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Closed-Form Equations for the Preliminary

Design of a Heat-Pipe-Cooled Leading Edge

David E. Glass
Analytical Services & Materials, Inc., Hampton, VA 23666
Phone: (757) 864-5423, e-mail: d.e.glass@larc.nasa.gov

Abstract

A set of closed form equations ftite preliminary evaluation andesign of aheat-
pipe-cooled leading edge wesented. The set of equations can provide a leading-edge
designer with a quick evaluation tfe feasibility ofusing heat-pipecooling. The heat
pipes can be embedded in a metallic or compssiteeture. The maximum hedtux, total
integrated heaload, and thermal properties of the structure and heat-pipe container are
required input. The heat-pipe operating temperaturgximumsurface temperaturéeat-
pipe length, andheatpipe-spacing can be estimate®Results usinghe design equations
compared well with those from &D finite elementanalysis for both darge andsmall
radius leading edge.
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Nomenclature

area, i

parameter utilized for grid transformation, in.

heat transfer coefficient for contact resistance, Btu#iFft
thermal conductivity, Btu/hr-ftF

heat-pipe length, in.

equally spaced coordinates

heat flux, Btu/s

heat flux per unit area, Btuffs

leading-edge radius, in.

thermal resistance, hftF/Btu

heat-pipe length, in.

thickness, in.

temperature’F

width of heat pipe, in.

half heat-pipe spacing, in.

transformed coordinate for grid transformation, in.
point about which grid clustering occurs, in.

emittance

Stefan Boltzmann constant

summation

stretching parameter for grid transformation



Subscriptsandsuperscripts
amb ambient
anal obtained from 1-D closed-form design equations

avg average
c coating
cr contact resistance

FEA finite element analysis

hp heat pipe

L lower

max maximum

s,hp  difference between structure and heat pipe temperature

st structure property, through-the-thickness direction
S,p structure property, in plane direction

stag stagnation

surf surface

tot total

U upper

w heat-pipe wall

Introduction

Stagnationregions, such as wingnd tail leadingedges and noseaps,are critical
design areas of hypersonic aerospace vehicles becatlse lofstile thermal environment
those regions experience during flight. As a hyperseeincle travelghroughthe earth's
atmospherethe high local heatingand aerodynamitorces cause very high temperatures,
severethermal gradients, and higkhermal stresses. Analytical studies, laboratory, and
wind tunnel tests indicate that a solutiorthie thermal-structurgdroblems associated with
stagnation regions of hypersonic aerospace vehiaigist be obtained by these ofheat
pipes to cool these regions.

In the early 1970's, several feasibility studies were performed to dlssemsplication
of heatpipes forcooling leadingedges and nose caps of hypersargbicles™® NASA
Langley Research Cent@éraRC), through acontractualstudy, analytically verified the
viability of heatpipes forcooling stagnation regions of hypersonehiclest In 1972,
McDonnell Douglas AstronautidgSo. (MDAC) comparedour space shuttleving leading-
edge concepts: a passive carbon-carbon concept, a pasaigd-columbiuntoncept, an
ablativeconcept, and &quid-metal/superalloy heat-pipe-cooledncepf The heat-pipe-
cooled conceptvas determined to be a feasible and duratdssign concept, but was
slightly heavier than the other candidatncepts. In 1973yIDAC fabricated a half-scale
shuttle-type heat-pipe-cooled leading edge to verify feasibility otdmeept. This model
was tested by a series of radiant heating and aerothermal tests at NASA LaRC from 1977 to
1978 to verify heat-pipetransient, startupand steady-statperformancé?® In 1979,
MDAC received a follow-on contract to optimize a heat-pipe-cooled wing leading edge for a
single-stage-to-orbit vehicle. Resultstbé follow-on studyindicated that thenass of a
shuttle-type heat-pipe-cooled leading edge could be reduced by @keby use of anore
efficient structuradesign? In 1986MDAC received a contract tdesign andabricate a
sodium/superalloy heat-pipe-cooled leading edge compdoeran advanced shuttle-type
vehicle!® This advanced shuttle-type heat pipas 6-ft longandwastested aMDAC by
radiant heating and at Los Alamos National Laboratory (LANL) by induction héeétig.

Preliminary design studies at NASA LaRGndicate that a refractory-
composite/refractory-metal heat-pipe-cooled leading edge can reduce the leadintasdgge
by over 50%compared to an actively cooled leadiadge,can completely eliminate the



needfor activecooling, and hashe potential to provide failsafe and redundamaitures-?
Recentwork to develop this novel refractory-composite/refractory-metal heat-pipe-cooled
leading edgefor hypersonicvehicles combines advanced high-temperature materials,
coatings, andabrication techniques with an innovative thermal-structdesign. Testing

of a component at NASA LaRC with three straight molybdenum-rhenium (Md&a)
pipes embedded in carbon/carbon (O@sdemonstrated the feasibility of operatihgat
pipes embedded in C/AC™

When confronted with a leading-edge dedignhypersonic vehicleghe options are
passive, heat-pipe cooled, or actively cooled. The upper use limit for passive leading edges
may be determined by evaluating the matepedperties in light of thethermal and
mechanicaloads. If passivéeadingedges cannot survivime environmentatonditions,
heat-pipe cooled or actively cooled leadetges will berequired. Thouglineatpipes are
often a viable and light weigluption, the analysis required tdetermine if heapipes are
feasible for a particular application can be extensive andtimeppreclude theiuse. It is
thus beneficial to have a simple set of closed form equations that can be used to determine if
the heat-pipe option ifeasible. Having asimple analysisavailable may prevent the
unnecessary use @afitive cooling when heat-pipes may provide a cheaper and lighter
weight alternativeand may prevent thennecessary use of complex, 3Dite element
analysis techniques tanswerthe question ofinitial feasibility, thus savingsubstantial
analysis time.

The purpose of this paper is to present a ssirople, closed-form design equations
that can baised todetermine the feasibility afising aheat-pipe-cooled leadingdge. The
design equations presented here are onlyhfermaldesign,and do not include anstress
analysis. Temperatures obtained frotihe design equationare compared to a 3-D finite
element analysis for both a large and small leading-eattjgs. Though someestrictions
apply to theuse ofthe equationsthey appear to be a useful tdot a preliminary look at
the feasibility of heat-pipe-cooled leadimglges. Ifthe preliminary design equations
indicate a feasible design, a more detailed analysis should follow.

Description of Heat-Pipe-Cooled Leading-Edge

A brief description of how heat pipes operate anduélieed for leading-edge cooling
is first presented, followed by laief description of the heat-pipe-cooled leading-edge for
which the equations were developed.

Leading-Edge Heat-Pipe Operation

Heat pipes transfdreat nearly isothermally by the evaporataond condensation of a
working fluid, asillustrated inFigure 1. The heat isabsorbed withirthe heat pipe by
evaporation of thevorking fluid. The evaporatiomesults in a slightinternal pressure
differential thatcausesthe vapor to flow fromthe evaporator region to theondenser
region, where it condenses and gives up heat.cytle is completedavith the returnflow
of the liquid condensate to the evaporator region by the capillary action of a wick.

Heat pipes provide cooling of stagnation regions by transferhegt nearly
isothermally to locations aft of the stagnation region, thus raiekmgemperature aft of the
stagnation region above the expected radiation equilibrium temperature. When applied to
leading-edgecooling, heatpipesoperate by accepting heat ahigh rateover a smalbrea
near the stagnation region and radiating it &veer rate over a larger surfacarea, as
shown in Figure 2. The use ofheatpipes results in a nearly isothernlahding-edge



surface, thusreducing the temperatures in the stagnation region and raising the
temperatures of both the upper and lower aft surfaces.
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Figure 1. Schematic diagram of the operation of a heat @hewing the heat-pipe
container, working fluid, and wick.
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Figure 2. Schematic diagram of a heat-pipe-cooled leading atigsving regions of net
heat input (evaporator) and net heat output (condenser).

Refractory Composite Heat-Pipe-Cooled Wing-Leading-Edge

The refractory composite heat-pipe-coolgihg leading edgdor which the design
eguations were developed is illustrated-igure 3. The heafpipesare oriented normal to
the leading edge and have a “D-shaped” cross section, witlathpart of the'D” forming
the wing-leading-edge outer surface. #kown in Figure 3the leading edge contains “J-
tube” heat pipes, with a “J-tube” heat pipe beireat pipewith a longleg on oneside of
the nose regionand a shorteg on the otheside ofthe nose region. Aralternating “J-
tube” configurationwas selected here tminimize heat-pipespacing in thenose region
whereheating is thenighest, provide greater heat-pipe spacing on tgper and lower
surfaces wheréeating islower, and, athe samdime, minimize mass. The refractory
composite structure sustains most of the mechanical structural loads and alsabiztfimes
protection in the event of a heat-pipe failure.

The maximum operating temperature capability of coated refractory-composite
materialsfor the primary structure of the leading edge high (~3000F) relative to
refractory metals, whiclare typically limited to approximatel240CF. The potentially



higher operating temperature increases the radiation heat-rejection efficiencyhefathe
pipe-cooled leading edge and permits reductions in the mass of the leadirigrealgizen
leading-edgeadius. In additionthe higher operating temperature increasesataé heat
load that can be accommodatpdssively bythe heat pipgi.e., noforced convective
cooling required). For many trajectories, the high operating temperaturedimghate the
needfor active cooling during both ascent argkscent, thusliminating the need for
carrying additionahydrogenfuel (coolant) intoorbit. Since many hypersonigehicles
return unpowered for landindhe additionalhydrogenfuel neededfor cooling during
descent would result in a mass penalty.

Refractory composite
structure

Heat pipes
» "D-shaped" cross section
 Alternating "J-tubes"

Heat pipe

Figure 3: Schematic drawing of a hypersonic vehicle with a diagram of a heat-pipe-cooled
wing leading edge.

Design Equations

The design of a heat-pipe-cooléeading edge is very complex dueth@ numerous
variables involved. However, a simple set of closed form equations is presentéthhere
can be used to determine if a heat-pipe-cooled leading edge is feasible with witiened
combinations. The equations presented here were developed to model the heat-pipe-cooled
leading edge shown in Figure 3, but can be generalized for many other potential designs.

Applied heat flux

YYVYYY YV VY Y

Coating

Thermal contact
resistance

Structure
Heat-pipe container
Heat-pipe interior

Figure 4: Schematic drawing of three heat pipes embedded in a structure.

Figure 4 shows achematiaross-sectiordiagram of three heaipes embedded in a
structural material. The heat pipes shown in the figure have a rectangular cross section, but
othercross sectionsould beconsidered. The leading edge is subjected to aerodynamic
heating on the outer surface. At the stagnation line - the location of maximum heating - the



heating rate is by denoted,g; A coating of thickness ts placed on the outsurface of
the structure. The thickness of the structure between the outer surfabe aedipipes is
t.andthe heat-pipe container walickness is it The distance between hgapes is 2x,
and the width othe heat pipe is w. Contact resistance betweesttheture and thbeat
pipe is alsashown inthe figure. The contact resistance on the otkerfaces ofthe heat
pipe is of much less concern and is thus neglected in this calculation.

Thefirst step is todetermine the temperatudeop, AT, throughthe structure and
heat-pipe container at the stagnatiome. This will help” determine the maximum
temperature of the leading edge, which will occur on the outer surféoe stignatiotine
midway betweerheatpipes. Todetermine the maximum temperatuhep through the
structure and heat-pipe container at the stagnéitien the following thermalresistances
should be considered: through-the-thicknesthefstructurgfrom the outersurface to the
heat pipe), in the plane of the structure (from midway betvneatpipes tothe heapipe),
and the contaatesistance. If @oating isused onthe outersurface,its thermal resistance
(both in-plane and through-the-thicknesbpuld be included. Twoonduction paths are
shown in Figure 5 fothe heat conductelom midway betweerheatpipes onthe outer
surface tahe heafpipe. As shown in Figure She heaimust be conducted through the
coating and structure in thlkrough-the-thickness direction, and throwatmer the coating
or structure in the in-plane direction.

. T —
Coating — max

Structure

=

X

Figure 5. Schematiadrawing of leading-edgerosssection withheat pipeshowing two
potentialpaths forheat to be conductddom midway betweeteat pipes to a

heat pipe.
Heated surface
Coating
Through-the-thickness
Structure —
Coating
In plane
Structure

Heat pipe

Figure 6: Schematicdrawing of the series/parallel resistanceetwork for heat to be
conducted from midway between heat pipes on the outer surface to a heat pipe.



The drawing shown in Figure 6 is attempt to approximate the 2-D geometry of
Figure 5 with al-D thermal resistanceetwork. The thermal resistance fer the heat
conduction midway between heat pipes on the outer surface headhgpe. The through-
the-thickness resistance in the structuresti®wn in Figure 6 prior tdhe in-plane
resistances, butould be placed after the in-plaresistances witthe sameesult. Other
resistancenetworkscould also beused, but caremust be exercised due to inconsistent
areas. Thehermal resistancthroughthe heat-pipe container is neglected since it is small
relative to the other termand since théeattransferarea isnot consistent witlthe other
terms. Contact resistance is not shown in Figure 6 due to its unknown value and area.

Knowing the stagnation heaflux, g, the dimensions, andthe thermal
conductivities, the temperatudeop from apoint midway betweeheatpipes onthe outer

surface to the heat pip&T,,, can be determined from

q”stag = ATstag{ 2R (1a)
AT,
0o = stag - (1b)
te, ts, DRopla/(t+1) Kt (1, +1,)0
k. ke O X X

The thermal resistance given in eq. (1b) is for the georsbtbwn in Figure 6, which was

an attempt to approximate the 2-D geometryFigure 5 with al-D thermal resistance
approach. The first two terms represent the through-the-thickness series resistance through
the coating and structure. The third term repredéetin-plane parallel resistant@ough

the coating and structure. The thickness ratigg,+ t) and y/(t, + t), represent theross
sectional aregassuming aunit depth)for the heat conductiorthrough each layer.
Rearranging eq. (1b), the temperature drop can be obtained from

Ht. t.  Ox(t +t) OB
AT, =q" +—S+§<73 < 2
sag —  sag g Kst s,pts +k,t, % (2)

The maximum value of the stagnation h#ax is used andhe transient nature of the
heating is not taken intaccount. Though this is a conservataygproachthe thermal
response of the leading edge will often be rapid enough that a steady state approximation at
the time of maximum heating will provide relatively accurate temperatures.

The next step is to determine the aversgigace temperatugased orthe estimated
heat-pipelength. To do thispne mustknow the heat-flux distribution andstimate the
chordwiselength of the hegpipes on bothhe upper and lowesurface. (The heatpipes
will normally be oriented perpendicular to the leadedpe,referred to as thehordwise
direction, but could be oriented in tHew direction. For a swegeadingedge,orienting
the heat pipes perpendicular to the leading edge results in fadsieation and loweaxial
heat-pipe acceleration loads.) From the heat flux distributenintegrated hedlux, q,,,
can be obtainetbr the entirechordlength, both upper and lower surface for a spanwise
(parallel to the leading edge) unit width. The average outside surface tempergtueanT
then be estimated from

O =€0A Ty — T (3)

surf amb



Thermal radiation to the leading edfyjem the ambient is included ieq. (3), but can
usually be neglected. Reducing tiyeper or lower length othe heatpipes, L, or L
respectively, will raise the averagarface temperature.The area, A, is based on a 1-in-
wide stripthe total length of the heat pipe,(k L). It is important that the hegipes
extend pasthe stagnation region into the regiovhere the maximum materiateuse
temperature is above the radiation equilibrium temperattog. sharpeadingedges with
small angles of attack, theeatflux drops off very rapidlyand should not be a problem.
However, forvery blunt leadingedges with high angles of attack, higeatfluxes will
extend a significant distance from the stagnation line.

The third step is to estimate the internal heat-pipe temperatureassusnedhat the
heat pipe is atniform temperature anthat the heat radiatefifom the surface is also
uniform. First, the heat flux out dfie heaipipes iscalculatedassuminghat the heatiux
radiated from the leading-edge outer surface must first be conducted ttteuugat-pipe
width, w. The distance between heat pipes is 2x and, thusydoy spanwiseunit width
of leadingedge,the heafflux must be conducted throughhaat-pipe of width w and is
radiated fromthe outersurface over a width of w 2x. Therefore, foreach 1in. unit
width of leading edge, the heat is conducted to the outer surface through a width of

(1 in.) w/(w + 2x)

The average heat flux conducted through the wall of the heat-pipe container is then

T Qiot
oo™ (L, +L,) (Lin) [wigw+ 2] @

Knowing the average hediux, the temperaturdrop throughthe structure and heat-pipe
containerAT,, can be obtained from

AT,
9 ag = = (5)
e, e, te, T
kst Ky Ko ha

w Cc

where the thermal resistance terms in eq. (5) are illustrated in Figure 7.

Coating
Contact —-

resistance
Structure

S

X

Figure 7. Schematic drawing of a leading-edge cross section with a heahpipeg the
four thermal resistanceomponents (coating, structumntactresistance, and
heat-pipe container) in eg. (5).

Note that in eq. (5) there is no in-platermalresistance.Contact resistance between the
heat pipe and structure, if known, can be included in eq. (5). If values of contact resistance
can be estimated, it maJso be possible to bourtkde problem. However, it should be



emphasized that thermal contact resistance is extremely dependgtroatry,pressure,
material, and temperature.

The heat-pipe operating temperature is then obtained from

Thp = Tsurf - ATs.,hp (6)
The final value to obtain is the maximum leading-etigeperature, which will occur
midway between heat pipes at the stagnation line. This temperature is obtained from

Tmax = Thp + ATstag (7)

The important parameter®r a heat-pipe-cooled leading edge hamew been
obtained: the maximum surface temperature,, and the heat-pipe operating temperature,
T, A comparison of thecalculated maximunsurface temperature witthe reuse
temperature of the coating and structural materials will determine if they are féasithlis
application. The heat-pipe operating temperature will help establish what contatagal
and workingfluid to use. Several iterations may be required to obtaidesign with
acceptable temperatures using the corresponding matesfarties. The dimensions used
in the design, i.e., the length of the heat pipes on the upper and lower suhacgscing
between heat pipes, the width of the heat pipesaliide thicknesses¢an be modified to
obtain alternatelesigns. In additiondifferent materialsvith different thermal properties
can be evaluated. The goal is to obtain a design that results in temperatures within the reuse
limits of available materials while utilizing dimensions that can be fabricated.

Comparison of Design and Finite Element Analysis Results

The use ofthe developediesign equationare now illustratedfor a blunt leading
edge, and results for both a blunt and sheagding edge are presented and compared with
results from a 3-D finite element analysis.

100 ¢
Upper Lower
surface surface
s Shuttle
Heat flux, Orbiter
Btu/ft2-sec
50 }
25 |
0 1 1 1 1 1

-40 -30 -20 -10 O 10 20 30 40
Chordwise position, in.

Figure 8: Typical heat flux distribution for Space Shuttle Orbiter wing leading edge.
As an example of the aboyeocedure for dlunt leadingedge, considethe Space

Shuttle Orbiter wing leading edge with a stagnation heat flux,9f €83 Btu/ft-s and the
chordwise (normal to the leading edge) heat flux distribution on the leading eslyevas



in Figure 8. Baseline (test case 1) dimensions and thermal conductivities are giabte in
1. An example of a spreadsheet used for the calculations is shown in Appendix A.

The temperaturdrop fromthe location at the outer stagnation Imalway between
heat pipes is given by eqg. (2) as

Bt .t Ox(t,+t,) CH
AT, =(" S+ =+ s ¢ 2
5 a 5 c Ks,t s,pts + kctc % ( )
O
O .0l1in. .04in.
ATge = 83ftlftf — rI:lstu 2 04L;>Tu
Stp3sg7 - —— 128 ——
O hr —ft —°F hr —ft —°F
O
0.7in.(0.04in. + 0.01in. =
' 5124 4085“130 O(4in )+ st 587)Bt”%o 0lin.) . @
' hr —ft —°FC ' ' hr —ft —°FC “H
ATstag: 807F
Table 1: Baseline Variables for Comparison of Results
t. = 0.04in.
t = 0.01in.
t. = 0.01in.
X = 0.7 in.
L, = 24in.
L, = 18in.
r = 9in.
k., = 12.8 Btu/hr-fteF
kS,p =  24.408 Btu/hr-fttF
K, = 39.485 Btu/hr-fttF
K. =  23.587 Btu/hr-fttF
€ = 0.8

The next step is to estimate the average leading-edge surface températutength
on the upper surface is 24. and on thdower surface is 1&. The total integratetieat
load for a spanwise width of 1 in. and a chordwise length of 42 in. is 11.6 EBunse all
of the heatmust be reradiated, and neglecting radiation ftbeambient,the average
surface temperature can be calculated from

11.62 Btu/s = 0 A T,,* = (0.8) (0.1714 x 1®Btu/hr-ft-°R%) (1 in.) (42in) T (3)

surf

T,«=2738F

surf

The heat-pipe containgvidth is 0.6 in. with a heat-pipe spacing (halie distance
between heapipes) of 0.7 in. Thus foevery lin. of leading-edge width(spanwise
direction), 11.62 Btu/s must be conducted to the outer surface through a width of

1in. [w/(w+2x)] = 0.3 in.

10



The average heat flux conducted through the heat pipe to the outer surface is then

. _ 11.62Btu/s

wg = o = 132.8 Btu/fts 4
(42in.)(0.3in.)

The thermal resistandeom the coating, structure, antieat-pipe container aresed to

obtain the temperaturdrop throughthe leadingedge. There is no in-plane thermal

resistance included here since this is the region directly over a heat pipe.

Btu _ AT,
1828 . = —004in. 0.01in. 0.0Lin. (%)
Btu * Btu * Btu
128——— 39485—— —— 23587 ——F——
hr —ft-°F hr —ft —°F hr —ft —°F

AT, = 15TF

Table 2: Comparison of Blunt Leading-Edge Temperatures

Th%Fanai ThdeFEA’ lefeoii:ence, Laoxr_-ana‘ Tm%)ia_-FEN lefeolizence,

Testcase 1 2587 2556 29 3394 3243 150
0= 11.6 Btu/s
t;= 0.04 in.

X =0.7 in.
L,=24in.

Test case 2 2530 2420 110 2670 2505 165
0= 12.09 Btu/s
t;= 0.04 in.

X = 0.05 in.
L,=36in.

Test case 3 1933 2525 592 3145 3074 71
0= 11.6 Btu/s
t,=0.25in.

X =0.7 in.
L,=24in.

Test case 4 2455 2537 82 3003 2821 182
0= 11.6 Btu/s
t;=0.25in.

X = 0.05 in.
L,=24in.

With an average outer surface temperature of Z7a38d a temperatudrop through
the structure of 15F, the heat-pipe temperature is given as

Tp=T.

surf

-AT,,,=2738F - 153TF = 2387F (6)
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The maximum leading-edge temperature issiinn ofthe heat-pipe operating temperature
and the temperatudrop fromthe location midway betweeneatpipes tothe heatpipe,
given by

Tax = Top + AT,y = 2587F + 807F = 3394F (7

stag
A comparison of the heat-pipe temperature amakimum surface temperature are

summarized in Table r the 1-Ddesign equations and a f@iD finite elemenianalysis

(FEA) for a blunt leading edgguch as orthe Space Shuttl®rbiter. A discussion of the

FEA is presented in Appendix B. Though the FEA has a nonlinear property capability, the

constant properties in Table 1 were used in the FEA to provide a true compdétisdime

design equations. leachcase,the variables that are differefiom those inTable 1 are

listed in the table (all other variables are the same as in Tabl&orall cases infable 2,

Oyag= 83 Btu/ft-s and r = 9 in.

Table 3: Comparison of Sharp Leading-Edge Temperatures

Thp, anal Thp FEA Diﬁerence’ -I;nax anal Tmax FEA Diﬁerence’
oF dF oF or_- bF oF
Test case 5 2968 3036 68 4230 4077 153
O = 19.142 Btu/s
t, = 0.04 in.
x =0.05 in.
L,=L=24in.
Test case 6 2791 2851 60 3962 3926 127
0,.= 22.906 Btu/s
t;= 0.04 in.
x =0.05 in.
L,=L =36In.
Test case 7 2826 2985 159 10,121 6064 4057
O = 19.142 Btu/s
t,= 0.04 in.
x =0.7in.
L,=L=24in.

Test cases 1-4 are forbtunt leading edge (r = ®.) with arelatively low heatflux
and a large angle afttack(see Figure8). Test case has amuch smaller half heat-pipe
spacing than in test casg@.05 in. vs. 0.7 in. inest case 1) and a longer upper surface
heat-pipelength. The longerupper surfacéeat piperesults in a slightly largantegrated
heat load. In test case B thickness othe structure beneath the coating is increased to
0.25 in.and the half spacing betwelratpipes is0.7 in. Both of these dimensions are
relatively large and result in a heat-pipe temperature that is quite low. The combination of a
thick structure above the heat pipe and a relatively large distance betweeipbesatesults
in a large thermatesistance, and thuslarge temperaturdifference, betweethe outer
surface and the heat pipe. The larger dimensions also result in the 1-D approximation being
less accurate. Itest case 4, the structuthickness isstill large, butthe heatpipes are
spaced mucltloser,and the heat-pipe temperatirem the design equations iswuch
closer to that from the FEA.

12



Three cases are presented for a sharp leading edge (r = 0.5 in.) with a higher heat flux
(Qgag= 750 Btu/ff-s ) in Table 3.The angle of attacfor test case$-7 isnearzero. The
design results compare well withe FEA excepfor large heat-pipe spacing (test case 7),
where the maximum temperatures obtained bytileemethodsarevery different. This is
due to thefact that as the heat-pigacing increaseshe problem becomes more three
dimensional, andhe design equationsecomeless accurate.However, both the design
equations and the FEA indicate that the design with a large heat-pipe spacing is not feasible.

Discussion

Since a heat pipeadistributesthermal energy instead of removing it as active
cooling, the totalenergy balance is extremeiyportant. For this reason, shdgading
edgesare much more conducive to heat-pipe cooling than blunt leadiggs. Ablunt
leadingedge, though wvill have a lower stagnatioheatflux than asharpleading edge
underthe samdlow conditions,may have a higher integratedatioad. As a result, the
surfacearea required to radiate teeergy awaymay belarger, i.e.longer heatpipes are
required.

Low angles ofattack are moreonducive to heat-pipe cooling than high angles of
attack. A high angle of attack will heat a larger portion ofloleer surfacemaking itless
useful forradiating awayheattransferred fronthe stagnatiomegion. The heaimust thus
be moved to the upper surface which experiences very little heating. The required heat-pipe
lengths are then much longer than for a correspondingly low angle of attack leading edge.

The approximation for the design analyses presented here conservatively estimates the
maximum temperatures @ssuming no transfer dieatchordwise athe stagnatiorine.
In Figure 4,the 2-D geometry is approximated as a pibblem. Howeverdue to the
sharpreduction in heaflux at the stagnatiotine, threedimensions should be considered
for acompleteanalysis. For sharleadingedges heat will betransferred away from the
stagnation line in thehordwisedirection parallel to the heatipes, thusreducing the
leading-edge temperatures and resulting in a conservative approximation. For blunt leading
edges.the chordwiseheatflux reduction is muchess,and the three dimensional effect is
correspondingly less significant.

A second conservativieature in the developedesign analysis (anthe FEA) is the
use of a constant applied heat flux on the outer surface with only radiation lossesualn
aerodynamic heating, the reduction in the apphealtflux with rising surfacgemperature
is much greater if convection to a hot surface is considered rathesgbaming a constant
heatflux with radiationlosses alone. Thisffect ismost pronounced athe heat-pipe
spacing increases. For a veyall heat-pipespacing.the surface temperature, and thus
heatflux, is relatively uniform. For darge heat-pipspacing,the maximum temperature
between hegpipes is much greater thalirectly over aheatpipe. If surfacetemperature
dependent convective aerodynamic heating is considered instead of a constanthapplied
flux, the aerodynamic heating applied to the surface will decrease significantlthevitize
in surface temperature. This results ifdamping” of the temperaturgse. The design
equations presented here ¢hos be used tevaluate feasibilityassuming closely spaced
heat pipes. Once it is determined that heat pipes are feasible with closelytazdpgues,

a more detailed analysis should be utilized to determine optimum heat-pipe spacing.

Concluding Remarks

A set of closed form equations have been presented to geialyate the feasibility
of utilizing heatpipes to cooleadingedges of hypersonic vehicle3heresults from the

13



design equations were compared with results fradsiDaFEA for both alarge andsmall
radius leading edge. The results compared quite well and intheatiheequations can be
used for a quick assessment of the feasibility of using heat pipes to cool a ledging If
feasibility is indicated, a more detailed analysis should follow.
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Appendix A: Spreadsheet Description

A spreadsheet was used to determine the temperatures usthgsifpe equations. An
example of thespreadsheet used sfhown inTable 4for test case 2.Rows 2-15are the
input variablesmany of which were listed ifiable 1. For the thermal conductivity and
heat flux per unit area, the values given in column D have the units listed with the definition
in column B. The values in column E have the units listed in columRdws 17-21 are
the outputvalues. The parameter, alongith its units, islisted in column B and the
calculated value is listed in column C. The equations used to calculate the values in column
C are given in column D.

Table 4: Spreadsheet Showing Leading-Edge Temperature Calculations

All B C D E F
2 |t structure, in. 0.04
3 [twall, in. 0.01
4 |t coating, In. 0.01
5 [half hp spacing, in. 0.04
6 |[L upper, In. 3b
7 |L lower, In. 18
8 |k structure, t-t, Btu/hr-ft+ 12.§ 0.00029Btu/in-s-°F
9 [k structure, plane, Btu/hr-fi- 24.408 0.00058Btu/in-s~F
10 [k wall, Btu/hr-ftF 39.48%5 0.00091Btu/in-s°F
11 [k coating, Btu/hr-ft2F 23.587 0.00054Btu/in-s°F
12 [emittance 0.8
13 |qg stag, Btu/ft2-s g3 0.576Btu/in2-s
14 |qgtot, integrated heat load, Btu/s 12.09
15 |heat-pipe width, In. 0]6
16
17 [R 242 .41=E4/E11 + E2/E8 + EBLS*(E2+E4)/(E2*E9| +
E4*E11)
18 |AT stag,°’F 140 =E13*C17
19 [Tsurf,°F 2573 =(E14*3600*144/(E12*0.000000001714*(Ep+
E7)))"0.25 - 460
20 [AThp,°F 43 =((E14/((E6+E7)*(E15/(E15+2*ED)))))*(E2/H8
+ E3/E10 + E4/E11)
21 |Thp,°F 2530 =C19-C20
22 [Tmax,°F 2670 =C21+C18
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Appendix B: Finite Element Analysis

A three-dimensionalthermal finite element modekas used toobtain the finite
element solutions to compare withe design results. Achematic diagram of the leading
edge is shown in Figure 9. The shaded regiahenfigurerepresents surfaces thfe 3-D
region that was modeled in theanalysis. The Engineering Analysis LanguadgEAL)
system was used to perfortine finite elementinalysisi® The modelwas constructed
usingthe executive control language BAL in a very generalsense, inthat the physical
dimensions othe leadingedge,the composite architecture, and theundary conditions
can be easily varied.

Figure 9: Schematic drawing of a witgpding edgeshowing surfaces ahe 3-D region
modeled in the finite element analysis.

Elementswere clustered nedhe stagnation region in tleordwisedirection where
the heat flux and temperature gradients ardatgest. Elementclusteringwas used in the
chordwisedirection since thehordwise dimension imuch larger than thepanwise or
through-the-thickness dimensions. The transformation useohttentrate the elements in
the stagnation region in tleordwisedirection is a logarithmic clustering algorithm given

by
_e.t o laop o 0
y=B+ . sinh @]E 1Bsmh(rB)B (8)

where

1 M+ (e -1)(z/s) O ©
B=g In H+ e -)@z/9H 0<t= ®)

and where y ighe transformed coordinate ithe chordwisedirection along the leading
edge, pthe original equally spacedoordinate, zthe point aboutwhich the clustering
occurs,and s the heat-pigdength. The stretching parametercan be varied to space the
points equally (smalt) or to concentrate theoints near z (large). In thespanwise and
through-the-thickness directionslinear grid wasused. Atypical finite element model
used forthe comparison ishown in Figure 10. Inhe figure, the chordwiselength is
much smaller than the actuzdse,but the number of elements is representativéhose
used in the analysis.
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Figure 10: Finite element model of section of leading edge modeled.

The walls of theheatpipes weremodeled by three-dimensional conduction elements
and the internalapor temperaturevas modeled by an isothermal surface the inner
surface of the heat pipe to simulate an infinite thermal conductornitthe heapipe. This
was anonconservative assumption, addtailed heat-pipeanalysesare necessary to
determine actual temperature drops along thepgipat However, it is a googssumption
for high-temperature liquid metal heat pipes.

The cross-sectional finite element grid used in the modlas/n in Figure 1hlong
with the boundary conditions. Radiation exchange between the hot leading edge and a cool
ambient is insignificantly different than if the ambient is assumed to be at absolute zero, and
thus heat is radiated from the extersalface to space at absolatro. (This assumption
iS non-conservative, but hasnagligible impact on thesurface temperatures with high
aerodynamicheating.) An insulatednternal surfacewas consideredince all interior
surface temperatures are relativaetyiform. The heatedurface andhe surfacescooled by
radiation are shown in FiguEl. The surface midway betweedhe chordwiseheatpipes
and the surfaces through the center of the chordwéat pipe arassumed to bthermally
insulated as a result of symmetry.

Several simplifying assumptions warede in the finite elemergnalysis. Perhaps
the largest uncertainty in the thermal finglementanalysis isthe assumption operfect
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thermal contact between tlarbon-carbon structure and theatpipes. It is knownthat
thermal contact resistance witsult in increased surface temperaturesha stagnation
region, but since no value for tleentact resistance lenown, its quantitative effect on the
temperatures is uncertain. It is anticipated that, upon he#tmdhermakxpansion of the
heat pipe would increase thentactpressurebetween the heat pignd structurethereby
reducing the thermal contact resistance.

Composite
Insulated Isothermal surfaces on
Insulated interior of heat pipes
boundary
Heat pipe
Composite I

vV AV o4 v A v oA
Radiative cooling
to space at 0°R Aerodynamic heating

Figure 11: Boundary conditions used in the finite element analysis.
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