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ABSTRACT

An evaluation of two heating methods for demonstration of NASP leading edge heat pipe
:echnology was conducted. The heating methods were and RF induction heated plasma jet and direct RF
nduction. Tests were conducted to determine coupling from the argon plasma jet on a surtace physically
similar to a heat pipe. A molybdenum tipped calorimeter was tabricated and installed in an rt induction
heated plasma jet for the test. The calorimetric measurements indicated a maximum power coupling ot
approximately 500 W/cim< with the rf plasma jet. The effect of change in gas composition on the heating rate
was investigated using helium. An alternative to the plasma heating of a heat pipe tip, an rt concentrator was
evaluated for coupling to the hemispherical tip of a haat pipe. A refractory metal heat pipe was designea.
tabricated, and tested for the evaluation. The heat pipe was des:gned for operation at 1400 to 1900 K with
power input to 1000 Wr/eme over a hemispherical nose tip. Power input of 800 wicm?2 was demonstrated
using the rt concentrator.

INTRODUCTION

The cooling requirements for the wing and engine duct leading edges of thc NASP exceed the
limits of demonstrated heat pipe technology. Heating rates tor these surtaces range up 10 5000 Wicme
The external atmosphere i1s oxidizing and the dynamic environment severe. Design requirements call tor
-epeated usa of the arrcratt without replacement or repair of the cntical surfaces. If radiation heat rejection 1s
10 be used, the surtaces must operate a' temperatures in the range ot 1200 to 1500 K. This combination of
requirements has not been encountered before and constitutes a severe heat pipe design requirement. In
acdition, the combination of high temperature and high heating rate complicates ground test of designs.
Development of the basic heat pipe and test heat transter technology is of fundamental interest to the
NASP program.

To address the heating requirements, a series of experiments was conducied using an induction-
coupled plasma torch and an f concentrator. A refractory metal heat pipe was designed and fabricated for
use in the heat source evaluation and as a demonstration of high radial heat tlux operation of hoat pipes.

DESCRIPTION OF HEATING METHODS

The induction plasma torch included a quartz tube, oper at one end, with plasma forming gas
supplied at the other end. An rf coil surrounded the tube near the center and served to couple energy into
the plasma by induction. The power was supplied to the coil by a commercial rf haating unit moditied to
measure the operating frequency. The plasma torch operates by inductive coupling to the ionized gas at or
near thermal equilibrium. Since the torch is electrodeless and can be used with ar.y gas desired, this type of
apparatus is useful in high temperature research and engineering. A plasma torch is designed to heat gases
to very high temperatures by taking advantage of the .igh conductivity ot @n nized gas.(1)

Heating by rt induction is based on three main principies: electromagnstic induction, skin effect, and
heat transter. This concept is similar to the well-known transiormer theory, but modifiec and based on a
single-turn, shon-circuited secondary winding. in a conventional transtormer one expects, in a simplitied
form. a zero flux leakage, such that the load current is related directly to the supply current by the tums ratio.
The primary and secondary losses are directly related to the windings. If the secondary is considered as a
single-luzgi shon-circuited winding, the secondary current wih be high and considerable losses will
deveiop.

Applying this concept to r heating, the heating Icad is @ multi-turn primary and single-turn, shon-
circuited secondary, separated by a small air gap and a quanz insulator. Heating is attectad by 'skin eftects'
which are a function of frequency. Current density falls oif from thy surface to the center of the workload
with the rate of decrease higher at higher frequencies. Heating is also dependent on the resistivily and

relative permeability of the material being heated. The prirnary is usually constructed of copper, and Is
generally water-cooled.



~LPPARATUS AND TESTING

A series of expenments was conaucted with the plasma jet to evaluate instrumentation. High-
‘emperature thermocoupies were installed insige a motybdenum heat pipe shell. A black-body cavity was
machined into the inside surface of the nose tIp of the simulated heat pipe. and optical instrumentation was
set up to read surface temberatures througn the plasma jet atmosphere both axially and downward througn
‘he center of the et and radially. These experiments indicated that black-body radiation from the plasma was
3t too high a level to allow reaaing ot the surace temperatures through the gas. ether axially or radially. The
thermocoupie instrumeniation was more successtul. aithougn rf-induced voitage on *1e thermocouple lines
was a problem, as anticipated. The most promising temperature measurement technique was provided by
optical reading of the internal black-body cavity. These readings require calibration for window losses
through the vacuum enclosure. but should be repeatable once calibrated.

A single pass water calonmeter was designed and built for power measurements during the high
heating experiments using the plasma torch. The calonmeter had a moilybdenum nose (ip brazed 0 a
stainless steel body, as shown in Fig. 1. During testng, a radiation shield was placed around the calorimeter
. at the sphencal to cylindrical intertace. to insure that the power coming trom the plasma was intersected by
the spherical end of the calonmeter The lower portion of the calor:meter was insulated with carbon tiber
nsulation to minimize thermal exchange with its environment. Figure 2 shows the calonmeter installed in the
plasma torch chamber.

The etticiency of the torch 1s approximatelv on third of the power going in the output circuit of the
jenerator. inthese tests about 17.25 kW were coupied into the gas. The opening ot the torch was 20.27
cm< giving a heat flux through the opening of 852 W/cm<. For an input power 1o the test article of 1000
W/cme, a total of 4.3 kW wouid have to be measured by the calorimeter. Experiments were conducted at
ditferent frequencies and varying gas combinations. Figure 3 shows ratio between rt generator power to the
measured throughput at the calonmeter at different generator tfrequencies. As indicated on the graph, the
lower frequency produced he higher throughput. The calorimetric measurements indicated a maximum
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Fig. 1. Single pass water calorimeter.



Fig. 2. Calorimeter in plasma tor~h.
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Fig. 3. Plasma power vs. power throughput.



oower throughput of 2.5 kW with coupling of approximately 500 w/eme at the spherical end of the
calorimeter. This level was within the design range for the NASP wing ieading edge heating but below
design goal. The effect ot change in gas composition on the heating rate was investigated using helium.
Althougn the higher thermal conductivity of the helium might be expected to result in higher heat rates the
reduced effectiveness of the rt coupling trom the susceptor to the plasma resulted in a net decrease. A
targer rf power source would be necessary to achieve the desired level of 1000 W/cm<-

RF/HEAT PIPE EVALUATION
H Pi F I Pr in

A heat pipe was constructed frem molybdenum tubing with an outside diameter of 1.90 cm. a wall
thickness of 0.152 cm and a length of 50.8 cm. One layer of 150 mesh Mo screen was placed against the
inner wall for circumferential fluid distribution. One layer of 40 mesh Mo screen was placed against the 150
mesh screen as a structural support to serve to deter entrainment. Each of the screen wicks was
constructed by spiral wrapping screen strips over individual iron mandrels and spot welding tha edge of the
screen to itself to form a screen tube. Because the Mo screen was alsc spot welded to the iron mandrel
during fabrication. the iron mandrel was dissoived with a 50/50 HCL-H20 solution leaving behirg the formed
screen tubes. One end of each of the screen tubes was shaped to conform to tha spherical inside tip of the
heat pipe. An thermocouple well with a 0.32 cm inside diameter ran the length of the heat pipe. The heat
pipe IS shown Iin Fig. 4.

All heat pipe parts were chemically cleaned and vacuum-fired before EB welding. Before li.nium
charging, the heat pipe assembly was vacuum fired at 1700 K. Lithium was introduced into the heat pipe by
vacuum distillation. Figure 5 is a schematic of the disiillation setup attached tc the heat pipe. Upon
completion of the lithium distillation, the heat pipe was positioned horizontally and heated uniformly over
their entire length to distribute the lithium charge and to ensure complete wetting of the interior surface.

Fig. 4. NASP heat pipe.
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Fig. 5. Distillation setup.

Fig. 6 RF concentrator.



RE Colil

An rf concentrator was constructed of a 20.0 cni diametar by §.157 thick copper sheet. A hole was
drilled in the center of the plate to accommodate the heat pipe and an insulator. Copper tubing, 0.79 cm in
sutside diameter, was formed into a coil and attached to the plate at the innermost coil, thus creating a single
turn transtormer. A cooling coil was attached to the copper sheet on ihe opposite side of the 4 coil. In
operation voltage was induced in the copper sheet to increase coupling ot the coil to the work-piece. Figure
5 is a photograph of the concentrator.

TEST ARRANGEMENT AND APPARATUS
instrumentation

The heat pipe was instrumented with tungsten/tungsten-26% rhenium thermocouples for
temperature monitoring during testing. The thermocouples were located at three location evenly spaced
a.ono the length of the heat pipe through the thermocouple well. Optical instrumentation was also used to
monitor the surface temperature of the heat pipe. Because of rt-induced voltage on the thermocouples, the
optical reading were more successtul. The instrumented heat pipe was then inserted into a quartz vacuum
envelope for testing. The rf concentrator was slid over the quartz envelope 10 supply heat innut to the heat
pipe. A photograph ilustrating the setup is show in Fig .7.

Fig. 7. NASP experimental setup.



Experimental Procedure

Irit:ally a performance test of the heat pipe was conducted to verfy the start-up operation trom the
frozen state and to demonstrate freedom from non-condensable gas contamination. This was
accomplished by setting the heat pipe vertically and heating at the bottom end to 1525 K. The test
indicated that the heat pipe was free of non-condensable gas, had been loaded with sufficient lithium for
operation and had a minimum amount of excess fluid during operation.

The heat pipe was tested in a vacuum test chamber with vacuum levels in the region surrounding
the heat pipe in the 10°2 torr region. A number ot onientziions were investigated from a vertical position
down 0 a 10 degree adverse tilt. These tests were conducted at different temperatures. All of the tests
were slarted using the same reference starting condition indicated on rt generator power setting. The
power setting was increased at a specified rate and temperature and power throughput recorded. This
procedure was maintained until the heat pipe tip reached a temperature around 1900 K, considered a limit
for the heat pipe operation.

Figures 8-13 give plots of the test data at various lilt angles of temperature vs heat input at the tip of

the heat pipe in W/cme. As can be seen on the figures, the largest heat input occurred when the heat pipe
was in a horizontal position and the lowest when in a vertical orientation,
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Fig. 8. Test at vertical orientation.
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Fig.e. Test at 60 degree oft horizontal.
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Fig. 10. Test at 45 degree off horizontal.



30 DEGREE

1900
< 1300 |-
€3]
= i
< 1700
>
= "
=
31600 |
e _a
1500 _d —~15CMUP
e —sTIPTEMP
1400 f IR L | e 1 L
350 450 550 650 750

FLUX (W/sq.cm.)

Fig. 11. Test at 30 degree off horizontal.
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10 DEGREE ADVERSE TILT
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Fig. 13. Test at 10 degree adverse lilt.

CONCLUSIONS

The rt plasma jet lends itself well for heating a leading edge cooling device. The ability to couple
500 W/cm¢2 is well within the design range for the NASP wing leading edge neating but below the desired
goal. In order to achieve 1000 Wicm2 using the plasma jet, a larger rf generator is required. Heaiing by
direct rt induction was very successful. No limits on the heating ability by direct rt induction were
encountered. Test resuits show that a refractory metal heat pipe should be sericusly considered as a
cooling device for NASP. Up to 800 W/cm< have been demonstrated using a molybdenumviithium heat

pipe. It is recommended that a larger effont be placed in evaluating refractory metal heat pipes és a means of
cooling the NASP leading edge.
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