the actual Q_ ... was less than the
expected Q, ...- A mean and a standard deviation for AQ
was then calculated for the static, 0.2- and 2.0-g data.

Figure 5 demonstrates that AQ, .. increases with increasing
g level; i.e., the vibration data were below the static data.
The centered symbols in Fig. 5 represent the mean AQ
and the vertical lines represent the standard deviation.

There is a 3.76-W increase in the mean value of AQ,_ ., at
0.2 gand a 8.86-Wincrease at 2.0 g. These increasesin AQ, ..
indicate a 2.3 and 5.4% decrease in Q, ..« from the static
curve fit for the 0.2- and 2.0-g tests, respectively. These per-
centages are based on the average predicted Q, ... of the heat
pipe (162.6 W at 65°C). A 3.76-W increase is inside the data
uncertainty of approximately 6.0 W, and so the 0.2-g data are
inconclusive. However, a 8.86-W increase in AQ_ ... is outside
of the data uncertainty, so that there is a definite degradation
in performance at 2.0 g. This degradation is caused by the
vibration amplitude (2.0 g) being large enough to effect the
heat pipe performance.

The 0.2- and 2.0-g data were then reduced as a function of
the three frequencies investigated. The mean and standard
deviations for AQ. ... were calculated for the 10-, 30-, and
50-Hz data at each of the amplitudes. Figures 6 and 7 depict
this analysis.

Figure 6 again shows a very small increase in AQ, .., for
the 0.2-g data, regardless of the frequency, because 0.2 g is
not enough amplitude to effect the heat pipe performance.
The largest AQ., ..., in Fig. 6 is 6.34 W at a frequency of 30

¢, max

¢,max

Hz. This is right at the data uncertainty, and so the 0.2-g data.

as a function of frequency are inconclusive.
Figure 7 shows much larger increases in the mean AQ, ..
for the 2.0-g data. This is especially noticeable at the 30- and
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50-Hz frequencies. At 30 and 50 Hz the increase in AQ, ..
is 15.53 and 9.88 W, respectively. These AQ. ..., increases
correspond to decreases of 9.6 and 6.1% in Q. ... These are
both much greater than the uncertainty in the data. Therefore,
the heat pipe’s capillary heat transport limit is conclusively
degraded at 30 and 50 Hz.

In Figs. 57, the standard deviation bars for the 0.2-g data
overlap those of the static to a great extent. When this hap-
pens, any change in AQ. ... is inconclusive. The standard
deviation bars for the 2.0-g data do not overlap the static
standard deviation bars as much. Figure 7 shows no error bar
overlap at 30 and 50 Hz. Therefore, Q. ... is conclusively
changed because the mean AQ. ..., is larger at 30 and 50 Hz
than the statistical uncertainty. This is the same trend that
was observed in the transverse study. In that study, the only
data that had a noticeably reduced Q, ., were at 30 and 250
Hz.* The fundamental frequencies of the heat pipe were cal-
culated to determine if these frequencies corresponded to the
peak in AQ, ... The first fundamental frequency was on the
order of 12,000 Hz and the higher fundamentals were upwards
of 30,000 Hz. No relationship appears to exist.
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Table 1 Medium 7,, temperature variation test (125.1 W)

Time T1 T2 T4 T5 T6 T7 T8 T9 T11 T12
0 67.8 68.6 58.9 58.6 57.2 56.6 53.8 45.3 28.9 447
300 67.6 68.4 58.9 58.6 57.2 56.3 53.8 45.3 28.9 447
600 67.3 68.4 59.1 58.9 57.2 56.6 54.1 45.6 28.9 44.7
900 67.1 68.2 59.0 58.4 57.3 56.4 53.6 45.4 29.0 44.8
1200 66.5 67.9 58.7 58.1 57.0 55.9 531 46.3 28.7 44.8
1600 68.4 68.9 59.4 58.9 57.5 56.6 53.8 46.8 28.9 44.7

During the course of the vibration testing, temperature
variations along the length of the heat pipe were noticed.
Temperature measurements taken along the heat pipe during
static conditions changed when vibration was induced. To
investigate this phenomenon, the heat pipe was allowed to
achieve static, steady conditions (operating in heat pipe mode)
at a point well within its operating regime. The heat pipe was
operated for 1 h to ensure that the temperature readings along
its length were no longer changing. The heat pipe was then
vibrated at 2.0 g at various frequencies.

Vibration does cause the temperature along the heat pipe
to change. In general, the temperatures decreased approxi-
mately 1°C during the vibration phase and then rose rapidly
(within 15 s) when the vibration ceased. This effect happens
predominantly at the evaporator end (T1 and T2). The con-
denser, coolant inlet, and coolant outlet temperatures (T9,
T11, and T12) are not effected by the vibration. Therefore,
even though there is some variation in the wall temperature
of the heat pipe, vibration does not appear to effect the power
throughput capability in this type of test. This temperature
variation trend appears to be more severe for a heat pipe at
a low T,, than a heat pipe at a high T,,. At a low T, the
temperature decrease is 1°C, and at a high T,,, the temperature
decrease is 0.5°C. These observations were also noted briefly
during the vibration test done by Deverall' of a stainless
steel/water heat pipe. In that test, the temperature drop along
the heat pipe decreased from 2 to 1°C, indicating an actual
performance improvement. A temperature drop along the
heat pipe indicates a performance increase because the power
throughput is maintained with a smaller temperature drop
along the heat pipe. Table 1 shows an example of the tem-
perature fluctuations due to vibration.

Conclusions

This study incorporated all of the suggested experiment
improvements from the transverse study.® These included the
following:

1) Maintain a constant heat pipe angle from test to test.

2) Insulate the entire length of the heat pipe to reduce
convection and radiation heat transfer.

3) Insulate the inlet and outlet coolant lines to eliminate
convection and conduction heat transfer losses before the
temperature measurement is taken.

4) Implement a constant flow/constant temperature coolant
supply.

These improvements drastically improved the quality of the
data obtained during this study. The constant flow/constant
temperature alone provided much greater consistency and
repeatability.

Longitudinal vibration causes a decrease in the capillary
heat transport limit of a wrapped screen wick copper/water
heat pipe. The decrease is most noticeable at specific vibration
amplitudes and frequencies. The results of this study do agree
with the subtle trends indicated by the transverse vibration
study.?

A vibration amplitude of 0.2 g has a combined 2.3% de-
crease in Q. ... over the entire frequency band investigated.
The uncertainty in the actual heat transport measurement is
approximately 3.7% and is greater than the difference be-
tween the static and the 0.2-g vibrating cases. Te/s’t, runs in-

volving repeated operating temperatures resulted in capillary
heat transport limit decreases less than the 3.7% uncertainty.
Therefore, no quantified conclusion can be drawn about the
0.2-g vibration tests other than that there appears to be a
trend towards decreased heat transport.

A vibration amplitude of 2.0 g has a much greater influence
on the capillary heat transport limit. At frequencies of 30 and
50 Hz there is a 9.6 and a 6.1% decrease from the measured
static heat transport limit, respectively. The data taken at 10
Hz indicates a 1.8% decrease, but is not conclusive due to its
uncertainty (3.7%). Once again, test runs involving repeated
operating temperatures resulted in capillary heat transport
limit decreases less than the 3.7% uncertainty.

Changes in longitudinal vibration do cause temperature var-
iations to occur along the heat pipe. This effect takes place
predominantly at the evaporator. The temperature at the
evaporator fell approximately 1°C when a static heat pipe was
vibrated and increased rapidly (within 15 s) to at least the
original temperature when the vibration stopped. There was
no temperature or power throughput change at the condenser
end. The decrease in temperature at the evaporator is more
pronounced for a low operating temperature than for a high
operating temperature. At a low T, the temperature decrease
was 1°C, and at a high T, the temperature decrease was 0.5°C.

Research in the area of capillary heat transport limit should
be continued to better quantify the results of vibration on
heat pipe performance. The data taken during the transverse
and the longitudinal vibration study should be expanded to
include more amplitudes and frequencies. The vibration wave
form should also be varied during the frequency and ampli-
tude range extensions. Also, heat pipes of other designs should
be submitted to the same types of experiments. In particular,
axially grooved wick heat pipes should be investigated because
they do not contain the screening that could be overcoming
the effect of vibration in other experiments.

In addition to the capillary limit, the entrainment limit of
heat pipes under vibration conditions should be investigated.
Vibration may cause fluid to be torn from the wick structure
and increase the amount of entrainment occurring. Sintered
metal heat pipes also need to be investigated to see if vibration
causes wick breakdown.

The temperature variations should also be further investi-
gated. This study only touched on what was noticed as an
aside to the actual capillary heat transport limit investigation.
Temperature variations tests should be conducted for a greater
range of amplitude, frequency, and operating temperature.
Other heat pipe designs should also be investigated for tem-
perature variations during vibration.

Acknowledgments
The authors would like to thank the U.S. Air Force Institute
of Technology Model Shop for their aide in manufacturing
the vibration fixture and the Power and Technology Branch
of Wright Laboratory for making the heater.

References

'Deverall, J. E., “The Effect of Vibration on Heat Pipe Perfor-
mance,” Los Alamos Scientific Lab., LA-3798, Oct. 1967.
*Richardson, J. W., et al., *“The Effect of Longitudinal Vibration

|
f



96 HUBER AND BOWMAN

on Heat Pipe Performance,” Journal of the Astronautical Sciences,
Vol. 17, No. 5, 1970, pp. 249-266.

*Charlton, M. C., “Effect of Transverse Vibration on the Capillary
Limit of a Wrapped Screen Wick Copper/Water Heat Pipe,” Masters

Thesis, U.S. Air Force Inst. of Technology, Dayton, OH, 1992.
‘Summit, J. W., and Frank, H., “AF/NASA High Mach Combined

Cycle Engine Developments,” U.S. Air Force Wright Research and

Development Center’s Aero Propulsion and Power Lab.

SBuchko, M., “Experimental Investigation of Low and High Tem-
perature Heat Pipes with Multiple Heat Sources and Sinks,” M.S.
Thesis, Wright State Univ., Dayton, OH, 1990.

“Huber, N. F., ““Effect of Longitudinal Vibration on the Capillary
Limit of a Wrapped Screen Wick Copper/Water Heat Pipe,” M.S.
Thesis, Air Force Inst. of Technology, Dayton, OH, 1993.

Incopera, F. P., and DeWitt, D. P, Introduction to Heat Transfer,
Wiley, New York, 1990.

Beg; Seller,

Fundamentals of

Solid-Propellant Combustion

Kenneth K. Kuo and Martin Summerfield, editors

1984, 887 pp, illus, Hardback
ISBN 0-915928-84-1

AIAA Members $74.95
Nonmembers $99.95

Order #: V-90(945)

Place your order today! Call 1-800/682-A1AA

JAIAA

American Institute of Aeronautics and Astronautics

Publications Customer Service, 9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
FAX 301/843-0159 Phone 1-800/682-2422 8 a.m. - 5 p.m. Eastern

i

I

This book addresses the diverse technical
disciplines of solid-propellant combustion.
Contents include: Survey of Rocket
Propellants and Their Combustion
Characteristics; Perchlorate-Based
Propellants; The Thermal Behavior of
Cyclotrimethylenetrinitramine (RDX) and
Cyclotetramethylenetetranitramine
(HMX); Combustion of Metalized
Propellants; and more.

Sales Tax: CAresidents, 8.25%; DG, 8%. For shipping and handling add $4.75 for 1-4 books (call
for rates for higher quantities). Orders under $100.00 must be prepaid. Foreign orders must be
prepaid and include a $25.00 postal surcharge. Please allow 4 weeks for delivery. Prices are
subject to change without notice. Returns will be accepted within 30 days. Non-U.S. residents
are responsible for payment of any taxes required by their government.




