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Aeroheating Environments for a Mars Smart Lander
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and

Mark P. Loomis®
NASA Ames Research Center, Moffett Field, California 94035

Computational predictions of the Mars Smart Lander forebody aeroheating environments are given for a direct
entry trajectory. The solutions were obtained using an eight-species gas in thermal and chemical nonequilibrium
with a radiative-equilibrium wall-temperature boundary condition. Select wind-tunnel data are presented from
tests at NASA Langley Research Center. Turbulence effects are included to account for both smooth body transition
and turbulence caused by heat-shield penetrations. Natural transition is based on a momentum-thickness Reynolds
number value of 200. The effects of heat-shield penetrations on turbulence are estimated from wind-tunnel tests
of various cavity sizes and locations. Both natural transition and heat-shield penetrations are predicted to cause
turbulence before the nominal trajectory peak heating time. Laminar and turbulent computational predictions
along the trajectory are used to estimate heat rates and loads. The predicted peak turbulent heat rate of 63 W/cm?
on the heat-shield leeward flank is 70% higher than the laminar peak. The maximum integrated heat load for a
fully turbulent heat pulse is 38% higher than the maximum laminar load. The predicted heating environments,
including uncertainty factors, will be used to design a thermal protection system.

Nomenclature

drag coefficient, D/ % P VES
heat-shield diameter, m

altitude, km

lift-to-drag ratio

aeroshell mass, kg

pressure, N/m?

heat load, J/cm?

heat rate, W/cm?

heat-shield radius, m

nose radius, m

shoulder radius, m

unit Reynolds number, 0o Voo / hoo, 1/t
Reynolds number based on heat-shield diameter,
Poo Voo D/ oo

boundary-layer momentum-thickness
Reynolds number, p,u.0/ .

= radial coordinate, m

reference area, 7w D? /4, m?

running length, m

temperature, K

time from atmospheric interface, s
velocity parallel to surface, m/s

velocity relative to atmosphere, km/s
full-scale heat-shield cavity diameter, in.
radial coordinate, m

nondimensional boundary-layer coordinate
= trim angle of attack, deg
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Bn = ballistic coefficient, m/Cp S, kg/m>

y = flight-path angle, deg

) = boundary-layer thickness, in

0 = momentum thickness, m

0, = cone half-angle, deg

i = viscosity, kg/m>-s

Emax = maximum grid stretching in surface normal direction
0 = density, kg/m®

¢ = heat-shield circumferential location, deg
Subscripts

D heat-shield diameter

e = boundary-layer edge

FR = Fay-Riddell value

lam = laminar

SG = Sutton—-Graves value

turb = turbulent

w = wall

6 = momentum thickness

00 = freestream

Introduction

HE Mars Smart Lander (MSL) is a proposed second-generation
lander capable of precise landing (<10-km accuracy) at areas
that are of particular scientific interest. Figure 1 shows a proposed
MSL configuration in which the cruise stage is attached to the lan-
der pallet through the heatshield. The rover occupies much of the
interior volume and requires a larger aeroshell than was used for
Viking, Pathfinder, and the Mars Exploration Rovers. The aeroshell
will separate from the cruise stage prior to atmospheric interface and
decelerate the lander before it reaches the Martian surface. A hyper-
sonic lift-to-drag ratio (L /D) of 0.22-0.25 and ballistic coefficient
B less than 120 kg/m? meet the delivery requirements for a direct
entry from the 2005 launch opportunity. See Ref. 1 for an overview
of the MSL entry configurations and performance characteristics.
The aeroshell contents will require protection from exposure to
significant aerothermal environments during entry. Knowledge of
the expected heating is necessary for design of the thermal protec-
tion system (TPS). This paper summarizes the predicted forebody
aeroheating environments for the proposed MSL mission using a
combination of computational fluid dynamics (CFD) calculations
and wind-tunnel data.
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Table 1 Heat-shield dimensions

Parameter Value

D, m 4.05

0., deg 70

R,, m 0.9854

R, m 0.0988
Backshell

Parachute
Canister

Heatshield

Fig. 2 Heat-shield geometry.
D

Heat-Shield Geometry

The heat-shield geometry used for the aeroheating predictions
is a 4.05-m-diam, 70-deg half-angle sphere cone (Fig. 2). Table 1
summarizes the heat-shield dimensions. A trim angle o of 16 deg
is required for hypersonic L/D = 0.22-0.25 and is achieved with
aradial center-of-gravity offset.

Heat-Shield Penetrations

If the entry vehicle is attached to the cruise stage through the heat
shield, cavities will remain after cruise stage separation. Figure 3
shows six equally spaced cavities of diameter W at radial location
that remain after the bolts connecting the pallet and cruise ring are
severed. The cavity depth is expected to be smaller than the diameter.
The cavities could significantly augment the heating levels in the
vicinity of the penetrations and downstream. A combination of CFD
and wind-tunnel test data was used to investigate the penetration
effects on aeroheating.

Nominal Entry Trajectory

Aeroheating environments analysis requires knowledge of the
entry trajectory and associated heat pulse. Trajectories for the 2005
launch opportunity were calculated using the Program to Optimize

Fig. 3 Heat-shield/cruise stage attachment points.
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Fig. 4 Nominal entry trajectory for the 2005 launch opportunity.

Simulated Trajectories.” A total of 2000 three-degree-of-freedom
Monte Carlo simulations was performed to investigate dispersions
in entry states, atmospheric properties, and aerodynamics, among
others. The nominal, or expected, entry trajectory was selected for
initial aeroheating analysis. A relative velocity of 5.56 km/s and
flight-path angle of —12.5 deg at atmospheric interface produce
the velocity-altitude map shown in Fig. 4. Peak stagnation-point
heating occurs at an altitude of 37.1 km and a velocity of 4.92 km/s.
CFD predictions of the heat-shield aeroheating environments are
performed for the nominal trajectory.

Computational Approach

CFD calculations at flight conditions were performed us-
ing the Langley Aerothermodynamic Upwind Relaxation Algo-
rithm (LAURA)? and General Aerodynamics Simulation Program
(GASP)* CFD tools. Both codes were exercised using an eight-
species Mars gas (CO,, CO, N,, O,, NO, C, N, O) in thermal
and chemical nonequilibrium with a radiative-equilibrium wall-
temperature boundary condition. The Park-94° reaction rates were
used for the eight-species chemistry model in both codes. A super-
catalytic wall boundary condition was used in which the species
mass fractions for CO, and N, are fixed at their freestream values
of 0.97 and 0.03, respectively. The wall temperature can be above
that which would promote full recombination of CO, and N,. Thus,
the supercatalytic assumption gives the most conservative heating
levels because the recombination reaction is exothermic. LAURA
was used for a series of aeroheating predictions along the nominal
trajectory, and GASP was used to support those results. Only con-
vective heating is predicted because the contribution from radiation
is expected to be negligible.
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LAURA CFD Code

LAURA was developed at NASA Langley Research Center
(LaRC) and has been used previously to predict the aeroheating
environments for various planetary®’ and space transportation®®
projects. The code uses a finite volume approach to solve the
inviscid, thin-layer Navier—Stokes (TLNS) or full Navier—Stokes
flowfield equations. The TLNS option was used for all LAURA cal-
culations presented here. Roe’s averaging'® is used for the inviscid
fluxes with second-order corrections using Yee’s symmetric total-
variation-diminishing scheme.!! Turbulent solutions were obtained
by using the Baldwin—Lomax algebraic model with a compressibil-
ity correction.'>'? On a simple sphere-cone geometry, the Baldwin—
Lomax model is believed to give reasonable results. A user-specified
transition location is required to run the model and was specified to
give fully turbulent results for conservatism.

A built-in LAURA grid alignment capability allows mesh adapta-
tion to the boundary layer and bow shock according to user-defined
parameters. Proper cell spacing at the wall is important for heating
calculations and is controlled in LAURA by the wall cell Reynolds
number, which is defined as

Re, = (palAn/u)y (1)

where a is the speed of sound and Ap is the cell height. The au-
thors’ experience is that reliable laminar heating predictions can be
achieved using Re,, =10 with acceptable grid stretching. A Re,,
value of 2 was used for turbulent calculations to give a y* value of
order 0.1, where y* is defined as

yi=p/m /P 2)

The quantities  and t,, are the surface normal distance and shear
stress, respectively. A grid-resolution study is presented in the Re-
sults and Discussion section.

GASP CFD Code

GASP has been used extensively for both planetary and
transatmospheric'® entry vehicle analyses. The GASP solutions
were run with models that are similar, if not identical, to those used
in LAURA. The transport properties are calculated with Wilke’s!?
mixing rule with curve fits for the species viscosities given by
Blottner et al.'® and Eucken’s'® correlation for thermal conductiv-
ity. The Van Leer® flux-splitting scheme with the min-mod limiter
is used to calculate the inviscid fluxes, and a central-difference ap-
proximation is used for the viscous fluxes. For turbulent calcula-
tions, the Baldwin—Lomax model was used with a compressibility
correction.

14,15

LAURA Computational Grid

A seven-block, singularity-free, structured volume grid was used
for the LAURA solutions. The heat-shield nose was meshed to avoid
a singularity pole boundary because it can introduce discontinuities
in the flowfield solution. Figure 5 shows the surface and symmetry
plane grid distributions coarsened by a factor of two in each direc-
tion. Only half of the heat shield is modeled because of symmetry in
the pitch plane. The grid was built using GridGen?' to construct the
topology and surface distribution, 3DGRAPE/AL? to generate the
volume grid, and the volume grid manipulator (VGM)? to enhance
grid quality and accurately impose boundary conditions along block
interfaces.

A total of 3280 surface and 64 normal cells was used to resolve the
flowfield. The circumferential mesh distribution is equally spaced at
3-deg increments for a total of 60 cells. A relatively fine streamwise
grid distribution is used on the nose and shoulder to accurately
reproduce the surface geometry and capture steep flowfield gradients
in those regions.

CFD Solution Points

Detailed aeroheating environments prediction at flight conditions
requires high-fidelity CFD calculations at multiple points along the
design trajectory. Figure 6 shows 12 points on the 2005 nominal

Table 2 Freestream conditions for CFD solutions

t,s h, km Vo, km/s Poos kg/m3 T, K
45 80.6 5.59 831 x 1077 108.8
61 66.2 5.59 8.26 x 1070 116.1
70 58.9 5.58 2.59 x 1073 120.2
83 492 5.48 1.02 x 10~ 133.4
93 426 5.28 226x 1074 1475
103 37.1 4.92 4.15 x 10~ 159.3
112 33.3 4.47 6.20 x 10~* 167.6
119 31.1 4.07 7.82 x 1074 170.5
130 28.8 3.47 9.99 x 10~* 173.6
140 275 2.98 1.14 x 1073 175.3
155 26.7 242 1.24 x 1073 176.5
190 25.6 1.64 1.39 x 1073 178.1

Fig. 5 Heat-shield surface (left) and symmetry plane (right) grids used
for LAURA solutions (every other point shown).
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Fig. 6 CFD solution points along nominal trajectory.

trajectory at which LAURA solutions were obtained. Some points
were identified to analyze specific milestones, such as peaks in
stagnation-point heating (¢ = 103 s), dynamic pressure (t =119 s),
and Reynolds number (r = 130 s). The remaining points were se-
lected to fill out the heat pulse with sufficient resolution. The
stagnation-point heat rate shown in Fig. 6 is based on the Sutton—
Graves formula®* and is not corrected for angle of attack. The entire
heat pulse lasts about 5 min. Table 2 summarizes the freestream con-
ditions for the CFD solutions. All flight cases were runat« = 16 deg,
which is required for a hypersonic L/D = 0.22-0.25.
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Table 3 Aeroheating test parameters

Parameter Value

Model diameter, in. 5 (3.1% scale)
Mach number 6
Reynolds number 2.6-7.3 x 109/t
Angle of attack, deg 0, 11, 16, 20
Cavity diameter W, in. 1, 2.2, 3 (full scale)
Cavity depth, in. 0.3wW
Cavity location r/R 0.41,0.7

Fig. 7 Phosphor-coated wind-tunnel model with six cavities. (Black
dots are fiducial marks.)

Experimental Approach

Tests were conducted in NASA LaRC’s 20-Inch Mach 6 Air Tun-
nel to investigate the aeroheating characteristics of various proposed
MSL configurations. The test objectives were to compare the heat-
ing environments on different geometries and determine the effects
of heat-shield penetrations on turbulent transition and heating aug-
mentation. Table 3 lists the pertinent test parameters. A range of
Reynolds numbers Re, angles of attack, and cavity diameters and
locations were investigated. References 25 and 26 contain detailed
discussions of the aeroheating test objectives and results, including
CFD at tunnel conditions. Reference 25 also includes heating data
on asymmetric heat-shield shapes.

Global surface heating distributions were obtained on ceramic
models using the two-color, relative-intensity, phosphor thermogra-
phy method.?”-?® Phosphor thermography is the standard method at
LaRC for obtaining global surface heating in the center’s hypersonic
tunnels. Heating on complex three-dimensional shapes can be col-
lected with less cost and lead-time requirements than with discrete
gauges.

A test model with cavities is shown in Fig. 7. During a tunnel run,
the phosphor-coated model fluoresces under ultraviolet light accord-
ing to surface temperature. Model temperature before and after a run
is digitized and reduced to a heat rate using one-dimensional heat-
conduction theory. The total experimental uncertainty is estimated
to be £13% for the conical flank. This estimate takes into account
uncertainties in freestream conditions, fluorescent intensity, data
extraction, and model conduction.

Results and Discussion

Laminar and turbulent CFD flight predictions are presented for
the nominal trajectory from a 2005 launch. The laminar results were
used for the transition analysis, and the turbulent cases provide es-
timates of turbulent heating augmentation.

Smooth Body Transition
Transition via two mechanisms was analyzed for the MSL heat
shield: natural smooth-body transition caused by boundary-layer

Leeward

a=162:|é1;’
\,

Stag. Pt—

Windward

Fig. 8 LAURA symmetry plane (left) and surface pressure and
streamlines (right) at nominal peak heating (o = 16 deg).

instabilities and tripped turbulence caused by heat-shield cavities.
Surface roughness and ablation product effects on transition have
not yet been analyzed and are a function of the TPS material.

The prediction of natural turbulent transition in the hypersonic
regime is an ongoing effort.”>3° The influence of boundary-layer in-
stabilities on turbulence is not well known and is a function of many
parameters that are unique to a given configuration and flow con-
ditions. A known fact, which has been observed repeatedly, is that
turbulence occurs more readily with increasing Reynolds number.
A common method of predicting transition based on momentum-
thickness Reynolds number Rey was used to analyze turbulent tran-
sition for the MSL heating environments. A conservative transition
criterion of Rey > 200 was used for MSL and is based on previous
experience with hypersonic blunt bodies.?! The definition of Re; is
based on the boundary-layer edge properties and momentum thick-
ness 6, which is a measure of the momentum deficit caused by the
boundary layer:

Pttt

Re, 3

He

9:/ p—“(l—i)dn &)
0 Pele Ue

The boundary-layer edge is defined as the location where total en-
thalpy is 99.5% of the freestream value.

The trim angle of 16 deg has strong implications for the
stagnation-point location and propensity for turbulent transition.
The streamlines in the symmetry plane and near the surface are
plotted with nondimensional pressure at the nominal trajectory peak
heating point in Fig. 8. At o = 16 deg, the stagnation point moves
off the heat-shield nose and onto the bottom (windward) flank. This
stagnation point location results in a short boundary-layer running
length on the windward side and, more importantly, a long running
length on the top (leeward) side. Boundary-layer instabilities are
more likely to occur when a long running length exists.

The effect of the trim angle on the boundary layer is shown in
Fig. 9. Nondimensional surface pressure is plotted with Re, =200
and boundary-layer edge Mach number (M, =1) at the nominal
trajectory peak heating point. Based on the transition criterion, tur-
bulence is predicted for most of the leeward side of the heat shield,
where running length and edge velocity are largest. In contrast, tur-
bulence is not predicted for the windward side of the heat shield. A
subsonic boundary layer exists on most of the heat shield and can
promote transition in the presence of surface roughness and/or mass
addition from ablation products.

Figure 10 shows LAURA laminar symmetry plane Re, distri-
butions at select times along the nominal trajectory. The peak Rey
values are plotted as a function of time with freestream dynamic
pressure in Fig. 11. The Rey values are highest on the leeward flank
where the running length and edge Mach number are large. The low-
est magnitudes are located on the windward side near the stagnation
point. Note that Re, closely follows dynamic pressure, and their
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Re, > 200

Fig. 9 LAURA surface pressure, Reg =200, and M, =1 at nominal
peak heating (o = 16 deg).
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Fig. 10 LAURA symmetry plane Reg along nominal trajectory
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Fig. 11 LAURA peak Rep and freestream dynamic pressure along
nominal trajectory (o =16 deg).

peak values occur at the same time. Transition is predicted slightly
before t = 83 s on the leeward side, but never on the windside. Be-
cause transition is predicted before the peak heating time, turbulent
augmentation will be shown to have a significant effect on the peak
heat rate and integrated heat load on the heatshield.

The Rey transition criterion was originally developed with en-
gineering boundary-layer codes. It is possible that the boundary-
layer edge properties predicted by CFD and engineering codes differ

significantly. However, even if the MSL Rey transition criterion was
doubled to 400 to account for conservative CFD results, transition
would still be predicted before the peak heating time. Also, a Rey
value of 200 seems reasonable at this time because turbulence caused
by surface roughness and mass addition from ablation products have
not yet been considered. Further testing and analysis will be required
to address the possible causes of transition.

Transition Caused by Heat-Shield Penetrations

The existence of heat-shield cavities can also result in turbulence
and augmented heating. Heat-shield penetrations are being used
for the Genesis Sample Return Capsule, where CFD and wind-
tunnel data were used to predict the influence of the cavities on
aeroheating.?? The same approach is used here for MSL, where the
penetration effects are reduced to a function of the penetration size
W, local boundary-layer thickness 8, and Rey. CFD and tunnel data
were used to predict combinations of penetration configurations and
flowfield conditions that result in a tripped turbulent boundary layer
and augmented heating. Table 4 lists the various cavity sizes and
locations tested on 3.1%-scale models in the LaRC 20-Inch Mach 6
Air Tunnel.

In general, larger cavities at higher freestream Reynolds numbers
Re,, and thus higher Rey, are more likely to trip the boundary layer.
The effect of Res, on the penetration’s ability to cause turbulence
is shown in Fig. 12. The family of curves represent heat rate pro-
files behind a leeside 2.2-in. penetration (on a 4.05-m aeroshell)
for various Re,, at @ =16 deg. The auxiliary figures show the
cavity locations and phosphor thermography results at the highest
Req, (7.3 x 10°/ft). All but cavity number 2 increases the heating in
wedge-shaped regions behind the penetrations.

For a low Re,, (3.0 x 10%/ft), the heating behind cavity 5 is
the same as the laminar smooth body level. With increasing Ren,
the cavity is more effective in causing turbulence and augmenting
the downstream heating. At the highest Re, (7.3 X 106/ft), the
heating asymptotically reaches a nondimensional turbulent level of
q/qrr = 1.08, compared to a peak laminar value of approximately
q/qrr =0.73. Thus, the laminar heat rate is increased by approxi-
mately 48% because of cavity-induced turbulence. If similar heat-
ing augmentation exists in flight, the TPS requirements can increase
significantly.

The transition map in Fig. 13 assembles all combinations of cav-
ity size and location Re., and o from the aeroheating tests into
a comprehensive plot showing the penetration effects on turbulent
transition. The plot of Rey vs W /4 is divided into regions of laminar,
local disturbance, transitional, and turbulent heating levels based on
the tunnel data. The legend shows representative heating images for
the different data groups. The Rey and § values for each point were
computed with LAURA at tunnel conditions assuming a perfect gas
and a constant wall temperature of 300 K. Some overlap exists be-
tween adjacent data groups and might be caused by the fact that
data from all angles of attack (0 to 20 deg) are placed on the same
plot. Curve fits of the data were used to delineate the regions of
the map and predict the penetration effects in flight. Conservative
design practice would mandate using the laminar boundary curve
as the transition indicator, that is, all data above that boundary are
considered turbulent. See Ref. 26 for a discussion of the transition
map development.

Values of Rey and W /§ were calculated for a 3-in. lee-side pene-
tration (r/ R = 0.41, ¢ = 0) along the 2005 nominal trajectory. Based

Table 4 Aeroheating test
heat-shield cavity parameters

Cavity W, in. (full scale) r/R

1 3.0 0.7
2 2.2 0.7
3 1.5 0.7
4 3.0 0.41
5 2.2 0.41
6 1.5 0.41
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125 Smooth Body, Re_ = 3.0 x 10° / ft

——o—— Re, =3.0x10°/ft
——+— Re, =51x10°/ft
—O0— Re,_ =58x10°/ft
——— Re_ =7.3x10°/ft

—————— Body
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0.25

a) rR

b)

Fig. 12 [Experimental heating data from the NASA LaRC 20-Inch
Mach 6 Air Tunnel: a) sample heat rate data and b) phosphor ther-
mography image (o =16 deg).

on these calculations, it is estimated that the penetration would trip
the boundary layer to full turbulence between t = 83 and 93 s, which
is well before the peak heating point at # = 103 s. The smooth body
transition analysis also indicated a transition time near r =83 s.
Therefore, flight predictions should be made using turbulent so-
lutions by at least # =83 s on the nominal trajectory to properly
estimate the heating environments.

Using tunnel data to predict transition at flight conditions is a
conservative approach. Tunnel noise can accelerate the onset of tur-
bulence, whereas freestream disturbances at flight conditions are
generally small. The implications of turbulence on the heating en-
vironments are shown next with flight predictions on the nominal
trajectory.

Flight Predictions

Two aeroheating quantities are of particular importance for TPS
design. First, the selection of candidate TPS materials is limited
by the peak heat rate encountered during entry. Second, the TPS
thickness (and mass) is based on heat rate integrated over the entire
heat pulse or total heat load. The effects of turbulence on heat rates
and loads were estimated with laminar and turbulent solutions along
the nominal trajectory.

Laminar (LAURA) and turbulent (LAURA and GASP) solutions
were obtained at the nominal trajectory peak heating time to com-
pare heating levels and validate results. The transition location for
the Baldwin—Lomax solutions was specified to give fully turbulent
heating levels. Baldwin—Lomax turbulent solutions in a nonequilib-
rium Mars atmosphere have limitations. First, a user-supplied tran-
sition location is required to run the model and thus is somewhat
artificial. Second, the turbulent heat rates predicted during flight are
high enough to cause TPS surface recession and pyrolysis, neither of
which is factored into the solutions. Nevertheless, the turbulent so-

t= 119 (Peak Dynamic Pressure)

t= 103 (Peak Heati L] Laminar
300 y tng)_ a Local Disturbance

(=] Transitional
° Turbulent
Laminar y
= = = = Turbulent Boundary
— Flight (W = 3, /R = 0.41, 6 = 0)

200

Subset of data shown

[ t=83 Re, and 5 from LAURA

Re,
;

100 -

0 5 T 15

Fig. 13 Transition map development using the experimental heating
data: a) heat-shield penetrations transition map and b) legend (adapted
from Ref. 26).

51.2
452

216
157
97
38

Fig. 14 LAURA laminar and turbulent heat rates and Reg = 200 con-
tour at nominal peak heating (o = 16 deg).

lutions are believed to be appropriately conservative and consistent
with the turbulent transition analysis.

A comparison of LAURA laminar and turbulent heat rates is
shown in Fig. 14 with the Rey =200 level overlaid on the contours.
Figure 15 shows a line cut of the data along the symmetry plane.
The Baldwin—Lomax solution clearly indicates that turbulence
is most effective in augmenting the leeward-side heating. The high-
est laminar heat rate near 37 W/cm? occurs on the nose and wind-
ward shoulder, and the windward side heating is higher than it is on
the leeward side. LAURA predicts a peak turbulent heat rate near
63 W/cm? on the leeward flank, or about 70% higher than the laminar
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Fig. 15 LAURA symmetry plane laminar and turbulent heat rates and
Reg at nominal peak heating (o = 16 deg).
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Fig. 16 LAURA and GASP symmetry plane turbulent heat rates at
nominal peak heating (o = 16 deg).

peak. Some turbulent augmentation is predicted on the windward
side, but much less than on the leeward side. This result is consistent
with the Rey values in those regions.

LAURA and GASP turbulent solutions are compared in Fig. 16.
The GASP solution was run on a different grid than was used with
LAURA. Overall, the codes predict similar heating distributions
on the heat-shield flanks. The important result is that both codes
predict the same peak turbulent heat rate near 63 W/cm?. Differences
between LAURA and GASP near the nose are likely caused in part
by the models used to bridge the laminar and turbulent regions of the
flowfield. GASP mimics immediate transition beginning at the user-
specified location, whereas LAURA uses the Dhawan—Narashima??
model to blend the laminar and turbulent regions. Thus, LAURA
does not show a rapid rise in heating on the nose like the GASP
solution indicates. More importantly, downstream turbulent heat
rates agree very well.

Grid-Resolution Study

AllLAURA heating predictions are converged for the seven-block
grid topology with 64 cells in the surface normal direction. That
is, the heating is essentially unchanged with additional grid adap-
tations. A grid-resolution study was conducted to check whether
the baseline mesh with 64 normal cells was sufficient to obtain
reliable heating predictions. The surface grid distribution was not
modified.

Figures 17 and 18 compare LAURA laminar and turbulent solu-
tions at the nominal peak heating point, respectively. Solutions are
shown for the reference grid with 64 normal cells and alternate grids
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L === 96 cells(Re,=1,% . =1.17)
40 ———— Body
"E 30-
s [
I
;20-
10
I N TR IR B, 2
0 2 -1 0 1 2
x (m)

Fig. 17 LAURA laminar grid resolution study at nominal peak heating
(=16 deg).
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Fig. 18 LAURA turbulent grid resolution study at nominal peak heat-
ing (=16 deg).

with more cells and/or smaller wall spacing. The grid-stretching pa-
rameter &y, is the maximum ratio of adjacent cell sizes in the sur-
face normal coordinate direction. Past experience with LAURA has
shown that &,,,x > 1.3 can compromise accurate flowfield resolution.

The laminar solutions with 64 cells (Re, =10, & = 1.21),
80cells (Rey, =10, &ax = 1.16),and 96 cells (Rey, = 1, €ax = 1.17)
are virtually identical. Figure 18 shows similar agreement for the
turbulent solutions using 64 cells (Re,, =2, £n.x = 1.25), 80 cells
(Rey =2, Emax =1.19), and 96 cells (Re,, =1, £ =1.17). The
grid with 64 normal cells appears to be sufficiently dense for reliable
heating predictions at flight conditions while maintaining reason-
able grid stretching. Thus, the baseline grid (Re,, = 10 for laminar,
Re,, =2 for turbulent) was used to run a series of solutions along
the nominal trajectory.

Nominal Trajectory Heat Rates

Figure 19 compares LAURA laminar and turbulent symmetry
plane heat rate distributions at select times along the nominal tra-
jectory. Turbulent augmentation of the heat rates is evident on the
leeside flank for most time points. Virtually no turbulent heating
augmentation is predicted at t = 61 s. However, by t = 83 s, the tur-
bulent heat rate on the leeward flank is higher than the nose heat rate.
A trend of small turbulent augmentation on the windward side and
a large heating increase on the leeward side continues through the
remaining trajectory points. Turbulent heating augmentation is es-
pecially severe at the peak heating (r = 103 s) and dynamic pressure
(t =119 s) points.

Table 5 lists the peak laminar and turbulent heat rates for each
case shown in Fig. 19. Peak Rey and turbulent-to-laminar heating
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Fig. 19 LAURA symmetry plane laminar and turbulent heat rates along nominal trajectory (o =16 deg).

ratio are also given for each time. Figure 20 plots the heating ra-
tio and Rey data for all CFD solution points. Note that turbulent
augmentation ¢, /qlam 15 highest at times when Rey is large, such
as peak heating (t =103 s, Rey =492) and peak dynamic pressure
(t=119 s, Rey =576). At other times when peak Rey is lower,
but still above the transition criterion of 200, turbulence increases
heating by a smaller amount. At t =61 s, peak Rey is well below
the transition criterion, and no turbulence augmentation is predicted
by the Baldwin—Lomax model. Thus, it appears that the analysis is
consistent using a Rey > 200 transition criterion in conjunction with
the Baldwin—Lomax model to predict turbulent augmentation on a

Table 5 LAURA peak laminar and turbulent heat rates
and peak Reg along nominal trajectory (o =16 deg)

Peak gjam, Peak grb, Peak Peak
1,s W/em? W/em? Gurb/Glam Rey
61 8.6 8.6 1.00 48
83 26 31 1.19 259
103 38 63 1.66 492
119 27 48 1.78 575
140 11 16 1.45 345
155 5.5 7.5 1.36 277
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Fig. 20 LAURA peak Reg and gturb/q1am ratio along nominal trajec-
tory (a =16 deg).
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Fig. 21 LAURA symmetry plane laminar, turbulent, and transitional
(t =83 s) heat loads along nominal trajectory (o =16 deg).

blunt sphere-cone heat shield. However, the Baldwin—Lomax model
should not be used to predict transition a priori.

Nominal Trajectory Heat Loads

Figure 21 shows the impact of turbulence on total heat load. The
loads are normalized by the laminar nose value of 2570 J/cm?. Heat
loads are given for three different heat pulses: laminar, turbulent, and
anentry with transition atr = 83 s. A transition time near t = 83 s was
previously estimated for the nominal trajectory. A fully turbulent
heat pulse increases the lee-side flank heat load to 3540 J/cm? or
38% above the laminar nose value. If transition occurs 20 s before
peak heating at t = 83 s, the peak heat load is 3370 J/cm?, or 31%
higher than the reference load. Thus, only a 5% reduction in peak
heat load occurs on if the heat pulse becomes turbulent at =83 s vs
a fully turbulent pulse. The most conservative approach would be to
design a uniform-thickness TPS for the fully turbulent heat pulse.

The TPS will be designed to the predicted heating environments
with additional factors to account for uncertainties in modeling,
entry states, atmospheric properties, tunnel-to-flight extrapolation,
etc. Some uncertainties are quantifiable, such as entry flight-path
angle dispersions, whereas others are less known, such as the ex-
trapolation of tunnel data to flight conditions. The resulting TPS
will be a robust and conservative design that is capable of handling
worst-case aeroheating environments.

Conclusions

Computational and experimental methods were used to predict
forebody aeroheating environments on a proposed Mars Smart

Lander aeroshell designed for a hypersonic L/D of 0.22-0.25
(a =16 deg). CFD flight predictions for a direct atmospheric en-
try from a 2005 launch were computed using an eight-species gas in
thermochemical nonequilibrium with a radiative-equilibrium wall-
temperature boundary condition. Laminar and Baldwin—Lomax tur-
bulent solutions were obtained at 12 points along the nominal entry
trajectory. CFD was supplemented with wind-tunnel tests conducted
at NASA LaRC’s 20-Inch Mach 6 Air Tunnel to investigate the ef-
fects of heat-shield penetrations on turbulent transition and heating.

Turbulence was analyzed for both smooth body transition (using
a Rey > 200 criterion) and transition caused by heat-shield cavities.
CFD and wind-tunnel data predict that both transition mechanisms
will cause turbulence on the heat-shield leeward flank prior to the
nominal trajectory peak heating time. A peak turbulent heat rate of
63 W/cm? is predicted by LAURA and GASP solutions on inde-
pendent grids. The turbulent heat rate is about 70% higher than the
laminar peak value. The highest turbulent heating occurs on the heat-
shield leeward side where Re, values are largest. Integrated heat load
on the leeward conical flank assuming a fully turbulent heat pulse
is 38% higher that the laminar load at the heat-shield nose. The
peak heat load decreases by only 5% if transition occurs 20 s before
peak heating vs a fully turbulent heat pulse. The TPS design will be
based on the predicted aeroheating environments with uncertainties
included.
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