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Abstract

Hypersonic flight with hydrocarbon-fueled airbreathingguision requires sharp leading
edges. This generates high temperatures at the leadingedgee which cannot be sustained
by most materials. By integrating a planar heat pipe intosthacture of the leading edge, the
heat can be conducted to large flat surfaces from which it earadhiated out to the environ-
ment, significantly reducing the temperatures at the lepdidge and making metals feasible
materials. This paper describes a method by which the Igastige thermal boundary condi-
tions can be ascertained from standard hypersonic caooetatand then uses these boundary
conditions along with a set of analytical approximationgtedict the behaviour of a planar
leading edge heat pipe. The analytical predictions of tleentlostructural performance are
verified by finite element calculations. Given the resultghef analysis, possible heat pipe
fluid systems are assessed, and their applicability to fleganet conditions determined. The
results indicate that the niobium alloy Cb-752, with litmwas the working fluid, is a feasible
combination for Mach 6 to 8 flight with a 3 mm leading edge radiu

1 Background

For aerodynamic reasons hypersonic vehicles require dbhading edges, with millimeter
scale radius. When the edges are that sharp, the heat fluhensbructure is intense. Specifically,
at Mach 6 to 8 (the highest Mach number attainable with hyaitoen fuels) the fluid stagnation
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temperatureTy > 1400 C, exceeding the realistic upper use temperature of materials. Be-
cause the tip must remain sharp and have a stable shapeyebtzititions are very challenging.
Instead, the heat must be rapidly redistributed througlsdiie to enable dissipation by radiation
from the largest possible area of the vehicle surface. Theetprimary passive options to ob-
tain such a solution are: (i) Carbon-fiber-based compo#itaisretain load-bearing capability at
T — Tg. (ii) Ultrahigh temperature ceramics (such as b)fthat combine refractorineds, > T«
with large thermal conductivity a&f — Tg. (iii) Heat pipes which enable allowable equilibrium
temperatures by providing exceptionéfleetive thermal conductivitykes .

This assessment addresses the performance of heat pipgsarated within metallic leading
edge structures during steady-state hypersonic cruise. pidferred configuration has a curved
surface fully defined by the thicknesghe leading edge radilig, and the angle, (which is the
complement of the wedge half anghe at which the curved front connects to the flat radiating
surface (see figure 1). The design length of the radiatinigseL, must be chosen to ensure that
the materials remain below their maximum use temperature.

vehicle
surface

Figure 1: The local geometry and flow conditions near theifegpedge.

Heat pipes have been pursued previously in the context dirigadges and other high tem-
perature applications [see 8; 9, amongst others]. The pesteuctural, heat pipe fiers in the
sense that the design not only equilibrates the temperhtiralso supports transverse and shear
loads (figure 2). For manufacturing facility and robustnedismetallic designs are pursued, and
their feasibility up to Mach 8 deduced.

Because of the crucial role of radiation, the temperatunesiged are a strong function of
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Figure 2: A structural heat pipe for the leading edge of a hygeic vehicle showing (a) a cutaway view with the
metallic wick material removed to show the cruciform starat members; and (b) the assembly, with both metallic
faces and the wick installed.

the emissivity,e, of the radiating surface. While can be quite low for conventional alloys, the
refractory alloys to be explored here can be designed to lzager values by pre-oxidizing to
form either alumina or silica. The most well-documented taeenickel alloys used in turbines
which, when used with a bond coat, form a highly adherem, ltiyer ofa-Al ;03 [5] with (at high
temperaturey > 0.9.

To address this challenge, this article is structured devist The aerothermodynamic envi-
ronment that governs the heat flux into the leading edge isctexrized using procedures based
on the stagnation temperature and heat transfefficemnt. Steady-state temperatures and heat
fluxes induced when the heat pipe is functioning are derisddguanalytic approximations with
the fidelity assessed using selected finite element caico$at The designs to be explored are
based on nickel (Inconel 625) and niobium (Cb-752) alloyarmthe properties in table 1 and
temperature-dependent yield strength characteristesepted in figure 3. Other refractory alloys,
such as those based on molybdenum, tungsten or rheniumleeldvisaged using the same basic
protocol. The difering temperature and stress circumstances that arisegdansients before
the heat pipe begins to function are examined, as well asithence of thin oxidation-protective
coatings on the metallic surface. The operational requeréeon the heat pipe are checked against
models of heat pipe behavior to ensure the functionalithefdystem at the requisite heat flux and
physical dimensions.



Density | Specific Thermal Thermal | Young’s
o (kg/md) Heat Conductivity | Expansion| Modulus
Cp (JkgK) | k(W/mK) | a (ppmK) | E (GPa)
(@ 800C) | (@ 800C)| (@ 800 C)

Inconel 625/ 8440 525 21 15 155
Cb-752 9030 281 48 7.4 110

Table 1: Relevant material properties of nickel-based mllzg Inconel 625 and niobium alloy Cb-752. The temper-
ature dependent material properties are taken at 800 C.
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Figure 3: The temperature dependence of the yield strengtthé two refractory alloys, Inconel 625 and Ch-752,
used in the analysis, shown as solid lines. Analytical cpists of maximum stress as a function of temperature are
presented as dashed lines for Mach 6 to 8. The corresponditegdiement results are plotted as circles.

2 The Leading Edge Aerothermodynamic Environment

Stagnation Conditions For hypersonic vehicles powered by scramjet engines wittidoar-
bon fuels, the Mach number at cruise ranges between 6 andegeldtion between Mach number
and altitude is determined by requiring that the vehiclefly @onstant dynamic pressure (typically
48 kPa [10]). For each altitude, the free stream temperatyreressurd?,, and density,, are
found in standard atmosphere tables [3], summarized ie @bl

The total free stream enthalpy;, is related to the temperature and vehicle velocity, by:
Heo = CpToo + U2 /2, (1)

wherec, = 1.04kJkgK is the specific heat of quiescent air. The pressure attfymation point is
obtained by assuming that the kinetic energy of the fluid isvzeated completely to pressure, and
thatPy > P, [1]:
P ~ pool’, (2)
4



Mach | Altitude | Temp | Pressure Density | Velocity | Enthalpy| Stagnation

No (km) T Pu Peo Uco He TempTy
(K) (Pa) | (kgm®) | (kmys) | (MJ/kg) (K)

6 26.93 | 223.5| 1900 | 0.0296| 1.54 1.80 1651

7 28.98 | 225.5| 1396 | 0.0215 2.11 2.16 2122

8 30.76 | 227.3| 1069 | 0.0160 2.42 2.86 2627

Table 2: Atmospheric properties and calculated stagnatomditions for flight over the range of Mach 6 to 8 with
constant dynamic pressure of 48 kPa.

The stagnation temperature can be found using a Mollierdragl3] which is implemented in the
Hypersonic Airbreathing Propulsion (HAP) software [10h€lresults are summarized in table 2.

Heat Flux. Herein is a strategy for determining the aerothermal logdifhe premise is that
the air close to the surface at the leading edge reachesltlgatustagnation temperature. Heat
enters the leading edge at a rate governed by a spatiallyngangat transfer cdgcient. A heat
pipe on the back surface of the leading edge transfers thettv@aflat region, from which the
heat is then radiated into low temperature space (figurelg.system is heat balanced, such that
the total heat entering the vehicle through convection isgaétp that leaving by radiation. The
following describes how to calculate the heat transfeffftment and heat flux.

Fay and Riddell [7] use the results of Lees [12] to ascertarmetations for the heat flux at the
stagnation point. Sutton and Graves [16] approximate thgse

q=(Hg—HW)K\/% (3)

whereHjy is the local fluid enthalpyH,, is the local wall enthalpy anH{ is a heat transfer factor
which is a function of molecular weight, the mass fractiohshe constituent gases, and a gas-
dependent transport parameter. Sutton and Graves [16hasedults of Svehla [17] to calculate
K = 3.6x10“m kg " for air. For the Mach numbers under investigatiéfy, > H,; conse-
quently, by settindd,, = 0 andHgy ~ H.,, equation (3) becomes the “cold wall” heat flux. At the

stagnation point:
. [P
Oowst = HoK ﬁg- (4)

The heat transfer cdigcient at this locatiomg can be approximated through:

hst = ch,st/Tsta (5)

which varies around the curved leading edge l@g) = hg cosg). Beyond the curved section,
the heat transfer cdigcient declines ak(s) ~ 1/ /s, calculated as shown in figure 4. The actual
5



vehicle surface is given by the solid line. Equating the heatsfer at the transition from the
curved to flat sections, the déeient along the radiating surface becomes:

h(S) = hy cosgo—YRe

(6)

Vstand

Figure 4: The assumed geometry for the calculation of thetheasfer coéficient along the flat radiating surface. The
actual geometry is depicted with solid lines, while the @ablnes indicate the geometry for a perfectly sharp leading
edge.

These equations permit calculation of the fluid temperatmct local heat transfer cfirient
around the leading edge. Implicit in this approach is theiaggion thath is undfected by the
surface temperatufky, + and, accordingly, can be used to determine the actual heairflteT g,
has been ascertained. The dependence of the stagnatidrinpatriransfer cdgcient on leading
edge radius for the Mach numbers of interest is displayedgurdi 5: it is independent of the
material properties of the leading edge.

3 Steady-State Temperatures and Thermal Stresses

3.1 Analytical Estimates

Isothermal temperature.When the heat pipe is functioning and the wall is thin, thedsol
approaches an isothermal temperaturg,, except very close to the leading edge. Thig,
becomes a useful reference temperature as well as the ndemnmzerature of the working fluid in
the heat pipe. Under this thermal condition, the systemag balanced. The spatial extent of the
solid that attaings, will be addressed later. The heat entering through the dwsueace is given
by:

b0

o= ) Rehs COSp(Ts — Tiso)d (7)

Rlehst Sin¢O(T$ - Tiso)-
6
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Figure 5: The stagnation point heat transferfioent as a function of the leading edge radius for a range ahMa

numbers.

Through the flat surface the convective heat transfer isgmye

Qn = f - h(s) (Ts — Tiso) ds ®)
S
= t";n? (VRe+ Ltand — YRe) (Ts - Tiso) .

with hy = hg cosgo) ands the distance along the radiating surface as sketched irefijuirhe

heat radiated out through the entire leading edge surface is

Lot
f ST ds ©)
0

= e LtOt TiAéo,

QOUt

wherel is the total length of the heat pipk§ = Repo + L) andX = 5.67x10° W/m?K* is the
Stefan-Boltzmann constant. Heat balance requireQhat Qo, and hence:

Rehs Singo(Ts = Tiso) + Zrl‘;fe (VRe+Ltand - yRe) (Ts - Tis) (10)
_GELtOtTié}_:D = O ,

which can be solved fofiy,. Results are plotted in figure 6(a), as a function of the lemdtthe
radiating surface, foR. = 3mm, e = 0.9 andd = 6°. Note that the isothermal temperature is
sensitive to the design lengthbut independent of the material chosen for the system.
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Figure 6: The leading edge temperatures calculated acallyt(lines) over the relevant range of parameters, and by
finite elements (circles and crosses) at Mach 6 and 8 for ahehith R, = 3mm, e = 0.9 andd = 6°. (a) The
isothermal temperature approximation as a function of émgth of the radiating surface. Note that the analytical
predictions are identical for the two materials, and thetfthite element calculations at Mach 6 for Inconel 625 and
Cb-752 fall on top of each other. (b) The maximum temperadtitbe stagnation point on the surface of the leading
edge for Inconel 625 (dots and crosses) and Cb-752 (dastesrales).

Maximum temperature.The maximum temperature at the stagnation point can be &sithby
assessing the heat flux across a small element, |éqgih (figure 7) by using a one-dimensional
calculation for heat flow into a hollow cylinder. Implicit tihis estimation is that the heat flux
through the wall is much larger than that along the surfacgtifjed below). The general equation
for steady-state heat conduction is:
=0 (12)

b

0°T N 10T
or2 ror
with k the thermal conductivity of the material amdhe radial distance from the center. The
boundary conditions are set by the stagnation temperatut&eat transfer céiécient of the gas,
as well as by the premise that the internal surface is at teatype Tis,. The solution for the
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maximum material temperature at the outside surface is:

Tiso + Tat (2 In &)

1+(R'e—khs‘ln%)

max — (12)
whereR, = Re — t is the inner radius of the leading edge. The maximum tempesal .y for
Re = 3mm,t = 1Imm ande = 0.9, for Inconel 625K = 21W/mK) and Cb-752K = 48W/mK)

at Mach 6 to 8, are plotted in figure 6(b) for a range of desigmytles. This temperature is a
function of the material thermal conductivity with highemxluctivity leading to lowel y.x. The
corresponding heat flux through the surface into the heatisip

. K(Thax = Tiso)
9= —(S = -
Rilnﬁ_e

(13)

Figure 7: A sketch of the region along the stagnation linenfbich the temperatures are solved by a cylindrical finite
difference scheme.

StressesBecause the structure is metallic, the Mises stress nededldeng edge (where the
temperature is largest), relative to the yield strengtiegas the integrity. To estimate the thermo-
elastic stress (no yielding), the reference state is takée the long straight segmentTat,. The
thermal expansion misfit of the tip region, relative to thiats, generates a stress. Neglecting
bending (justified later), the stress is dominated by theofytlane strain misfit and varies through
the thickness as:

o) = aE(T(r) - Tiw) , (14)
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The maximum at the exterior surface is plotted in figure 8 tiverelevant range of Mach numbers.
The maximum increases with largebecause, as the length increases, the total heat radiaégd aw
increasesdespite the decreased overall temperature, requiring a larger thermal gradient at the
leading edge to provide the greater heat flux. Hence, as gigrdength increases, the maximum
temperature decreases while the maximum stress incre@sess-plots of the relation between
maximum stress and maximum temperature are shown in figunec®mparison with the material
yield strength at that temperature. For longer design lenffbwards the left side of the graph)
and lower Mach numbers, the operational conditions arelgleathin the elastic envelope of
the materials. However, above Mach 6, the stresses exceedeld strength of Inconel 625 at
the operating temperatures, thereby excluding this alloynfuse. Conversely, Cb-752 retains its
integrity even up to Mach 8, due to its combination of thermeehanical properties discussed
below.
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Figure 8: The maximum thermally-induced Mises stress a¢xterior surface along the stagnation plane for a vehicle
with Re = 3mm, e = 0.9 andd = 6°. Analytical results are lines, while finite element resalts circles and crosses.

Without a heat pipe.In the absence of a heat pipe, heat is transferred only byitlatigal
conduction along the curved region into the radiating srf@sulting in the temperature distribu-
tions plotted in figure 9 for Mach 7 flight for a Cb-752 leadirdge. A steep temperature gradient
develops along the length and the maximum temperaturesrigeotsensitive td.. Comparison
with figure 6 demonstrates the importance of having a funatigheat pipe.
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Figure 9: The behaviour of the leading edge in the absencaedgpipe: the temperature distribution along the length
of an Cbh-752 K = 48W/mK) leading edge at Mach 7 for a range of design lengthassuming that the material is
isothermal through the thickness and that 0.9, Re = 3mm andt = 1mm.

3.2 Finite Element Calculations

Method. All calculations are conducted using the commercial finieareent code ABAQUS.

In the analysis, 8-node coupled temperature-displacegmmeralized plane strain elements are
used. Symmetry conditions are imposed on AD in the y-dioecéind on CF in the x-direction
(figure 10). The solids are incorporated as an elggtistic medium having temperature-dependent
yield strength (figure 3) with nominal strain hardening.

The external thermal boundary conditions are the same ae ttesscribed in section 2. Outside
the entire surface, the air is assigned the stagnation tatupe, with a heat transfer dbeient
that varies spatially ovep ands. This temperature éierence with that computed for the solid
surface, T, ¢, then governs the inward heat flux. Radiation to ambientrom the surface, at
Tarf, determines the outward heat flux. ABAQUS simultaneousyesofor the net flux and g ¢,
as well as the Mises stresses and (when yielding occursyaqut plastic strains. Conduction
through the solid is characterized by a (temperature ianérthermal conductivityk. The action
of the internal heat pipe is simulated by imposing a thin ()neompliant layer on the inside
having exceptionalféective thermal conductivitkes+ (figure 1). Hfective thermal conductivities
in excess of 100 times that of solid copper have been rep¢itsld A conservative value of
knp = 3KW/mK was used in all simulations. The thermo-elastic propsertf Inconel 625 and
Cb-752 used in the calculations are those presented in 1adnhel figure 3. Results are presented
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Figure 10: A typical finite element mesh used in the simufeidr he solid metallic componentis represented in black,
while the heat pipe is grey.

for a leading edge with radiUge = 3mm and wedge half-angte= 6°

Temperatures and heat fluxedn order to compare with the analytic estimates, the temper-
atures have been obtained for the nickel alloy at Mach 6 aadibbium alloy at Mach 6 and
8 (as a function of design length). Representative temperatistributions are plotted on fig-
ures 11 and 12 (fok = 0.15 m). The straight sections, as well as the inside of theeclLtip, are at
essentially uniform temperature, identified wily,. The outside temperature at the tip is appre-
ciably hotter, with largest valud, .y, at the stagnation plane. Temperatures defined in this manne
are compared with the analytic estimates on the figures. Tdse correspondence demonstrates
the utility of the analytical approach for initial designrposes. Moreover, temperature compar-
isons along the flat sectioffms thatT;y, is independent of the material choice. Recalling that
Tis dictates the choice of the working fluid, then for a 3 mm radaisMach 6, either sodium or
potassium should be applicable, while at Mach 8, lithium ddae preferred, as elaborated later.

The corresponding heat fluxes are summarized on figures 134ndhose at the external
surface are directed inward over the curved section but anahwver most of the flat segment.
Consequently, the cumulative heat input reaches a maximstrb¢yond the transition and declines
thereafter; by definition, the net heat input is zero at th@gielength. The maxima are the most
pertinent since these are the fluxes that must be redistdtyt the working fluid in the heat pipe.
These areQmax = 3kW/m at Mach 6 and@.x = 7.6kW/m at Mach 8, with approximate scaling,
Qmax ~ U3,. The contours over the curved regiafiran that the flux entering the heat pipe near the
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Figure 11: (a) Contours of the temperatures induced in tbleehialloy at Mach 6 when the heat pipe is functioning.
e external surface with anabgults forTis, and Ty for € = 0.9 are superimposed.

stagnation plane is largesiay ~ 1.2MW/m? at Mach 6 andjy.x ~ 3.2MW/m? at Mach 8. (Note
y lower than the “cold wall” fluxeggically cited for leading edges at the

strainsContours of the Mises stresses are plotted on figure 15. The
maxima at the tip are about 10% larger than the analytic eséisn(figure 8). The fierence is
attributed to a small bendingfect not accounted for in the analytic formula. The resultdrie
eveal that, even at Mach 6, thesgseapproach the yield strength at the
associated temperature (see figure 3). Indeed, the masg&failisceptible element at the tip on the
exterior surface is gticiently close to yield that the safety margin would be unptaigle. The cor-
contours for the niobium alloy (&dib(b)) reveal much larger margins
The niobium alloy is preferablealge of its higher conductivity, lower
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Figure 12: (a) Contours of the temperatures induced in thieinin alloy at Mach 8 when the heat pipe is functioning.
(b) The temperatures along the external surface with anabgults forT;s, andTax for € = 0.9 are superimposed.

modulus and lower thermal expansion, all of which decrelagartaximum stress. Coupled with
greater yield strength at higher temperatures, niobiuayslare clearly a superior design choice.

4 Influence of Coatings and Transients

Coatings.The nickel and niobium alloys to be used may require oxidhgpietection coatings
to assure multi-flight capability. This is especially troe the Nb alloys being contemplated for use
at the higher Mach numbers. To examine the possibéeeof these coatings on temperatures in the
system, a numerical calculation has been conducted for & Mdesign using a Cb-752 alloy with
an oxidation protection coating having thicknetgg; = 10Qum. The coating is considered to be
highly insulating, with thermal conductiviti,= 1W/mK. The temperature results are summarized
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Figure 13: Heat flows at Mach 6 for an Inconel 625 leading edgg.Contours of heat flux at the design length
L = 0.15m ande = 0.9. (b) Local heat flux into the exterior surface. (c) Integdaheat input from the leading edge.
At the design length the net total heat input is zero.
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Figure 14: Heat flows at Mach 8 for a Ch-752 leading edge. (a{@os of heat flux at the design lendth= 0.15m
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Figure 15: Mises stress and plastic strain contours whehehe pipe is functioning: (a) Mises stresses for Mach 6
with nickel-based superalloy Inconel 625; (b) Mises s&edsr Mach 8 with niobium alloy Cb-752.

on figure 16. Note that the maximum temperature developedeémiobium has been reduced
relative to that without the coating, but the coating swefbecomes extremely hot. Moreover,
a large temperature gradient is induced in the coating, igh likelihood of delamination [4].
The impact of coatings on the viability of the envisionedlieg edge systems thus requires careful
assessment that balances their benefits in environmentatpion with their adverse susceptibility
to spalling.

Transients. Time-dependent calculations of heaffdsion through the leading edge elucidate
the transient behaviour of the system at startup. The lgagtige at ambient temperature is instan-
taneously exposed to flight conditions. To activate the pgsg, a minimum critical temperature,
To, Mmust be attained at the back face; subsequently it providastransport dependent upon the
ensuing back face temperature. The heat pipe is assumedy@dteat flux law:

_— be_Tcrm. 15
q= To-To Osss (15)

whereTys is the instantaneous temperature at the back fagés the heat flux at the steady state,
as calculated by equation 13, amdls an exponent governing the rate of heat pipe startup. Owce t
back face reach€Rg, the heat flux in the system is in equilibrium. The time-dejst thermal
behaviour of the Mach 7 Cb-752 system is shown in figure 18@) § /i, = 0.9 andm = 1.
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Figure 16: The temperature distribution through a niobieading edge with a 10@m anti-oxidation environmental
barrier coating.

Three transient phases are evidétitase |: The temperature of the outer surface rises quickly.
The back face temperature rises more slowly, as hétseis through the thickness, causing an
initial rapid stress elevation (see figure 17(b)); this ghamncludes with a local maximum in stress.
Phase 11: the system moves towards thermal equilibrium. The Misessstgradually declines
because the temperature of the back face increases mokdyghign the temperature of the front
face. Phase Il initiates when the heat pipe begins to operate. This aativalramatically slows
the rise in back face temperature, as the Mises stress gggda a global maximum. These
calculations suggest that the maximum stress during timsigat phase does not exceed that at
steady state. However, the results are highly dependemt tingachoice of the startup temperature
and the rate exponent. Experiments and detailed modelitigedfieat pipe are needed to choose
these accurately.

5 Heat Pipe Limitations

Heat pipes can fail when the heat transfer rate within the Bpnsuficient to transport the
incident heat flux. Several operational phenometecathis limit [15; 6]. Only three are relevant
to the leading edge environment: (i) thanic limit, encountered when the mean vapor flow velocity
approaches transonic values; (ii) gapillary limit, which arises when the drops in liquid and vapor
pressure approach the capillary pumping pressure availaittin the wick; and (iii) theboiling
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Figure 17: The idealised behaviour of the leading edge duhe startup phase for a Cb-752 leading edge at Mach
7. (a) The temperature at the external surfagg,, at the back surfac&n, and the diference between the two
temperature3gi¢¢. (b) The resulting Mises stress at the stagnation point.
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limit, occurring when a critical superheating of the vapor isiaizh and bubbles stabilize in the
wick of the evaporator zone. Detailed analyses of thesegrhena which relate these limits to
the thermo-physical properties of the working fluid werendgst for a hollow cylindrical heat pipe
[2; 15; 6], which is not directly applicable here. For thedem edge, the corresponding analysis
has been conducted for the geometry depicted in figure 18trendpper portion of the leading
edge is treated as a planar heat spreader. The leading ettgestsucted either from Inconel 625
with thermo-chemically compatible sodium as the workingdflor Cb-752 with lithium as the
working fluid. The wick system is a woven wire mesh of the sanagenial as the case.

L//<E;;;1;;;////)\
Thin, high thermal f\__..w
: conductivity skin L

Return fluid flow
Thermal Q]

flux in

Porous wick
material
(metallic mesh)

> Evaporation /;

Figure 18: A cross-section schematic showing the operagtimgiples and relevant geometry of a heat plate leading
edge.

5.1 Sonic Limit

The sonic limit is reached when the absorbed thermal flux pgmadth is given by [6]:

y&ﬂwyﬂ

2(y+1) (16)

Qex = va/l(
whereV is the vapor space height (see figure I8)the vapor density} the latent heat of vapor-
ization of the working fluidy the heat capacity ratig/(= 1.67 for monatomic sodium and lithium
vapor), andRy the gas constant for the vapor species within the heat Rpe<£ 361 JkgK and
R.i = 120 JkgK). The isothermal operating temperature of the heat pjge(which equals the
liquid-vapor saturation temperature), is limited by theetof rapid softening and high creep rate
of the case material. Note that only at Idvy, is the sonic limit likely to restrict the heat transport
rate.
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5.2 Capillary Limit

The capillary limit can be derived by a pressure balancesadtee length of the heat pipe:
APZED = AP, + AP, a7

whereAP is the maximum capillary pumping pressure, wiR, andAP, the liquid and vapor
pressure drops, respectively. The additional pressugsdatiributed to inertialféects upon evap-
oration and condensation of the working fluid are deemedgibtg [6]. The maximum capillary
pumping pressure is given by the Young-Laplace equatiohg26] as:

20
Reff

whereo is the liquid surface tension afs ; is the “efective pore radius” (the radius of curvature
at the liquid-vapor interface in the evaporator zone), Wisca function of the porous wick geom-
etry. Its value has been experimentally determined for moosewick structures and porosities.
The assumedfiective pore radius iRi; = 1.27x10% m, which corresponds to a woven mesh
wick with ~4 cellgmm [6].

The maximum pressure drop in the liquid within the wick cancaé&ulated from Darcy’s

APZP = (18)

model of laminar flow through a porous medium:

AP = M Qe
4k

wheren, is the liquid dynamic viscosity, the wick permeabilityp,, the wick thickness, ang,

the liquid density. The woven mesh wick with four unit cellsrpnillimeter has permeability

of k = 1.93x101° m? [6]. The absence of an adiabatic section implies that thpaator zone

lengthL, and the condenser zone lengthtogether occupy the entirety of the heat pipe such that

Liot = Le + Le.

When inertial forces dominate viscous forces, and the vapiorthe incompressible, laminar
flow regime, as is the case here, the maximum vapor pressopecdn be derived from the gov-
erning equations describing the velocity distributionfidly developed fluid flow in a rectangular
duct:

LtOt ) (19)

677vchr?a’3<
APV = V3—pv/l LtOta (20)
wheren, is the vapor dynamic viscosity. Detailed derivations fabtient and compressible flow

as well as consideration of acceleratidfeets can be found elsewhere [11].
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Substituting (18), (19), and (20) into (17) and solving @fx gives an expression for the
maximum absorbed thermal flux per unit width when constimecapillary pumping limits:

QP — 4o (12'7n+ Yl )_l
T LitRers \V30y — 2¢byor)

Liquid sodium has a heat of vaporization two orders of magigtiower than liquid lithium at the
same temperature, suggesting that the capillary limitisqaarly relevant to the sodium - Inconel

(21)

system.

5.3 Boiling Limit

The boiling limit is reached first where the thermal flux igjest, at the point where the stag-
nation line intercepts the inner surface of the heat pipé (sak figures 13(a) and 14(a)). From
direct application of Fourier’s Law, the boiling limit is\@n by:

POl = &ATcrit, (22)

qr’nax - bW
wherek,, is the thermal conductivity of the saturated wick. The caltisuperheatA T, IS given
by Faghri [6]:

ATg= 2= _—
et Aov \Ro  Ress

whereR, = 10" m is an order-of-magnitude estimation of the bubble radtusualeation. The
saturated thermal conductivity for a sintered woven mesik g given by:

20'Ti30(1 1 ), (23)

K (24)

wherek; is the liquid thermal conductivitks that for the solid, an@ the wick porosity § = 0.63).
The maximum heat flux at the stagnation liggax, must be less than the allowable maximum local
heat flux,g,.

For the geometry under consideration, the heat flux into de pipe is not uniform. Define

ks (1-p)°5°
ol

the evaporator length 43 = Qnax/0max, Wheregmay is the maximum heat flux entering the vapor
from the heat pipe wall at the stagnation point (see figuréa)lhd 14(a)). The total heat which
can be transferred from the wall to the fluid is conservagigaren by:

Qboi ~boi I—e- (25)

max = Omax
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5.4 Operational Limit Comparisons

The sonic, capillary, and boiling limits are functions affjgerature-dependent thermophysical
working fluid properties, namely the liquid and vapor daesitheat of vaporization, liquid surface
tension, and the liquid and vapor viscosities. Values afelroperties for sodium and lithium can
be found in Ohse [14], resulting in the limits for the sodiymmconel 625 and lithiung Cb-752
systems plotted in figures 19 and 20. The results in figuresid3d 4 givel ~ 2.4mm for both the
Mach 6 and Mach 8 designs, and vapor space h&ighd.5 mm and wick thickness df, = 1 mm
have been assumed. Both plofBran that the heat pipes are functional under the proposed fligh
velocities and altitudes. While other limitations on theathgipe operation exist, such as acoustic
fluctuations due to aerodynamic loadings, they are cugrdr@yond the purview of the standard
models presented here.
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Figure 19: The predicted operational limits of a sodium olmel 625 heat plate leading edge with thermal flux leading
edge input corresponding to Mach 6 (26.93 kjjx =~ 1.2 MW/m?).

6 Concluding Comments

This paper contains a systematic method for calculatingfheees, temperatures and thermal
stresses in a sharp leading edge of a hypersonic vehicldwlaig an integrated planar heat pipe.
The boundary conditions are ascertained through the ustaoflard expressions involving the
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Figure 20: The predicted operating limits of a lithium - Cb27heat plate leading edge with thermal flux inputs
corresponding to Mach 8 (30.76 Kityey ~ 3.2 MW/m?).

flight velocity and altitude, the atmospheric propertied #re geometry of the vehicle. The tem-
peratures and stresses in the leading edge are calculatedsirmple approximations, which are
verified with finite element simulations. Conventional hpigte estimates are then used to show
the feasibility of planar metallic leading edge heat pipkss shown from these results that the
niobium alloy Cb-752 is a better heat pipe material than flokah alloy Inconel 625, and that a
Cb-752 heat pipe with a lithium working fluid is a feasible ®ofor a 3 mm radius leading edge
at Mach 8 or below.

The validity of the results presented here is highly depahdpon choosing the correct ther-
mal boundary conditions. The Fay-Riddell equations arenbst widely accepted technique for
calculating leading edge heat flux, and the Sutton-Graveelation is a good approximation of
these results. This paper has extrapolated from the colldreat flux to determine a hot-wall heat
transfer co#ficient. It is believed that this is a conservative extrapofgithat is, the heat transfer
codficient should not increase with decreasing temperatureegrad

The isothermal approximation used in the analysis assungegléal functioning of the heat
pipe. This assumption cannot be validated through the fai@ment simulations performed here.
Instead, a full model of the internal workings of the heatepigprequired, including evaporation,
condensation and vapor and liquid transport. Such a modstysnd the scope of this paper.
However, such validation can also be provided experimntab planar heat pipes are being
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built and tested in a laser facility which delivers high héax to the leading edge. While these
experiments cannot replicate the boundary conditions werteced during flight, the validity of
the isothermal assumption and the expression for the mawitamperature can be ascertained by
implementing the corresponding boundary conditions iretedytical models.

Acknowledgments

The authors would like to thank Hossein Haj-Hariri of the Wnsity of Virginia Department
of Mechanical and Aerospace Engineering, David Marshalleédyne Scientific, Vince Cuda
of Swales Aerospace and Georgéfdeson of the Air Force Research Lab for discussions and
very helpful assistance with this work. Funding has beenigeal by the Gfice of Naval Research
through the MURI program Revolutionary Materials for Hygamic Flight (Contract No. NO0014-
05-1-0439).

References

[1] J J Bertin. Hypersonic Aerothermodynamics. American Institute of Aeronautics and Astro-
nautics, Washington DC, 1994.

[2] S W Chi. Heat Pipe Theory and Practice. Hemisphere Publishing, Washington DC, 1976.

[3] COESA. U.S Sandard Atmosphere. U.S. Government Printing f@ce, Washington, D.C.,
1976.

[4] A G Evans and J W Hutchinson. The mechanics of coatingnielation in thermal gradients.
Surface and Coatings Technology, 201(18):7905-7916, June 2007.

[5] A G Evans, D R Mumm, J W Hutchinson, G H Meier, and F S Pelliekchanisms controlling
the durability of thermal barrier coatingBrogressin Materials Science, 46:505-553, 2001.

[6] A Faghri. Heat Pipe Science and Technology. Taylor & Francis, 1995.

[7] J A Fay and F R Riddell. Theory of stagnation point heatsfar in dissociated aidournal
of the Aeronautical Sciences, 25(2):73-85, February 1958.

[8] D E Glass, C J Camarda, M A Merrigan, and J T Sena. Faboicatnd testing of Mo-Re
heat pipes embedded in carbcarbon. Journal of Spacecraft and Rockets, 36(1):79-86,
January-February 1999.

25



[9] D E Glass, C J Camarda, M A Merrigan, J T Sena, and R S Reidhridaion and test-
ing of a leading-edge-shaped heat pigeurnal of Spacecraft and Rockets, 36(6):921-923,
November 1999.

[10] W H Heiser and D PrattHypersonic Airbeathing Propulsion. American Institute of Aero-
nautics and Astronautics, Washington DC, 1993.

[11] S D Kasen and HN G Wadley. Unpublished research. Unityeo$ Virginia, 2008.

[12] L Lees. Laminar heat transfer over blunt-nosed bodiégjpersonic flight speeddet Propul -
sion, 26(4):259-269, April 1956.

[13] W E Moeckel and K G Weston. Composition and thermodymrgenoperties of air in chemi-
cal equilibrium. Technical note 4265, National Advisoryrmittee for Aeronautics, Lewis
Flight Propulsion Laboratory, Cleveland Ohio, 1958.

[14] R W Ohse.Handbook of Thermodynamic and Transport Properties of Alkali Metals, Inter-
national Union of Pure and Applied Chemistry, Chemical Da&iies No. 30. Blackwell
Scientific, Oxford UK, 1985.

[15] G P Peterson.An Introduction to Heat Pipes. Modeling, Testing, and Applications. John
Wiley and Sons, New York, 1994.

[16] K Sutton and R A Graves. A general stagnation-point eative-heating equation for arbi-
trary gas mixtures. Technical Report R-376, National Aardits and Space Administration,
Langley Research Center, Hampton Virginia, 1971.

[17] R A Svehla. Estimated viscosities and thermal condhicts of gases at high temperatures.
Technical Report R-132, National Aeronautics and Space iAdination, Lewis Research
Center, Cleveland Ohio, 1962.

26



