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High-Enthalpy Aerothermodynamics of a Mars Entry Vehicle
Part 2: Computational Results

Brian R. Hollis¤ and John N. Perkins†

North Carolina State University, Raleigh, North Carolina 27695-7910

Numerical solutions for hypersonic � ows of carbon dioxide and air around a 70-deg sphere–cone Mars entry
vehicle con� guration were computed using a laminar, axisymmetric, nonequilibrium Navier–Stokes solver with
freestream � ow conditions equivalent to those of aerothermodynamic tests conducted in a high-enthalpy impulse
facility. The wake � ow� eld computations were found to be much more sensitive to both grid resolution and grid
adaptationthan the forebody results. The wake computations showed the existence of a region of separated, steady,
recirculating � ow behind the vehicle. Whereas the rapid expansion of the � ow around the corner of the vehicle
resulted in a wake that was mostly frozen both chemically and vibrationally, the degree of � ow expansion was
not great enough to produce noncontinuum � ow behavior. Comparisons between computational and experimental
surface heating distributions were within the estimated experimental uncertainty for both cases except around the
forebody stagnation point and the free-shear-layer reattachment point for the air case and within a small portion
of the wake recirculation vortex for the carbon dioxide case.

Nomenclature
h = enthalpy, J/kg
K n = Knudsen number
M = Mach number
p = pressure, N/m2

q = heat transfer rate, W/m2

R = radius, m
Re = Reynolds number
S = distance along model surface, m
T = temperature,K
U1 = freestream velocity, m/s
Ys = species mass fraction
¸MFP = mean free path, m
½ = density, kg/m3

Subscripts

0 = total
1 = freestream
2 = post-normal shock

Introduction

I N recent years, NASA has embarked on a long-term exploration
initiative1 in which unmanned orbiters and landers will be em-

ployed to gatherscienti� c data on the planetMars. This initiativehas
producedrenewedinterestin blunt-bodyentryvehicleand aerobrake
con� gurationssuchas the 70-degsphere–conegeometryof the Mars
Path� nder (formerly known as MESUR) spacecraft.2 This interest
has led to a number of computational and experimental studies of
blunt-body� ows3¡14 in perfect-gas,high-enthalpy,and rare� ed en-
vironments.

This present study contributes to the growing database on blunt-
body � ows through the presentationof comparisonsbetween blunt-
body heat transfer rates measured in a high-enthalpy impulse facil-
ity and those obtained from � ow� eld solutions computed using a
nonequilibriumNavier–Stokes solver. These experiments and com-
putationswere conductedin testgasenvironments(CO2 andN2 –O2)
representative of the atmospheres of Mars and Earth, and encom-
passed both the forebodyand wake (that is, the afterbodyand model
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sting) regionsof the � ow. The experimentaldata from this study are
presented in Part 1 (Ref. 15) of this work, and the computational
results are presented here.

The subject of this work was a 70-deg sphere–cone con� gura-
tion derived from the geometry of the Mars Path� nder spacecraft.
This sphere–cone geometry is shown in Fig. 1; the locations of
control points on the model and sting in terms of nondimensional
distance from the forebody stagnation point, S=Rb , are also shown
in Fig. 1. The radius of the sphere–cone forebody was 2.54 cm (1
in.). The forebody had a nose-radius/forebody-radius ratio of 0.5
and a corner-radius/forebody-radius ratio of 0.05. This con� gura-
tion also had a 40-deg cone-frustum afterbody, which represented
the payload section of the vehicle. The cone-frustum angle was al-
tered from that of Mars Path� nder (49.5 deg) to accommodate the
sting that was used to support the model in the test facility. This
change was consideredto be acceptable,as the presenceof the sting
would alter the wake � ow� eld in any event. The sting was � tted
to a 45-deg cone strut adapter. The adapter was mated to the sting
at a point 4.6 forebody base radii downstream from the frustum,
which was a suf� cient distance to ensure that boundary-layersepa-
ration induced by the shock at the adapter would not in� uence the
near-wake region of interest directly behind the model.

Whereas this research encompassed both the forebody and wake
regions of the sphere–cone con� guration, emphasis was placed on
measurements and computations for the wake of the con� guration.
The important features of a blunt-bodywake � ow� eld (Fig. 2) are a
free shear layer formed by the separationof the forebody boundary
layer at or around the corner of the vehicle, a recirculating � ow
region in the wake of the vehicle, a free-shear-layer impingement
point on the sting (or a neck region in the case of actual spacecraft,
which would nothave a sting), and a recompressionshock formedas
the freeshear layer is turnedback into thedirectionof the freestream.
These features de� ne the aerothermodynamic environment of the
wake, and their behavior in� uences the design of an aerobrake or
entry vehicle. Thermal protection shielding on the payload of the
vehiclemust be suf� cient to withstandtheaerothermodynamicloads
imposed upon it, and the size and placementof the payload must be
such that the wake free shear layer does not impinge upon it, or a
localized region of high heating will be produced.

Computational Method
Numericalsolutionsof theNavier–Stokesequations16 for the � ow

around the vehicle geometry were computed using the NEQ2D17

code, an implicit, laminar, two-dimensional/axisymmetric Navier–
Stokes solver. Solution of the governing equation set is accom-
plished in NEQ2D through the use of the line Gauss–Seidel

457



458 HOLLIS AND PERKINS

Table 1 HYPULSE test conditions

Test ½1 , U1, T1, P1 , h0 ¡ h289K , P0;2 , T0;2,
gas kg/m3 m/s K Pa MJ/kg MPa K

CO2 0.00579 4772 1088 1187 12.25 0.130 3700
§3:1% §1:1% §8:7% §10:8% §2:1% §1:8% §0:9%

Air 0.00571 5162 1113 1824 14.18 0.147 6027
§1:8% §0:9% §9:3% §9:9% §1:4% §1:3% §0:8%

Fig. 1 Model and sting geometry.

Fig. 2 Blunt-body wake � ow structure.

technique.18 Inviscid � uxes are computed through a modi� ed
Steger–Warming18 � ux-splitting technique, which minimizes nu-
merical dissipation in boundary layers. In high-pressure gradient
regions, such as near the bow shock, this � ux-splitting method re-
verts to the original Steger–Warming technique to maintain nu-
merical stability. Viscous � uxes are computed through second-
order central differences.Vibrationalnonequilibriumis represented
through the two-temperaturemodel of Park.19 Nonionizingthermo-
chemical models in NEQ2D for Earth19 (N2 –O2–NO–N–O) and
Mars20 (CO2–CO–N2 –O2–NO–C–N–O) atmospheres were em-
ployed in this study.

Solutions were computed for conditions equivalent to those at
which Mars entry vehiclemodels were tested in the HYPULSE Ex-
pansionTube, as detailedin Part 1 (Ref. 15) of this work. Freestream
� ow properties for the test cases are listed in Table 1, and the
nondimensional simulation parameters are given in Table 2. The
freestream species mass fractions were taken to be YCO2 D 1:00 for
the CO2 case and YN2 D 0:76533 and YO2 D 0:23467 for the air case.
Because of the extremely short data acquisition period during a
HYPULSE test (125–150 ¹s), the model surface temperatures re-
mained essentially independentof the freestream total temperature,
which drives the aerodynamicheatingof the model. Therefore,wall

temperatures were set to a uniform value of 300 K. Owing to the
low surface temperatureand the use of Macor® (Corning,Inc.), a ce-
ramic material, in the constructionof the test models, a noncatalytic
wall boundary condition was speci� ed.

Eigenvaluelimiters are incorporatedin the NEQ2D code to main-
tain stability around stagnation points. In Ref. 10, tuning of these
eigenvalues to � t computational � uid dynamics (CFD) results to
experimental data is cited as producingcase-dependentresults with
NEQ2D. In that reference, this dif� culty was avoidedby modifying
the code to remove the eigenvalue limiters. In the present study, the
eigenvaluedependencewas minimized by using the lowest possible
eigenvalue limiter values (where zero values correspond to the true
physics of the problem) for which stability could be maintained.
For the normal � ux representation,limiters on the eigenvalueswere
set to near-zero values .<10¡3/I for the streamwise � ux representa-
tion, values between 0.2 and 0.6 were employed, depending on the
case. Limiter values were kept low enough that the computational
solutionswere independentof them everywhereexceptaround stag-
nation points. From the behavioral trend observedon decreasingthe
limiters, it was estimated that the minimum limiter values required
for stability caused an underprediction of ¼5% or less of surface
heating rates in the regions around stagnation points.
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Table 2 HYPULSE simulation parameters

Test gas M1 Re1;d K n1 ½2=½1

CO2 9.71 3:35 £ 104 0.00037 18.98
Air 7.93 3:39 £ 104 0.00028 10.98

Grid Generation, Adaptation, and Re� nement
The structure of the computational grids was found to have a

large in� uenceon the wake � ow� eld computations.Thereforea grid
resolution study was conducted, and grid manipulation techniques
were employed to adapt the grid to the features of the � ow� elds.

Initial grids for the two test cases were constructedusing an ellip-
tical grid generation algorithm. The grids were separated into fore-
body and wake zones along the normal grid line from the outermost
point on the forebody corner. Flow� eld distributions at the super-
sonicout� ow boundariesof the forebodygridswere used as starting
conditions for solutions on the wake grids. This grid separation op-
timized the computational process because solutions on the wake
grids convergedslower than on the forebodygrids and also required
lower Courant–Friedrichs–Lewy (CFL) numbers to retain stability.
After convergedsolutionson the separatedgridswereobtained,they
were rejoined, and the computations were continued. The � nal so-
lutions computed on the uni� ed grids were identical to those on the
separated grids, which demonstrated that the supersonic extrapola-
tionboundarybetweenthe two gridsdidnotaffect the � nal solutions.

After converged solutions were obtained on the initial grids, the
grids were adapted to the � ow� eld characteristics through a two-
step process. The � rst step was an algebraic grid adaptation along
grid lines normal to the wall boundary.21 The purpose of this step
was to align the streamwise grid lines with the bow shock and to
cluster points within the wall boundary layer. The second step was
to adapt the grid to the wake free shear layer and recirculationvortex
using the Volume Grid Manipulator (VGM) code.22 The purpose of
this step was to minimize grid-producedarti� cial dissipation in the
viscous wake free shear layer and recirculationvortex.

In the � rst step, in which the grid points were clustered near the
wall, the height of the � rst cell from the wall was initially set to a
cell Reynolds number (based on local sonic speed) of the order of
1 for all wall cells. However, it was found that the extremely large
differencesin densitybetween the forebodyand wake � ows resulted
in unreasonablylarge cell growth in the separated� ow region of the
wake when all wall cells were � xed at a uniform Reynolds number.
Instead, cell heights were set to a uniform value for all wall cells.
Test computations were performed with wall cell heights between
10¡7 and 10¡5 m, and it was found that the wall heating values
were nearly invariant for cell heights (»10¡6 m) that produced cell
Reynolds numbers of the order of 10 or below. It was also observed
thatobtainingthenecessarysmall boundary-layercell sizes required
for viscous computations through this algebraic adaptation instead
of throughthe initial ellipticgridgenerationprocesseliminatedmost
of the grid-line skewingcommon to ellipticgrid generationschemes
near viscous wall boundaries. This greatly reduced the numerical
dif� culties around axisymmetric stagnationpoints that are typically
associated with upwind CFD codes.

After the � rst adaptation step was completed and new solutions
were computed on the adapted grids, the VGM code was employed
to further adapt the grids to the features of the wake � ow. As was
shown in Fig. 2, wake � ows are characterizedby a free shear layer
and a recirculationvortex, both of which are regions of strong vis-
cous gradients. High grid-point density is needed in these regions
to resolve these gradients, and it is also necessary to align the grid
with the free shear layer to minimize numerical dissipation caused
by skewness of the grids with respect to the � ow direction.To ful� ll
these requirements, the VGM code was used to cluster normal grid
points within the free shear layer and recirculation vortex and to
align the streamwise grid lines with the free shear layer. The � nal
structure of the grids after adaptation with VGM is shown in Fig. 3
for the CO2 case and in Fig. 4 for the air case.

In the course of this grid-resolution/grid-adaptation study, solu-
tions were � rst computed on unadapted grids with 125 streamwise
by 90 normal grid points for both cases. These baseline grids were
adapted through the process described,and new solutionswere then

Fig. 3 Free-shear-layer-adapted (125 £ 180) point grid for CO2 .

Fig. 4 Free-shear-layer-adapted (125 £ 180) point grid for air.

computed.A grid resolutionstudywas then conductedby construct-
ing grids with .125 £ 45/ and .125 £ 180/ points from the adapted
.125£90/ point grids.Computed surfaceheatingdistributionswere
used as the basis for evaluating the effects of these grid manipula-
tions. These surface heating distributions are presented in Figs. 5a
and 5b for the CO2 case and in Figs. 6a and 6b for the air case. In
general, the wake heating distributionswere very sensitive to both
grid resolutionand grid alignment.Forebody heatingwas much less
sensitive to grid resolution than wake heating, and, of course, was
not affected by adaptation of the wake grid.

As shown in Figs. 5a and 6a, forebody heating changed by less
than 10% between the (125£45) and (125£90) point grids, except
around the stagnation point for the air case. Heating rates changed
by less than 3% between the (125£90) and (125£180) point grids,
and so the (125£ 180) point grid forebody solutions are considered
to have reached grid convergence.

The viscous region of the wake (the free shear layer and recircu-
lation vortex) is much larger than the viscous region of the forebody
(the attachedboundary layer), and so the wake heatingdistributions
proved to be much more sensitive to grid resolution. As shown in
Figs. 5b and 6b, heating rates within the wake vortex .S=Rb values
of ¼1.0–3.5) decreased sharply with each increase in grid resolu-
tion. The heating rates within the wake vortex dropped by ¼15%
between the (125 £ 45) and (125 £ 90) point grids for CO2 and
by ¼10% for air. Between the (125 £ 90) and (125 £ 180) point
grids, the heating rates dropped by ¼10% for CO2 and by ¼5% for
air. The better adaptation results obtained for the air case are not
attributed to any physical differencesbetween the two cases but are
due to the fact the CO2 computations were performed � rst, and the
experiencegained in performing the adaptationswas applied to the
air case.Heating rateson for the stingboundarylayer downstreamof
the reattachment point (after S=Rb ¼ 3:5) were much less sensitive
than those in the separated-�ow region of the recirculation vortex.
Also, as shown in Figs. 5b and 6b, the heating distributionson the
original unadapted (125 £ 90) point grids compared poorly to even
the low-resolution(125£45) point adapted-gridresults,both within
the wake vortex and downstream of reattachment on the sting.

Based on the results of this study, it is estimated that the sur-
face heating rates within the wake vortex were overpredicted by
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a) Forebody heating for CO2

b) Wake heating for CO2

Fig. 5 Effects of grid resolution and adaptation.

at least 10% for CO2 and by at least 5% for air, whereas overpre-
diction of the heating downstream of reattachment was negligible.
Further increases in grid resolutionwere cost-prohibitivebecauseof
the computationaloverhead of the nonequilibriumthermochemical
models employed for these cases.

From these results it can be seen that wake grid adaptation and
grid resolution have a large in� uence on the wake � ow� eld. Both
adapting the grid and increasing the grid-point resolution tend to
minimize grid-produced arti� cial dissipation. The reduction of ar-
ti� cial dissipation then leads to a growth in the size of the viscous
wake vortex, which produces a downstream movement of the peak
sting heating point and a decrease in the surface heating within the
vortex.

This sensitivity of the wake heating to the grid structure could
lead to misinterpretationof comparisonsbetween computationsand
experimental data for cases in which the wake free shear layer be-
comes turbulent. While the measured ratio of peak sting heating to
forebodystagnation-pointheatingfor a turbulentwake3¡6;13 may be
more than double that for a laminar wake, laminar computationson
unadapted grids with insuf� cient grid resolution may greatly over-
predict the wake heating distributions and locate the peak heating
and free-shear-layerreattachmentpoints further upstream than they
should be, and thus appear similar to the turbulent data. As it is not
always possible to determine the state of the wake free shear layer
from experimental evidence, and no reliable criteria exist (see Ref.
23 for an approximate analysis) for predicting when transition will
occur in a hypersonicwake, comparisons such as these may lead to
wake � ow data being misinterpreted as laminar when they are, in
fact, turbulent.

An unpublished preliminary comparison of experimental data
with unadapted wake computations was one of the reasons for
the assumption that perfect-gas test data in Ref. 3 were laminar,
when they have since been concluded to be turbulent.4 Although
other factors such as test � ow quality, wake � ow establishment
during the experiment, continuum � ow breakdown, and unsteady

a) Forebody heating for air

b) Wake heating for air

Fig. 6 Effects of grid resolution and adaptation.

wake behavior should also be considered, the wake grid structure
may also be the reason for the discrepancies between experiment
and computation noted in Refs. 10 and 13. In both of those cases,
the surface heating on the sting within the wake vortex was over-
predicted, and the predicted location of the peak heating point on
the sting was located upstream of the measured location, which is
behavior characteristic of computational solutions on nonoptimal
grids.

Computational Results
Stagnation-pointnormalized surface heating and pressure distri-

butions for the two cases are given in Fig. 7a for the forebody and
in Fig. 7b for the afterbody and sting. The normalized forebody
distributions for these two cases are similar, although the higher
shock density ratio (Table 2) in the CO2 case (which is thus closer
to Newtonian � ow) produces a � atter pressure distribution and a
more linear heating decrease in the direction of the corner. The sur-
face quantities drop by over two orders of magnitude as the � ow
expandsaround the forebody corner, and the small local maxima in
the distributions around S=Rb D 1:7 correspond to the afterbody
corners. On the sting, the maximum pressure and heating occurs
between S=Rb values of 3.5–4.5, which is slightly downstream of
the free-shear-layerreattachmentpoint. The peak sting heating val-
ues are only on the order of 3–4% of the forebody stagnation-point
heating, which is consistent with laminar � ow results.11¡14

The overall � ow� eld structure is illustrated by the Mach number
contour plots in Figs. 8a and 8b for the two cases. The forebody
� ow is entirely subsonic up to the corner tangency point where
the sonic line is located. Rapid expansion around the forebody
corner produces high Mach numbers in the outer inviscid region
of the wake and causes nearly complete freezing of the chemical
and vibrational processes in the wake (Figs. 9a and 9b). After the
forebody corner, the boundary layer separates from the afterbody
of the vehicle to form a free shear layer, which reattaches to the
sting downstream of the base of the vehicle. The � ow within the
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a) Forebody

b) Wake

Fig. 7 Normalized surface heating and pressure distributions.

a) Air

b) CO2

Fig. 8 Mach number contour plots.

a) Air

b) CO2

Fig. 9 Ratio of translational to vibrational temperatures.

recirculationvortex formedbetween the free shear layer and wall re-
mains subsonic,while the velocity within the free shear layer varies
from roughly Mach 0.5 at the inner edge to Mach 2.0 at the outer
edge.

The structure of the wake recirculation vortex is shown by the
streamlineplots in Fig. 10a for air and in Fig. 10b for CO2 . For both
cases, the wake vortex extended approximately 1 1

2 forebody radii
downstream from the base of the model. Smaller, counter-rotating
vortices were also formed on the afterbody of the vehicle and at the
point where the sting meets the base of the vehicle. Although the
possibilityof unsteadybehaviorof the wake has been raisedby some
researchers,9¡10 no evidence of any unsteadiness was observed in
these computations,which is consistentwith the bulk of the research
on this subject.4¡8;11¡14

The breakdownof the continuum� ow model in blunt-bodywake
� ows is an issue of concern in low-density � ows such as those in
Refs. 10–14. However, freestream densities for the current study
were much higher than for those low-density studies, and the re-
sulting wake � ow� elds remained within the continuumregime.The
degreeof rarefactionin the � ow was evaluatedusing the localKnud-
sen number, which is given by

K n D .¸MFP=½/jr½j

As discussed in Ref. 24, the use of the Navier–Stokes equa-
tions for continuum computations begins to introduce signi� cant
errors for local Knudsen numbers above 0.1, and 0.2 is the up-
per limit on the use of the Navier–Stokes equations. As shown in
Fig. 11 for the CO2 case (the air results are nearly identical), lo-
cal Knudsen numbers remained well below the 0.2 limit throughout
the wake. Local Knudsen numbers reached 0.05 in a small region
near the wall around the boundary-layer separation point after the
forebody corner and attained a maximum value of 0.1 only within
a smaller region that cannot even be seen in Fig. 11 inside of the
K n D 0:05 contour. It was therefore concluded that the wake � ow
remainedwithin the realmof applicabilityof theNavier–Stokesequ-
ations.
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a) Air

b) CO2

Fig. 10 Near-wake streamlines.

Fig. 11 Local Knudsen number contours for CO2 .

Comparison with Experiment
In Figs. 12a and 12b, heating distributions computed on the

(125£180) point grids are comparedwith the averagedvalues from
the experimental data presented in Part 1 (Ref. 15). Note that these
forebody and wake heatingdistributionsare plotted on separate lin-
ear scales to clearly show the details of the comparisons in both
regions and that these are dimensional, not normalized, compar-
isons. Error bars on the experimental data represent the uncertainty
estimates from Part 1 of §11% for the forebody and §17% for the
wake at the CO2 test condition, and §12% for the forebody and
§22% for the wake at the air test condition. Computed forebody
heating rates were within the uncertainty bounds of the experimen-
tal data for CO2 as well as for air, exceptaroundthe stagnationpoint.
The small discrepancyhere for the air case is attributed to the effects
of the eigenvalue limiters on the computation. The computed wake
heating rates for the air case were at least 20–30% lower than the
experimental data around the free-shear-layer reattachment point,
but were within the uncertainty bounds on the afterbody and on the
sting outside of the reattachment region. This discrepancy is again
attributed to the eigenvalue limiters. For the CO2 case, the compar-
ison for the wake was within the experimental uncertainty bounds

a) Air

b) CO2

Fig. 12 Comparison of computationaland experimental heating data.

around the reattachmentpoint and farther downstreamon the sting,
although computed wake heating rates within the recirculationvor-
tex were overpredicted by more than 20%. This overprediction is
attributed to the lack of grid resolution within this area.

Note that the effects of grid adaptation and grid resolution were
both favorable in terms of comparisonswith the experimental data.
Adaptation and re� nement moved the peak heating points further
downstream, which brought them into better agreement with the
experimentally determined locations. The adaptation also lowered
the heating rates in the recirculationzone, which made the compar-
isons with experimental data in this region more favorable. Better
agreement within the wake vortex could probablybe obtained if the
grid adaptation techniques were re� ned further or if greater com-
putational resourceswere devoted to obtaining solutions on higher-
resolution grids.

Summary and Conclusions
Numerical solutions for the forebody and wake � ow around a

Mars entry vehicle in both CO2 and air were computed using a lam-
inar, nonequilibrium Navier–Stokes solver. The freestream condi-
tions for these computationswere equivalent to those at which tests
were conducted in a high-enthalpy, hypervelocity impulse facil-
ity. Through a grid-resolution/grid-adaptationstudy, it was demon-
strated that the wake solutions were more sensitive to grid resolu-
tion than the forebody solutions, and that adaptation of the wake
grid to the free shear layer producedsigni� cant changes in the solu-
tion. Comparisons between computed nondimensionalizedsurface
pressure and heating distributions for the two cases were similar,
although the higher shock density ratio in the CO2 case produced
results closer to idealNewtonian theory predictions.Flow� eld solu-
tions showed that expansionof the � ow around the forebody corner
produced vibrationally and chemically frozen � ow. However, as
shown by computations of the local Knudsen number, the expan-
sion was not great enough to cause noncontinuum � ow behavior
in the wake. A steady, recirculating � ow vortex and two smaller
counterrotatingvortices were formed in the wake for both cases.

Comparisonswere made between computationaland experimen-
tal surface heat transfer distributions.For the air case, the compar-
isons were within the estimated experimental uncertainty both on
the forebody and in the wake, except around the stagnation point at
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the nose of the vehicle and the stagnation point of the free-shear-
layer reattachment on the sting. The differences in these regions
were attributed to the effects of the eigenvalue limiter on the com-
puted solutions. Comparisons for the CO2 case were within the
experimental uncertainty except on the sting within the recircula-
tion vortex, where it was concluded that higher grid resolution was
required.
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