and is slightly tapered as it merges with the adsorbed film.
However, in employing this method, attention must be paid
to the discontinuity in the interfacial curvature, which can be
made negligible by properly selecting the matching point be-
tween an interline and thin film solutions.
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Conjugate Modeling of High-
Temperature Nosecap and Wing
Leading Edge Heat Pipes

Y. Cao' and A. Faghri!

Introduction

Future hypersonic vehicles will be subjected to intense aero-
dynamic heating at the nosecap and wing leading edges. Three
methods (barrier coatings, internal active cooling, and high-
temperature heat pipes) have been proposed for cooling these
hypersonic aircraft structures.

It appears that heat pipes are one of the most promising
choices for cooling hypersonic vehicle structures due to their
efficiency and reusability (Camarda, 1988). A typical nosecap
heat pipe and a wing leading edge heat pipe with back wall
radiation to a hydrogen coolant sink are schematically shown
in Fig. 1. The nosecap heat pipe design consists of a conical
annular vapor space between two shells, whereas the vapor
space of the leading edge heat pipe has a rectangular cross
section. In addition to the radiation heat transfer from the
outer wall to space, the inner wall will transfer heat to the
hydrogen-cooled tube heat exchanger by radiation.

In this paper, a generalized finite-difference computational
methodology is presented to model the transient and steady-
state behavior of the nosecap and the leading edge heat pipes
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Fig. 1 Configuration of nosecap and wing leading edge heat pipes

developed by the U.S. Air Force for the National Aerospace
Plane (NASP). The numerical simulation includes a consid-
eration of capillary and sonic limits in the wick structures.

Mathematical Formulation

Heat Pipe Walls and Wicks. In this paper, a body-con-
forming coordinate system with a multiblock approach (Cao
and Faghri, 1991) was used for the heat pipe walls and wicks.
The energy equation in vectorial form is

aT
(co) E—V-kVT )

where

o= 1o _hewow for the wall
ket (cp) = w(cp);— (1—w)(cp)wm for the wick
' V)]

The effective thermal conductivity of the wick is ke, and w
is the wick porosity. In the nose region of the nosecap heat
pipe, a spherical coordinate system is used; in the leading edge
region of the wing leading edge heat pipe, a cylindrical co-
ordinate system is applied. In the skirt regions of the nosecap
and wing leading edge heat pipes, a cylindrical coordinate

‘system and a Cartesian system are employed, respectively.

In the above formulation, the wick structures were assumed
to be isotropic and homogeneous. Also, the effect of liquid
flow through the wick on the temperature distribution in the
wick structure was neglected. For the nosecap heat pipe, only
the part with apex angle of 2¢ shown in Fig. 1 needs to be
modeled due to the symmetric geometry. For the wing leading
edge heat pipe, the heat distributions near the stagnation line
are nearly symmetric, and the heat pipe was divided in the
spanwise direction into a number of vapor channels with width

AUGUST 1993, Vol. 115/ 819
%p://www.asme.org/about—asme/terms—of—use

by ASME



W by the stiffener walls. Therefore, a typical vapor chamber
of width W was modeled with symmetric boundary conditions
applied on the stiffener walls and the stagnation line.

Vapor Flow. For the vapor flow in the heat pipe, the tran-
sient compressible quasi-one-dimensional vapor flow model of
Cao and Faghri (1991) is adopted. The conservation of mass
and momentum equations are:

(pA) +

(pUA) 3)

P dx

_4 99U
3 ¥ ax

_Eprz g cos o+ pv? % sina  (4)
where A is the cross-sectional area of the vapor channel, U is
the average axial vapor velocity, S is the channel wall surface
area between the leading edge and position x, fis the friction
coefficient, « is the local slope of the heat pipe wall, and v is
the radial vapor injection or suction velocity. The perfect gas
law is employed to account for the compressibility of the vapor:

P=pRT, ®

where R is the gas constant. The vapor temperature and pres-
sure are related by the Clausius-Clapeyron equation:

dpth
pRT2

The vapor flow can be considered to be laminar along the
heat pipe length due to the relatively small axial Reynolds
number (Cao and Faghri, 1990; Faghri et al., 1991). The fric-
tion coefficients are functions of the cross-sectional geometry
of the vapor chambers, and are given by Shah and Bhatti
(1987). In the nose region of the nosecap heat pipe, the modeled
vapor chamber is a circular sector with apex angle 2¢. The
friction coefficient in this region is

FRey=12(1+0.5059 ¢—0.3948 ¢2+0.1875 ¢°
—0.0385 ¢ O=2¢=m (7

In the skirt region of the nosecap heat pipe, the modeled
vapor chamber is an annular sector with apex angle 2¢. The
friction coefficient for this case is

0.63 (1—r* 1/1-r\1) "
ozl SRR SR)]) o

where r* = r;/ro, and r; and r, are the inner and outer radii
of the annular sector. This equation is apphcable for ¢ > dmin
(r*). The values of ¢, for different * are also given by Shah
and Bhatti (1987).

The modeled vapor chamber for the wing leading edge heat
pipe is a rectangular sector and the friction coefficient is

9 3 a8
5y (00 5 Aot ax[A(

©

S Rep=24(1-1.3553 o* + 1.9467 o*?— 1.7012 o*?
+0.9564 «**—0.2537 ™%  (9)
where o* = A/W. The Reynolds number Re;, in Egs. M-©9)

is based on the hydraulic diameter D, of the duct.

Boundary Conditions. At both ends of the heat pipe, the
vapor velocity and the temperature gradients are zero:
oT
z=0and L: U=0, S 0
In the wall and wick regions, the symmetric boundary con-
ditions are applied except at the inner and outer shell wall
surfaces and at the wick-vapor interfaces. The evaporation or
condensation vapor mass flux into the vapor space, pv, at the

(10)
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vapor-wick interfaces can be found from interfacial energy
balances:

aTr aT
= . — o — —_— /
pV=qow/ by + i/ gy { (keff 6r>0w (keff ar>iw] hpg

={>O evaporation a1

<0 condensation

qow’hyy and qi,,,/hfé,' are mass fluxes from the outer shell and
inner shell wicks, respectively, and can be calculated from the
temperature distributions in the outer and inner wicks. Note
that Eq. (11) is also applicable to the leading edge regions,
with g;,, = 0.

At the condenser interfaces of the inner and outer wicks,
vapor condenses and releases its latent heat energy. In order
to simulate this process, two heat sources, q; = Az pv; and g,
= Ry polo, Were applied at the grids next to the interfaces on
the inner and outer shell wicks. Since the heat pipe shells and
vapor were solved as a conjugate problem, these heat sources
should be calculated from the vapor solution. In this study,
the vapor was solved as a one-dimensional problem. Therefore,
only the total suction mass flux pv can be obtained by using
Eq. (3) for a given vapor flow distribution in the x direction.
The distribution of the total suction mass flux to the inner or
outer shell wicks should be related to the radiation heat dis-
sipative rate at the different shell surfaces, which is in turn
proportional to the local radius of the individual shell for the
nosecap heat pipe. By considering the relation p,0, + piv; =
vp, and vp;/v.p, = 1ri/t, = 7y, we have

Polp= pv/(1+7)’ PiVi=7Y Polo (12)

Note that, at the leading edge of the nosecap and wing leading
edge heat pipes, r; = 0 and p,v, = pv. In the skirt region of
the leading edge heat pipe, the heat pipe cross-sectional area
is rectangular, and the radiative areas of the inner and outer
shells are the same. Therefore, in Eq. (12), we can set r; = r,,
which gives p,v, = pit; = 0.5 pv.

At the outer shell wall surface, the aerodynamic heating
distribution gocq was specified. In addition, a radiation heat
flux into the ambient is superimposed at the surface. The net
heat flux at the outer wall surface is

Gret = Giocal — €00 ( T?}s - sz) (13)
where T, and T, are the outer shell wall surface and ambient
temperatures. Unlike conventional heat pipes, the locations of
the evaporator and condenser were not prescribed for the outer
shell of the heat pipe, and may change during the transient
operating period. At the inner shell wall surface, a radiation
heat flux g;; was specified due to the radiation to the H, heat
exchanger. Assuming the emissivity of the H, heat exchanger
to be unity, g; can be expressed as:

i —'GU(TIS smk (14)

where T and Ty, are the inner shell wall and the H, heat
exchanger temperatures.

The conservation equations and boundary conditions in dif-
ferent regions were solved as a conjugate problem by applying
the control-volume-based finite difference method. For more
detailed information about the numerical model and proce-
dure, the reader is referred to the paper by Cao and Faghri
(1992).

Capillary and Boiling Limitations. Based on the fact that
the liquid pressure drop in the circumferential direction is
negligible, and the axial liquid flow resistances in the different
wicks can be considered to be connected in parallel, the fol-
lowing relation for the capillary limit is derived:

S " {m(s)/[Kvo M+M—”}}ds+Apvsrz—o 15)
v

0 4] eff
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where K,4,, K;A;, and K,A, are the products of the wick
permeability and the liquid flow areas for the outer shell wick,
the inner shell wick, and the artery wick, respectively. rey is
the effective capillary radius of the wick pores, Ap, is the total
vapor pressure drop along the heat pipe length, which can be
found from the numerical solutions, and X, is the location
where the capillary pressure is minimum and equal to zero. In
this study, xmi, is taken to be at the condenser end cap. The
total local mass flow rate m(s) is given by
5

rh(s):SO [(vp)iw+ (Vo) o] WdE (16)
where (vp),, and (vVp),, are the vapor mass fluxes to the vapor
chamber from the inner and outer shell wicks. W is either the
circumferential length of the nosecap heat pipe, or the width
of the modeled section for the wing leading edge heat pipe.
The relation for the boiling limit was developed by applying
the theory of vapor nucleation, combined with the integrated
Clausius-Clapeyron equation (Cao and Faghri, 1992):

RT,T,
hfg

26 {1 1 20
xiIn| 1+ S+ a7
RTo,\ry Ry RTyryp

where T, and T, are wick-wall interface temperature and vapor
space temperature, 1, is the effective radius of the vapor bubble
trapped in the wick, and R,, is the radius of curvature of the
liquid meniscus. If the last two terms in brackets are very small,
Eq. (17) can be reduced to the commonly used relation in the
literature (Chi, 1976).

ATyy=T,—T,=

Results and Discussion

The analysis of the transient and steady-state performance
was first made for a nosecap heat pipe using lithium as the
working fluid and a refractory metal as the container walls.
The dimensions and the thermal properties of the heat pipe
are: nose radius R, = 0.04 m, adiabatic length L, = 0.08 m,
condenser length L, = 0.7 m, vapor space height # = 0.013
m, wick and wall thickness 6,, = §; = 0.6 mm, liquid artery
radius R, = 0.76 mm, skirt slope a; = 6 deg, apex angle 2¢
= 60 deg, heat capacity and thermal conductivity of the outer
shell (¢p)gs = 2.756 x 10° J/(m> « K) and (k,),s = 49.3
W/(m » K), heat capacity and thermal conductivity of the
inner shell (cp);; = 3.021 X 108 J/(m? « X), and (k,); = 40.64
W/(m » K). The wick porosities are w, = 0.3 and o, = 0.5
at the nose and skirt regions, respectively. Figure 2 shows
the normalized aerodynamic heating distribution gioca/
Qsiagnation along the nosecap outer shell surface, which is similar
to the wing leading edge ascent trajectory heating distribution.
The stagnation heat flux used in the calculation is 340.5 W/
cm? (300 Btu/s « ft%). The numerical simulation started with
an initial system temperature of 1050 K and zero initial velocity
in the vapor chamber. At ¢ = 0, the aerodynamic heating
distribution was imposed at the outer shell, and the transient
operation of the heat pipe began. The outer shell wall surface
temperature of the nosecap heat pipe for different time periods
is also shown in Fig. 2. The wall surface temperature rose
gradually and reached steady state in about 400 s. The highest
temperature occurred at the nosecap stagnation point where
the local aerodynamic heat flux is much higher than that over
the rest of the surface.

When the heat pipe reached steady state, the total heat input
to the heat pipe and the total heat output should be the same,
which is true for the present case. The total heat input is the
integral of gjoca Over the outer shell surface, which is constant
for all time. The total radiative heat output is the sum of the
integrals of the radiative heat fluxes over the outer and the
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inner shell surfaces. Both radiative heat fluxes were dependent
on the wall surface temperature., When the wall surface tem-
peratures increased with time, the total radiative heat output
increased accordingly. When the heat pipe reached steady state,
the difference between the total heat input and the total ra-
diative heat output was less than 0.5 percent. The fact that the
total radiative heat output approached the total heat input at
steady state also validates the present computer code.

Figure 3 shows the axial vapor Mach number along the vapor
chamber for different tinie periods. In the early time periods,
the vapor velocity and Mach number were relatively high.
However, they dropped sharply with time and became very
small at steady state due to the much larger vapor density at
a higher heat pipe working temperature. The vapor density is
rather uniform along the heat pipe length. This is due to the
high working temperature and the sufficiently large vapor space
that provided little resistance to the vapor flow down the length
of the heat pipe. As a result, the sonic limit did not occur in
the steady-state operation for the present heat pipe design.

The liquid pressure in the upper shell wick was first calcu-
lated by assuming a constant permeability of K = 2.0 x 1071
m? in the upper and lower wicks and a permeability of K =
7.3 x 10~% m? for the axial arteries in the skirt region. The
steady-state liquid pressure distribution in the axial direction
(the curve labeled case 1) was plotted in Fig. 4 along with the
steady-state vapor pressure distribution. The liquid pressure
drop is large in the nose region due to the very high aerody-
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Fig. 4 Steady-state liquid and vapor pressure distributions along the
outer shell of the nosecap heat pipe

namic heating near the stagnation point and small liquid flow
area available in the nose region. The calculation was repeated
with a much larger value of permeability, K = 5.0 X 107°
m?, in the nose region of the outer shell wick, with the other
parameters being the same. The liquid pressure distribution
was plotted in the same figure and labeled case 2. The pressure
drop in the nose region is much smaller than that in the previous
case. The curve labeled with case 3 is the liquid pressure drop
with the same high permeability in the nose region of the outer
shell wick, and a much smaller permeability K = 107" m?in
the skirt wicks. The liquid pressure drop is only slightly larger
than that for case 2. The liquid pressure distributions for the
above three cases indicate that the total liquid pressure drops
are somewhat insensitive to the outer and inner shell wick
structures in the skirt region due to the function of the axial
arteries. However, the liquid pressure drop is very sensitive to
the wick structure in the nose region due to the intense aero-
dynamic heating and small flow area available there. A direct
measure to overcome this difficulty is to increase the wick
permeability in the nose region. However, a wick structure
with large permeability may not be able to offer an effective
pore radius small enough to provide sufficient capillary pump-
ing force. In this case, a special wick structure is needed over
the nose region to optimize these functions. The boiling lim-
itation was considered by applying Eq. (17). The maximum
temperature drop across the wick structures for the present
nosecap heat pipe is much smaller than the critical temperature
drop AT.; from Eq. (17). Therefore, the boiling limitation
will not occur for the present heat pipe.

Computations were also made for the wing leading edge heat
pipe shown in Fig. 1. Most of the dimensions and thermal
properties used in the calculation are the same as those of the
nosecap heat pipe, so only the different parameters are listed
here: leading edge radius R, = 0.02 m, vapor space height
h = 0.0176 m, the heat capacity and thermal conductivity at
the leading edge wall are 2.756 x 10° J/(m « K) and 49.3 W/
(m « X). The heat capacity and thermal conductivity at skirt
walls are 3.02 x 10° J/(m » K) and 40.64 W/(m « K). The
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Fig. 5 Outer shell wall surface temperature of the wing leading edge
heat pipe for different time periods.

heat capacity and thermal conductivity for the wick are 2.63
x 10° J/(m « K) and 66.05 W/(m « K), and the porosity in
the wick is @ = 0.4. The aerodynamic heating conditions and
the wick structures are also the same as those for the nosecap
heat pipe. Figure 5 shows the outer shell wall temperature for
different time periods. The general trends are similar to those
of the nosecap heat pipe except that the steady-state wall tem-
perature and vapor pressure are relatively higher than those
of the nosecap heat pipe. Compared to the nosecap heat pipe
with almost the same axial dimension, the radiation area avail-
able per unit heat input for the leading edge heat pipe is smaller
than that of the nosecap heat pipe, and the working temper-
ature is correspondingly higher. Also, the vapor space for this
leading edge heat pipe design is larger than that of the nosecap
heat pipe, and as a result, the maximum vapor Mach number
is relatively smaller. In summary, the numerical model pre-
sented in this paper provided a generalized method to analyze
the transient and steady-state performance of nosecap and wing
leading edge heat pipes.

References

Camarda, C. J., 1988, “Thermostructural Applications of Heat Pipes for
High-Speed Aerospace Vehicles,”’ Proc. Third Int. Heat Pipe Conf., Tsukuba,
Japan, pp. 31-43.

Cao, Y., and Faghri, A., 1990, ‘‘A Transient Two-Dimensional Compressible
Analysis for High Temperature Heat Pipes With a Pulsed Heat Input,”” Numer.
Heat Transfer, Part A, Vol. 18, pp. 483-502.

Cao, Y., and Faghri, A., 1991, ‘““Transient Multidimensional Analysis of
Nonconventional Heat Pipes With Uniform and Nonuniform Heat Distribu-
tions,”” ASME Journar or HeEAT TRANSFER, Vol. 113, pp. 995-1002.

Cao, Y., and Faghri, A., 1992, ‘‘Analyses of Transient and Steady-State
Performances of Nosecap and Wing Leading Edge Heat Pipes,”’ Proc. ASME
Winter Annual Meeting, Anaheim, CA, ASME HTD-Vol. 221, pp. 43-52.

Chi, S. W., 1976, Heat Pipe Theory and Practice, Hemisphere Publishing
Corp., Washington, DC.

Faghri, A., Buchko, M., and 'Cao, Y., 1991, “A Study of High Temperature
Heat Pipes With Multiple Heat Sources and Sinks: Part II—Analysis of Con-
tinuum Transient and Steady State Experimental Data With Numerical Predic-
tions,”” ASME JourNAL oF HEAT TRANSFER, Vol. 113, pp. 1010-1016.

Shah, R. K., and Bhatti, M. S., 1987, ‘‘Laminar Convective Heat Transfer
in Ducts,” in: Handbook of Single Phase Convective Heat Transfer, S. Kakac
et al., eds., Wiley, New York.

Transactions of the ASME

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use





