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ABSTRACT edges provide this function, as well as being easy to matwrac
and highly robust compared to other material choices. Téupep
Sharp leading edges on hypersonic vehicles experience veryws|| examine the feasibility of metallic leading edge heatgs
large heating loads and consequent high temperatures.t@te s for hypersonic vehicles in Mach 7 flight. Using temperatumed
egy for for accommodating these effects is to provide veghhi  heat fluxes calculated elsewhere, analytic approximatibiise
effectively thermal conductivity which allows heat to barts- temperature distributions and stresses in a prototypicstem

ferred from the hot leading edge to large cool surfaces fdra  are analyzed. The analysis is supplemented and confirmed by
ation into space. Heat pipes integrated within metalliclieg
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finite element calculations. Feasibility of the system mseased
by simple calculations on the operational limits of heaegip

1 Background

For aerodynamic reasons hypersonic vehicles require sharp
leading edges. Recent estimates suggest that such edges sho
have radius of curvature of ordd®e = 3mm. The consequent
challenge is that, when the edges are that sharp, the loaal he
flux into the structure is intense. At the Mach numbers ofrinte
est, Mach 7 and above, the stagnation temperaiydypically
exceeds the realistic upper use temperature of most materia
Moreover, because the tip must remain sharp and have a stable
shape, ablative solutions are not viable. Instead, therhest be
rapidly redistributed through the solid to enable dissgeby ra-
diation from the largest possible area of the vehicle serfatis
solution requires a concept that imparts a large effecties-t
mal conductivity. The three primary options in this familsea
(i) Carbon-based composites with anisotropic thermal oond
tion that retain load-bearing capability at temperatupgs@ach-
ing Tg. (ii) Ultrahigh temperature ceramics (such as bjfBav-
ing high melting temperatures and large thermal conduygtati
T — Tg. (iii) Heat pipes which provide exceptional thermal con-
ductivity, enabling lower equilibrium temperatures.

This assessment addresses the role of heat pipes in metal-
lic leading edge structures. The configuration to be addtess

hot fluid
N
heil[ - (E5 off
> w
Tst

qrad g

~— Design length, L———]

Figure 1: The local geometry and flow conditions near theifepddge.
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edge surface fully-defined by the thicknesthe radiusRe and

Figure 2: A structural heat pipe for the leading edge of a hsqac vehicle. (a)
A cutaway of the top surface to show the cruciform structarembers. (b) The
fully-assembled system with the wick material, minus tlie sind back surfaces.

the anglegy at which the curved region connects to the flat ra-

diating surface (see figure 1). The design length of the tiadja

surface,L, is chosen to ensure that the materials do not exceed @ highly adherent, thin layer af-AlO>. In such cases, at high
their maximum use temperature. The fundamental theories of temperatureg > 0.9.

heat pipe operation have been presented in such works als [1-3 The article is organized as follows: Analytic approximaso
Heat pipes have been pursued in the context of leading eddes a for the temperatures and heat fluxes induced when the heat pip

other high temperature applications [4,5]. The presenticst
tural, heat pipe [6] not only equilibrates the temperatwiegbso
supports transverse and shear loads (figure 2). For mancfact
ing facility and robustness, all-metallic designs are pads and
their feasibility at Mach 7 deduced.

Because of the crucial role of radiation, the temperatures i
duced are a strong function of the emissivitypf the radiating
surface. For conventional allogxan be quite low. However, the
refractory alloys to be explored can be pre-oxidized to feim
ther alumina or silica. The most well-documented are thkatic
alloys used in turbines which, when used with a bond coaty for

2

is functioning are derived. Corresponding approximatiares
derived for the thermal stresses. The fidelity of these edgém

of the temperatures and stresses is assessed using fimientle
calculations for designs based on Ch-752, a niobium allbyckv

has relevant material properties: Young’s modius 110GPa,
thermal expansion coefficient = 7.4ppnyK and thermal con-
ductivity k = 48W/mK. Other refractory alloys, such as those
based on molybdenum, tungsten and rhenium, can be envisaged
using the same basic protocol. The operational requiresrant

the heat pipe are then checked against models of heat pipe be-
haviour to ensure the functionality of the system in the cionks
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described.

2 Analytical Estimates of Temperatures and Thermal
Stresses
A method for determining the aerothermodynamic condi-
tions at the leading edge is described elsewhere [7]. Madgti fl
at 48 kPa dynamic pressure [8] corresponds to 29 km altitnde a
2122 K stagnation temperature. The resulting stagnatiamt po
heat transfer coefficienthg; are plotted in figure 3 for a range of
leading edge radii.
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Figure 3: The stagnation point heat transfer coefficient fasetion of the lead-
ing edge radius for Mach 7 flight at 29 km altitude.

I sothermal temperature. We commence with the initial as-
sumptions that the heat pipe works perfectly and that thé wal
is thin, making the system effectively isothermal. Thisumsp-
tion will be tested later. The system is heat balanced suah th
all heat entering the surface through the curved leading &g
dissipated through the flat radiating surface. The heasteaico-
efficienth(g) is assumed to decline with cpslong the curved
surface. If the isothermal system temperaturdidg, the heat
entering through the curved surface is given by:

$o
Q= /0 Riehst SO Tet — Tiso)lp (1)

= Reehstsingo(Tst — Tiso)-

Along the flat surface, if the heat transfer coefficia(d) is as-

sumed to decline with the square root of the distance from the
leading edge, the convective heat transfer is given by:

L
Qi]; = /0 h(s) (Tst — Tiso) ds

= 2(Ter — Tiso) hq,ﬁ (\/R+ Ltand — \/Fe) .

tan®

(2)

with hy = hstcog@n) and 8 = 11/2— @ is the half angle of the
wedge. The heat radiated out through the entire leading edge
surface is:

Rg+L
Qout = /0 eoTads (3)

= €0 (L+ Ry) Tido,

whereo = 5.67x10°® W/m?K# is the Stefan-Boltzmann con-
stant,Ry, = R@p andsis the distance along the radiating surface.
Heat balance requires th@i, = Qout, and hence:

RiehstSingo(Tst — Tiso) + Zh(p\/ﬁ(p (\/ Ro+L— \/ﬁp) (Tst — Tisof4)
—&0 (R(P+ L) Tigo =0,

which can be solved fofiso. Results obtained foRe = 3mm,

@ = 6° ande = 0.9 are plotted in figure 4, as a function of the
length of the radiating surface. The temperaflyggmay also be
regarded as the temperature of the working fluid in the hegeat pi
Note that the temperature is quite sensitive to the desiggtte
L.

Maximum temperature. The maximum temperature at the
leading edge can be estimated by assessing the heat fluxgthrou
the tip across a small element, lend®de (figure 5). The
curved section of the leading edge is an arc of a circle, aed th
temperature gradient along the stagnation line can be &tstdn
using a one-dimensional calculation for heat flow into adwll
cylinder; this assumes that the heat flux through the wallishm
larger than along the surface. The general equation fodgtea
state heat conduction in a hollow cylinder is:

9°T 10T
(2137

ror
with k the thermal conductivity of the material andhe radial
distance from the center. The boundary conditions are sttdy

()
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Figure 4: The leading edge temperatures for Mach 7 fligiss; the temperature
of the leading edge region under the isothermal approxanais a function of

the length of the radiating surface afiglax the maximum temperature at the  Figure 5: A sketch of the region along the stagnation lineafbich the tempera-
stagnation point on the surface of the leading edge. Thétsesu finite element tures are solved by an axisymmetric finite difference scheme
calculations for the same conditions with= 0.15m are included.

that the maximum increases with lardedespite the lower over-
all temperatures. This happens because, as the lengtlagese
the total heat radiated away increases, requiring a lahgemtal
gradient at the leading edge to provide the larger heat flonx. |
portantly, the maximum stress remains below the Cb-752lyiel
(6) stress at the temperatures of interest.

stagnation temperature and heat transfer coefficient of#se
and by the isothermal temperature on the internal surfate. T
maximum material temperature at the outside surface indiye

ehs e
Tiso+ Tat (Rl K Eln Rlﬁ)

1+ (—R'efs"ln%)

Tmax =

)

whereR; = Re —t is the inner radius of the leading edge. The
solution forRe = 3mm,@= 6° andt = 1mm employing Cb-752
with € = 0.9 is plotted in figure 4 for various design lengths. The

corresponding heat flux through the surface into the heatipip 301
q _ k (Tmax—RlTiso) . (7)
Riln Y

24}

Stresses. Because the structure is metallic, yielding is of
primary concern; it is assumed that buckling can be excluded

Maximum Mises Stress, G, (MPa

through incorporation of internal lattice supports along width 185 : oK : 05 : 5.3
(figure 2). Accordingly, the Mises stress near the leadingeed Design Length, L (m) '
where the temperature is largesteg, governs the integrity.
Along the stagnation plane, this varies through the thiskrees: Figure 6: The maximum thermally-induced Mises stress aetterior surface
’ ' along the stagnation plane.
Oeq(r) = (V3/2) G (T(1) = Tiso), (®)

Failed heat pipe. In the absence of a functioning heat pipe,
The maximum stresses induced at the exterior surface oger th heat is transferred only by longitudinal conduction alohg t
relevant range of Mach numbers are plotted in figure 6. Note curved region into the radiating surface. Figure 7 illugtsethe
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behaviour of the leading edge if the heat pipe fails duringMa

7 flight. In contrast to a functioning heat pipe, the effeetikier-

mal conductivity of the leading edge is approximately twe or
ders of magnitude smaller. Consequently, a steep temperatu
gradient develops along the length (figure 7) and the maximum
stagnation point temperature is insensitive to the desggth,
remaining at approximately 1476 for any design length. Com-
parison with figure 4 demonstrates the importance of having a
functioning heat pipe.
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Figure 7: The behaviour of the leading edge after the hea pgs failed: the
temperature distribution along the length of the leadingeeslystem, assuming
that the material is isothermal through the thickness aatkth 0.9, Re = 3mm
andt = 1mm.

3 Finite Element Calculations

Method. All calculations are conducted using the commer-
cial finite element code ABAQUS. In the analysis, 8-node cou-
pled temperature-displacement generalized plane stieximests

inset (a)

Figure 8: The domain of the finite element mesh, showing thentary condi-
tions, with a typical mesh near the leading edge illustratedset (a).

a thin (Imm) compliant layer on the inside having exceptiona
thermal conductivity (figure 1). This layer is assigned aond
tivity, knp = 3,000W/mK. The calculations are conducted using
a niobium alloy, Cb-752, which maintains a yield strengtbh\ab
200 MPa to a temperature of 1100

Basic Results. The heat input and fluxes are assessed for a
given design length = 0.15m. Representative results are sum-
marized in figure 9 (for emissivitg = 0.9). The total heat in-
put through the external surface (figure 9(a)) increases thee
curved leading segment, reaches a maximum shortly past the
transition and declines thereafter due to an excess oftradia
convective heat transfer. The net heat input is zero; none of
the heat entering through convection remains within thea-veh
cle: it is all dissipated by radiation. This correspondshe t
isothermal condition assumed in the foregoing analytiesss
ment. The corresponding heat contours over the curved {ip re
gion are presented in figure 9(b). Two aspects are notable: (i
the flux entering the heat pipe near the stagnation pointgeia
Omax ~ 1.6MW/m?, though appreciably lower than the “cold

are used. The mechanical boundary conditions are as follows Wall” flux typically cited for leading edges at the same Mach

(figure 8): symmetry conditions are imposed on AD in the y-
direction and on CF in the x-direction.

The external thermal boundary conditions are identical to
those used in the analytic model. Close to the surface, the ai
is assigned the stagnation temperatlie with a surface heat
transfer coefficient imposed having the same spatial varniats
above. Radiation to the external ambient temperaflyés in-
cluded, with emissivitye = 0.9. Conduction through the solid is
characterized by a (temperature invariant) thermal cotidty;

k. The action of the internal heat pipe is simulated by impgsin

5

number, altitude and radius; and (ii) because of the tentyera
uniformity enabled by the heat pipe, the radiation flux iseess
tially constant:gyag ~ —140kW/m?.

Temperatures and Stresses. Temperatures have been ob-
tained for the same dimensionRd = 3mm, t = 1mm, L =
0.15m). The interior surface attains a uniform temperatural-a
ogous taTjs, in the foregoing analytic assessment. The only re-
gion that exceedsi, is the curved tip. Superimposing the ana-
lytic estimates onto the numerical results (figure 10(ajjdates
that bothTiso and Tnax are very close to those predicted analyti-
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Figure 9: Heat flows at Mach 7. (a) Total heat input to the serfaith distance
away from the stagnation point. (b) Contours of heat flux aigielengthL =
0.15m withe = 0.9.

cally. Contours of temperature are shown in figure 10(b).eNot
that Tiso dictates the choice of the working fluid. At Mach 7 the
temperature suggests either sodium or lithium.
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Figure 10: (a) The temperatures along the external surfacalaulated by the
finite element method with analytic results f85, and Tmax in red fore = 0.9
superimposed. (b) Contours of the temperatures inducériNb-alloy at Mach
7 when the heat pipe is functioning.

4 Heat Pipe Limitations

The assumption that the heat pipe behaves as a thermal com-
ponent with an effective conductivity of 3,000 W/mK over a
range of operating temperatures is subject to the provasicthie
isothermal temperature and the total heat flux lie within pn o

The Mises stresses and equivalent plastic strains have alsoerating envelope [2]. The boundary of the envelope is defined
been calculated. Contours of these stresses in the niodium a by a number of critical conditions. For high-temperaturathe

loy at Mach 7 are summarized in figure 11. Comparison with
figure 6 confirms the overall accuracy of the analytical trestt
above. The analytical result is lower, largely because #émeling
stresses are neglected. The element most susceptibléute fai
that at the tip on the exterior surface where the stress and te
perature are simultaneously the largest. This stress isE48), lslt
1072C, below the yield strength of the material at this temper-
ature. Consequently, the plastic strain is zero. The irapiba

is that, provided the heat pipe is functioning, a niobiunteys
should function at Mach 7 without failure.

pipes, three conditions are particularly stringent: (&) shm of
the pressure losses involved in driving the operating fluakeds
the available capillary pressuregillary limit); (b) the velocity

in the vapor reaches the speed of sowsah(c limif); and (c) the
liquid in the wick boils at the wick-wall interfacdiling limit).
Accurate estimates of these limits are necessary to ensure a
bust and near-optimal design; this is beyond the scope sf thi
work. Here we provide order-of-magnitude estimates tofyeri
the feasibility of a niobium / niobium foam / sodium heat pipe
for a Mach 7 leading edge. Details of the derivations are pro-
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Figure 11: Mises stress and plastic strain contours wheiehae pipe is func-
tioning for Mach 7 with a niobium alloy.

vided elsewhere [1-3, 7].

Capillary limit. When the effect of gravity is neglected and
total pressure recovery is assumed in the condenser, tilawap
pressure needs to overcome viscous dissipation in the caper
and in the wick, resulting in:

apL WL ) !

20
Qup— 2 (

leff ®)

Here,o is the surface tension of the operating fluigs; is the
effective capillary radius of the wick porg,andp are the dy-
namic viscosity and densitfisg is the latent heat of fusior is
the permeability of the wick, antj andt,, are the thicknesses of
the vapor and wick regions, respectively.

Sonic limit. The condition that the velocity in the vapor core
is equal to the speed of sound can be expressed as:

s _ pvahigty (10)
2+

where a, = /yRT is the speed of sound in the vapgr=
Cpv/Cy = 1.67, andR = 363JkgK is the gas constant for
sodium vapor.

Boiling limit. The simplest expression for the heat flux that

initiates boiling at the wick-wall interface can be expessas:

b _
Qmax t hfgpv

Lekefs 20Ty [ 1 1
11
(Rb reff)’ (11)

wherelLe ~ 5mm is the length of the evaporatdy, the temper-

pre-existing bubbles near the wall, alkd ¢ is the effective ther-
mal conductivity of the permeated wick. For metal foam wijcks
ket is related to the wick porosityl{y) and the thermal conduc-
tivity of the solid and the liquid phase as:

Gy 1P\t
WT) ’

Ketf=A(Waki + (1= W) ks) + (L+A) (
(12)

whereA = 0.35 is a fitting parameter obtained experimentally
[9]. For these calculations, the wick properties and wagKinid
properties are taken to be those given by [2]. For sodiumeas th
working fluid, figure 12 presents the three limits as a functd
the operating temperature of the heat pipe, and defines the sa
operating region (assumirig= 5mm). For a leading edge heat
pipe length L ~ 0.15m, the operating (isothermal) temperature
is approximately 1020 (figure 4) and the total incoming heat
flux (per unit width of the vehicle) is approximately 7 KW/mgi
ure 9). Notice that these conditions are well within the saee-
lope for a sodium heat pipe, thus verifying the initial asption
of this paper.
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Figure 12: The three relevant operational limits and theatpe envelope for a
sodium heat pipe on a Mach 7 vehicle with a sharp metallicitegeldge.

5 Concluding Comments
Heat pipes have been used in many contexts as a technique
for spreading heat throughout a system for greater easesof di

ature of the vapor at the evaporator (assumed to be equat to th sipation. Integrated within a structural leading edge orya h

isothermal temperaturd}, ~ 10~ 'm is the average radius of the

7

personic vehicle, heat pipes enable material choices wdnieh
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excluded in systems without cooling, allowing easier manuf
turing and more robust systems. Here the feasibility of assod

Propulsion American Institute of Aeronautics and Astro-
nautics, Washington DC.

heat pipe in a sharp (3 mm) niobium alloy leading edge on a [9] Carbajal, G., Sobhan, C. B., Peterson, G. P., Quehgillal

Mach 7 vehicle has been demonstrated. By using the heat pipe

to transfer the high heating localized at the stagnationtgdoia
large radiating surface in relatively cool regions, extestem-
peratures and thermal gradients can be avoided. This warlkea
extended to other structural materials, working fluids aglticle
velocities.
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