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Metallic thermal protection systems are being considered for next-generation reusable launch vehicles.
Experiments and numerical simulations show that heated metallic panels expand from the structure to
create a quilt-like � ow surface that alters the expected surface heating distribution. To model the thermal
response of a metallic panel, this paper presents a two-dimensional boundary element procedure that is
loosely coupled to a hypersonic computational � uid dynamics algorithm to solve coupled steady-state and
transient heat conduction. First, the � ow� eld and internal temperature distribution of ceramic wing
leading edge in a Mach 15 freestream is computed. Steady-state results are consistent with previous � nite
difference and � nite element calculations. Transient computations show the peak temperature to occur
at steady-state conditions. Second, the � ow� eld and resulting transient heat transfer is computed for
convex and concave metallic panels. It is demonstrated that a transient conduction solution for a deformed
metallic panel can be approximated by imposing the heat � uxes generated from a deformed surface � ow
solution onto an undeformed panel.

Nomenclature
Cp = view factor constant
CT = convective heat transfer coef� cient
c = heat capacity
ks = solid thermal conductivity
n = surface normal
qcond = conductive heat � ux
qrad = radiative heat � ux
qw = convective heat � ux
T̃ = perturbation temperature
Tr = recovery temperature
Tw = wall temperature
t = time
W = free-space solution

= thermal diffusivity
= domain surface
= emissivity
= solid density
= Stefan– Boltzmann constant
= time

Subscript
p = source point

Superscript
m = iteration level

Introduction

N EXT-GENERATION reusable launch vehicles are cur-
rently being designed to augment the aging Space Shuttle

� eet. The thermal protection system (TPS) is critical to vehicle
survival in a hypersonic thermal environment. Although TPS
design is primarily governed by mission survival, operational
costs are an important constraint. For instance, post� ight in-
spection of the shuttle orbiter ceramic tile and gap � ller, which
are components of the TPS, requires 89 man-hours for the
vehicle surface and an additional 1711 man-hours for the re-
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cessed regions.1 Moreover, an average of 60 tiles are replaced.
Combined with the in situ repairs, 5982 man-hours are ex-
pended to prepare the shuttle for re� ight. Including the mate-
rial expense, the cost of inspection and maintenance of the
ceramic tile TPS is over $500,000 per � ight. An additional
design constraint determining the operating cost of the vehicle
is the payload mass fraction. A large payload mass fraction
accrues savings over the lifetime of the vehicle. To maximize
the payload mass fraction, the TPS must be designed with
minimum, yet adequate, margins of safety. Thus, it is critical
that the aerothermal environment and the resultant heat transfer
into the vehicle structure be predicted with suf� cient accuracy
throughout the � ight envelope.

To reduce the operational costs associated with ceramic TPS,
metallic panels are being proposed for use over portions of the
vehicle.2,3 The use of metallic thermal protection panels intro-
duces additional complexities into the heating analysis as com-
pared with ceramic tiles currently in use. Ceramic tiles have a
relatively low thermal conductivity, therefore, the time scale
of the � ow� eld and the structural conduction are disparate.
Moreover, they are installed with strain isolation pads that in-
sulate the tile from the vehicle structure. In addition, ceramic
tiles have a low coef� cient of thermal expansion and maintain
their shape throughout the trajectory. Because of these char-
acteristics, and excepting con� gurations where multidimen-
sional conduction is important, analysis of the � uid dynamics
and the structural response of the ceramic tiles is effectively
decoupled. Metallic panels, on the other hand, are mechani-
cally attached to the structure. The attachments provide con-
duction and mechanical stress paths. Furthermore, the metallic
panels have a higher coef� cient of thermal expansion and sig-
ni� cant bowing of the panels is anticipated.2,3 Bowing of the
panels creates a quilt-like � ow surface that signi� cantly affects
the heating distribution.4,5 Local hot spots form on the wind-
ward face of the bowed panel, the magnitude of which is a
function of panel orientation, de� ection height, and boundary-
layer thickness.4 Also, metals suffer increased heating from
catalytic recombination of molecules at the surface. It is pos-
sible to coat the metal to form a noncatalytic surface, however,
a scratch through the coating may generate a localized region
of high heating. If such a defect occurs on the windward side
of a bowed panel, the increased heating effect may be com-
pounded. The modeling of these phenomena is essential for
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accurate prediction of the thermal environment; thus, a coupled
� uid– structural analysis of the metallic TPS is required.

There has been considerable effort in the coupling of hy-
personic computational � uid dynamics (CFD) to in-depth
structural conduction.6– 9 Structural dynamic simulations cou-
pled with hypersonic CFD are rare because of the complexity
and cost. Nevertheless, Wieting et al.10 demonstrate an ad-
vanced state of development in modeling the coupled � uid–

structural system. As part of that research, Thornton and De-
chaumphai11 model the bowing of a steel panel in a Mach 6.6
� ow� eld. Finite element procedures are used to solve the � ow-
� eld, the transient heat conduction, and the thermoelastic ex-
pansion of the metallic panel. The work demonstrates both the
capability and the need for modeling the coupled system to
predict heating rates accurately. Yet, the full integration of the
separate � nite element modules restricts the freedom in choos-
ing the � ow solver. Chemical and thermal nonequilibrium
codes in which con� dence has been built are more appropriate
for the simulation of a re-entry � ow� eld.

Consistent with the previously mentioned publications, the
solution of solid heat conduction and structural deformation is
most commonly performed using either � nite difference or � -
nite element techniques. Computational tools based on these
two methods are well proven and are readily available for cou-
pling with existing CFD codes. A third option, less frequently
used in the aerospace community, is the boundary element
method (BEM). Li and Kassab12,13 have solved joint � uid and
structural heating ef� ciently by coupling CFD to a BEM so-
lution of conduction in the body. The advantage of the BEM
over a � nite difference or � nite element formulation is that
only the boundary is discretized. As a result, it is naturally
coupled with CFD. The boundary element grid is simply the
CFD grid at the � uid– surface interface plus additional grid
points de� ning the boundaries of the body. The interior of the
domain is not discretized. This is especially advantageous
when coupling to CFD because interior values are super� uous;
only surface values are required for coupling. Consequently,
the BEM is potentially more ef� cient than � nite difference or
� nite element methods, which require an interior discretization
to produce surface conditions. Using the BEM, the temperature
can be computed at any desired interior point through contour
integrals over the boundary solution. In summary, advantages
of the BEM are a reduction of dimensionality, ease of dis-
cretization, and ef� cient coupling with CFD.

The principle drawback of the BEM is its inability to model
transient, nonlinear conduction while still maintaining bound-
ary-only discretization (in the steady-state case, Kirchhoff’s
transform is used to linearize the governing equation14). This
may be a signi� cant de� ciency for modeling metallic panels
that have orthotropic, temperature-dependent thermal proper-
ties. Yet, there is evidence that using constant thermal prop-
erties may produce results suf� cient for design purposes. Chen
and Milos6 present a coupled computation of a ceramic wing
leading edge in a hypersonic freestream in which the solid
thermal conductivity is parametrically varied over a two order
of magnitude range. Surprisingly, the resulting change in the
surface temperature history is minimal. This result promotes
the possibility of � nding an effective linear problem that will
be suf� cient for design cycle use. Furthermore, Kassab and
Divo15 have developed a new BEM to model transient con-
duction with spatial-dependent thermal properties using a non-
symmetric forcing function; it is an exciting advancement that
is very likely to � nd eventual application toward modeling
nonlinear conduction. Until such a time as the BEM is able to
model transient nonlinear conduction, the effects of neglecting
the temperature variation of the thermal properties in modeling
metallic TPS using the BEM must be investigated thoroughly.
Nevertheless, the modeling of the heat conduction in metallic
panels using the BEM is worthy of pursuit because of the
previously mentioned bene� ts.

The objective of the current research is to model the aero-
thermodynamic response of a metallic TPS experiencing ther-
moelastic deformation during entry. To achieve this objective,
a chemically reacting, nonequilibrium, two-dimensional, Na-
vier– Stokes � ow solver is coupled to the BEM solution of the
transient heat conduction within the metallic panel. The details
of the solution and coupling procedure are presented in the
next section. Then, the � uid– solid coupling procedure is tested
through the computation of the heat transfer to a ceramic wing
leading edge in hypersonic � ight; this con� guration has been
simulated by previous researchers. Finally, the calculation of
the heat conduction through a bowed metallic panel on the
windward side of generic nose– body con� guration is pre-
sented. The simulation tests coupling procedures applicable for
modeling the heat conduction through a thermoelastically bow-
ing panel.

Procedure
The analysis of the heating environment and solid conduc-

tive response is performed using two modules. The � rst is a
hypersonic CFD solver for the prediction of the � ow� eld, and
the second module uses the BEM to solve the steady-state and
time-dependent heat conduction through the body. The mod-
ules are coupled through a surface energy balance boundary
condition. The details of the CFD � ow solver, the conduction
codes, and the coupling of the two are described in this section.

CFD

The hypersonic, chemically reacting � ow� eld is computed
using the GIANTS program of Candler16 as modi� ed by Olyn-
ick et al.17 The algorithm solves the Navier– Stokes equations
in fully conservative � nite volume form. The � uxes are dis-
cretized in an upwind manner to second-order accuracy in
space, and the equations are solved using line Gauss– Seidel
relaxation. For the solutions presented in this paper, the per-
tinent physical models are the following: � nite rate chemistry,
� ve-species air (N2, O2, NO, N, and O), two-temperature en-
ergy model (translation– rotation and vibration), bifurcation
model for species diffusion,17 and surface catalysis consistent
with the bifurcation diffusion model. This program has been
used extensively and is aptly described in Refs. 16 and 17.
Additional validation of the program is given by Olynick and
Henline.8

BEM for Steady-State and Transient Heat Conduction

The heat conduction through the interior of the body is
solved using the BEM. Readers unfamiliar with the BEM
should consult textbooks on the subject such as Brebbia et al.18

or Gipson.19 The heart of the BEM is the boundary integral
equation that can be derived from either a weighted residual
approach or reciprocity considerations. In either case, the
boundary integral equation for linear, transient, heat conduc-
tion is given by

˜W T˜ ˜C T T d d W d d = 0 (1)p p
n n

where /dn is the temperature gradient, referenced to an in-˜dT
itial steady-state temperature distribution, and Cp is a multi-
plicative constant that is a function of the local view factor
into the domain. Equation (1) expresses the temperature at a
given point as a function of two integral transforms; the � rst
is the integral transform over the boundary and time of the
temperature with the gradient of the free-space solution as ker-
nel, and the second is the transform of the temperature gradient
with the free-space solution as kernel. The integral transforms
are computed by approximating the surface as a sum of ele-
ments similar to the � nite element method. Like the � nite el-
ement method, there is freedom in selecting the order of the
shape function determining the boundary shape and the inter-
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polation function approximating the dependent variable distri-
bution. Thus, Eq. (1) is the basis for a numerical procedure
where the nodal points are on the boundary only. By taking
the point p to be each node of the boundary in turn, a system
of linear equations is formed. The unknowns are the boundary
temperature or temperature gradient depending on the type of
boundary condition. Solution of the system of equations yields
the value of the temperature and temperature gradient along
the boundary. The temperature at any point on the interior is
found by reapplication of Eq. (1). Since the boundary data are
known from the solution of the aforementioned linear system,
the interior values are found by computing the contour integral
around the boundary. Once the boundary values are known,
any subset of the interior can be calculated to any desired
resolution. For instance, the interior solution is not required to
couple a CFD solution; only the surface conditions need to be
known.

The steady-state and transient BEM algorithms used in this
study are given by Kontinos20 and are shown to be second-
order accurate in space and time. They are designed for ef� -
cient coupling with CFD discretizations and feature piecewise
linear elements for exact mating with the � ow� eld grid. The
features of the algorithms are listed here, whereas the complete
details are given in Ref. 20. The steady-state algorithm em-
ploys the fundamental solution approach; the integration ker-
nels are computed analytically based on linear shape functions,
linear elements, and variably offset nodal points. The transient
algorithm employs the transient fundamental solution; the tem-
poral integration is performed analytically and the nonsingular
spatial integration is performed numerically using Gaussian
integration. The boundary-only character of the algorithm is
maintained by integrating the in� uence coef� cients from initial
time.

Fluid– Structural Coupling

Equations for generalized � uid– structure surface thermo-
chemistry modeling are presented by Milos and Rasky.21 In
this study, the � uid dynamic solution is loosely coupled to the
BEM conduction solution through the surface energy balance,
given by

q = q q (2)w cond rad

where qw is generated by the � ow� eld and includes � uid con-
duction, diffusion, and chemical recombination terms; qcond is
the conduction into the solid material; and qrad is the radiation
away from the surface. An ef� cient procedure to iterate be-
tween the CFD and conduction solutions using Eq. (2) is given
by Chen and Milos6 and Imlay et al.22 In this method, the
convergence of the � uid and structural solution is accelerated
by relating Tw to the convective heat � ux through CT, which
is de� ned as

C = q /(T T ) (3)T w r w

For hypersonic � ow, Tr is approximated as the freestream ki-
netic enthalpy divided by the coef� cient of heat at constant
pressure. Substitution of Eq. (3) into Eq. (2) yields a nonlinear
boundary condition of the third kind, which is solved in the
conduction module. With the radiation and conduction terms
written explicitly in terms of surface quantities, the expression
becomes

T 4C T k = C T T (4)T w s T r wn

where T/ n is the temperature gradient interior of the solid
and normal to the surface. The � uid dynamics and the solid
conduction are coupled at select times in the trajectory. These
times are named anchor points. Between anchor points, the

heat transfer coef� cient is assumed to vary linearly. Thus, in
Eq. (4), CT is a piecewise linear function of time.

The nonlinear boundary condition given by Eq. (4) cannot
be solved explicitly using the BEM. Consequently, a subiter-
ation technique is constructed by lagging the wall temperature
(note: this solution process is termed subiterative to distinguish
it from the global iteration between the � uid dynamic and solid
conduction solutions). The subiterative expression is given by

m 1T3m m 1[C (t) T ]T k = C (t)T (5)T w w s T r
n

where the temporal dependence of CT is explicitly written for
clarity. At each subiteration, the recent wall temperature values
are used to update the coef� cient . The subiteration is3T w

complete when the nonlinear boundary condition is satis� ed
within a set tolerance. In practice, the wall temperature values
are underrelaxed and strict convergence ( < 10 6)m 1 mT Tw w

is achieved in four to seven iterations per time step.
To start the global iteration process, the convective heat

transfer must be prescribed. For a re-entry trajectory the initial
heat transfer is typically assumed to be zero. For an ascent
trajectory, an equilibrium condition is assumed and the � ow-
� eld is computed using a constant wall temperature given by
the structure temperature. This results in qw, and hence, CT, at
time zero. Then, an initial guess for the wall temperature is
generated for the � rst anchor point by solving the � ow� eld
using a radiative equilibrium condition, i.e., qcond = 0. The re-
sultant convective heat transfer is used to compute CT, which
is then assumed to vary linearly in time. The expression for
CT is substituted into Eq. (5), and the conduction equation is
integrated in time up to the � rst anchor point. The conduction
solution yields the wall temperature and conductive heat � ux
satisfying the surface energy balance. The resultant wall tem-
perature distribution is fed back into the CFD module as a
constant wall temperature condition upon which the � ow� eld
is recomputed to obtain improved values of CT. The iteration
is repeated by running the conduction module with the updated
CT values. The procedure is continued to convergence.

Results
To test the coupling procedures previously described, the

computation of a ceramic wing leading edge in a hypersonic
freestream is presented. Results of computations using both the
steady-state and transient conduction codes coupled to the
� ow� eld solution are presented. Then, the calculation of the
transient heat conduction through a homogeneous, bowed, me-
tallic panel located on the windward side of a generic nose–

body con� guration is presented. This � nal case tests coupling
procedures applicable for modeling the thermoelastic defor-
mation of the panel.

Wing Leading-Edge— Steady-State Conduction

The conduction modules (steady state and transient) and the
coupling procedures are tested through the computation of a
ceramic wing leading edge. This type of geometry is currently
being studied for use in advanced hypersonic � ight vehicle
concepts. This is the same case computed by Chen and Milos6

and Molvik et al.7 The geometry is a 0.254-cm-radius leading
edge blended into a 5-deg ramp surface. The length of the
domain is 8.1 cm. The � ow� eld is at cruise conditions of Mach
15 at an altitude of 30.48 km. The computational grid is 80
points in the streamwise direction and 55 points normal to the
body. Only half of the � ow� eld and body is modeled since the
angle of attack is zero and symmetry exists about the axis.

The wing is composed of advanced diboride ceramic– ma-
trix composite.23 The following material properties are used:
ks = 67.5 W/m-K, = 5238.09 kg/m3, c = 808 J/kg-K, and

= 0.6. These material properties yield a thermal diffusivity
of 1.5949 10 5 m2/s. The boundary element grid is the same
as the CFD grid along the body surface with 24 additional
elements to de� ne the wing thickness. The grid points along
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Fig. 3 Wing leading-edge surface temperature distribution con-
vergence history.

Fig. 2 Degree of oxygen dissociation contours in wing leading-
edge � ow� eld along with body temperature contours.

Fig. 1 Wing leading-edge surface temperature distributions.

the symmetry line are clustered toward the nose. The surface
energy balance of Eq. (4) is solved on the wing surface and a
zero gradient condition is imposed on both the centerline (sym-
metry) and the downstream boundary (adiabatic).

The calculation of the coupled � ow� eld and solid conduc-
tion is performed using both the steady-state and transient con-
duction modules. First, the steady-state results are shown. The
case is computed with both noncatalytic and fully catalytic
surface chemistry to bound the possible temperature range of
the wing con� guration. The conduction results are shown in
Fig. 1 along with temperature pro� les generated from the ra-
diative equilibrium assumption. The addition of the conduction
modeling reduces the stagnation temperature by 680 K in the
catalytic case, and 706 K in the noncatalytic case. Physically,
the heat generated at the nose is conducted through the body
and back into the � ow� eld starting near the ramp juncture and
continuing downstream. Thus, one sees a reduction of the stag-
nation temperature and an increase in the ramp temperature as
compared to the radiative equilibrium solution. The stagnation
temperature of all four solutions exceeds the melt limit of the
material, which is approximately 3000 K.

The stagnation temperature of the fully catalytic radiative
equilibrium solution is 700 K higher than that reported by
Chen and Milos6 and Molvik et al.7 This is because of different
modeling of the surface thermochemistry. In the previously
mentioned results, chemical equilibrium was used to simulate
a fully catalytic surface. This assumption is common and ap-
plicable for cold wall conditions. In this instance, however, the
wall temperature is higher than the dissociation temperature of
oxygen and full recombination does not occur under equilib-
rium conditions. Since catalytic recombination releases the en-
ergy of dissociation into the wall and the results reported here
are for a complete recombination of nitrogen and oxygen, the
wall temperature is greater than that produced by the equilib-
rium assumption. As a measure of the potential for recombi-
native heating, � ow� eld contours of the degree of dissociation
of oxygen are shown in Fig. 2 for the fully catalytic condition.
This scalar � eld is computed as the ratio of the density of
monatomic oxygen to the sum of the monatomic and diatomic
oxygen densities. This de� nition does not account for the
amount of oxygen present in the � ow� eld as NO, since the
catalytic condition forces the recombination of free monatomic
oxygen and NO does not participate in the catalytic reactions.
The dissociation is nearly complete in the stagnation region
and signi� cant amounts exist along the length of the body. Of

course, the real measure of the recombinative heating effect is
observed in the boundary layer. Nevertheless, Fig. 2 shows that
the oxygen does indeed recombine at the wall. Differences in
the stagnation temperatures between the current results and
those of Refs. 6 and 7 may also be attributable in part to
discretization and numerical damping differences.

Also shown in Fig. 2 are steady-state temperature contours
in the interior of the wing generated by the conduction code.
A discontinuity in the temperature contours exists at the sym-
metry line because of stretching of the boundary elements and
an inconsistency in postprocessing the data. In Fig. 2, the in-
terior temperature is computed through the boundary integral
equation whereas, for convenience, the boundary temperature
is the result of a linear � t of the nodal data along the boundary
element. The boundary elements are stretched along the sym-
metry line, and consequently, the linear � t is inconsistent with
the nonlinear temperature distribution resulting from the
boundary integral equation. The discontinuity can be removed
by either increasing the number of boundary elements along
the centerline or by computing the boundary temperatures us-
ing the boundary integral equation, however, this functionality
has not been implemented. The boundary element resolution
at the � uid– solid interface is suf� cient to produce smooth con-
tours using a linear � t of the surface data.

The performance of the coupling procedure is presented in
Fig. 3. Shown is the radiative equilibrium solution of the non-
catalytic surface along with the solution of the solid conduc-
tion after the � rst, second, and � nal iteration of the surface
energy balance. The converged solution is obtained after � ve
iterations, when the changes in the surface temperature are less
than 1 deg. This is a fairly stringent convergence requirement;
for engineering purposes, the surface conditions can be taken
after the second iteration. The results here verify those reported
by Chen and Milos.6 Indeed, the results reported here are for
different � ow and conduction codes, which shows the algo-
rithm independence of the iteration procedure.

Wing Leading-Edge— Transient Conduction

A transient simulation for the wing leading edge is also con-
structed. Since cold wall temperatures impede convergence of
the reacting gas CFD solution, the initial temperature through-
out the wing is set to a uniform temperature of 1000 K; this
is deemed suf� cient for the purpose of testing the transient
conduction code. The transient heating of the wing is simulated
from the 1000 K initial condition in the Mach 15 � ow� eld.
This trajectory might represent a wind-tunnel test where a pre-
heated model is injected into the freestream of the tunnel. For
the present computational simulation, the wall is assumed to
be noncatalytic.

The computational characteristics of the boundary element
solution are investigated. The � rst 10 s of the transient re-
sponse is computed for four combinations of time step and
anchor point distribution. Recall that an anchor point is de� ned
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Fig. 6 Wing leading-edge surface temperature distributions at
30, 60, 90, and 120 s.Fig. 5 Wing leading-edge heat transfer coef� cient history.

Fig. 4 Wing leading-edge stagnation point temperature history
for varying time step and anchor point distributions.

as a point in the computation where a � ow� eld solution is
generated. Between anchor points, CT is linearly interpolated
in time providing the boundary condition for integration time
steps smaller than the anchor point distribution. The resultant
stagnation point temperatures of the four solutions are plotted
in Fig. 4.

A � ne resolution case is computed with an anchor point
every 1 s and a time step of 0.2 s. The heating of the nose
seems well represented by this calculation. The stagnation
point reaches 98% of its steady-state value within the � rst 10
s. This result is consistent with a 0.4-s characteristic time scale
calculated by the square of the nose radius divided by the
thermal diffusivity.

The 10-s computation is performed again, but with a time
step of 1 s, which results in one time step per anchor point.
The result is shown in Fig. 4. Assuming that the original com-
putation is more accurate, the increase of the time step does
not reduce the accuracy of the computation; the two solutions
differ by 2.2% at 1 s and then differ by less than 0.3% at the
remaining anchor points. Nevertheless, the resolution of the
solution is decreased, which is evident in the � rst second
where a linear � t in time underpredicts the temperature from
the original solution. If the temperature or temperature gradient
are approximately linear over a given time step, then subdi-
viding the time interval by taking smaller time steps does not
necessarily improve the accuracy of the solution. This is be-
cause the boundary element algorithm incorporates linear
shape functions over time to approximate the solution; the ac-
curacy is determined by how well the shape functions model
the physical data over time and space, and how accurately the
integration of these shape functions is performed. Therefore,
smaller time steps do not improve the accuracy if the solution
is linear in time.

Also investigated in the � rst 10 s is the anchor point spacing
that is governed by the surface energy balance relation. The
spacing requirements are that CT is accurately represented as

a linear function of time. Figure 5 shows CT at the stagnation
point, near the ramp juncture, and near the downstream bound-
ary as a function of time. Only the nose region diverges mark-
edly from a linear distribution, but it is only over the � rst 2
to 3 s. Thus, it is anticipated that large spacing of the anchor
points will still resolve the temporal CT distribution. This hy-
pothesis is tested by computing the 10-s history with a time
step of 0.2 s and an anchor point every 5 s. The stagnation
point temperatures are shown in Fig. 4. Within the � rst 5 s,
the calculation overpredicts the stagnation temperature of the
original � ne resolution case. This is consistent with a linear � t
of the CT distribution between 0– 5 s (see Fig. 5); the values
of CT are higher than the � ne resolution case over the 5-s
interval, consequently, the integrated heat rate increases,
thereby increasing the temperature. Over the next interval of
5– 10 s, the CT distribution is linear and the increase in anchor
point spacing does not affect the solution. Surprisingly, the
solution at the 5-s anchor point is within 1% of the original
high-resolution solution. Indeed, the temperature pro� le has a
slope discontinuity in time as if the solution is tied to the
anchor point.

To investigate this further, a fourth 10-s computation is per-
formed with both a time step and anchor point interval of 5 s.
The result for the stagnation line is shown in Fig. 4. The so-
lutions at the 5- and 10-s anchor points are still within 1.2%
to the original high-resolution computation. Thus, in the � rst
10 s, the solution at the anchor point is fairly insensitive to
the anchor point spacing and the time step. This characteristic
has yet to be fully explained and is still under investigation.

Based on the previous analysis, the wing transient temper-
ature response is calculated with a time step of 5 s and an
anchor point every 10 s. The results are shown every 30 s and
are plotted in Fig. 6. The boundary element algorithm predicts
the wing to reach its steady-state distribution in approximately
2 min. This is on the order of the characteristic time scale
based on the square of the length of the body divided by the
thermal diffusivity. The � nal steady-state surface temperature
distribution predicted by the transient code is the same as that
produced by the steady-state code. It is also important to note
that the transient solution approaches the steady state from
below, that is, the transient temperature does not exceed the
steady-state temperature.

Finally, as an example of the resolution achieved with the
current high-� delity analysis, the location and time in which
heat begins to conduct into the � ow� eld are determined. Figure
7 shows the conductive heat � ux along the surface at times of
1 and 7 s along with the steady-state values. At 1 s, the radi-
ative heat � ux is small because the surface temperature is low,
thus, the conductive heat � ux is high to balance the convective
heat � ux. As the surface temperature increases, the radiative
� ux increases and the convective � ux decreases. Between
6 and 7 s, at approximately 0.4 cm in arc length (this loca-
tion is at the ramp juncture), a true radiative equilibrium con-
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Fig. 7 Wing leading-edge conductive heat � ux at 1 s, 7 s, and
steady state.

Fig. 8 Schematic of � ow� eld geometry and location of bowed
metallic panel.

Table 1 Flight trajectory for
bowed metallic panel case

Flight
time, s

Altitude,
km

Mach
number

1000 85.34 25
1500 73.15 22
2000 47.24 9

dition exists, that is, the convective � ux is exactly balanced
by the radiative � ux and the conductive � ux is zero. In the
steady state, heat is absorbed by the body forward of the junc-
ture and is conducted into the � ow� eld downstream of the
juncture.

Bowed Metallic Panel

The � nal test of the transient module is the computation of
a homogeneous metallic panel on the windward side of a ge-
neric re-entry lifting body con� guration. In addition to mod-
eling the gross effects of a bowed metallic panel, this calcu-
lation tests coupling procedures applicable for modeling the
transient conduction through the metallic panel using the BEM
in conjunction with the solution of the thermoelastic response.
It is assumed that a surface de� ection is obtainable given the
temperature distribution within the panel. This can result from
analytic expressions from plate theory, BEM solution of the
linear elastic equations, or a � nite element solution. In either
case, the temperature distribution from the transient conduction
calculation is considered suf� cient to obtain the structural dis-
placement. The displacement � eld yields a new surface shape
that alters the � ow� eld solution. An ef� cient procedure to ac-
count for the surface deformation is to recompute the � ow� eld
with the updated surface de� nition coupled with the temper-
ature boundary condition from the conduction module. The
convective heat � ux generated from the updated surface shape
is used as the boundary condition for the transient heat com-
putation on the original undeformed panel. In other words, the
domain used for the heat conduction module remains � xed at

the initial undeformed state. This assumption simpli� es the
coupling process by eliminating the time dependency of the
structural domain when solving the transient heat conduction.
In this section the coupling procedure is tested through the
computation of a single, homogeneous, metallic panel located
on the windward side of a nose– body con� guration. A de-
formed panel shape is assumed and the transient thermal re-
sponse of the panel is computed using two independent pro-
cedures. First, the thermal conduction through the deformed
panel is computed. Second, the � ow� eld surface conditions
generated from the deformed surface shape are imposed onto
the undeformed panel. These two solutions are shown to be
nearly identical for both a convex and a concave panel defor-
mation.

The geometry is a 2.54-m-radius circular nose with a ramp
of 11.5 deg, as shown schematically in Fig. 8. The panel is
0.4572 m long, 0.0508 m thick, and located 4.97 m along the
ramp downstream of the nose juncture. The following constant
material properties, which roughly correspond to the in-depth
direction of a honeycomb panel with Cerachrome2 insulation
at 1000 K, are used for the analysis: ks = 0.433 W/m-K, =
96.11 kg/m3, c = 1222.6 J/kg-K, and = 0.85. The thermal
diffusivity is 3.6831 10 6 m2/s; over the range of 280– 1000
K, the actual temperature-dependent thermal diffusivity varies
33%. The body is assumed to be composed of a carbon tile
thermal protectant. The surface catalysis is computed using the
reaction cured glass (RCG) surface kinetics incorporated by
Olynick and Henline,8 with rate coef� cient curve � ts given by
Stewart et al.24 The emissivity is 0.85. The metallic panel ca-
talysis is computed using the RCG kinetics as well. This as-
sumption is not strictly accurate, however, the purpose of the
computation is to compare the conduction solutions computed
by the deformed and undeformed con� gurations. It has been
shown that discontinuous changes in wall catalysis can cause
disturbances in the wall temperature distribution.8,25 To isolate
the bowing and conduction effects, this analysis excludes this
phenomena by maintaining a single catalysis model along the
surface.

The re-entry trajectory is given by the three anchor points
displayed in Table 1. The boundary layer is assumed to remain
laminar throughout the trajectory. In actual � ight, transition to
turbulence may be triggered by surface waviness, surface
roughness, and interpanel mold line discontinuities, however,
a transition criteria has yet to be established and the issue is
not addressed in this analysis. The angle of attack is 40 deg
throughout the trajectory. The initial temperature of the panel
is assumed to be 280 K. The time step of the conduction mod-
ule is 50 s, which reasonably resolves the temperature history
using a temporally linear shape function in the BEM. The
� ow� eld grid is 78 points streamwise and 55 points normal to
the body. There are 11 points (10 elements) on the panel
surface. The remaining panel is composed of 20 additional
elements. The panel is insulated on the sides and at the back
face.

The � ow� eld and transient history of the panel is computed
for an undeformed panel throughout the � ight trajectory. The
surface temperature and heat � ux distributions at the three tra-
jectory anchor points are plotted in Fig. 9. In Figs. 9– 11 the
ordinate is the surface arc length with zero being the centerline
at 0-deg angle of attack (see Fig. 8). The panel is located from
arc length 8.45 to 8.94 m. Conduction is modeled through the
panel only. The remaining surface is computed using a radia-
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Fig. 9 Surface temperature distribution with undeformed panel.

Fig. 10 Surface temperature distribution with convex panel: a)
1000, b) 1500, and c) 2000 s.

Fig. 11 Surface temperature distribution with concave panel: a)
1000, b) 1500, and c) 2000 s.

tive equilibrium condition. Therefore at the 1000-s anchor
point location, the panel surface temperature is lower than the
surrounding surface temperature because of � nite rate conduc-
tion. The same reduction in temperature is seen at 1500 s,
which is the peak heating time for this trajectory. At 2000 s
the surface temperature of the panel is greater than that of

upstream and downstream carbon tiles. At this time, the heat
absorbed by the panel earlier in the � ight is being transferred
back into the � ow� eld. Of course, the surrounding carbon tiles
also conduct heat at a � nite rate and, therefore, the disconti-
nuity of the surface temperature at the panel is exaggerated.
Moreover, for simplicity, the surface material downstream of
the panel reverts back to carbon tile. An actual � ight vehicle
will have a series of metallic panels. Nevertheless, this case is
adequate for use as a baseline for comparison with the bowed
surface con� gurations.

Next, two simulations are computed with a convex- and a
concave-bowed panel surface. The surface is prescribed to be
circular with a maximum de� ection distance of 0.04572 m to
yield a bow height to panel length ratio of 0.1. The deformed
panel shapes are shown in Fig. 8. Recall that the purpose of
this computation is to compare the conduction solution of the
deformed to undeformed panels. The convex and concave con-
� gurations are not predictive of the actual deformed surface
shape, but are exaggerated to test the coupled � uid-thermal
solution strategy; preliminary estimates for bow height to panel
length ratios are in the range of 0.01– 0.03.

The surface temperature and heat � ux distributions on the
convex panel are shown in Fig. 10 at the three trajectory
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points. Three solutions are plotted: 1) a radiative equilibrium
condition, 2) a solution coupled with the transient conduction
module using the deformed body shape, and 3) a conduction
solution with the � ow� eld generated by the bowed surface
imposed on the undeformed panel. At 1000 and 1500 s, the
convex bow causes the temperature to rise on the upstream
side of the protruding surface; then the temperature decreases
as the � ow expands around the downstream side. The addition
of the conduction modeling decreases the panel surface tem-
perature as compared to the radiative equilibrium solution. The
convective heat � ux is mostly unaffected by the addition of
conduction. The radiative heat � ux, and hence, the tempera-
ture, decreases to compensate for the conduction. This result
is consistent with those presented in Fig. 9. More importantly,
the surface temperature distribution of the deformed panel and
the undeformed panel with the imposed surface conditions are
nearly identical; both solutions are iterated independently. At
2000 s, the convex deformation causes the � ow to separate on
the downstream side of the protuberance; in the reattachment
zone, the temperature increases to values on the order of the
stagnation point. Consistent with Fig. 9, the addition of the
conduction modeling increases the panel surface temperature.
The deformed and undeformed surface temperatures are nearly
identical at this anchor point as well.

In Fig. 11 the surface temperature and heat � ux pro� les for
the concave deformation are shown. The concave surface pro-
duces � ow disturbances that are more severe than the convex
deformation because the � ow is accelerated before it is turned
back on the downstream side of the panel. The addition of the
conduction modeling decreases the panel surface temperatures
at 1000 and 1500 s, and increases them at 2000 s. For the
concave surface shape, the � ow is separated at both 1500 and
2000 s. Moreover, the disturbances caused by the separation
overwhelm the effect of the conduction, and little difference
between radiative equilibrium and conduction solutions are
seen. As with the convex surface, it is seen that the conduction
solution is not altered by imposing the � ow� eld heat � uxes
generated by the deformation onto the original undeformed
panel.

Conclusions
To model the thermal response of a metallic thermal protec-

tion panel, a boundary element procedure has been developed
to compute steady-state and transient heat conduction for con-
stant material properties. The boundary element codes are
loosely coupled to a hypersonic, reacting gas � ow solver to
compute the steady-state and transient conductive heating of a
wing leading edge in a Mach 15 � ow� eld. The procedure
developed by Chen and Milos6 is shown to be applicable in
coupling the boundary element codes to the CFD code. The
modeling of the solid conduction reduces the stagnation tem-
perature on the wing as compared to the common radiative
equilibrium assumption. The results using the BEM codes are
consistent with previous results using � nite difference and � -
nite element codes. Transient computations show that the max-
imum temperature in the body occurs at steady state. Also, the
transient heating solutions of a convex and a concave bowed
metallic panel on the windward side of a nose– body con� g-
uration are presented. It is shown that two independently it-
erated transient conduction solutions produce nearly identical
surface temperatures. The � rst solution is computed using the
actual deformed panel shape; the second solution is generated
by imposing the � ow� eld heat � ux computed using the de-
formed surface shape onto the original undeformed panel
shape. This result supports the validity of simplifying the ther-
moelastic coupling process by eliminating the time depen-
dency of the structural domain when solving the transient heat
conduction. Finally, the boundary element procedure is shown
to be an effective method for computing coupled � uid/struc-
tural heat conduction.
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