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where x 1 nom(t ), x 2 nom(t ), and x 3 nom(t ) are the nominal angular
rates, which can be determined by the procedure described by
Eq. (5); and ¡Hsz x 3 nom(t ), ¡Hsx x 1 nom(t ), and ¡Hsy x 2 nom(t ) are
the reaction torques from the torquers of the gyros. Following the
derivationof Eq. (16), the integrationof Eqs. (17–19) gives the three
angular velocity components:

x 1(t ) D x 1 nom(t ) ¡ (Hsx / I1)[ d x (t ) ¡ d x (t ¡ Ts)] (20)

x 2(t) D x 2 nom(t) ¡ (Hsy / I2)[d y(t ) ¡ d y (t ¡ Ts )] (21)

x 3(t ) D x 3 nom(t ) ¡ (Hsz / I3)[d z(t ) ¡ d z(t ¡ Ts)] (22)

Accuracy Analysis of the AMG
As indicated in Eq. (16), the output of the AMG satis� es d (t)¡

d (t ¡ Ts) D (¡I1/ Hs)[x 1(t ) ¡ x 1 nom(t)]. If the ratio I1/ Hs is large,
then the minimum angular velocity that the AMG is able to sense
may be small, which means that the AMG could improve the accu-
racy of the usual closed-loop gyro.

Consider an example as follows: The spacecraft’s moment of
inertia is I1 D 103 N-m-s2. The angular momentum of the gyro
is Hs D 1.05 N-m-s, the maximum angular rate of the gyro is
x 1 max D 1 deg/s, and the sample frequencyof the gyro is fs D 2 Hz.
The pulse frequency of the gyro is fq < 2(104) Hz. (For some gy-
ros x 1 max/ fq D 0.001 is a typical value.) Then Eqs. (6) and (16)
imply that the closed-loop gyro is not able to sense the angular
rate of 10¡4 deg/s, but the AMG is able to sense the angular rate
of 10¡4 deg/s if the scale error of the gimbal precession angle is
0.1 deg.

Conclusions
The usual closed-loop RIG operates on the moment relation-

ship along the gyro’s output axis, and its accuracy depends on
the current pulse frequency. The AMG proposed in this Note uti-
lizes the moment relationship along the input axis. It is shown that
the AMG directly senses the spacecraft’s angular momentum in-
stead of the angular rate through the gimbal precession angle and
that the AMG is capable of improving the accuracy of the usual
closed-loopgyro provided that the spacecraft’s moment of inertia is
large.
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Introduction

S TAGNATION regions, such as wing and tail leading edges and
nose caps, are critical design areas of 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 very high temperatures, severe thermal gradients, and high
stresses. Analytical studies and laboratory and wind-tunnel tests
indicatethata solutionto the thermal–structuralproblemsassociated
with stagnation regions of hypersonic aerospace vehicles might be
obtained by the use of heat pipes to cool these regions.

Preliminary design studies at NASA Langley Research Center
(LaRC) indicate that a refractory-composite/refractory-metal heat-
pipe-cooled leading edge can reduce the leading-edge mass by
over 50% compared to an actively cooled leading edge, can com-
pletely eliminate the need for active cooling, and has the potential
to provide failsafe and redundant features.1 Recent work to develop
this novel refractory-composite/refractory-metal heat-pipe-cooled
leading edge for hypersonic vehicles combines advanced high-
temperature materials, coatings, and fabrication techniques with
an innovative thermal–structural design. Testing of a component at
NASA LaRC with three straight molybdenum–rhenium (Mo–Re)
heat pipes embedded in carbon/carbon (C/C) has demonstrated the
feasibilityof operatingheat pipesembeddedin C/C (Ref. 2). In those
tests, the heat pipeswere testedwith quartz lampsup to temperatures
near 2200±F. Some of the key concepts utilized in the fabrication
of the refractory-compositeheat-pipe-cooledleading edge, such as
a compliant or removable layer to reduce thermal stresses and a
slightly convex surface to maintain good thermal contact,have been
patented.3

The present Note discusses the next step in the development
of a refractory-composite/refractory-metalheat-pipe-cooledleading
edge: a leading-edge-shapedheat pipe with a relatively sharp lead-
ing edge and a thin wall thickness.(More detailsof this work may be
found in Ref. 4.) Numerous fabrication issues were resolved in the
fabrication of both the heat-pipe container and wick. The heat pipe
was fabricated from arc cast Mo–41Re, used lithium as the work-
ing � uid, and had a D-shaped cross section and a 400 £ 400 mesh
Mo–5Re screen wick with a single artery along the length of the
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heat pipe. The heat pipe was tested in a vacuum chamber at Los
Alamos National Laboratory (LANL) using induction heating. The
heat pipe operated properly but failed prematurely due to electrical
discharge between the induction heating concentrator and the heat
pipe.

Results and Discussion
A single D-shaped cross section heat pipe in the shape of a lead-

ing edge was fabricated and tested at LANL. After fabrication, the
heat pipe was tested at LANL using induction heating in a vacuum
chamber. A discussion of the fabrication and testing follows.

Fabrication
Because of a relatively small leading-edge radius of 0.5 in., fab-

rication of the nose region of the heat pipe was challenging. The
leading-edge-shaped, or J-tube, heat pipe had a D-shaped cross sec-
tion but had only a short leg on one side of the nose regionand a long
leg on the opposite side of the nose region. Several techniqueswere
evaluated to fabricate the nose region of the heat pipes. Bending the
D-shaped tube to the desired radius was not found to be feasible,
nor was bending sections and then welding the nose together. The
technique that was � nally utilized was to machine the nose compo-
nents out of a solid piece of Mo–41Re and weld them together to
form the nose region. A photograph of the two nose section pieces
individually and welded together with the tubing on both sides is
shown in Fig. 1. The end plugs and a cover to be placed over the � ll
tube are also shown in the photograph. The machining, tube draw-
ing, and welding were performed by Thermo Electron Tecomet,
Wilmington, Massachusetts.

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 and was held in place with a 0.003-in.-diamsteel wire spirally
wrapped the length of the artery. The steel mandrel/screen assem-
bly was inserted into a 0.25-in.-outer-diameter by 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 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.

Testing
After the heat pipe was assembled,0.017 lb (7.5 g) of lithiumwas

loaded into the heat pipe by distillation.The heat pipe was wet-in at
3170±F for 53 h in a vacuumfurnace.After wet-in, the heat pipe was
orientedwith the short leg of the heat pipe on the top and the long leg
on the bottomand placed in a vacuumtest chamber. An rf-induction
coil/concentrator was used as the heat source. The heating device
was designed to heat the entire width of the � at portion of the heat
pipe for a chordlengthof 1.6 in. in thenoseregion.Initial testsheated
the heat pipe to 1700±F, resulting in a heat � ux of approximately
362 Btu/ft2-s.

Fig. 1 Photograph of the individual machined nose components and
the completed nose assembly with the end plugs and � ll tube cover.

To put enoughheat into the heat pipe to heat the entireheat pipe to
operatingtemperatures,a large heat � ux was requiredin the nose re-
gion. During initial testing of the heat pipe, the inside surface of the
nose region remainedhotter than the outsideheatedsurface.The hot
spot resultedbecause the inside surface was heated by the induction
heating but was not adequately cooled by the liquid lithium. The
heating distribution resulted from the nature of induction heating,
which inductivelyheated the entire nose region. The inside surface
of the nose region was not cooled adequately due to the discon-
tinuous wick on that surface.4 In the actual application, inadequate
cooling of the inside surface would not be a problem because it
would not be subject to the aerodynamic heating.

The approach taken to solve the hot spot problem was to insulate
the inside, curved surfaces of the heat pipe. In actual operation, the
inside surface would radiate only a minimal amount of heat. If the
inside surface were insulated,then less heat input would be required
to raise the heat pipe to operating temperatures. With less heating
in the nose region, the inside surface of the nose region might not
develop a hot spot.

The heat pipe was mounted inside the vacuum chamber with
the nose region facing an rf concentrator and coils. RF power was
induced from the coils to the concentratorand then to the heat pipe.
Porous refractory insulation that had been baked for several days
at 1880±F was placed on inward facing surfaces to reduce radiative
coupling between the heat pipe and the chamber walls.

W/W–Re thermocouples were placed on the heat pipe by strap-
ping them down with wire because prior experience welding
thermocouples on a different Mo–Re heat-pipe container was
unsuccessful.2 Though the temperatureuncertaintywas greater than
if the thermocoupleswere welded, the operation of the thin-walled
heat pipe was not compromised by the instrumentation. Two ther-
mocouples were located on the upper surface (the short leg), and
six were located on the lower surface (long leg). The thermocouple
locations for thermocouples 1–8 were, respectively, s D 1.2, ¡1.4,
¡3.5, 8.1, 14.9, 21.8, 28.7, and 30.7 in. The stagnation line is at
s D 0 in., with negative numbers referring to the short leg on the
upper surface.

Four tests were performed prior to catastrophicfailure of the heat
pipe. In each case, the heat pipe was started up over the course of
several hours. Though neither isothermal nor design temperatures
were obtained, the heat pipe was operational.The startup data from
the second test are shown in Fig. 2. In this case, the heat � ux was
reduced after about 6 h and then increased again. Steady-state tem-
peratures were then obtained. However, isothermal operation was
not obtained due to the low heat � uxes required to minimize out-
gassingof the insulation.Because the thermocoupleswere strapped
onto theheatpipe, theuncertainityof the readingsis unknown.How-
ever, it is likely that the actualheat-pipetemperaturewas higher than
the thermocouple reading.

In the � rst two tests, theheat pipe was operationalover most of the
entire length, whereas in the two later tests, it was operationalonly
over a portionof the heat-pipelength,as shown in Fig. 3. The data in
Fig. 3 show typical elevated temperaturesobtained during each test
but do not representsteady-statetemperatures.The data for test 1 do
not include a temperature at s D 8.1 in. because the thermocouple

Fig. 2 Startup data for heat pipe during second test.
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Fig. 3 Heat-pipe temperatures during the four tests.

was not functioning properly at the time. From Fig. 3, it is appar-
ent that the leading-edge-shaped heat pipe did operate as expected,
though design temperatures and heat � uxes were not obtained.

During the fourth and � nal test, the heat pipe was destroyedby an
electricaldischargebetween the inductionheating concentratorand
the heat pipe. This unfortunate event was most likely precipitated
by volatile outgassing from the refractory insulation.

Conclusion
A leading-edge-shaped Mo–Re heat pipe was fabricated and

tested. Several container and wick fabrication issues were resolved

that arosedue to the small 0.5-in.-leading-edgeradius.The heat pipe
was tested in a vacuum chamber with induction heating. The heat
pipedid startup as expectedandoperatedas a heatpipe,however,not
at design heat � uxes and temperatures. Though a testing anomaly
caused premature failure of the heat pipe, successful startup and
operation of the heat pipe are key steps toward the development of
heat pipes for cooling sharp leading edges.
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