
tude of 80,000 feet (24.383 km) is used to validate the
turbulence model predictions. Although this flight ex-
periment provides exceptional data, there are many as-
pects of the flow conditions, body orientation, body
shape, and wall surface temperature that are not com-
pletely or precisely known.

In recent years, this experimental data set has been
reevaluated with modern computational codes and is
documented in Refs. 24-26. Aerothermal predictions
have also been presented in these papers. It is important
to observe that the freestream conditions for the three
predictions are slightly different and the wall tempera-
ture in some cases is constant while in others a variation
is taken into account. Most of these solutions are for ax-
isymmetric flow with the vehicle at zero degree angle of
attack, but full three-dimensional solutions have been
obtained with the actual flight angle of attack of 0.14 de-
grees. There are many details of this flight experiment
that are not well defined, but overall the heat transfer
predictions are in reasonable agreement with the flight
measurements. Of course, none of the modeling in-
cludes a capability to predict the transition location. Fur-
ther information on the flight experiment is given in
Wright and Zoby.23

The flow conditions at an altitude of 80,000 feet have
become the location in the flight trajectory most often
analyzed and are also chosen for the present investiga-
tion. The present freestream conditions are based on the
U. S. Standard Atmosphere, 1976.20 The assumed tur-
bulent eddy viscosity is given as well as the turbulence
intensity for the two-equation models. The freestream
flow conditions (in S1units) that have been used in are

Mm = 19.97, ~ = ()”,

T. = 221.034, TW = 500,

v. = 5951.858, a-

~m = 1.445 x 10-5, pT =

P= = 0.043523

P= = 2761.41

= 298.04

3.3227 X 10-*4

Tu = 0.01 ~0, ‘body = 4.0

Note that there is some amount of uncertainty in the
specification of these properties.

The nosetip of the vehicle is graphite and initially is a
sphere-cone with a nose radius RN = 0.00254 m. Due
to ablation, the nose radius increases to 0.00343 mat an
altitude of 80,000 feet. This result is an estimated value
from an ablation analysis of the nosetip.26 For the
present analysis, it is assumed that the nosetip shape re-
mains a sphere-cone after ablation with the same cone
half angle as the conical vehicle, which is econe = 5°.
The nosetip is illustrated below. The origin in this figure
is located at the virtual tip of the conical vehicle. For the
approximated sphere-cone configuration for the Reentry

L1xtiP(456)

‘tip(o) econe
-1

, / ‘1

RN o-
Xo

r

F vehicle simulation, the location of the original nosetip
‘and ablated nosetip ‘isspecified as

X. = 0.012752 m, ‘rip(o) = 0-026603 m

x1iP(456) = 0.035925 m

In previous analyses of this vehicle, the coordinate x
is defined as the axial distance without a clear definition
of the origin location given in many cases. Some figures
indicate that the origin is located at the ablated nose of
the body. The axial location x in this paper is measured
from the nosetip of the un-ablated vehicle. The uncer-
tainty in the location of the axial heat flux measure-
ments has a negligible impact on the results presented.

Due to the high velocities, the gas temperature is
more than 6000 Kin the nosetip region with dissociation
of the oxygen and nitrogen occurring. Downstream of
the nose the inviscid flow temperature behind the shock
is 420 K, and perfect gas flow occurs. However, in the
boundary layer the viscous dissipation increases the gas
temperature to around 3000 K and dissociation of oxy-
gen occurs. At 80,000 feet, the chemical reactions are
sufilciently fast that the air is assumed to be in local
thermochemical equilibrium. This is believed to be a
reasonable assumption, but a finite rate solution needs to
be performed in the future to validate this simplification.
There is also some ablation of the nosetip which intro-
duces chemical species from the ablation products into
the boundary layer flow. As the amount of ablation is
small, this influence has been neglected.

Predictionsof Wall HeatFlux for ReentryF Vehicle
Simulation Code and Model Approach

The flow around the Reentry F vehicle has been de-
termined with the SACCARA69 Navier-Stokes code.
This investigation is concerned with obtaining accurate
numerical solutions of the wall heat flux based upon the
input conditions to the code and models used in the sim-
ulation. The wall heat flux predictions are then com-
pared with the flight measurements at an altitude of
80,000 feet. The solution is for the flow over the ablated
vehicle. The small angle of attack of the vehicle (0.14° )
is neglected and the flow is assumed to be axisymmet-
ric. The solutions use a gas model of air in local thermo-
chemical equilibrium and the flow is laminar over the
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front part of the body. The flow transitions to turbulent
flow at a specified location. The turbulent flow has been
modeled with the Baldwin-Barth and Spalart-Allmaras
one-equation eddy viscosity approaches and the low

,Reynolds number k – &, Menter k-o), and Wilcox
(1998) ,4- 6) two-equation turbulence models. The so-
lutions have been obtained on three meshes to judge the
spatial convergence of the solution. The L2 norms of the
momentum and turbulence transport equations exhibited
oscillatory behavior after only a two or three order of
magnitude drop, thus another method was needed to
monitor convergence. The iterative convergence has
been initially determined by plotting the wall heat flux
at various number of time steps and assuming conver-
gence has been obtained when there is no noticeable
change in the results. Further analysis of the steady-state
solution error of the wall heat flux has shown that addi-
tional time steps are required to obtain adequate steady-
state solutions.

Transition Model
As previously discussed, the basic SACCARA code

treats the transition process by setting the effective vis-
cosity to the Iaminar value upstream of a specified tran-
sition plane, while downstream of this plane the
effective viscosity is the sum of both the laminar and
turbulent viscosities. This approach has been used with
the Baldwin-Barth one-equation eddy viscosity model
and all two-equation models. The transition plane is
specified to be perpendicular to the vehicle axis and lo-
cated at x = 2.6 m. With the Spalart-Allmaras one-
equation eddy viscosity model, a different approach has
been implemented as described previously, with
x~ = 1.8844 m and Xe = 2.8844 m. From the results
of the investigation of the flat plate flow case, it was
concluded that Method 2 (coefficient Cb* is varied) is
the best approach to control the transition process with
the Spalart-Allmaras model at this time.

Iterative Convergence of the Numerical Solutions
At an altitude of 80,000 fee~ steady-state solutions on

three meshes have been obtained by marching the solu-
tion in time until there is no further change in the plotted
solution. This method is illustrated in Fig. 5 for the
coarse Mesh O-rg (1OOX4O)with the Spalart-Allmaras
turbulence model. The laminar flow region takes the
longest time to converge as there is a very fine mesh in
the wall region. Whh Mesh O-rg, the wall heat flux ap-
pears to have no significant changes after 4000 time
steps. The iterative convergence with Mesh l-rg
(200x80) is shown in Fig. 6, while the behavior of Mesh
2-rg (400x160) is given in Fig. 7. With Mesh l-rg, the
wall heat flux appears to have no significant changes af-
ter 7000 time steps while Mesh 2-rg requires approxi-

mately 14,000 time steps. However, the results shown in
these figures are misleading! A more careful analysis
has been performed to estimate the iterative conver-
gence error.

The accuracy of the wall heat flux q“ relative to the
steady-state value is determined by expressing the nu-
merical solution at time tn as

qn = q(tn) = q~ + En (18)

Theexact steady-state value of the wall heat flux is qE
and the convergence error at time tn is En. The conver-
gence error has been observed to have an exponential
decrease in time which gives the following variation as
the solution approaches a steady state:

En= ~e-@’ (19)

Eq. (18) and Eq. (19) are rewritten as

ptn = ln(x - ln(qn-q~) (20)

E+ (20) is evaluated at three times, (n- 1), n, and
(n+ 1), and the three relations are used to eliminate u
and obtain

~(tn-tn - 1) = ln[(qn-l -qE)/(gn-qE)l

~(t~+ 1- tn) = ln[(qn-qE)/(qn+ 1-q~)l

If the time increments are equal, then (tn- tn-1, =
(p+ 1- tn)and the above becomes

(4n - 1-9J(9n+ 1–9J = (4n - 9J2

The exact steady-state value of the wall heat flux is
solved for in the above equation which gives

~E = qn– Anqn-* An = (qn +1- 9n) ~21)

l-An ‘ (qn-qn-l)

The iterative convergence error becomes

En = _(qn + 1- gn)/(l - An)

and the percent convergence error relative to the exact
steady-state value becomes

[

n+l
% Error of qn = –100 ~ ‘qn 1 (22)

~ _Anqn-l

The foregoing results closely follow the works of
. 27’2sfor determining the convergenceFerziger and Pent

error of the numerical iterative solution of difference
equations, but their results have been obtained with a
different approach. In their work the parameter An is
the spectral radius (or the magnitude of the largest
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eigenvalue) of the iteration matrix. If the eigenvalues
are complex, the present approach is not appropriate.
The complex eigenvalue case has been considered by
Ferziger and Peric.

The above procedure is illustrated for the wall heat
flux solution at x = 2.14892 m (where the flow is lam-
inar) using the Spalart-Allmaras modeI. The percent er-
ror is shown in Fig. 8 for the three meshes. The percent
error obtained from Eq. (22) is indicated by the symbols
while the lines are the percent error obtained from the
best estimate of the exact solution given by Eq. (21).
The initial solution results on the finest mesh (Mesh 2-
rg shown in Fig. 7) appeared converged at 10,000 itera-
tions; however, based on the above error analysis, an ad-
ditional 15,000 iterations were needed to get the error
below O.1%. The flow solution for Reentry F has also
been obtained with three meshes (Mesh O-f, Mesh l-f
and Mesh 2-f) with the same number of cells, but finer
spacing near the wall than was used with Mesh rg. Re-
sults of iterative convergence similar to Fig. 5, Fig. 6,
and Fig. 7 are obtained except the number of time steps
is increased significantly for the solutions with finer
near-wall spacing. The iterative convergence error for
Mesh f is given in Fig. 9. The iterative solution errors
are much smaller than the spatial solution errors, as will
be demonstrated.

The iterative convergence for the two-equation turbu-
lence models was also examined for Meshes O-2eq
(130x40 cells), l-2eq (260x80 cells), and 2-2eq
(520x160 cells). Results are presented for the low Rey-
nolds number k-s model (Fig. 10), the Menter k-o)
model (Fig. 11), and the Wilcox (1998) k – w model
(I%g.12). There is some scatter in the symbols due to the
fact that the time increments were not always equal. A
larger number of iterations were required due to the
stricter y+ requirements for Mesh 2eq verses the one-
equation meshes (Mesh rg and Mesh f). The two-equa-
tion results were all converged to less than 0.4% error,
which is again much smaller than the grid convergence
error.

Spatial Convergence of the Numerical Solutions
Spatial convergence has been judged from the steady-

state solutions on the three meshes, O, 1, and 2 (from
coarsest to finest). The wall heat flux obtained with the
Spalart-Allmaras turbulence model for the three meshes
is given in Fig. 13 with the variable spacing given by
Mesh rg. The Richardson extrapolation procedure29 has
been used to obtain a more accurate result from the rela-
tion

qRE= 91,2 = 92+(92–91)/3. (23)

The above relation assumes that the numerical scheme
is second-order. The Richardson extrapolation result

qRE and the solution on Mesh 2-rg are nearly the same
(also shown in Fig. 13). The accuracy of the solutions
on the three meshes has been estimated with the exact
solution approximated Whh qRE which @f3S the SOhI-

tion error as

% Error of q~ = loo(q~” – q&V)/qRE M = 1,2,3

If the mesh has been refined sufficiently where the
solution error has second-order behavior, then the errors
on the three meshes have the following relationship

% Error of ql % Error of go
% Error of q2 = =

4 16
(24)

In the above equation, the first equality will always be
satisfied when Eq. (23) has been used. The second
equality will only be satisfied if the mesh has been suffi-
ciently refined to be in the asymptotic range. The per-
cent error of the wall heat flux along the vehicle is
presented in Fig. 14. The Iaminar flow solution region is
in the asymptotic range while the turbulent flow region
is not in the asymptotic range. The wall heat flux predic-
tion in the laminar flow region is more accurate than the
heat flux prediction in the turbulent flow region.

For Mesh f, spatial convergence has been judged
from the steady-state solutions on the three meshes O, 1,
and 2. Richardson extrapolation procedure has been
used to obtain a more accurate result. The accuracy of
the solutions on the three meshes has been estimated
with the exact solution approximated with the Richard-
son extrapolated result qRE and these results me given
in Fig. 15. Again, the laminar flow solution region is in
the asymptotic range while the turbulent flow region is
not always in the asymptotic range. The wall heat flux
prediction in the laminar flow region with Mesh f is less
accurate than the results with Mesh rg. The heat flux
predictions in the turbulent flow region with Mesh f are
more accurate than the results with Mesh rg. Only the
solution on Mesh 2-f is considered sufilciently accurate
for comparison with the flight measurements and the Ri-
chardson extrapolated results provide even a more accu-
rate numerical prediction.

Spatial convergence has also been examined for the
three two-equation models. The spatial error of the heat
flux is given in Figs. 16-18 for the low Reynolds num-
ber k-E, the Menter k-o, and the Wilcox (1998)
k – co models, respectively. The spatial error in the lam-
inar regions is generally below 2%, while in the turbu-
lent regions it varies from approximately 2% for the
k – &model to 4% for the k – o.)models. The results for
the k-o) models indicate that the heat flux is not fully
grid independent in the turbulent region. The spike in
the error for the two-equation models is due to move-
ment of the transition location on the different size
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meshes and is more apparent for the two-equation mod-
els due to the fine axial spacing around the transition
point.

Wall Heat Flux
The predictions of the wall heat flux on the Reentry F

vehicle at an altitude of 80,000 feet with the one-equa-
tion turbulence models are given in Fig. 19 along with
the flight data. The Spalart-Allmaras prediction uses the
numerical solution with Mesh 2-f and the Richardson
extrapolation results for”this case. The simulation over-
predicts the laminar wall heat flux by roughly 10 per-
cent while the turbulent wall heat flux is overpredicted
by roughly 15 percent. At this altitude the vehicle has a
0.14 degree angle of attack and the heat transfer mea-
surements were made on the leeward side of the conical
body. A full three-dimensional solution, with the vehi-
cle at angle of attack, would bring the prediction and
flight data into closer agreement. The prediction with
Mesh 2-f is believed to be a sufficiently accurate steady-
state solution that it can be used to validate the turbu-
lence model, but there are small errors in these results
due to uncertainty in information used in the simulation
as discussed previously.

The Baldwin-Barth turbulence model prediction (also
shown in Fig. 19) uses the numerical solution with Mesh
2-rg where the wall temperature is not maintained at
500K. However, these heat transfer results are not ex-
pected to be influenced much by this inaccurate wall
temperature. The simulation with the Baldwin-Barth
turbulence model overpredicts the Iaminar wall heat
flux by roughly 10 percent and is in agreement with the
simulation with the Spalart-Allmaras model. Of course,
in the laminar flow region the turbulence models should
have no impact on the flow solution. The turbulent wall
heat flux is ove~redicted by roughly 100 percent with
the Baldwin-Barth turbulence model. It is recommended
that the Spalart-Allmaras model should be used rather
than the Baldwin-Barth turbulence model for reentry
flows.

Results with the Nagano and Hishida k – e, the
Menter k- co, and the Wilcox (1998) k-m models are
presented in Fig. 20. Fine grid results with Mesh 2eq are
shown along with the results from Richardson extrapo-
lation. The k-& results show an ovexprediction of the
turbulent heating rates by approximately 100%. The two
k-o) models show better agreement with the flight da-
ta, with the Menter model within 40% and the Wilcox
(1998) model within 30% of the data. All three models
display a peak in the turbulent heating just downstream
of the specified transition plane, which is possibly due
to crude transitional behavior of the standard method.

The present simulations have been performed with a
gas model that assumes the air flow is in local thermo-
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chemical equilibrium. This study needs to be extended
to include solutions obtained with a nonequilibrium
thermochemical gas model for air. TMs type of simula-
tion introduces the modeling of the heterogeneous
chemical reactions at the vehicle surface and vibrational
nonequilibrium effects.

Conclusions

ManyNavier-Stokes codes require that the governing
equations be written in conservation form with a source
term. The Spalart-Allmaras one-equation model was
originally developed in substantial derivative form and
when rewritten in conservation form, a density gradient
term appears in the source term. This density gradient
“termcauses numerical problems and has a small influ-
ence on the numerical predictions. Further work has
been performed to understand and to justify the neglect
of this term.*1’16The transition trip term has been in-
cluded in the one-equation eddy viscosity model of
Spalart-Allmaras. Several problems with this model
have been discovered when applied to high-speed flows.

For the Mach 8 flat plate bounday layer flow with
the standard transition method, the Baldwin-Barth and
both k – o) models gave transition at the specified loca-
tion. The Spaku-t-Allmaras and low Reynolds number
k - & models required an increase in the fieestream tur-
bulence levels in order to give transition at the desired
location. All models predicted the correct skin friction
levels in both the laminar and turbulent flow regions.

For Mach 8 flat plate case, the transition location
could not be controlled with the trip terms as given in
the Spalart-Allmaras model. Several other approaches
have been investigated to allow the specification of the
transition location. The approach that appears most ap-
propriate is to vary the coefficient that multiplies the
turbulent production term in the governing partial dif-
ferential equation for the eddy viscosity (Method 2).
When this coefficient is zero, the flow remains kuninar.
The coefficient is increased to its normal value over a
specified distance to crudely model the transition region
and obtain fully turbulent flow. While this approach
provides a reasonable interim solution, a separate effort
should be initiated to address the proper transition pro-
cedure associated with the turbulent production term.
Also, the transition process might be better modeled
with the SpalamAllmaras turbulence model with modi-
fication of the damping function f,1. The damping
fimction could be set to zero in the laminar flow region
and then turned on through the transition flow region.

Predictions have been obtained for the Reentry F
flight vehicle with both one- and two-equation turbu-
lence models where the transition location is specified a
priori. The axisymmetric turbulent predictions for wall



heat flux with the Spalart-Allmaras, Menter k- co, and
Wilcox (1998) k-co models are in reasonable agree-
ment with the flight measurements. The mesh sensitivity
has been evaluated by obtaining results on three meshes
and more accurate results have been obtained with Rich-
ardson extrapolation. The simulation assumes the vehl-
cle is at zero degree angle-of-attack while in fact, the
flight vehicle is at 0.14 degree angle-of-attack. For the
one-equation models, the Spahut-A1lmaras model pre-
dictions for this case are much better than the results
from the Baldwin-Barth model. For the two-equation
models, both k-6) models give good agreement with
the flight data, while the low Reynolds number k – &
model greatly overpredicts the heating in the fully tur-
bulent region.

Future Work

TheReentry F calculations need to be extended to the
finite rate chemistry model. This modification should
help to determine if the equilibrium air assumption is
appropriate and will help determine if the turbulence
model with finite chemistry is reasonable. The present
Reentry F calculations have assumed a constant wall
temperature and this assumption needs to be improved.
As there is only limited flight information on the wall
temperature and no data in the nose region, a coupled
fluid/heat-conduction analysis is needed to provide the
wall temperature variation along the vehicle. Further
work could be done to modify the transition mechanism
for the two-equation models along the lines of the Spal-
art-Allmaras modifications presented herein. Finally, in-
cluding a realizability limitation has been shown to
improve predictions for flows with large normal
stresses30 and may also improve predictions through
strong normal shocks.
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