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ANAt.YflCAL AND EXPERIWNTM STUDtES OF
HEAT PIPE RADIATK3N CXX)Llffi OF

HYPERSOMC PROPULSION SYSTEMS

R. A. Martin,” M. A, Merrigan,** M. G. Elder, m**J. T. Sena,”**” and E. S Kaddyt
Los Alamos National Labomtory, Los Alamos, New Mexioo

and

C. C. Silverstein,$
CCS Associates, Bethel Park, Pennsylvania

Preliminary, research-oriented, analytical and
experimental studies were completed to assess the
feasibility of using high-temperature heat pipes to cool
hypersonic engine amponents. This new Wroach
involves using heat pipes to transport heat away from
the combustor, nozzla, or inlet regions, and to reject it
to the environment by Ihermal radiation from an external
heat pipe nacelle, For propulsion systems using heat
pipe radiation cooling (HPRC), if is possible to cmntinue
to use hydrocarbon fuels into the Mach 4 to Mach 6
speed range, thereby enhancing the economic
mtracliveness of commercial or military hypersonic
flight. In the second-phase feasibility program recently
completed, we found that heal Iouds produced by
considering both amvecfion and radiation heal transfer
from the combustion gas can be handled with HPRC
design modifications. The application of thermal
insulation to ramburner and nozzle walls was also found
to reduce the heat bad by about one-half and to reduce
peak HPRC system temperatures to below 2700”F. In
addition, the operation of HPRC at cruise conditions of
around Mach 4.5 and at an attitude 0190,000 ff bwers
psak hot saction temperatures to around 28000F. An
HPRC heat pipe was successfully fabricated and tested
at Mach 5 conditions of heat flux, heat load, and
temperature.

For a long-range aircraft capable of taking off at
saa level and climbing to hypersonic (above Mach 3)
cruise conditions at up to 100,000 feet altitude,
mtegraled, combined-cycle engines such as lhe
turbfanramjet are favored over multiple engine fype~
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for different sped regimes.1-5 A number of propulsion
system c;itical component technologies for such

engines are Identified.’ These technologies, including
engine cycle, cmling method, fuels, and materials are
being developed by privatti industry and the
U.S. Government in programs such as High-Speed
Propulsion Assessment (HiSPA) and High Mach

Number Tachnobgy Engine (HiMaTE).6
HPRC is a newly proposed technique for passively

ccmling the hot sactbn of a hypersonic engine, thus
eliminating the need to use the engine fuel as the

1coolant. 7- For an HPRC ayatem application at Mach 5,
ihe entire engine heat bad, or about two-thirds of [he
total hypersonic alrcra;t plus engine heat load, is
removed from the hot sactlon, This heat Is transported
by a surrounding, high-temperature, heat pipe nacelle
structure to riearby external surfaces, and rejected to
the environment by thermal radiation, as shown
schematically in Fig. 1,

HEAT PIPE RADtATOR 00NCEPT:
TRANSVERSE TRAN8PORT . HACELLE SIDE REJECTW4

t

Flg 1 HPRC cmmept

As Indlcaled In Fig, 1, a portion of the engine
nacelle connlats of built-in heal pipe structures
designed to remove heaf from between tho engines (or
between an engirw und tho wing or fuaolego), md 10
move Ihm hsal to a slds - or bottom .facing aurfaca for
rqectlon to the environment by radiation heat Iransfor,



In this configuration, the cylindrical ramburner and
nozzle walls are fabricated from special high-
Iel,lperalure materials, such as (but not limited to)
carbon-fiber-reinforced carbon matrix (carbon-

car bon)l 0 or silicon -carbide-whisker-reinforced

molybdenum disilicide matrix composites.l 1 These
walls recetie heat from the rxmbustion and exhaust
gases by cmvection and radiation heat transfer and
are allowed to achieve temperatures on the order of
2800”F or higher, depending on advances in the state of
the art.

In Fig. 2 the ramburner and nozzle (hot section)
are surrounded by a nacelle of square cross section,
which is fabricated from flat heat pipe panels. The
innerside, and bottom panels constitute one
independent, L-shaped, cooling subsystem, and the
top and outc ‘side panels constitute a second
subsystem. Since the hot section is assumed to be
part of a two-engine module that is mounted to the wing
or fuselage underside, the interior side and upper heat
pipe nacelle panels must be insulated. In a later
section, this repxt will show that the HPRC test article
consists of one scaled element from one of these L-
st’mped subsystems.

3F, ONE.D HEAT PIPES

3V. ONE D ~iEAT PIPES

heat
The ramburner and rrozzlra wulls radlala Ihe wrgmra
load 10 !he surioum’ ng }11’IIC Pofllon d the

nacolie, which transports the heat bad isothermally to
side- or bottom-facing heat pipe surfaces. These
surfaces lose heat to the environment by convection
and radiation heat transfer at temperatures from 21 OO°F
to 2400°F, The required amount of heat pipe nacelle
radiator expxed surface area will depend on the
specifics of a particular propulsion system cooling
design. Design options inch Ie restricting the radiator,
in length, to the ramburner plus nozzle regkrn or
extending if forward on the nacelle or outboard under
thq wing.

The remaining aircraft heat bad, not accounted
for by the tlPRC system, is absorbed by JP-grade
hydrocarbon (HC) fuel priir to combustion. Thus, HPRC
is proposed as a cost-saving alternative, or
complementary coo!ing technique, 10 the use of
expensive, pumped cryogenic or endothermic fuels to
provide regenerative fuel or air cooling of hot surfaces.
By applying HPRC, the preferred use of HC fuels is
ex~ended into the Mach 4 to Mach 6 speed range.

An HPRC system is conceptually simple. It
requires no pumping and operates at low pressure
(around 10 psia), Also, because heat pipes operate
nearly isothermally, thermal stresses ana reducad, and
engine structural designs are simplified. High-strength
materials and oxidation-resistant coatings are used to
fabricate the HPRC heat pipe nacelle, as well as [he
hot-section component% Hybrid thermal management
systems using heat pipes combined with cryogenic or
endothermic fuel cooling are possible.

The HPRC cmcept, the HPRC thermal analysis
computer code, and results from the first (applications)

phase of the HPRC program are describad elsewhere.7-

8 During the applications phase, information on
configurations, dimensions, temperatures, and ccmling
I,Jade Of hyperson~ engines wan obtained through
discussions with personnel from engine manufacturing
companies, 12.14 This information delines the
representative engine,

Heat transler studies were carried out during the
applications phase to determine cooling system and
hot-section temperatures, heat loads, and weighls for
the representative engine crulolng at Mach 5 at 80,000
ft. I“he studies Included cooling system requirement’s
for both the ram jet combustor and nozzkr, A heal
transfer computer code was developed to facilitate
these caculalmns, The capability of heat pipe internal
fluid transpf designs to meet HPRC cooling system
heat transport requirements wise aasoeeed usln

results of Los Alamos heat pipe code, HTPIPE,l !

cdlculatlone.
In the previous apphcatrons phase, application of

the HPHC concept resulted in reasonable sizes and
weights, but at relalwely hrgh material tempwia!ures up
to Mach 5 flight speeds These prehmmary conceptual
do”.lgn studies suggested Ihal the englna ramburner
and nozzle walls be Iabricsled from a malerlal ruch as

carbon carbon, whrh could operate al temperatures m
excess of 3000”}- However, a~ shown In Ret 9 and In
this papar, the er]glne ramburner and nozzle wall

?



temperatures can operate at 2800” F or lower,
depending on cruise conditions and HPRC design
specifics, This temperature m consistent with short-
term advanced hgh-temperature materials goals.

Analytical and experimental results from the
second (feasibility) phase of the HP’3C pr~ ~: lm are
repxted here,

At the high, uniform combustion gas recovery
temperature of 42000F assumed in this study, thermal
radiation from the combustion gas is assumed to be a
significant contributor to the gas.side surface heat

bad, along wlfh convectwe heat transfer, 13 Only the
convective heat Iransfer from the combustion gas to
the ramburner and nozzle walls was mnsldered in the

applications phase,7-8
In the present study, HiMaTE ramburner and

nozzle liner gas-side surface heat flux data (including
the effects of gas radiation) provided by GEAE were
used 10 twform additional calculations whh Ihe HPRC

thermal analysm code. g Resutts of these calculations
are summarized m Fig. 3 and compared wnh the orgmal
results, but not those that Included gas radiation, In
either case, Ihe calculated ram burner and nozzle wall
temperatures exceed the If ~el of about 2800”F
currently avadable with high.temperature, mmpostte

materials coated with oxidation-resistanl filrns.l O
However, lhe development of high. strenglh materials
that can wrthsland temperatures above Q2000F is a key
requirement for NASA-planned propulsion system
advances, NASA and the engine companies believe
that compowle structural materials and oxldatlon
protection coatings WIII be available for use in aircraft
engines at such temperatures wrthm the next 1010 20

wars. 17-18
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Fg 3 HPRC system temperatures

In addllmfr, II necessary, }{PFW syblem nnd hot
~erlmn tampofalure% can h k)wmred In 7EK)O”F or lti~s
by using one or n}oro of the Iollowlng opt ons (1)

Increasing the size of the HPRC r : atlng nacelle
panels; (2) reducing the thickness of ifie hot-sactlon
walls; (3) increasing the thermal conductivity of the hot-
section walls; (4) adding a thermal - sting layer to
the gas-side surlace of the hot se an walls; (5)
cruising at Mach 5 or less at an altitude xmve 80,000 tl
(lower dynamic pressure); or (6) cruls,l J at a dynamic
pressure of 1000 psf and a Mach n~mber less than
Mach 5 (lower afiitude). The effec!: ?l Options (4)
through (6) are examined bebw.

One method for reducing tt, e hot-section
temparalursis of the original HPRC Sysietll design is to
thermally insulate the hot-section walls, thweby
increasing the Ihermal resistance through the heat
transfer path. A heat transfer calculation was
performed using a thermal barrier cnatmg (TBC) on the
gas-side surface of the ramburner and nozzle walls.
TBC consists of zirconia, partially stabilized with 8% wt
yttria. TBC has been used with considerable
effectiveness to reduce the heat load on internally

cmled turbine vanes of jet engines,’9 The thermal
conductivlfy o! this material is aboul 0.5 Bfu/h4t.”F at

temperatures o! interest.20 The effect of TBC is to
increase the thermal resistance and reduce the thermal
conductance at the combustion-gas hot-section wall
Interlace, It was assumed ?hat a sufficient thtiness of
TBC would be added to the inner surfxe of the hot
sechon to reduce the thermal conductance U in tha

ramburner 1030 Btu/ft2-h-OF, The requmd thicknesses
of TBC are then 0.130 in. on the mmbuwor inner wall,
and 0.108 in, on the nozzle inner wall. Using these
thicknesses of TBC, the HPRC thermal analysis code
was used to calculate the new system temperatures
and weights summarized in Tabb 1. Roeutts from the

previou~ applications pt:ase calculations’.e aro also
shown in Table 1 for comparison.

As shown m Table 1, the dddition of TBC reduced
the heat load on the radiating panel by almost one-hatf
from 1214 Btu/s to 627 BIU19. This results in I
substantial reduction in l~mperalures abng the heat
transfe,” path. The peuk hot-section tem~raturo la IOW
2670”F, within near-term temperature goals for car&m-
carbon, Heat pipe temperatures, now In the 1900” T
range, run about 4000F cooler. Based on a density

0,226 lb/in,3 for zmonla,21 the princioal mnstituent of
TBC, 37o lb of fully dons. TBC ia raquird on the hot-
sechon inner surface. The trades m ueing TBC are the
added weight 01 tho rBC plus the nood for the
development of an effective thermally resistant bond

betwee”n TBC and Ihe liner wall matorld~m
Results from the prevlouo HPRC applications

phase hzdl.transfer analyses 7-8 woro based on
represe \latlve HISPA englno data for a dvnamlc

pressure of 1000 lbr’ft2, a fhght sped ot Mach 5, and an
altlludti of 80,000 fl, The etlecl of nlher crume
conditions un t-iPRC syslom tomporaluros was

calculated 9 For the new crume ccdrtlons, naw hot.
sechon dlmensmns and new Imernal and oxlarnal heal.
transfer coeffrcwnls wore calculated and mpul to the
}IPRC thermal analysis cmmputer cd. The maxlmurn
ram burner Iomparaluros resul Ilng from these
(:A,( d.tlmn~ aro summarized III Fq I ~-or unch of II, U

‘1



lhree Mach number cases in Fig, 4, the length of the
HPRC nacelle is equal to the hot seciion length (112 in.
at Mach 5, 104 in, at Mach 4.5, and 90 in. at Mach 4).

Table 1.
Calculations of Effect of TBC on HPRC

Temperatures and Weight

iGG
Combustor inner wall 2670 3345
temperature, OF
Nozzle inner wall 2655 3362
temperature, OF
Heat pips vapor 19E4 2399
temperature-insulated
panel, “F

Heat pipe vapr 1910 2289
Temperature.radiating

~nel, OF
Heat bad on insulated 270 521
panel, Btu/s
Heat bad on transkm 351 670
section, Eltu/s
Heat load on radiating 627 1214
panel, Btu/s
HPRC weqht, lb 630

Weight of TBC. lb 370

Weqht of HPRC + TBC, b low

Flg 4 Effects of atrm)d(l and Mach number,

FrorrI Fig 4, II IS ovldenl [hal Ihe crutse Mach
number and allltuda have a strong effect on Ihe
maximum ramburner temperature For example, aI
Mach 5, the temperature drops from 3320”F IO 3150”1
when Iho alttludo lncroa~as Irrjm flO,Cmfl II 10 90,000 tl
AI Mach 45, Ihe Iemperatura, at a dynamic pressure

(q) of 10GO lb# and an altitude of ‘5 tjOClft, drops to
slightly over 3100”F. As the altitude increases first to
80,000 h and then to 90,000 ft. the temnerafure drops
further, to 3020”F and then to 2860°F ~~,Mach 4,0, q -

1000 lb/ft2, and at an altitude of 71,7000 ft., the
temperature is 2880”F. As the aitituae rises, first to
8Cl,IJO0fi. and !hen 1090,000 ft., the temperature drops
to 2740”F and then to 2570”F. These r~gults show that
if the engine is cruising slightly be . Mach 4.5 at
90,000 h., the hol-s~kxr temperature:, will be around
28000+, a level within near-term expectations for
carbon-artxm. At Mach 4 and Mach 4.5, the maximum
ramburner lem~ratures would be bwer if the heat pipe
nacelle length had been rn~int~ined a: the reference
design value of 112 in.

HPRC nacdles consist of adjacent heat pipe
elements, as illustrated in Figs. 1 and 2. A heat pipe m
a dewce that transfers large amounts of heat through a
small area with a small temperature difference and
without external power or control. The principle of
operation of a heat pipe is desctlbed in detail

elsewhere,22-24 The following procedures were used
to optimize the HPRC heat pipe for ~rformance and
weighl: (1 ) identified alternative wick structures and
evaluated their relative performances, (2) selected and
optimized one or more suitable wick structure(s), (3)
destgned heat pipes ior maximum thermal performance
and minimunl weight, and (4) detailed and evFIluated the
performance of the selected des~n, Criteria for
selecting and evaluating alternative heat pipe designs
included weight and volume, else of fabrication, and
reliability, Des~n optimization was done on the basis of

mass, power transpml, and vapor temperature drops.7-

8 Thermal ~rformana anatyses were done by means
of hand calculations and computer-aided cakulatlons

using HTPIPE.’5
In Ihe feasibility phase the oblectlvo was to

design a test arrlcle that cmuld be used to demonstrate
the principle of HPRC in the ground test program, The
test article Configuration represents one element from
one of two L-shaped cooling subsystem sections
shown m Fig, 2 for a representative hypersonic engine
operating al cruise condittrns at Mach 5 and 80,000 h
altrtude, This Conliguratlon was selected for the inliial
experiments on the basis of performance, operational,
and fabrication criteria, The test mticb was scaled to
demonstrate that the heal pipe nacelle can, in fad,
operate at the destgn heat PWM temperature, pro~de
adequate axial and radial heat transpofl capacrty, and
reject Ihe required heat throughput by radlatlon heat
transfer,

F~ure 5 is a schematic drawing 01 the teat artcle
final Conliguratlon. This lest artlclo was mstallad m tha
large vacuum chamber descrbed m Ref. 9 and Showrl
schematically In Flg 6. A right-angle segmen[
conslelmg of one domant of an HPRC hol~t pipe n=olle
subsygtem IS shown For the tieahzed HPRC system of
Fig 2, a second parallel rlghlunglo heal pIpa IS used 10

Inrrn .+ ~quara box arol)r-rd the hyparconlc IAnqIIICI
rilmburner and nozzle such tha! Ihe axes of Iha heat



pipes are transverse (perpendicular) 10 the oxis of the
engine, For the representative engine, 112-in.-long
ramburner plus nozzle system, the box includes 140 to
180 heat pipe tubes abr,g th~ engine axis, depending
on the heat pipe cross-section design dimensions. For
the feasibility phase test program, the overall Iengih of
Ihe heat pipe was scaled to about 78 in. (two 39 in.
legs). Figure 6 also shows that high-frequency, re-
induction coil heating was used to simulate heat input to
the extc:ior surface of t!le heat pipe nacelle from the
hypersonic engine,

FkIlalloh
Calonmelef

Fg, 5 HPRC test article configuration

Fg, 6 HPRC test facilrty

The ancbsure material chosen for the HPRC test
heat pipe was low-carbon arc-casl (LCAC)
molybdenum, A Iwmber of Iaclors Influenced the
doclslon 10 usu this matellal, The prlmaly
consrlerat:ons were compa’lblllty wllh Ihe Ilthlum
working fluid, and consistency with tiPFf C applications
phase requwemenle for h~htemperature capabihty and
hlqh ~lrer,gth Addltlonel consldersitlons Included
elect ronbetim welcttiblltty, previous oxperlanc~ In

working with this ma!erial at Los Alamos, cost, and
availability.

A bias-wrap, annular wick design was used
because bias wicks are more flexible than rigid sintersd
wicks and, therefore, bend more reliably. The bias-wrap
fabrication technque involved winding narrow strips of
the wick material in a spiral Iashion on a mandrel, while
overlapping and spot welding the edges of the seam
together. To prevent buckling of the wick in
compression on the inner radius during the bending
process, or during o~ration of the heat pipe, a spiral-
wound spring was inseded inside the wick. The wick
was fabricated from 400-mesh by 400-mesh
molyMenum (Mo)-41% rhenium (Re)-alloy wire cloth.
The completed wick satisfied an experimental pore
check at an equivalent capillary radius of 37.5 mm with
the spflng installed.

The heat pi~ handling, cleaning, bake-out (atmve
2400”F), filling with 6i g of pure Iiihium (by distillation at
17400F), and ‘wet-in” procedures are described in Ref.
9. Heat pipe fill calculations were performed 10
determine the required lithium charge mass. Enough
lithium was desird to fill the heat pipe annulus and the
wick screen material over Ihe entire operating length of
the wick, plus 15% overfill, based on previous
experience. In addition, an 8-in. -length of extra tubing
was required to handle the increase in specific volume
of lithium when the lithium was heated 10 the operating
temperature of 2240”F.

Reference 9 provides detailed descriptions of the
apparatus and instrumentation used for wick
development and testing, electron beam welding,
suppling rf-induction power, supportin~ and tilting the
heal pipe, producing the vacuum, processing,
distillation, filling, and tube bending.

Operational performance testing of the straight
86-in. -long HPRC heat pipe began on September 20,
1991. First tests were run with the heat pipe in a
straight cmfiguration to oblain preliminary data prior to
bending 10 establish a performance (but nol
performance limits) baseline. These data were obtained
to compare with performance data obtained later in the
bent L-shaped configuration because there was some
risk of damage to the wick as a result of imposod
stresses during Ihe bending process The heat pipe
was installed inside a special vacuum tube mounted on
a titf stand for these preliminary tests.

Subsequently, a total of about 11 h of heat pipe
operation was logged on the test anlcle at HPRC design
conditions, including both horizontal and tipped
orientations. Heating was supplied by a spiral, 39-in. -
Iong, water-cooled, copper rf coil, Tipped orientations
werq used to simulate the effect of gravitational head,
Excellent performance was achieved. The heat pipe
transported about 7,2 kW (6,8 BIu/s) of power at the
operaling ternper~lure of 1500K (2240”F). This
ostimale is barred on radiation from the entire 86-in-
bn~ heal pipe el an emissivity of 0.23 (moasurd al Los
Alamos for clean, as-received, molybdenum), The
thermal power input of 7,2 kW corres nds to a radial

rheat Ilux of 14,5 W/cm2 (12,6 Btu/ft s), and an axial
heat flux based on the vapor space (wick inside)

diameter of 0.491 In , of 59 kW/cm2 (5200 BIU/ft2S)
These numbers meet HPIIC syslem theoretical



.

requirements based on applications phase calculations
of 2475/2 = 1236 Btu/s total heat load for the ramknwner
plus nozzle, carried by one of two HPRC L-shaped
nacelle systems consisting of 112 in./(O. t325 in. per
heat pipe) = 179 adjacent heat pipes.

In additional testing, the straight HPRC lest article
was run while tipped at an angle of 30°, with the
evaporator sectkm a! the top, showing a capacity to run
with a 39-in. gravitational head. Further, the 30° lipped
heat pipe was shut down and successfully restarted
from a cold condition, demonstrating a transient
startup.

After these performance tests, the HPRC tesl
article was sumessfully bent to an angle of 89” using
special refradory metal, tu~-bending apparatus. Prior
to bending, the tube-bending apparatus and the
mounted heat pipe were heated to a temperature in
excess of 400”C (752”F) using an oxygen-acetylene
torch in order to exceed the brittle-to-ductile transition
temperature for the molybdenum enclosure tubing,
which had spent about 8 h operating above its
recrystallization temperature of about 1150”C (21000F).

Final performance tesling of the bent, L-shaped
test article occurred in a large vacuum chamber during
October 1991. A total of three lests of the bent HPRC
heat ph were conducted in the la~e vacuum chamber.
The firs~ two tests involved .sIarting the heal pipe in a
horizontal configuration (the two legs of the heat pipe
formed a horizontal plane). The heat pipe started during
the first test, but the test was terminated at a heat pipe
surface temperature of 1083°C to adjust the power
output trim controls on the d generator. For the second
test, the heat pipe was successfully started and
brought up to operating temperature of 1224°C (22350F)
and held for abut 5 minutes prior to shutting down.

Prior 10 the third bent HPFiC heat pipe test, eight
Typa-K (chromel-alumel) thermoco~ples were fed into
the vacuum tank via vacuum. tigh[ Conax !eedthrough
hardware and were spot welded to the heat pipe from
end-to-end in selected locations. The heat pipe was
installed in the vertical configuration (the heated leg of
the heat pipe was horizontal and the unheated leg was
vertical) and rf-heated along 33 in, of the horizontal leg.
About 2 hours into the test, a hot spot developed akmul
6 to 8 in, from the end of the horizontal leg, at a heat
pipe surface temperature of 943°C (17300F), and the
:heat pi- was shut down.

This vertical configuration posed Ihe most severe
parlormance challenge to the heat pipe because in an
actual HPRC application, the heat pips will be heated
over the enlire active length. In an actual applicaliofi,
some of Ihe working fluid vapor will mwely flow across
the healed vertical leg and cundense on the outer cool
radiating surface, Such fluid will then be wicked back to
the other side of Ihe heat pipe, rather than being
Iransporfod against grawly back 10 the horizontal leg
Ihrough Ihe wick annulus, Future iesting of the HPRC
heal pips m the vertcal conf~uralion should include a
more reallstlc dvstrlbutton of the heat Input.

A new, research oriented cooling concept is
propovild for coollng hypersonic aircraft propulsion

systems. This HPRC concept is attracti!”e, not
because it provides more effective caoling than a fuel-
cooled engine, but hcause it shifts the burden of
cooling to a passive radiation system. Consequent},
HC Iuels can be used at hypersonic SIXAS rather than
specialized high thermal capacity fuels, which are much
more expensive and require a completely new fuel
supply and fuel handling infrastructure. Preliminary
results of heat transfer, heat pipe, system, and
experimental studies reveal that adequate heat
transpt capability is available using molybcfenum-
Iithium heat pipe technology. Analytical results show
that the HPRC system radiator area can be limited in
size to the ramburner-nozzle region of the engine
nacelle; reasonable system weights are expected; hot-
section temperatures are consistent with advanced
~tructural materials’ development goals for the next 10
to 20 ye:

As srlown, radiation heat transfer from the hot
combustion gas can increase the heat load in the
ramburner of a hypersonic engine. However, the extent
of this increase and its impact on hot-section
temperatures in an HPRC system require a more
detailed thermal analysis than the approximate analysis
described here. Higher heat loads that might result
from taking gas radiation into accaunt can be handled
through suitable HPRC design modifications Including
increasing the size of heat rejection panels, using a
thermal barrier coating, using thinner and/or higher
thermal conductivity hot-section walls, and cruising at
higher altitudes and/or lower Mach numbers.

The efftcts of using thermal barrier insulation on
the interior walls of the ramburner and nozzle, and of
cruising at bww Mach number and higher altitudes were
investigated numerically, These conditions reduced
hot- section wall temperdures to 2800”F or below,
which is consistent with near-term tioated carbon-
carbon temperature goals. Such temperatures are
obtained either by insulating the liner wall with
approximately 0,1 ;n. I d thermal barrier coating (TBC),
or by cruising at ak’)’ Mmch 4.5 at an altitude of 90,000
ft. The addition of TBC WOUICIenable an increase in
cruise Mach number and/or a decreaso in cruise
aililudo.

The results of experilnents reported herein
demonstrate Ihat HPRC heat pipes can be designed
and fabricated, and that such hem pipes can provide
the required heat transpcm and thermal characteristic
at the design basin conditions of Mach 5 rmd 80,000 ft.
However, much devebpment work remains to be done
to bring the HPRC concept 10 a state of technology
readingss,

This work was Parforrlwl under the auspices 01
tha Department of Ener~y and supported by the
Nallonal Aeronautics and Space Admmmtralion, Lewis
Research Cenler, lhrough GSA Order Number C-30002 -
M, We are grateful for the assistance of the technical
staff at General Electric Aircraft En#lnes and United
Technologies Prall ar,d Whitney MS Carol Algire
prepared Ihls paper at Los Alamos,
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