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Fabrication and Testing of Mo–Re Heat Pipes
Embedded in Carbon/Carbon
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Two heat-pipe test articleswere fabricatedandtested, furthering the developmentof a refractory-composite/heat-
pipe-cooled leading edge. A 3-ft-long, molybdenum–rhenium heat pipe with lithium working � uid was fabricated
and tested in a vacuum chamber at an operating temperature of 2460±F, verifying the heat-pipe design. Follow-
ing the fabrication of the initial heat pipe, three additional heat pipes were fabricated and embedded in car-
bon/carbon. The carbon/carbon heat-pipe test article was successfully tested using quartz lamps in a vacuum
chamber in both horizontal and vertical orientations. Startup and steady-state data indicated similar operation
in both orientations but different behavior among the three heat pipes. Radiography and eddy current eval-
uations were performed on the test article and indicated differing carbon/carbon thicknesses and a potential
disbond.

Nomenclature
d = artery diameter, in.
m = mass of lithium in heat pipe, lb
P = pressure, psi
q = heat � ux, Btu/s
q 00 = heat � ux per area, Btu/ft2-s
r = radius, in.
T = temperature, ±F
t = time, s
V = voltage, V
x = distance from end of carbon/carbon, in.

Introduction

S TAGNATION regions, such as wing and tail leading edges and
nose caps, are critical design areas for hypersonic aerospace

vehicles because of the hostile thermal environment those regions
experienceduring� ight.As a hypersonicvehicle travels through the
Earth’s atmosphere, the high local heating and aerodynamic forces
cause extremely high temperatures, severe thermal gradients, and
high stresses. Analytical studies and laboratory and wind-tunnel
tests indicate that a solution to the thermal-structuralproblems as-
sociated with stagnation regions of hypersonic aerospace vehicles
might be alleviatedby the use of heatpipes to cool these regions.1¡12

Recent work to develop a novel refractory-composite/refractory-
metal heat-pipe-cooled leading-edge concept for hypersonic vehi-
cles combines advanced high-temperature materials, coatings, and
fabricationtechniqueswith an innovativethermal-structuraldesign.
Preliminary design studies indicate that a heat-pipe-cooled leading

Received March 10, 1998; revision received June 24, 1998; accepted for
publication Aug. 26, 1998. Copyright c° 1998 by the American Institute of
Aeronautics and Astronautics, Inc. No copyright is asserted in the United
States under Title 17, U.S. Code. The U.S. Government has a royalty-free
license to exercise all rights under the copyright claimed herein for Govern-
mental purposes. All other rights are reserved by the copyright owner.

¤Senior Scientist, 107 Research Drive. Senior Member AIAA.
†Astronaut, Astronaut Of� ce, Mail Code CB, 2101 NASA Road 1. Asso-

ciate Fellow AIAA.
‡Deputy Group Leader, Energy and Process Engineering, Retired; cur-

rently Technical Staff Member, Comforce, Inc., Los Alamos, NM 87545.
§Staff Member, Energy and Process Engineering, P.O. Box 1663, Mail

Stop J576.

edge can reduce the leading-edge mass signi� cantly compared to
an actively cooled leading edge, can completely eliminate the need
for active cooling, and has the potential to provide failsafe and re-
dundant features.13 Studies have also been performed on the use of
carbon/carbon (C/C) heat pipes for space nuclear power applica-
tions by Rovang et al.14 evaluating C/C tubes with metallic liners
for use as heat pipes.

The present paper discusses several tests to help verify the fab-
rication and performance of a heat-pipe-cooled leading edge for
hypersonic vehicles (also see Ref. 15). A 3-ft-long molybdenum–

rhenium (Mo–Re) D-shaped heat pipe was fabricated and heated
with induction heating in a vacuum chamber to an operational tem-
perature of 2460±F. The heat pipe used lithium as the working � uid
and had a D-shapedcross section.The same design was used to con-
struct three additionalheatpipes,which were embeddedin C/C. The
C/C test article was tested with quartz lamps in a vacuum chamber
in both vertical and horizontal orientations.

Description of Heat-Pipe-Cooled Leading-Edge Concept
A brief descriptionof how heat pipes operate and are utilized for

leading-edgecooling is � rst presented, followed by a descriptionof
the proposed heat-pipe-cooledleading-edgeconcept.

Leading-Edge Heat-Pipe Operation
Heat pipes transfer heat nearly isothermally by the evaporation

and condensation of a working � uid. The heat is absorbed within
the heat pipe by evaporation of the working � uid. The evaporation
results in an internal pressure differential that causes the vapor to
� ow from the evaporator region to the condenser region, where it
condensesand gives up heat. The cycle is completed with the return
� owof the liquidcondensateto theevaporatorregionby thecapillary
action of a wick.

Heat pipes provide coolingof leading-edgestagnationregionsby
transferring heat nearly isothermally to locations aft of the stagna-
tion region, thus raising the temperatureaft of the stagnationregion
above the expected radiation equilibrium temperature. When ap-
plied to leading-edgecooling, heat pipes operate by accepting heat
at a high rate over a small area near the stagnation region and radi-
ating it at a lower rate over a larger surface area, as shown in Fig. 1.
The use of heatpipes results in a nearly isothermal leading-edgesur-
face, reducing the temperatures in the stagnation region and raising
the temperaturesof both the upper and lower aft surfaces.

79



80 GLASS ET AL.

C/C Heat-Pipe-Cooled Wing Leading Edge
A C/C heat-pipe-cooledwing-leading-edgeconcept is shown in

Fig. 2 (Ref. 16). The heat pipes are oriented normal to the leading
edge and have a D-shaped cross section, with the � at part of the D
forming the wing-leading-edgeouter surface.A cross section of the
leadingedge(Fig. 2) shows the D-shapedheatpipesembeddedin the
C/C. An alternating J-tube con� guration was selected to minimize
heat-pipe spacing in the nose region, where heating is highest, and
at the same time minimize mass. The C/C structure sustainsmost of
the mechanical structural loads and also offers ablative protection
in the event of a heat-pipe failure.

The maximum operating temperature capability of coated C/C
composite materials for the primary structure of the leading edge
is high (»3000±F) relative to refractorymetals, which are typically
limited to approximately 2400±F. The potentially higher operating
temperature of the present concept increases the radiation heat-
rejectionef� ciencyof theheat-pipe-cooledleadingedgeand permits
reductions in the mass of the leading edge for a given leading-edge
radius. In addition, the higher operating temperature increases the
total heat load that can be accommodatedpassivelyby the heat pipe,
i.e., no forced convective cooling required. For many trajectories,
the high operating temperaturesof the presentdesign help eliminate
the needfor activecoolingduringboth ascentand descent,thus elim-
inating the need for carryingadditionalhydrogenfuel (coolant) into
orbit.Becausemany hypersonicvehiclesreturnunpoweredfor land-
ing, the additionalhydrogenfuel needed for cooling during descent
would result in a mass penalty.

Results and Discussion
Initially, a single heat pipe with a D-shaped cross section was

fabricatedand tested to 2460±F in a vacuum. Upon determining that
the heat-pipe design was adequate, three additional heat pipes were
fabricated. These three heat pipes were then embedded in C/C and
tested in a vacuum chamber. A discussionof each of these heat-pipe
tests follows.

Design Validation Heat Pipe
A D-shaped heat pipe was fabricated and tested to determine the

performance characteristics of the heat pipe designed for cooling
the wing leading edge. A description of the fabrication procedure
for the heat pipe is given, followed by a discussion of the heat-pipe
testing.Both the fabricationand testing of the design validationheat
pipe were performed at Los Alamos National Laboratory (LANL).

Fig. 1 Schematic diagram of a heat-pipe-cooled leading edge showing
regions of net heat input (evaporator) and net heat output (condenser).

Fig. 2 Schematic drawing of a hypersonic vehicle with a diagram of a heat-pipe-cooled wing leading edge.

The artery was fabricated by wrapping three layers of 400 £ 400
mesh Mo–5Re screen around a 0.125-in.-outer-diameter steel man-
drel, which was held in place with a 0.003-in.-diamsteel wire spi-
rally wrapped the length of the artery. The steel mandrel/screen as-
sembly was inserted into a 0.25-in.-outer-diameter£ 0.035-in.wall
steel sheath. The steel sheath was drawn down to a 0.210-in. outer
diameter. After the � nal draw, the assembly was immersed in a wa-
ter/hydrochloric solution, and the steel mandrel, sheath, and wire
were dissolved leaving the formed screen artery.

The screen wick was fabricated by wrapping the � rst two layers
of 400 £ 400 mesh screen over a copper mandrel that had been
machined to the wick’s � nal shape. The artery was placed over the
� rst two layersof screen,the � nal two layersof screenwere wrapped
over the mandrel, and the artery and the edge of the � nal wrap was
spot welded the length of the wick. The assembly was then slid off
the copper mandrel.

The heat pipe was fabricatedfrom a Mo–41Re D-shaped tube that
was drawn from an arc-castbar at Thermo ElectronTecomet,Wilm-
ington, Massachusetts. A screen wick was fabricated by wrapping
four layers of 400 £ 400 mesh Mo–5Re screen around a D-shaped
mandrel. Figure 3 shows a photograph of a section of the D tube
and the screen wick. The artery is located in the top center of the
curvedportionof the heat pipe and has a spring in it to help maintain
its shape. Superimposed in Fig. 3 is a photograph of the closeout
at one end of the wick. One end of the wick is closed out as in the
photograph, and the other end is open and is covered by a pool of
liquid lithium during operation.Mo–41Re end caps were machined
and welded to the ends of the heat pipe.

After the heat pipe was assembled,Li vapor was distilled into the
heat pipe. A schematic diagram of the distillation apparatus and a
detailed description of the distillation process are given in Ref. 17.
The distillation pot was heated by induction heating. All of the
lithium was distilled into the heat pipe to ensure the purity of the
lithium. After the lithium was distilled into the heat pipe, the heat
pipe was closed by the use of a valve.

The heat pipe was then instrumented with thermocouples. One
thermocouple was located over the evaporator section end cap,
whereas the remaining thermocouples were spaced along the con-
denser as shown schematically in Fig. 4. A thin piece of 1

16
£ 1

4 in.
Ni foil was spot welded to the Mo–Re heat pipe. W/W-26Re ther-
mocouples were then spot welded to the Ni foil. The accuracy of

Fig. 3 Photograph of a section of D tube and screen wick.
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Fig. 4 Schematic diagram showing the location of the thermocouples on the heat pipe.

Fig. 5 Steady-state temperature distributions for a range of heat
� uxes, T = § 1%.

the thermocouplesis §8±F below 800±F and §1% above 800±F. All
of the thermocouples were centered on the � at portion of the heat
pipe.

The D-shaped Mo–Re heat pipe was placed in a vacuum cham-
ber and heated by induction heating. The induction heating coils
initially covered approximately 4 in. of the heat-pipe length. After
several preliminary tests in which the D-shaped Mo–Re heat pipe
was checked to ensure properoperation,the steady-statethroughput
of the heat pipe was measured at different power supply settings.
The throughputwas the total integratedheat � ux into the evaporator
that was transferredto the condenserand radiatedaway by the outer
surface of the heat pipe. Prior to calibration, the length of the induc-
tion heating coilswas reducedfrom 4 to 2 in. This reductionenabled
the heat � ux to be doubled while maintaining the same throughput
and maximum operating temperature.

During calibration, the heat pipe was slowly brought to a temper-
ature of 2370±F, and steady-stateoperation was obtained at various
intermediate temperatures, as shown in Fig. 5. As can be seen, the
temperaturesare relativelyuniformexceptat the two ends of theheat
pipe. The � rst thermocouple in the evaporator end was over the end
cap and was not cooled by the lithium, thus resulting in slightly
higher temperatures. At the condenser end, a lithium pool resulted
in cooler thermocoupletemperatures.The temperatureswere moni-
toredwith bothanopticalpyrometerand thermocouplesspot welded
on the heat pipe. Knowing the steady-state temperature of the heat
pipe, the heat radiated away (the throughput) could be related to the
setting on the power supply. The throughputs for the steady-state
conditions are listed in Fig. 5. However, because of the tempera-
ture dependence of the electrical resistance of the Mo–Re, the heat
input at a given power setting is different for different heat-pipe
temperatures. Thus, the heat input determined from the measured
throughput is not as accurate during transient conditions as during
steady-state operation.

During the heating of the heat pipe, it was noticed that the evapo-
rator end cap of the heat pipe was much brighter in color (and, thus,
hotter) than the remainingportionof the heat pipe. The end cap was
too close to the induction heating coils and, as a result, was being
inductivelyheated.The portionof the heatpipe directlyunderthe in-
duction coils, though receivinga high-heat � ux due to the inductive
heating,was being cooled by the operationof the heat pipe.The end
cap, however, was not cooled but was inductivelycoupled.The heat
pipe was heated to approximately 2460±F, with a heat � ux in the
evaporator region (under the induction coils) of q 00 D 141 Btu/ft2-s
and a throughput of q D 3:1 Btu/s. When the heat-pipe operating

Fig. 6 Temperature vs time at various thermocouple locations during
startup from the frozen state of a Li/Mo–Re heat pipe, T = § 1% above
800±F.

temperature reached»2460±F, the temperatureof the end cap of the
heat pipe was approximately2820±F. It was then noticedthat the � at
portion of the heat pipe had deformed outward and was no longer
� at. The power to the induction heaters was turned off, and the heat
pipe was allowed to cool.

After the heat pipe cooled to room temperature, it was visually
inspected. The permanent deformation of the � at surface resulted
in a cross-sectional thickness increase from 0.32 to 0.398 in. The
increase in cross-sectionalthickness was measured with a microm-
eter on the outsideof the heat pipe. The deformationof the heat pipe
occurred over nearly the entire length of the heat pipe. The last few
inches of the condenserend of the heat pipe did not deform because
they were at lower temperatures. In addition to the lower strength
of the Mo–Re with increased temperature, the vapor pressure of
the Li increases exponentially with temperature. During the initial
test with the heat pipe operating at »2370±F, the vapor pressure in
the heat pipe was 11 psi, and no permanent structural deformation
occurred. The vapor pressure in the heat pipe during operation at
»2460±F was P D 16 psi. A nonlinear � nite element analysisof the
Mo–Re D-shaped tube with an internal pressure of P D 16 psi and
a temperature of T D 2460±F predicted a deformation of 0.014 in.
vs the actual deformation of 0.08 in.

The heat pipe was next started up from the frozen state. A plot of
the temperature vs time from the thermocouples is shown in Fig. 6.
Thermocouple number 1 (TC 1) is in the evaporator region near the
end cap, whereas TCs 2–10 are located in the condenser region. TC
4 is not shown in Fig. 6 because the data were in error. The sharp
gradientat the thermal front can be observedin Fig. 6 from the sharp
rise in temperatureat a givenlocation.The power to theheatpipewas
increasedat approximatelyt D 400s and turnedoff at approximately
t D 1000 s. Further details of this test can be found in Ref. 15.

Heat Pipes Embedded in C/C
After the design validation heat pipe was checked out and de-

termined to operate as expected, it was decided to fabricate three
additionalheat pipeswith the same design.After the heat pipeswere
fabricated and their operation veri� ed at LANL, they were embed-
ded in C/C and tested at NASA Langley Research Center (LaRC).

The heat-pipecontainerswere initiallycoatedwith an R512E oxi-
dationprotectioncoating.The intentwas to put a coatingon the heat



82 GLASS ET AL.

pipes that would protect the Mo–Re from both oxidationand carbon
diffusion.18 However,during the � ring (for cleaningpurposes) of the
Mo–Re tubes at LANL, the coating began to evaporate.Because of
the requiredpurity for all heat-pipefabricationsteps, an attemptwas
made to remove the coating so that the evaporated coating would
not contaminate the heat pipe during subsequent processing. Most
of the coating was removed, but not all of the heat pipes appeared
the same after coating removal.

Each heat pipe was wet in after it was charged with lithium. Heat
pipe1 (HP 1)was wet in for42h at 1650–1740±F with m D 0:0099lb
of Li, HP 2 was wet in for 70 h at 1650±F with m D 0:0088 lb of Li,
and HP 3 was wet in for 47 h at 1650±F with m D 0:018 lb of Li.
After the wet in, each heat pipe was tested to evaluate its operation.

HP 1 was heated to a uniform temperature of approximately
2300±F. Because thermocouples were not used on the heat pipes,
temperatureswere estimated with an optical pyrometer.With a tem-
perature of »2300±F and an inductionheating coil length of 1.5 in.,
a heat � ux of approximatelyq 00 D 155 Btu/ft2-s was calculated.The
heat pipe was tested a second time and heated to approximately
2200±F. At this temperature, the heat pipe appeared fully isothermal
with no pool at the condenser end.

HP 2 was initially operated full length at »2420±F. It was then
heated a second time. Portions of the heat pipe appeared a different
color than other portions of the heat pipe due to residual R512E
coating that remained on the heat pipe. The coating modi� ed the
emittance and, thus, the temperature and appearance. In the con-
denser section, the vapor front was not sharp but instead consisted
of »2-in.-long transition.Once the heat pipe was fully operational,
it was isothermalover approximately2 ft, with the last »4 in. in the
condensercoolerdue to noncondensablegas (NCG) in the heat pipe.
There was a sharp transitionfrom the isothermalportion (»1830±F)
to the cooler, NCG-� lled region. The power to the heat pipe was in-
creaseduntil the temperatureof the isothermalregionwas »2075±F.
At this point, the cool gas region at the condenser end was approx-
imately 6 in. long.

HP 3 did not operateproperly from the very beginning.A hot spot
was observed on the � at surface of the heat pipe in the evaporator
section (under the inductionheating coils) from the beginningof the
heating. The heat pipe was oriented such that the � at surface was
facing upward. The heat pipe did operate full length at »2330±F,
but the hot spot remained during the entire test. The location of the
heat source was moved toward the center of the heat pipe a few
inches, but a hot spot remained under the coils during operation.
The heat pipe was then wet in a second time at 1650±F for 72 h.
During the next test, the heat pipe started up slightlybetter, but a hot
spot remained under the coils. Heating was also performed in the
center of the heat pipe. From the tests on HP 3, it was determined
that the most likely problem with the heat pipe was a gap between
the wick and the � at surface in the evaporator end. When the region
with the gap was heated, a hot spot resulted because the heat was
not carried away properly by a fully wetted inner surface. When the
region of the heat pipe with the gap between the � at surface and the
wick was not heated directly, a cool spot resulted because of poor
liquid interchange between the liquid in the gap and the rest of the
heat pipe.

After the heat pipes were tested, all three were embedded in
C/C by Carbon–CarbonAdvancedTechnologies,Fort Worth,Texas.
A carbon preform was previously woven by Fiberite, Greenville,
Texas, with D-shaped channels using T-300 � bers. The fabric was
heat treated at 3000±F. The heat treatment was not performed at
as high a temperature as is often done because the use tempera-
ture of the heat-pipe test article is less than 3000±F, and higher heat
treatment temperatures result in higher modulus � bers. For the ap-
plication here, the lower modulus � bers resulting from the lower
temperature heat treatment is preferable. A 0.005-in.-thick layer of
Grafoil® was placed between the curved portionof the heat pipe and
the carbon � bers prior to densi� cation. This was done by bonding
the Grafoil to the heat pipes with superglue. The purpose of the
Grafoil was to serve as a compliant layer to relieve stresses due to
the coef� cient of thermal expansion (CTE) mismatch between the
Mo–Re and the C/C. A graphite tool was used in the densi� cation
process to ensure proper positioning of the heat pipes.

A type-K thermocouplewas calibrated to determine the accuracy
of the thermocouples.The thermocouplewas calibrated in a minia-
ture furnacewith a 392–2012±F capability.Thoughtest temperatures
were recorded above 2000±F, the calibration could be performed
only to »2000±F. An isothermalwell (Inconel/steel blockwith holes
drilled in it) was placed in the furnace.A standardNational Institute
of Standards and Technology (NIST) calibrated type-R thermocou-
ple was inserted in one of the holes in the isothermal well, and the
thermocouple to be calibrated was inserted in the other hole. The
other ends of the thermocoupleswere referencedto a 32±F ice point.
At each temperature set point, a stable voltage (§1 ¹V) was main-
tained for 30 min prior to recording the voltage output. A Hewlett
Packard 3457A digital multimeter was used to measure the output
to within §1 ¹V. NIST ITS-90 (International Temperature Scale
of 1990) thermocouple tables were used to convert the voltages to
temperatures. The calibration curve comparing the standard NIST
type-R thermocouplewith the type-K thermocouplelike those used
during testing on the C/C is shown in Table 1.

The heat-pipe test article was instrumented with 34 type-K ther-
mocouples made from the same spool of wire as the calibration
thermocouple. The 24 AWG (American Wire Gage) wire thermo-
couples were sleeved with Nextel® ceramic sleeving. A graphite
cement was used to bond the thermocouples to the C/C. The bond-
ing surface was lightly microblastedwith 2-mil-diam alumina at 80
psi to provide a matte surface for bonding. A precoat of 2–3 mils
of the cement was then placed on the surface and allowed to air dry
for 2 h. The entire part was then heated to 260±F in air, held for 2 h,
and allowed to cool. The thermocouples were then positioned on
the part and held in place with aluminum tape. The same graphite
cement was then placed over the thermocouples and allowed to air
dry for 2 h. The part was then heated to 260±F in air, held for 2 h,
and allowed to cool. The aluminum tape was then removed, and the
� nal step was to heat the part in air for 2 h at 450±F. Figure 7 shows
a thermocouple mounted on the curved surface of the C/C. At the
bottom of the � gure can be seen eight thermocouple wires routed
from the � at surface.Though the accuracyof the thermocoupleswas
established from the calibration, bonding the thermocouples to the
C/C introduced an unknown.

The locations of the thermocouples on the � at surface are shown
in Fig. 8. The thermocouplejunctionwas under the graphitecement,
and thus its location was measured only to within § 1

16 in. TCs 33
and 34 are on the side with the curved surface of the heat pipes
(see Fig. 7) and are located opposite TCs 3 and 6, respectively.The
thermocouples are positioned such that they are centered axially

Table 1 Thermocouple calibration

NIST standard
thermocouple, ±F Test thermocouple, ±F Correction, ±F

495.6 497.8 ¡2.2
997.4 1001.4 ¡4.0

1407.1 1411.9 ¡4.8
1609.2 1613.2 ¡4.0
1813.3 1817.4 ¡4.1
2019.6 2022.1 ¡2.5

Fig. 7 Photograph of thermocouple on the curved surface of the C/C.
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Fig. 8 Schematic drawing showing location of thermocouples on the � at surface (not to scale): x = § 1
16 in.

Fig. 9 Schematic drawing of test setup.

on each heat pipe (TCs 1–8 and 17–32) and in the space between
two of the heat pipes (TCs 9–16). The thermocouples are located
approximately4 in. apart exceptat the � ll tube end of the heat pipes,
where the spacing is approximately 3 in.

The testing was performed in a 5-ft-diam £ 5-ft-long vacuum
chamber at LaRC using quartz lamps. Prior to initiation of a test,
the vacuum level was usually in the P D 10¡6 torr range. During
testing, the vacuum level was usually maintained in the P D 10¡5

torr range, but was in the P D 10¡4 torr range during times of sig-
ni� cant outgassing.

A schematic drawing of the test setup is shown in Fig. 9. A total
of 12 q D »0:95 Btu/s (1 kW) quartz lamps were used, with 6 heat-
ing the upper surface and 6 heating the lower surface. The lamps,
2.5-in.-long halogen cycle lamps, were oriented parallel to the heat
pipes, and thus the heated length of the heat pipes was 2.5 in. Four
of the lamps were located over the sides of the heat-pipe test article
(each side and both top and bottom) and, thus, did not contribute
signi� cantly to the heat � ux but did help maintain a constant heat
� ux across the width of the test article. Fibrous insulation and rigid
insulationboard were used for all except the � rst test to insulate the
test article. The insulated test article and the heating � xtures were
all placed in the vacuum chamber.

Steady State
During the � rst test, the heat-pipe test article was completely un-

coveredand radiatedto the insidewalls of the vacuumchamber.As a
result of the radiationheat losses from the test articleand the limited
heat input, the heat pipes never reached operating temperatures.

Becauseof the inabilityto heat the heat pipes to a levelwhere they
began to function as heat pipes, it was decided to insulate both sur-
faces of the heat-pipetest article outsideof the heated zone.The test
article was insulated with approximately2 in. of ceramic insulation
board. The insulation board was baked out for approximately2 h at
1000±F prior to use. Fibrous Saf� l® insulation (not baked out) was
placed between the C/C and the rigid insulation board because the
heat-pipe test article, with thermocouplesand a non� at surface, did
not conform to the � at insulation board. The Saf� l and insulation
board were held in place with four pieces of stainless-steel wire.
The heated portion of the test article was also insulatedon the sides.
The heat-pipe test article was insulated and positioned in the heat-
ing � xture prior to placing the entire test apparatus in the vacuum
chamber. In addition to adding the insulation, the vacuum chamber
was modi� ed by placing a large (»2 £ 2 ft) cold plate in the cham-
ber for the purpose of condensing gases resulting from outgassing.
The quartz lamps were centered between the thermocouples near
the middle of the test article.

Fig. 10 Schematic drawing of the positioning (units of inches) of the
thermocouples relative to the water-cooled � xture (not to scale): x =
§ 1

16 in.

Fig. 11 Temperatures at x = 23.3 in. (TCs 6, 22, and 30) as a function
of time for each of the three heat pipes.

The heat pipe was positionedwithin the heating � xture such that
theheatpipewas heatedat oneendof theheatpipe.TC 1 (x D 2:9 in.)
was located inside the heated region (2:25 · x · 4:75 in.) for TC 2
to be outside the heated region,as shown in Fig. 10. Saf� l insulation
was placed between the heat-pipe test article and the water-cooled
� xture to reduce the heat loss radiated to the water-cooled � xture.

The heat-pipetest articlewas heated over a time periodof approx-
imately 2 h. Figure 11 shows the temperatures at x D 23:3 in. (TCs
6, 22, and 30) as a function of time. Over most of the temperature
range after the heat pipes started operating, HP 2 was signi� cantly
cooler than HPs 1 and 3. However, once the higher temperatures
were reached, HP 2 temperatures experienced a sudden increase to
the range of the other two heat pipes.

After a few minutes at the maximum heat � ux attainable with
the quartz lamps, one of the quartz lamps failed, and the test was
stopped. Figure 12 shows the temperatures at the maximum heat
� ux levels just prior to the bulb failure. The temperatures were
not yet steady state, as they appeared to be slowly increasing. The
temperatures of the thermocouples under the quartz lamps are also
shown in Fig. 12.

Temperature distributionson the C/C over each of the three heat
pipes are shown in Fig. 13 at two different heat � ux levels. The
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Fig. 12 Steady-state temperatures for each heat pipe in the horizontal
orientation.

Fig. 13 Heat-pipe-temperature (on C/C) distributions in the horizon-
tal orientation.

dashed lines represent the steady-state temperatures with a voltage
of V D 130 V. The term steady state is used, but actually, because
the test article was insulated, a true steady state was not obtained.
The time required to obtain true steady-state conditions would be
quite large. Steady state is used to describe the condition where
only very slow increases in temperature were occurring due to the
boundaryeffect of the insulation.The steady-statetemperaturesrep-
resented by the solid lines are with a voltageof V D 180 V. The � rst
thermocouple outside of the heated region on HP 1 (TC 2) was
not operating properly and is, thus, not shown in Fig. 13. HPs 1
and 3 were relatively isothermal over a signi� cant length of the test
article, with HP 3 isothermal over a slightly longer length. At the
V D 130 V level, HP 2 was isothermalover a shorter length than the
other two heat pipes. At the V D 180 V level, HP 2 temperatures
were still lower than those of the other two heat pipes and appeared
to have a dome-shaped distribution. The dome shape is unlike the
temperature distribution shown in Fig. 12.

After a steady-statecondition had been maintained at V D 130 V,
the voltage was increased to V D 180 V. Figure 14 shows the tran-
sient temperature from each of the thermocouples over HP 3 prior
to and after the increase in voltage. The two thermocouples farthest
from the heaters at x D 27:4 and 30.0 in. are labeled in Fig. 14. The
temperatures at the remaining locations were relatively isothermal
and are not labeled. As can be seen in Fig. 14, the temperatures
along the entire length of the heat pipe (even at x D 30:0 in.) in-
crease together. This type of behavior is to be expected for a heat
pipe. However, for heat pipes embedded in C/C, differencesin ther-
mal resistance (such as contact resistance) would result in different
rise times for the temperatures at different locations. Thus, the re-
sults shown in Fig. 14 indicate that the thermal resistance between
the heat pipe and the C/C was consistent along the entire length of
the test article.

Though most of the testing was performed in the horizontal ori-
entation, testing was also performed with the heat pipes vertical,
heated at the top. The steady-state temperature distributionfor each
of the heat pipes in both the vertical and horizontal orientations is
shown in Fig. 15. The voltage was 180 V in both tests. HP 2 had a

Fig. 14 Temperature distributionwhile transitioningfrom one steady-
state condition to another steady-state condition in the horizontal ori-
entation.

Fig. 15 Comparison of steady-state temperature distributions (180 V)
over each heat pipe in both the vertical and horizontal orientations.

dome-shaped temperature distribution, with the temperatures near
the heated region lower than those near the center of the heat pipe.
The temperaturesof the verticalheat pipes were slightlyhigher than
those of the horizontal heat pipes near the heated region. However,
at the condenser end of the heat pipes, the vertical heat-pipe tem-
peratureswere signi� cantly lower than the horizontal temperatures.
Though the voltage to the quartz lamps was the same in both tests,
a different amount of outgassing products collected on the quartz
lamps re� ector or slightly different insulation geometry around the
heat pipesmay havehad an in� uence on the heat-pipe temperatures.
In both tests, the thermocouplesin the heated regions indicatedsim-
ilar temperatures,indicatingthat the heat inputwas not signi� cantly
different.

Startup from the Frozen State
Startup of the heat-pipe test article was performed over a time

of 30 min with the heat pipes in both the vertical and horizontal
orientations.The voltage to the quartz lamps was increased to 180 V
in six unequal steps. The voltage was maintained at the maximum
level of V D 180 V until a relatively steady state was obtained.

The transient temperatures over HP 1 in both orientations are
shown in Fig. 16 for each of the eight thermocouples.The solid lines
represent the horizontal orientation, and the dashed lines represent
the vertical orientation. The � rst thermocouple (TC 1) was located
under the quartz lamps and, thus, responded much quicker and ex-
periencedhigher temperatures.Thoughsome differencecan be seen
in the horizontaland vertical temperaturesunder the heaters (TC 1),
they are similar, indicating similar heat inputs. The thermocouple
next to the heated region (TC 2) did not operate properly during a
portionof the horizontal test. As a result, its temperaturesare shown
only during the early stagesof the test. The sharp increasein temper-
atures as the heat-pipe operating length increased down the length
of the heat pipe can be seen. At steady state, the heat pipe was oper-
ating isothermallyover a greater length in the horizontalorientation
than in the verticalorientation.However, during the startup, the hor-
izontaland vertical heat-pipe temperatureswere similar. It was only
at the higher heat � uxes and at the condenser end of the heat pipes
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Fig. 16 Startup temperature distributions on HP 1 in the horizontal
and vertical orientations.

Fig. 17 Startup temperature distributions on HP 3 in the horizontal
and vertical orientations.

Fig. 18 Startup temperature distributions on HP 2 in the horizontal
and vertical orientations.

that the vertical heat-pipe temperatures began to lag the horizontal
heat-pipe temperatures. Away from the condenser end of the heat
pipe, as the heat pipe was starting up, the temperature rise was
steeper for the vertical heat pipe than the horizontal heat pipe. This
differencecan be observedby noting that the verticalheat-pipe tem-
peraturerise starts after the horizontalheat-pipetemperaturerise but
levels off prior to the horizontal heat-pipe temperatures.

The temperaturesoverHP 3, thecenterheatpipe in the test article,
can be seen in Fig. 17 in both the horizontalandverticalorientations.
The thermocouple next to the heated region (TC 2) did not oper-
ate properly during a portion of the horizontal test. As a result, its
temperaturesare shown only during the early stages of the test. The
temperatures are similar to those in Fig. 16, except that the isother-
mal length was slightly larger. Figure 18 shows the temperatures
over HP 2 during the startup. HPs 1 and 2 were on the sides of the
test article, sandwiching HP 3 between them. That may contribute
to the middle heat pipe (HP 3) being, in general, isothermal over a
larger length than either of the two heat pipes on the sides.

Each of the heat pipes had a 5-mil-thicksheet of Grafoil between
the heat pipe and the C/C on the curved surface of the heat pipe. On

Fig. 19 Comparison of temperature rise with and without 5-mil-thick
Grafoil between HP 1 and the C/C with the heat pipe in a horizontal
orientation.

Fig. 20 X ray of the three heat pipes embedded in C/C showing the
arteries in the heat pipe and areas of less attenuation.

the � at surface,which is theheatedsurfaceonanactual leadingedge,
no Grafoil was used in an effort to minimize the thermal resistance.
Figure 19 shows the transient temperatures at x D 10:8 and 23.3 in.
on both the � at (no Grafoil) and curved (with Grafoil) surfaces
with the heat pipes in the horizontal orientation. At x D 10:8 in.,
the temperature of the surface with no Grafoil increased faster than
that of the surface with Grafoil between the heat pipe and the C/C.
That was as expected because the Grafoil should result in increased
thermal resistance. However, at x D 23:3 in., the surface with no
Grafoil between the C/C and the heat pipe increasedslower than the
surface with the Grafoil. The difference in thermal response at the
two locations was also present in other horizontal tests and with the
heat pipes in the vertical orientation.

Nondestructive Evaluation
Nondestructive evaluation of the C/C heat-pipe test article was

performed prior to testing and after testing. Prior to testing, radio-
graphy was performed on the as-fabricated test article. Figure 20
shows an x ray of the heat pipes embedded in the C/C prior to
testing. Arteries, with apparent outer diameters measured between
d D 0:135 and 0.160 in. (design innerdiameterof d D 0:125 in.), can
be seen in each heat pipe. The difference between the artery inner
and outer diameters is primarily due to the screen wick wrapped
around the artery. Because of the angle of the x ray, the arter-
ies (centered at the top, curved portion of the heat pipe) appear
not to be located in the center of the heat pipes. The straight heat
pipes also appear to be curved, though they are straight. The x ray
revealed several areas of lower density, as indicated in Fig. 20.
The lower-density areas result in less x ray attenuation and, thus,
darker images. The thinner tube cross sections could be the re-
sult of the tube drawing or the sandblasting removal of the R512E
coating.

Additional radiography was performed on the heat pipes after
testing. The distance between the heat pipes was measured from
the x rays and found to be slightly different between different heat
pipes. The distance between the heat pipes varied along the length
but was approximately 0.075 and 0.085 in. One gap was noticeably
(»0.010 in.) wider than the other gap. The spacing was to have
been 0.040 in., indicating that the gaps were approximately twice
the design gap.
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Fig. 21 Plot of thickness data (less heat-pipe container) from eddy
current tests.

Eddy current liftoff thickness tests were also performed on both
the � at and curved surfaces of the C/C. A 100-kHz EM6300 tester
was used with an unsupportedpancake probe. The data include the
thickness of the C/C on the � at surface and the C/C and Grafoil on
the curved surface. Any gaps would also be included in the thick-
ness measurements. The different thicknesses may also be due to
irregularities in processing or tooling. It is uncertain what the ef-
fect of the screen wick is on the thickness measurements.However,
the screen is uniform over the entire length and would contribute at
most 0.002–0.003 in. to the overall thickness.Figure 21 graphically
shows the thicknessesalong the length of each heat pipe. The thick-
ness of the container is not included. A disbond, or gap, appears
to be present on the � at surface of the center heat pipe (HP 3) at
locations x D 3 3

4 and 7 1
2 in. This hypothesis is based on both the

larger thickness and the sound generatedby tapping on the C/C. On
the same heat pipe, at x D 17 and 22 1

4 in., the sound generated by
tapping did not indicate a disbond. On the curved surface of HP 1
at x D 30 in., tapping on the C/C indicated a potential disbond.

During testing,HP 1 appearedto operate the best and have consis-
tently high steady-statetemperaturedistributions.That is consistent
with Fig. 21, which indicates the thinnestC/C is over the � at surface
of HP 1. However, for HPs 2 and 3, the thickness and temperatures
did not always correlate. This may be because of the differences in
the heat-pipeoperation, i.e., presenceof NCG, or because the entire
test article was insulated.

Both the thicknessof the C/C and the distancebetweenheat pipes
was larger in the actual test article than in the design.One technique
to approach the design thickness and heat-pipe spacing is to put
additional Grafoil on the curved surface between the heat pipe and
the C/C. The additionalGrafoilwould tightenup the carbonpreform
becausethe insert (heat pipe and Grafoil) would be larger.The effect
would be thinner C/C and closer-spacedheat pipes.

Concluding Remarks
The fabricationof a heat-pipe-cooledleadingedge for hypersonic

vehicles has moved from the preliminary design stage to the fab-
rication and testing of several subcomponents. The present paper
discusses several heat pipes that were fabricated and tested toward
this goal.

A Mo–Re D-shaped heat pipe was fabricated and successfully
operated up to a temperature of 2460±F. The heat pipe was also
started from the frozen state and operated as expected,verifying the
design.

In addition to testing the single heat pipe, three other heat pipes
were fabricated and embedded in C/C. The successful operation
of each of these heat pipes was determined prior to embedding in
C/C. The C/C test article with the three heat pipes was tested with
quartz lamps in a vacuum chamber in both horizontal and vertical
orientations.Insulationwas required around the entire test article to
reduce heat losses for the heat pipes to operate properly. All three
heat pipes operated successfully, but each performed differently.
The heat pipes were started up successfully from the frozen state
numerous times. Both startup and steady-state data are presented.

The tests demonstrated that heat pipes can be embedded in C/C
and successfullyoperated.Though the contact resistance across the
interfacebetween the heat pipe and the C/C was unknown, it was not
thought to be signi� cant basedon relativelyuniformsurface temper-
atures. However, insulating the test article could also contribute to
the relatively uniform temperatures. The nondestructive evaluation
performed after testing indicated differences in the C/C thickness.
One potentialdisbondarea was identi� ed, but many of the thickness
variations may be due to processing or tooling irregularities.
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