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Navier-Stokes Heating Calculations for Benchmark
Thermal Protection System Sizing
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A study was carried out to identify, select, and benchmark simulation techniques needed for thermal protection
material selection and sizing for reusable launch vehicles. Fully viscous, chemically reacting, Navier-Stokes solu-
tions for the flow around a sphere are generated and compared using three different flow solvers. The effects of
grid resolution, algorithm, transport modeling, and surface boundary conditions on the magnitude and conver-
gence of the predicted heat transfer rate are examined. A third-order Van Leer inviscid upwind flux formulation
was found to be a good method for surface heat transfer predictions. A number of three-dimensional, chemically
reacting, Navier-Stokes flow solutions are generated for the nose of a single-stage-to-orbit rocket at angle of attack.
A methodology for thermal protection system material selection is demonstrated. The strong influence of thermal
protection system material selection on predicted heat transfer rates and surface temperatures is demonstrated.
Further, it is shown that the changes in surface emissivity and catalycity at the interfaces between different thermal
protection system concepts can produce large jumps in the predicted surface temperature. These gradients must
be accounted for in the thermal protection system and vehicle design process.

Nomenclature
Cg = mass fraction for species s
D = reference diffusion coefficient, m2/s
T>ij = muiticomponent diffusion coefficient, m2/s
E = activation energy for surface catalysis, K
FI = diffusion factor for species /
hs = enthalpy of species s, m2/s2

js = diffusion mass flux of species s, kg/m2s
Kw = first-order reaction rate at wall, rn/s
k = Boltzmann constant, J/K
M = molecular weight of gas mixture
ms = mass of species s
ns = number of species
qc = total convective heat flux, W/cm2

% Agc = percent change in qc per iteration
Tw = wall temperature, K
VQQ = freestream velocity, m/s
xs = mole fraction of species s
Zs = bifurcation mass fraction for species s
YS = fraction of species s consumed on surface
Aw = surface cell height, m
€ = surface emissivity
77 = normal direction component
K = thermal conductivity of gas
Mi, MI = weights used in bifurcation approximation
p = mixture density, kg/m3

a = Stefan-Boltzmann constant, W/cm2K4

Introduction

L ESS expensive access to space has been identified as important
to meeting NASA's and the nation's future needs. Thus, stud-

ies have been undertaken to determine how this goal can be met in
a timely and efficient manner.1 An important component of these
studies is numerical simulation, which is utilized in all facets of the
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design process. These simulations include system studies to deter-
mine the size and cost of potential vehicles, detailed computational
analysis of aerodynamic performance, structural characteristics, and
propulsion system performance.

A critical subsystem for the design of a reusable launch vehicle
(RLV) is the thermal protection system (TPS). The TPS protects the
RLV from the intense heat loads experienced during re-entry. For
instance, the Space Shuttle, which is currently the only operational
example of an RLV, employs a system of ceramic tiles and blankets
that insulate the underlying structure from the heat load experienced
during re-entry.

A few factors that influence the design of a TPS are weight,
thermal and aerodynamic loads, operation costs, and durability. The
weight of the TPS is mostly a function of the type of TPS selected
such as ceramic or metallic and the heat load, which is the heat
transfer rate integrated vs time over the trajectory. For the Shuttle,
developing a working system that had a reasonable weight was the
major design driver. The issues of operation cost and durability did
not figure prominently in the design. This is reflected in the original
Shuttle TPS, which was both fragile and expensive to maintain.

The design of a re-entry vehicle is a highly coupled and iterative
process. For example, the design of a TPS requires the calculation
of thermal and aerodynamic loads. To calculate the thermal and
aerodynamic loads a vehicle shape and trajectory are needed. The
type of trajectory that can be flown is influenced by such things
as cross range requirements, the aerodynamic performance of the
vehicle, structural load limits, and TPS temperature limits. Because
of the highly coupled nature of the RLV design problem, critical
subsystem requirements in one area can drive the design of the
entire vehicle. For example, the Shuttle trajectory was shaped to
delay the onset of turbulent flow. Transition to turbulence early in
the trajectory greatly increases the heat load, which drives up the
weight of the TPS.

The focus of this paper is the coupling between the TPS and re-
entry flow environment and its effects on TPS design. The work
presented is a small part of an ongoing effort to develop a state-
of-the-art methodology for assessing TPS requirements for future
access-to-space vehicles.2"4 The philosophy of this methodology is
to include the best possible characterization of the flow environment
and detailed modeling of the coupling between the flowfield and
thermal protection material response during atmospheric entry.

Present application of this philosophy for an RLV employing a
ceramic/blanket TPS3'4 is to discretize the trajectory into five to six
points. It is assumed that the shape of the vehicle and trajectory are
known a priori. The trajectory points are chosen to capture the shape
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of the heat transfer vs time curve. At a trajectory condition assumed
to be near peak heating, a flow solution is generated using a chemi-
cally reacting Navier-Stokes flow solver with a conservative surface
boundary condition such as a fully catalytic radiative equilibrium
wall. The predicted surface temperatures from the flow calculation
are used to map the selected TPS onto the vehicle's surface accord-
ing to the maximum reuse temperature limits of the selected TPS
concepts. For example, in this work, advanced flexible reusable sur-
face insulation (AFRSI) blankets were applied in areas where the
maximum surface temperatures during entry were less than 922 K.
After the surface is mapped, Navier-Stokes solutions are gener-
ated down the trajectory. Best available data for the TPS surface
properties, catalyticity, and emissivity are employed to model the
fluid-surface interface in the calculation. The Navier-Stokes calcu-
lations provide an aerothermal database, which is used as input into
a one-dimensional conduction code. The one-dimensional conduc-
tion code is used to size the TPS.

The output of the methodology just described is a benchmark
TPS sizing. At present, the methodology is very resource intensive.
Thus, only one benchmark sizing would be generated during the
design of a vehicle. It is hoped that these types of calculations will
provide a sanity check to the results of sizing calculations gener-
ated using simpler engineering methods. However, with expanding
computational resources, this type of calculation will become the
engineering method of the future.

The impact of accurate coupled numerical simulations of the TPS
and flow environment are reduced TPS weight, reduced design cycle
time, reduced design risk, and more efficient use of experimental
resources such as arc jets and wind tunnels. For the Mars/Pathfinder
project, the methodology described has been used in the design of
the vehicle's aeroshell.5 The resulting computations have been used
to reduce the number of arc jet tests and size the vehicle's heat shield.

Some present weaknesses of applying the present approach to
an RLV type calculation are as follows. First, using only five
to six points may not be adequate to resolve the heat load. In
the Mars/Pathfinder calculations,5 20 calculations were carried out
along the trajectory. This type of resolution was possible because the
calculations were axisymmetric. Second, a one-dimensional con-
duction model may not be adequate for TPS concepts other than
blankets and tiles. However, these weaknesses do not affect the va-
lidity of the philosophy behind benchmark sizing. More trajectory
points will be employed as the efficiency in generating the solu-
tions and the speed of computers improves. Also, more complex
conduction models can be employed to model TPS concepts where
a one-dimensional conduction model is inadequate.

The major objective of the present paper is to identify, develop,
and benchmark simulation techniques needed for optimum TPS siz-
ing of RLVs. To minimize TPS weight, an accurate prediction of a
heat load during atmospheric entry is required. Thus, the focus of
this work is to assess how present methodologies affect heat transfer
rates and to select appropriate models for the benchmark TPS siz-
ing in Refs. 3 and 4. However, because of computational resource
limitations, the fidelity of the methodology will be balanced against
the resources required to obtain the level of fidelity.

For complex, three-dimensional flow around an RLV, a multitude
of flow phenomena must be resolved. Some phenomena that must
be captured are strong bow shocks, shock impingement, separated
flow, and momentum, thermal, and diffusion boundary layers. Since
the number of grid points that can be employed in a given simulation
is limited, the effects of grid resolution and distribution on predicted
heat transfer rates are studied. To model the inviscid fluxes, a one-
dimensional upwind flux formulation is employed. Some examples
of upwind schemes are Roe, Van Leer, and Steger-Warming. Each
of these methods6 has a characteristic numerical dissipation that is
grid dependent. Unfortunately, numerical heat transfer predictions
are very sensitive to numerical dissipation. Therefore, several up-
wind schemes are investigated and their effects determined. Energy
from the inviscid portion of the flow is transferred to a vehicle's sur-
face via the momentum, thermal, and diffusion boundary layers. The
amount of energy arriving at the surface determines the heat trans-
fer rate. Thus, the numerical modeling of the viscosity, gas thermal
conductivity, and diffusion coefficients impacts the predicted heat

transfer. Therefore, in this work, transport modeling effects are ex-
amined.

As described, three-dimensional calculations are very computa-
tionally intensive. Because a number of flow solutions along the tra-
jectory must be generated to size the TPS, the total computational
cost of the trajectory analysis can be quite large. To assess these
costs, the numerical convergence rate of the heat transfer rate is ex-
amined as a function of grid spacing and inviscid flux formulation
for various sphere configurations.

Finally, at the fluid-TPS interface, reradiation and surface recom-
bination strongly influence the local heat transfer rate and surface
temperature. The magnitudes of these phenomena are a function of
TPS material properties such as emissivity and surface catalycity. A
typical TPS design for an RLV uses a number of materials.7 Discon-
tinuities in the material properties at the interfaces between different
TPS concepts can produce large temperature gradients. These gra-
dients can thermally shock the structure producing large stresses,
which must be accounted for in the vehicle design. Further, the large
jumps in temperature can result in maximum temperatures that ex-
ceed the limits of a given TPS concept. Some effects of TPS material
selection on heat transfer and thermal shock are illustrated by con-
sidering the three-dimensional flow around the nose of a single stage
to orbit (SSTO) rocket. The nose was mapped with three materials,
and the effects on surface temperature of varying the emissivity and
catalycity are demonstrated.

Procedure
Fluid Flow Governing Equations

In this study, a set of governing equations was chosen that is ap-
propriate for a Shuttle-like entry heating environment.8 It is expected
that the next generation of access-to-space vehicles will operate in
a similar entry envelope. Thus, a set of the Navier-Stokes equa-
tions employing finite rate chemistry is solved that includes five
species equations (N2, O2, NO, N, O), two momentum equations,
and one energy equation. The translational, rotational, and vibra-
tional energy modes of the various species are characterized by one
temperature. Five species and a one temperature thermal model were
employed because in the thermal boundary layer near the surface
the internal modes are near equilibrium, and most of the ions are re-
combined. Therefore, thermal nonequilibrium and ionization have
a minimal impact on the predicted heat transfer rate.

The multispecies Navier-Stokes equations just described are
solved using a number of numerical techniques. For validation pur-
poses, comparisons of flow solutions are made using three codes,
GASP,9 LAURA,10'11 and GIANTS.12'13 A brief description of the
codes is as follows. LAURA and GASP are three-dimensional flow
solvers, and GIANTS is a two-dimensional/axisymmetric code.
Each code uses an implicit formulation to march the Navier-Stokes
equations in time to a steady-state solution. GASP employs a three-
factor approximate factorization scheme, LAURA uses a point-
implicit algorithm and GIANTS employs a Gauss-Seidel line re-
laxation technique. The implicit formulation determines how fast a
converged flow and heating solution is obtained. Thus, comparisons
of the relative numerical efficiency of GASP and GIANTS for heat
transfer are made in this study.

Since the solutions are marched to a steady state, differences in
the flow solutions result from the modeling of the explicit portion
of the equations. GASP, GIANTS, and LAURA each employ cen-
tral differences with similar stencils to calculate the viscous fluxes.
However, a variety of upwinding techniques are used in the meth-
ods to determine the inviscid fluxes. GASP offers the choices of
Van Leer, Roe, or Steger-Warming approximate Riemann solvers
with MUSCL variable extrapolation. LAURA employs a modified
Roe scheme with total variation diminishing (TVD) flux limiters.
Finally, GIANTS uses a modified Steger-Warming scheme with
MUSCL variable extrapolation. Details of these methods can be
found in Refs. 6 and 9-13. Each upwinding technique has a dif-
ferent amount of numerical dissipation, which affects the predicted
heat transfer rate. Thus, numerical heat transfer rates are compared
employing a number of upwinding techniques. Finally, numerical
heat transfer is sensitive to grid resolution and distribution. Thus,
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to determine these effects, flow solutions around hemispheres of
varying nose radii are generated on a number of grids.

Transport Models and Boundary Conditions
The mixture rules for the viscosity and translational and vibra-

tional conductivity used in this work are based on the formulations
of Gnoffo11 and Gupta et al.14 The cross section data by Yos found
in Refs. 11 and 14 have been reviewed and updated to improve
the collision modeling.15 This basic model is used in LAURA and
GIANTS and was adapted into GASP for this study. In LAURA,
the multicomponent diffusion is treated using Pick's law with a dif-
fusion coefficient for each species.16 A disadvantage of the method
is that it does not conserve mass. Thus, a bifurcation approximation
is used to represent the multicomponent diffusion coefficients.17

This methodology has been incorporated into GASP and GIANTS.
The bifurcation method has been shown to compare favorably with
exact resolution of Stefan-Boltzmann multicomponent diffusion
equations.17'18 However, the computational cost of the method is
much less than solving the exact equations. For the purposes of
comparison, numerical predictions of the heat transfer are generated
using Wilke's19 serniempirical mixing rule with curve fits for the
species viscosities given by Blottner et al.20 and a constant Schmidt
number. This methodology is commonly used in many hypersonic
flow applications.13

Multicomponent diffusion coefficients are treated using a bifur-
cation approximation in the following manner:

where

where

' = ^N2N2

(1)

(2)

The diffusion factors used in this study have been determined using
a nonlinear least squares curve fit of the updated binary diffusion co-

. efficient data,14'15 and the curve fit values of FI are listed in Table 1.
The diffusion factors are assumed constant because they are fairly
insensitive to changes in pressure and temperature, and the tem-
perature and pressure dependence are lumped into the reference
diffusion coefficient.

The diffusive mass flux of species s in the 77 direction is deter-
mined in a form similar to Pick's law as17

(3)

where M is molecular weight of the gas mixture. Here, /zi, \JL-I, and
Z.y are defined as

• Msxs

' Fs (4)

Z, =.Msxs/Fsn2

It can be shown from these definitions that the summation of js over
all of the species is equal to zero.

The following boundary conditions are used in the study. First, a
no-slip condition is assumed for the velocity at the surface. Second,
the energy balance at the fluid-surface interface is modeled using
a radiative equilibrium wall. This equation, assuming a bifurcation
approximation for the transport model, is given as21

(5)

Table 1 Species diffusion factors

Species F/

N2
02
NO
N
O

1.0
1.06279
1.03073
0.580012
0.63559

£>* =

In the preceding equation, the diffusion of energy to the surface,
which is driven by surface catalycity and the emissivity, is dependent
on the TPS concept at a given surface location.

The surface catalycity is modeled using first-order reaction rates.
Thus, the mass flux at the wall can be related to the rate of diffusion
toward the surface as

t*~TL } = (PsKs)u> = PsYi

where ys is curve fit as a function of temperature as

(6)

(7)

Curve fits for ys of this form for reaction cured glass are given in
Ref. 22.

Results
The effects on heat transfer of a number of flow models (trans-

port, upwind flux formul formulation) are considered. Thus, to en-
able parametric studies, most of the calculations are performed on
hemispheres of various nose radii. A typical grid for the calcula-
tions employed a grid with. 31 points along the body and 81 points
normal to the body. The flow conditions for the sphere calculations
are given in Table 2. The conditions at 1000 s correspond to peak
heating for a Shuttle-like entry of winged SSTO.3

Upwinding and Transport Models
For the first calculations, flow solutions about a 1-m sphere are

generated and compared using GASP, GIANTS, and LAURA at the
1000-s conditions from Table 2 on an identical grid. All subsequent
sphere calculations utilize the 1000-s conditions. The wall boundary
condition is fixed at 2500 K, and the surface is noncatalytic to atomic
recombination. A five-species chemistry model is employed.

In Figs. 1 and 2, the effects of various upwinding schemes on
the flow and heat transfer rate are described. Figure 1 is a plot of
the U velocity, temperature, and pressure along the stagnation line.
The major difference between the flow solvers resides in the upwind
formulations, which affect the shock capturing capabilities and nu-
merical dissipation of each method. The upwind formulations for
the various codes are listed. The calculations are in good agreement
except in the shock region. The first-order Van Leer method is the

Table 2 Benchmark trajectory conditions

Time, s Altitude, km Velocity, km/s Density, kg/m3 T^, K

1000
1300

72.0
64.0

6.4602
4.8497

7.15 x 10-5 216.7
4.19 xHT4 253.8

12500r

10000

7500 -

5000

2500 -

_e_GIANTS(lSt°rderMod-ste9er-Warm'n9)
-O-GASP (1s* Order Van Leer)
-A- GASP (3rd Order Van Leer)
--LAURA (Roe 2nd order TVD)

-0.100 -0.075 -0.050 -0.025
Stagnation Line (m)

Stagnation
Point

0.000

Fig. 1 Comparison of stagnation line flow properties for various codes.
Wall boundary conditions: noncatalytic, Tw = 2500 K.
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15

'I-

15r

GASP (Van Leer 1st Order)
GASP (Roe 1st Order)
LAURA (Roe 2nd order)
GASP (Van Leer 3rd Order)
GIANTS (Modified Steger-WariT)ing 1" Order)*

0.25 0.50 0.75
y (m) -Surface of Sphere

1.00

Fig. 2 Code to code comparison using various upwind methods on heat
transfer. Wall boundary conditions: noncatalytic wall, Tw = 2500 K.

10

GASP (Van Leer 3rd Order w/Bk
GIANTS (MSW 1st Order w/Blottner)
GASP (Van Leer 3rd Order w/Ames)
GIANTS (MSW 1st Order w/Ames)

0.25 0.50 0.75
y (m) -Surface of Sphere

1.00

Fig. 3 Effect of transport model on heat transfer. Boundary condi-
tions: noncatalytic wall, Tw = 2500 K.

most dissipative upwinding scheme. It predicts the largest shock
standoff distance and disagrees with the other methods in thermal
boundary layer.

Figure 2 is a plot of the surface heat transfer using the various
upwind schemes. It can be seen that the numerically dissipative
first-order Van Leer method is inadequate for heat transfer calcu-
lations. The first-order modified Steger-Warming is slightly more
dissipative and generates a slightly higher heat transfer than the
other schemes. The higher-order methods, Roe with a second-order
TVD scheme and Van Leer with a third-order MUSCL variable ex-
trapolation, are in good agreement except near the stagnation point.

The divergence in the solutions near the stagnation point, which
can be seen for both the first- and second-order Roe solutions
is the result of eigenvalues in the Roe scheme approaching zero
near the axis of symmetry. For blunt body flows at high Mach num-
bers, the zero eigenvalue problem can result in divergent or non-
physical solutions. To correct this problem, an eigenvalue limiter
can be added to the Roe scheme,11'23 which increases the numeri-
cal dissipation in the stagnation region. An eigenvalue limiter pro-
duces the higher stagnation heat transfer observed for the LAURA
calculation. As a result of the problem with Roe's scheme around
blunt bodies, subsequent GASP solutions in this work will employ
the third-order Van Leer method. For heating, the method is about
as dissipative as the second-order Roe scheme and does not pro-
duce as much difficulty around the axis of symmetry as the Roe
scheme.

Next, in Figs. 3-5, the effects of transport algorithms and mod-
eling are examined. Figure 3 is a plot of the surface heat transfer
using two transport models for GIANTS and GASP. The Blottner
model refers to the Blottner curve fits for species viscosity, which
are used in conjunction with Wilke's mixing rule and Pick's law
using a constant Schmidt number of 0.52. The Ames model uses
the formulations in Ref. 14 and the transport data from Ref. 15 with
a bifurcation approximation. It can be seen in the figure that using
the Ames model for GIANTS or GASP leads to slightly higher heat
transfer rates for the noncatalytic boundary conditions. The effect
of the transport models on the flow solution is undiscernible and is
not shown.

Figure 4 is a plot of the surface heat transfer with a wall that
is 2% catalytic to nitrogen recombination. The surface catalycity
leads to significantly higher heat transfer. Again, using the Ames
transport model with bifurcation slightly increases the heat transfer.
The difference in heating between the GASP and GIANTS solution
is similar to the result using the noncatalytic boundary condition
shown in Fig. 2.

Figure 5 is plot of the species and elemental mass fractions along
the stagnation line for the calculations shown in Fig. 4. The GIANTS
and GASP solutions using the Ames transport model are in good
agreement. A difference between using Pick's law with a constant
Schmidt number and a bifurcation approximation can be seen in the
elemental mass fractions, N and 6. Using a constant Schmidt num-
ber, the elemental mass fractions remain constant. These values are
straight lines. However, a bifurcation approximation allows for el-
emental separation, which more closely models the Knudsen layer

25

^20
CM

i15
o-

10

- GASP (31" Van Leer w/Ames)
- GIANTS (1st MSW w/Ames)
- GIANTS (1st MSW w/Blottner)

0.00 0.25 0.50 0.75
y (m) -Surface of Sphere

1.00

Fig. 4 Effects of transport model and catalycity on heat transfer. Wall
boundary conditions: Tw = 2500 K, 2% catalytic to N recombination.

-B- GIANTS (Ames w/Btfurcation)
-e- GIANTS (Blottner w/Fick's)
-£- GASP (Ames w/BKurcation)

-0.075 -0.050 -0.025
Stagnation Line (m)

Stagnation
Point

0.000

Fig. 5 Effect of transport model on stagnation line mass fractions.
Boundary conditions: Tw = 2500 K, 2% catalytic to N recombination.

near the surface of the vehicle.24 The separation effect, although
small for the conditions considered, should be more pronounced
with increasing rarefication.

Grid Resolution and Heat Transfer Convergence
In the next set of calculations, the effects of grid resolution and

distribution on the magnitude and convergence of the heat transfer
rate are examined. Calculations are carried out on hemispheres with
nose radii of 5 m and 30 cm. The wall is assumed to be noncatalytic
with a fixed temperature of 1500 K. All of the flow solutions employ
the Ames transport model.

In Figs. 6 and 7, the effects of grid distribution on the heat trans-
fer rate and flow solution are examined for the 5-m sphere. Fig-
ure 6 is a plot of surface heating for various grids using GASP. Two
grids with 30 cells along the body and 80 cells normal to the body
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30

25

qc
20

W/cm2

15

10

GASP, Van Leer
.. .©... 1st order, A=2.2e-4 m, (15x40)
_+_ 3rd order, Aw=2.2e-4 m, (15x40)
_ _ _H... 1 * order, A^sl .Oe-4 m, (30x80)

A— 3rd order, Aw=1.0e-4 m, (30x80)
_ v_ 3rd order, Aw=1 .Oe-4 m, (30x40)

3"1 order, Aw=5.0e-5 m, (30x80)

0 1 2 y(m) 3 4 5

Fig. 6 Surface heating for various grid distributions. Boundary con-
ditions: noncatalytic, Tw = 1500 K, 5 m sphere.

40

35

30
q°2 5

W/cm2

20

15

10

5

Gasp, 3rd Van Leer
A^LOe-Sm, (30x40)
A*=5.0e-6 m, (30x80)
A=2.0e-4 m, (30x40)

.Oe-4 m, (30x80)

0.00 0.05 0.10 0.15 0.20
y (m) (surface)

0.25 0.30

Fig. 8 Grid resolution effects for 30-cm hemisphere. Wall boundary
conditions: Tw = 2500 K, noncatalytic, Rn = 30 cm.

10000

T(K)
8000

4000

2000 I
'JJtf

-0.30

GASP, Van Leer
— - -e- - -18t order, A=2.2e-4 m, (15x40)
—*— 3rd order, Aw=2.2e-4 m, (15x40)
_. _Q... 1 * order, Aw=1 .Oe-4 m, (30x80)
—A— 3rd order, Aw=1 .Oe-4 m, (30x80)
_v_ 3rd order, Aw=1.0e-4 m, (30x40)

- 3rd order, Aw=5.0e-5 m, (30x80)
i>^

Wall Boundary Conditions:
5 m sphere, Tw=1500

Noncatalytic
Stagnation point

-0.20 -0.10
Stagnation Line (m)

0.00

10"
107

106

10s

104

103

102

101

10°
10'1
10*
10'3
10 4

10 5

10*
10'7
10'8

Aw=2.0e-4 (m)— | —— Aw=1 .Oe-4 (m)
qc(W/m2)

Coarse grid|(30x40) —- —— Fine grid (30x80)

1000 2000 3000 4000 5000 6000 7000
Iterations

Fig. 7 Effect of grid distribution on shock standoff.

Fig. 9 GASP stagnation heating and residual convergence rates for
coarse spacing. 30 cm sphere, Tw = 1500 K, noncatalytic wall, GASP,
third Van Leer.

were generated with initial cell widths at the stagnation point Au;
of 5.0 x 10~5 (m) and 1.0 x 10~4 (m). The (15 x 40) grids were
obtained by removing every other point in the tangential and the
normal directions from the (30 x 80) grids. The (30 x 40) grid was
obtained by removing only points in the normal direction. As seen
in Fig. 2, the first-order Van Leer is inadequate for predicting heat
transfer. The first-order scheme is extremely sensitive to grid res-
olution. However, the predicted heat transfer using the third-order
scheme is relatively insensitive to the grid resolution. Similar results
are obtained on the coarsest and finest meshes.

Figure 7 is a plot of the temperature along the stagnation line
for the various calculations. For the first-order scheme, the shock
standoff distance is very sensitive to the grid resolution. However,
for the third-order cases, the shock standoff distance is similar for all
of the calculations. On the coarse grids, the shock is smeared and the
peak temperature is reduced. Thus, it can be concluded from Figs. 6
and 7 that an adequate prediction of convective heat transfer can be
obtained on a coarse grid using third-order Van Leer as long as the
boundary layer is adequately resolved. For the third-order scheme,
smearing the shock seemed to minimally affect the predicted heat
transfer rate. For calculations in this work, the boundary layer is
considered resolved if the change in temperature from the first cell
center to the wall is on the order of 20 K or less.

In Figs. 8-11, grid resolution effects and the convergence of the
heat transfer and overall numerical method are examined for a 30-cm
hemisphere. Two (30 x 80) grids with Au; of 1.0 x 10~4 (m) and 5.0
x 10~6 (m) at the stagnation point are used. Again, the (30 x 40)
grids are obtained by removing every other point in the normal
direction. The ratio of A „//?„, 1.0 x 10~4/0.30, is much larger than
in the previous calculation. Thus, the flow gradients over the sphere
are increased, and the effects of the initial spacing on the heating
should be more pronounced.

Figure 8 is a plot of surface heating using the four grids. The
difference in heating predicted on the finest and coarsest is grids is

107

106

10s

104

103

102

101

10°
10'1

10'2

10'3
10^
10s

13.5465

Fine grid (30x80)
'6 (m)

0 1000 2000 3000 4000 5000 6000 7000
Iterations

Fig. 10 GASP stagnation heating and residual convergence rates for
fine spacing. 30 cm sphere, Tw = 1500 K, noncatalytic wall, GASP, third
Van Leer.

about 5% at the stagnation point. However, the initial grid spacing
for the finest grid is 40 times smaller than the coarsest grid. The
spread in the predicted heating values for the rest of the cases is
about 3% or less.

Figures 9 and 10 are plots of the stagnation heat transfer rate,
residual, and percent change in the heating (%Agc) as a function
of iteration on the various grids using GASP. The calculations on
the (30 x 80) grids were started using the (30 x 40) results. It can
be seen in Fig. 9 that the slope of the %Agc. curve tracks closely
with the slope of the residual. By 3000 iterations, the residual on the
coarse grid has dropped by four orders of magnitude and % A#c is
about 1/10,000. At 5000 iterations, a solution was started on the fine
grid. After 2500 iterations, % A#c is about 1/10,000. In Fig. 10, the
previous calculation is repeated on the grids with the smaller initial
stagnation point spacing. With more points in the boundary layer,
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Fig. 11 GIANTS stagnation heating and residual convergence rates
for coarse spacing. 30 cm sphere, Tw = 1500 K, noncatalytic wall,
GIANTS, first MSW.

the slopes of both the residual curve and %A#C curve are reduced.
Thus, the number of iterations needed to obtain a converged heating
solution is increased.

Comparing the results of Figs. 8-10, it can be seen that a trade-
off exists between computational cost and grid refinement in the
boundary layer using GASP. More resolution in the boundary layer
significantly increases the computational cost but only marginally
increases the accuracy of the heating calculation. For a sphere, the
computational cost is not a strong factor. However, for calculations
over three-dimensional RLV configurations,2"4 the trade between
computational cost and boundary-layer resolution is critical. Fur-
ther, comparing the results of the 5-m and 30-cm sphere calcula-
tions, it can be concluded that for heating the importance of grid
resolution in the boundary layer decreases as the flow gradients de-
crease. Thus, in some cases, the penalty for using a coarse grid may
not be large.

Finally, the heating convergence rate is calculated using GIANTS
on the (30 x 80) grid with Au, = 1.0 x 10~4. The results are plotted
in Fig. 11. It can be seen that a converged heating solution is obtained
in about 350 iterations. For this calculation, the computational cost
of using GIANTS is much less than GASP. These results demon-
strate the superiority of the Gauss-Seidel line algorithm for flows in
which there is a preferred direction such as axisymmetric blunt body
flows. Unfortunately, for three-dimensional calculations, the Gauss-
Seidel line relaxation method is not directly applicable. Conclusions
from this comparison should be made with the caution. The purpose
of the comparison with GIANTS was to illustrate some of the limita-
tions of the three-dimensional methodology. A faster solution could
be obtained with GASP using an option that mimics the line relax-
ation technique employed in GIANTS. However, like the Gauss-
Seidel technique, this method is not practical for three-dimensional
calculations. Since the purpose was to benchmark methods applica-
ble RLVs, the slower GASP methodology was employed.

Material-Dependent Flow Effects
Finally, flow solutions for a small three-dimensional geometry are

generated to illustrate some phenomena using actual TPS materials.
Figure 12 is the computational mesh around the nose of a SSTO
vehicle.3 The vehicle enters the atmosphere at a 40 deg angle of
attack and is symmetric about the x-z plane. The conditions for
the calculations are the 1000- and 1300-s values listed in Table 2.
To determine whether the methodology used for the axisymmetric
sphere calculations is applicable for three-dimensional, angle-of-
attack calculations, a calculation is performed with a noncatalytic
surface and a fixed temperature of 1500 K. A heating history for
the pitch plane is plotted in Fig. 13 for the 1300-s conditions. The
heating solution on the leeward side converges fairly quickly in about
3400 iterations. The heating rate convergence at the stagnation point
on the windward side is similar to the sphere results in Figs. 9 and
10. A converged heating solution requires about 7000 iterations.
Oscillations in the heating solution near z = 0 are the result of the
singular axis passing through this point.

z(m)

x(m)

Fig. 12 Computational mesh
around the nose of a SSTO vehi-
cle. Grid for the nose of an access-
to-space vehicle.
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Fig. 13 Heating history for the pitch plane on the nose of an SSTO.
Wall boundary conditions: Tw = 1500 K, noncatalytic, 1300 s.
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Fig. 14 Material mapping for the nose of an SSTO using the computa-
tional fluid dynamics solution at the 1000-s conditions. Surface bound-
ary conditions: fully catalytic emissivity = 0.85.

In the next set of calculations, a material mapping is generated on
the nose of an SSTO vehicle and the same material-fluid interaction
effects are examined. Using a Fay and Ridell25 stagnation point heat
transfer analysis without catalytic effects, the peak heating location
for a reference SSTO trajectory was the 1000-s condition.1 Thus,
a fully catalytic, radiative equilibrium boundary condition with a
constant emissivity of 0.85 was employed to generate a conserva-
tive material mapping. The baseline materials and reusable temper-
ature limits1 were AFRSI26 for surface temperature less than 922 K,
tailorable advanced blanket insulation (TABI)27 for temperatures
between 922 and 1366 K, and advanced carbon-carbon (ACC)28

for temperatures above 1366 K. Figure 14 is the material map for
the nose of an SSTO at the 1000-s conditions using the baseline
materials described. As expected, ACC is mapped to the hot stag-
nation region, AFRSI is on the leeward surface, and TABI is on the
windward surface.

The material map from the previous solution was used for a
calculation at the 1300-s conditions using a radiative equilibrium
surface boundary condition. The emissivity and surface catalycity
for each TPS material are a function of the radiative equilibrium
wall temperature.29-30 Figure 15 shows the material mapping from
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Fig. 15 Material map from 1000-s calculation with regions where the
TPS material temperature limits are violated for the 1300-s calcula-
tion. Surface boundary conditions: material dependent catalyticity and
emissivity.

the 1000-s calculation with regions where the resuable temperature
limits for each material are violated. It can be seen that the tem-
perature limits for TABI are exceeded in the stagnation region. The
material map from the fully catalytic, 1000-s condition was inade-
quate for two reasons. First, when catalytic effects were included,
it was found that the total predicted stagnation region heat transfer
rates, convective and catalytic, are larger at the 1300-s conditions.
Second, the surface catalycity is lower and the emissivity is higher
for ACC than for uncoated TABI. These surface properties for ACC
tend to lower the radiative equilibrium surface temperature relative
to TABI. Further, the abrupt change in surface properties induces
a significant temperature gradient at the interface between the two
materials.30

An abrupt change in temperature at the boundaries between two
materials with different properties can produce large local jumps in
temperature that can thermally shock a vehicle's structure. On the
early Shuttle flights, a number of tiles were sprayed with a highly
catalytic overcoat. The change in catalycity produced a sharp rise
in the local temperature.31 As shown in Fig. 15, the maximum reuse
temperature for TABI at the 1300-s conditions was exceeded in a
region around the TABI-ACC interface. To determine whether this
effect was a result of the overall higher level of heating at 1300 s
or a result of the change in material properties at the TABI-ACC
interface, a new material map was generated at 1300 s from a flow
solution employing a fully catalytic wall boundary condition and a
constant emissivity of 0.85. For comparison purposes, this case will
be referred to as the fully catalytic solution. The map was gener-
ated using the maximum reuse temperatures for ACC, TABI, and
AFRSI already described. Four flow solutions are generated with
the new map in an attempt to quantify the effects of both the change
in emissivity and surface catalycity at the ACC-TABI interface. The
first solution is generated using the experimentally determined val-
ues of emissivity and catalycity for ACC and TABI. It is assumed
that surface properties for TABI and AFRSI are the same. For the
second solution, to separate out the effects of emissivity and to com-
pare with the fully catalytic solution, the previous calculation was
repeated with a constant emissivity of 0.85 for all of the materials.
For the third solution, it is assumed that ACC is noncatalytic, y = 0,
and the TABI and AFSRI are fully catalytic, y = 1, to atomic re-
combination. For this case, the actual emissivities of ACC and TABI
are employed. Finally, for the fourth solution, the previous condi-
tions are repeated with a constant emissivity of 0.85 for all of the
materials.

Figure 16 is a plot of temperature contours along the windward
and leeward centerlines on the nose of an SSTO for the surface
conditions described in the preceding paragraph. Large jumps in
temperatures occur at the boundaries between ACC and TABI. The
largest jump occurs for the case where it is assumed that ACC is
noncatalytic, TABI is fully catalytic, and the emissivity is material
dependent. The emissivity of uncoated TABI is lower than that of
ACC. It can be seen in the figure that this set of conditions predicts a
temperature at the ACC-TABI interface that is higher than the fully
catalytic solution with a constant emissivity of 0.85. Some expla-
nations for this effect are as follows. First, because the ACC was
assumed to be noncatalytic, a higher concentration of atoms exists
at the ACC-TABI interface than for the fully catalytic conditions.
The excess atoms are quickly recombined producing a large tem-
perature jump. Second, as can be seen in Eq. (6), the recombination
rate of atoms at the surface increases with increasing temperature,
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Fig. 16 Influence of the TPS material properties on the surface tem-
perature profiles.

which would tend to raise the surface temperature. Finally, decreas-
ing emissivity will raise the surface temperature for a given heat
transfer rate. This effect also increases the recombination rate of
atoms at the surface. Fortunately, the recombination rate of atoms
at the surface is limited by diffusion. The effect of emissivity was
determined by running the noncatalytic-fully catalytic conditions
with a constant emissivity of 0.85 for all of the materials. Since
the emissivity value of 0.85 is higher than the material-dependent
value for TABI, the temperature jump is slightly lowered. The cal-
culation using material-dependent properties for the catalycity and
emissivity of ACC, TABI, and AFRSI, denoted by circles, predicts
temperatures on the ACC that are higher than the previous calcu-
lations and the temperature gradient at the ACC-TABI interface is
lower. This result was expected because a finite catalytic rate was
used for ACC. However, the maximum temperature at the interface
is still higher than the fully catalytic solution. The solution denoted
by the diamonds produced the highest peak temperature at the inter-
face, followed by the circles, squares, and triangles. Again, using a
constant emissivity of 0.85 tends to lower the temperature. Finally,
note that a jump in temperature was not observed at the TABI-
AFRSI interface on the leeward side because the surface properties
of TABI and AFRSI are the same.

The temperature plots shown in Fig. 16 demonstrate the impor-
tance of including accurate material properties in flow simulations
geared toward TPS material selection and sizing. The sharp temper-
ature gradients at the ACC-TABI interface produced surface tem-
peratures that were higher than the conservative fully catalytic solu-
tion. Thus, the reusable temperature limits for the material mapping
generated from the fully catalytic solution were locally violated.

Concluding Remarks
A study was made to identify and develop better methods for TPS

material selection and sizing on RLVs. For validation purposes, hy-
personic flow solutions with finite rate chemistry about a sphere were
calculated and compared using three flow solvers, GASP, GIANTS,
and LAURA. The methods predicted similar flow solutions except
in the shock. Discrepancies in the shock region were attributed to
the different upwind formulations used in each code. . k

For calculating heat transfer around spheres, a third-order Van
Leer scheme produced the best results. It compared favorably with
a second-order TVD Roe scheme. Further, instabilities associated
with Roe's scheme near stagnation points were not as great for the
Van Leer method. A first-order Van Leer scheme was found to be
inadequate for calculating heat transfer.

Two transport models, Blottner with Pick's law and a constant
Schmidt number and an Ames model with a bifurcation approxi-
mation, were compared. For the flow conditions considered, it was
found that using the Ames model resulted in a slightly higher heat
transfer rate. This result was observed using a Steger-Warming or
Van Leer upwind formulation and for a noncatalytic or catalytic
surface. It was observed that the bifurcation method allows for sep-
aration of the atomic mass fractions in the boundary layer.

In grid resolution and distribution studies over 5-m and 30-cm
nose radii spheres using GASP, the Van Leer scheme with third-order
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MUSCL extrapolation was found to produce consistent heating pre-
dictions as long the thermal boundary layer was adequately resolved.
The shock layer could be significantly smeared without affecting the
prediction heat transfer rate. In examining the convergence of the
heat transfer rate, a tradeoff was identified between resolution in the
boundary layer and computational cost. Increasing the resolution of
the boundary layer was found to significantly increase the compu-
tational cost of the calculation. However, the accuracy on the heat
transfer prediction was minimal.

A number of three-dimensional calculations were performed over
the nose of a SSTO rocket using GASP. The convergence history
of the heat transfer rate was found to agree with the sphere cal-
culations. A material map for the nose of an SSTO was generated
employing the reuse temperatures of ACC, AFRSI, and TABI. It
was found that the surface properties of a chosen TPS material
strongly influence predicted heat transfer results. Abrupt changes in
TPS surface catalycity and emissivity produced significant jumps
in temperatures at the material interfaces. These temperatures were
locally higher than the temperatures predicted employing conser-
vative fully catalytic surface conditions. Thus, these calculations il-
lustrate the importance of including accurate surface boundary con-
ditions for flow simulations geared toward TPS material selection
and sizing.
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