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Mars Science Laboratory Experimental Aerothermodynamics

with Effects of Cavities and Control Surfaces

Derek S. Liechty,* Brian R. Hollis,” and Karl T. Edquist*
NASA Langley Research Center, Hampton, Virginia 23681

Preliminary designs of the Mars Science Laboratory required it to be attached through its aeroshell to the main
spacecraft bus, thereby producing cavities in the heat shield. Several configurations were considered experimentally
for the Mars Science Laboratory, which have a Viking aeroshell heritage and provide the lift to drag required for
precision landing. To study the effects of the cavities and control surfaces on the heating levels experienced by the
heat shield, an experimental aeroheating investigation was performed at the NASA Langley Research Center in
the 20-Inch Mach 6 Air Tunnel. Three configurations were studied experimentally. The first configuration was the
baseline without any control surface. The last two include a blended tab control surface and a blended shelf control
surface. The effects of Reynolds number, angle of attack, and cavity size and location on aeroheating levels and
distributions were determined for each configuration and are presented. To aid the interpretation of the effects of
the cavities, laminar, thin-layer Navier-Stokes flowfield solutions were performed for the baseline configuration
and were then postprocessed to calculate relevant boundary-layer properties. It was found that the effect of the
cavities varied with angle of attack, freestream Reynolds number, and cavity size and location. The presence of a
cavity raised local heating rates by as much as 250% and the downstream heating rates by as much as 325% as
a result of boundary-layer transition. Forebody cavities had no effect on afterbody heating, and the presence of

control surfaces decreased leeward afterbody heating slightly.

Nomenclature

= enthalpy, J/kg

= heat-transfer coefficient, g /(H,y, — H,),
where Hy, = H, 5, kg/m?/s

length of vehicle from nose to base, m
Mach number

pressure, Pa

surface heat-transfer rate, W/m?

model reference radius, m

model base radius, m

model radius from symmetry axis to

control surface corner, m

= model nose radius, m

model shoulder radius, m

unit Reynolds number, 1/m

radial distance from symmetry axis, m
distance along surface from cavity center, m
control surface thickness, m

velocity magnitude, m/s

cavity diameter, m

distance along symmetry axis from nose, m
angle of attack, deg

angle control surface makes with symmetry axis, deg
ratio of specific heats

boundary-layer height, m

second afterbody angle, deg

body half-angle, deg

= momentum thickness, f(,ou/peue)(l —u/u,)dy, m
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6 = cavity orientation angle, deg

& = first afterbody cone angle, deg

o = density, kg/m?

T = angle from the centerline to where control surface
begins tapering toward vehicle, deg

¢ = model orientation angle, deg

x = angle from centerline to where control surface
blends to vehicle, deg

Subscripts

aw = adiabatic wall conditions

D = based on model diameter

e = boundary-layer-edge conditions

FR = Fay-Riddell, stagnation-point, reference
heating condition

fs = full-scale dimensions

S = based on blended shelf model
T = based on blended tab model
t,1 = reservoir conditions

~
Il

stagnation conditions behind a normal shock
wall conditions
freestream static conditions

Introduction

HE next generation of Mars landers' is being designed to en-

able precision landings at specific locations of particular sci-
entific interest. The first-generation entry, descent, and landing sys-
tems, such as Viking and Pathfinder, achieved successful landings
on Mars, but were limited in accuracy to landing sites on the or-
der of hundreds of kilometers. The second-generation landers, or
smart landers, will provide scientists with the opportunity to select
a particular region of interest and land within 3 km of the intended
target.

Preliminary designs' (2007) of the Mars Science Laboratory
(2007 MSL), which was originally known as the Mars Smart Lander,
required that it be attached to the main spacecraft bus by way of six
structural inserts that pass through the forebody heat shield (Fig. 1;
these designs have since been rejected in part because of this study).
When the lander is separated from the spacecraft bus prior to entry
into the Martian atmosphere, the bolts are severed and retracted,
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Fig. 2 2007 MSL geometries for the baseline, blended tab, and blended
shelf configurations.

which leaves cavities in the forebody heat shield. The presence of
these cavities in the heat shield during entry can result in high, lo-
calized heating at the downstream edge of the cavities because of
flow separation and reattachment within the cavities and can be ac-
companied by a heating augmentation downstream of the cavities
as a result of a change in the state of the boundary layer from lami-
nar to transitional or turbulent. A similar design was employed for
the Genesis Sample Return Capsule (GSRC),” which also included
forebody heat-shield cavities, but there are several significant dif-
ferences between the two vehicles. First, the forebody half-angle of
the GSRC is different than the 2007 MSL. Also, the 2007 MSL was
being designed to enter the Martian atmosphere at an angle of attack
of 16 deg (which has since been changed to 11 deg), whereas the
GSRC is to enter at 0-deg angle of attack.

As described in Ref. 1, the baseline 2007 configuration of the
Mars Science Laboratory aeroshell (which has no control surface)
provided a low ballistic coefficient for a given vehicle mass, a lift-to-
drag ratio of 0.18, and had significant flight heritage (e.g., Viking).
However, different aeroshell configurations were considered to meet
the lift-to-drag requirement of 0.22 to 0.25 for precision landing.
The baseline concept is capable of achieving these values of lift to
drag by using ballast to provide a radial center-of-gravity offset so
that the vehicle trims at an angle of attack. The ballast required to
achieve the radial c.g. offset, however, is not insignificant.

In an attempt to save weight, tab and shelf configurations (Fig. 2)
were investigated for application to the smart lander. The tab is in-
clined into the flow with respect to the forebody, while the shelf is an
extension of the forebody. Tab concepts were investigated® as early

as 1961 and considered again for the cancelled Mars Surveyor 2007
Precision Lander mission. Both the tab and shelf concepts can be
sized to achieve the required lift-to-drag ratio of 0.22—0.25 at an an-
gle of attack of approximately 16 deg. The advantage of the tab con-
cepts compared to the shelf concepts is that the tabs can be smaller,
because of the higher pressure produced on the tab. The disadvan-
tage of the tab concepts, however, is elevated heating levels caused
by the compression surface. A screening was performed of several
tab configurations in the Langley Research Center (LaRC) 20-Inch
Mach 6 CF, Tunnel to assess the aeroheating environments. From
these results and computational studies*> to optimize the shape of
the tab, the current blended tab configuration was selected. The
current blended shelf configuration was similarly optimized.*>

The goal of the present study was to determine experimentally the
aeroheating environment of the vehicle and control surfaces as well
as how the cavities affected the heating levels on the forebody, after-
body, and control surfaces of the 2007 MSL. Tests were conducted
at nominal conditions of Mach 6 in air (perfect gas; y ~ 1.4) with
freestream Reynolds numbers from 6.89 x 10%/m to 23.95 x 10%/m,
resulting in Reynolds numbers based on diameter of 8.75 x 10° to
3.04 x 10°. A range of angles of attack from O to 20 deg was stud-
ied. These conditions resulted in boundary-layer-edge conditions
similar to those found in flight.® Three nominal cavity sizes were
tested at two radial locations. Discrete trips were also placed up-
stream of the control surfaces in selected runs to transition the flow
from laminar to turbulent to compare to the effects of the cavities.
To complement the measurements made in the wind tunnel, lam-
inar, thin-layer Navier-Stokes flowfield solutions generated using
the Langley Aerothermodynamic Upwind Relaxation Algorithm’-®
(LAURA) were postprocessed to calculate boundary-layer height,
momentum thickness, edge Mach number, and streamwise pressure
gradients. Only a qualitative discussion of boundary-layer proper-
ties will be included in this report. Corresponding computations and
boundary-layer transition correlations for this study are presented in
the companion paper by Hollis and Liechty® and for flight conditions
by Edquis and Loomis.°

Experimental Methods

Test Facility

Aeroheating tests were conducted in the NASA Langley 20-Inch
Mach 6 Air Tunnel. This is a blowdown facility in which heated,
dried, and filtered air is used as the test gas. The tunnel has a two-
dimensional, contoured nozzle that opens into a 0.5207 x 0.508 m
test section. The tunnel is equipped with a bottom-mounted injection
system that can transfer a model from the sheltered model box to
the tunnel centerline in less than 0.5 s. Run times of up to 15 min
are possible in this facility, although for the current aeroheating
study run times of only a few seconds were required. The nominal
reservoir conditions of this facility are stagnation pressures of 206.8
to 3447.4 kPa with stagnation temperatures of 422.2 to 555.5 K,
which very nearly produce perfect gas (y ~ 1.4) freestream flows
with Mach numbers between 5.8 and 6.1 and Reynolds numbers
of 1.64 x 10°/m to 23.95 x 10°/m. This results in values of Rep of
2.08 x 10° to 3.04 x 10° for a 0.127-m-diam model. A comparison
of the values of Rej, that the vehicle will see in flight with the range
of Rep, the test facility is capable of achieving is shown in Fig. 3.
The nominal flow conditions for these tests can be seen in Table 1.
A more detailed description of this facility is presented in Ref. 10.

Phosphor Thermography Technique

Global surface heating distributions were calculated using the
digital optical measurement method of two-color, relative-intensity,
phosphor thermography.'!~'* Ceramic wind-tunnel models are
coated with a phosphor compound that fluoresces in two separate
regions (green and red) of the visible light spectrum. During a wind-
tunnel run, the phosphor-coated model is illuminated by ultraviolet
(UV) light sources, and the resulting fluorescent intensity of the
model is recorded and digitized through a color charge-coupled-
device camera. The fluorescent intensity is dependent on both the
intensity of the incident UV light and the local model surface tem-
perature. The UV intensity dependence is removed by taking the
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Table 1 Flow conditions for the Langley 20-Inch Mach 6 Air Tunnel

Reso, 1/m Rep Mo Too, K poos kg/m3 Uso, m/s  hpR, kg/mz/s grr, W/cm?
6.89x 10° 875x10° 595 620 335x1072 9386 0.283 5.70
8.53x10° 1.08x10° 597 622 4.05x1072 9430 0.313 6.45
9.84x10° 125x10° 598 622 4.62x1072 9444 0.335 6.95
1.12x 107 142x10° 599 61.6 529x1072  940.1 0.356 7.25
138x 107 1.75x10° 6.00 613 641x1072 9404 0.392 7.95
151x107 1.92x10° 601 635 725x1072 9585 0.427 9.48
1.67x 107 2.12x10° 6.02 634 7.92x1072 9587 0.446 9.92
190 x 107 241x10° 603 628 899x1072 9556 0.474 10.40
240x 107 3.05x10° 606 623 1.13x107! 9546 0.529 11.50
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Fig. 3 Flight Rep through a representative trajectory with 20-Inch
Mach 6 Air Tunnel capability.

ratio of the green to red intensity images, from which surface tem-
perature distributions can be determined through prior calibrations.
Images are acquired before the wind-tunnel run and after injection of
the model to the tunnel centerline during a run. Global heat-transfer
distributions are then computed from these temperature data us-
ing one-dimensional, constant heat-transfer coefficient conduction
theory.'*

Test Model Description

To manufacture ceramic test models, rapid-prototype, stereolitho-
graphic resin models were first fabricated based on surface geometry
definitions in electronic data files. Wax molds of the resin models
were made, and then a patented’” silica ceramic slip casting tech-
nique was used to form ceramic shells of the models. The shells
were then backfilled with a hydraulically setting magnesia ceramic
for strength and support. Finally, the models were coated with a
mixture of phosphors suspended in a silica-based colloidal binder.

The cast ceramic aeroheating models were 0.127-m-diam,
0.0314-scale representations of the 4.05-m-diam Mars Science Lab-
oratory aeroshell. Three configurations were considered in this
study. First was the baseline configuration that had no control sur-
face. The dimensions of the proposed baseline 2007 MSL aeroshell
(full scale and test model) are shown in Table 2. Next, the blended
tab configuration had the same dimensions as the baseline config-
uration, but a control surface was added at the corner, which was
inclined 10 deg from the forebody heat shield. The dimensions of
the proposed blended tab 2007 MSL aeroshell are listed in Table 3.
Finally, the blended shelf configuration, which also had the same di-
mensions as the baseline configuration, had a control surface added
at the corner, which is an extension of the 70-deg forebody half-
angle. The dimensions of the proposed blended shelf 2007 MSL
aeroshell are also shown in Table 3.

Four versions of the baseline configuration 2007 MSL will be dis-
cussed in this report. The first of these models was a baseline config-
uration model without any forebody cavities. The next three models

Table 2 Parameters for 2007 MSL geometry

Parameter Full scale Test model
R, m 2.0249 0.0635
R,, m 0.9853 0.0309
Ry, m 0.0988 0.0031
Ry, m 0.3543 0.0111
L,m 2.9088 0.0913
n, deg 20.0 20.0

&, deg 70.0 70.0

¢, deg 33.6 33.6

Table 3 Parameters for 2007 MSL control
surface configuration

Parameter Blended tab Blended shelf
Res, m 0.0718 0.0718

t, m 0.0042 0.0042

B, deg 60.00 70.00

X, deg 23.05 30.11

7, deg 15.99 21.88

Table 4 Cavity numbering system

for the 2007 MSL
Cavity number r/R weg, M
1 0.70 0.076
2 0.70 0.056
3 0.70 0.038
4 0.41 0.076
5 0.41 0.056
6 0.41 0.076

were the 2007 MSL cavity parametric models. They had a total of
six cavities each located at 60-deg increments apart around the fore-
body (Fig. 4). Each cavity had a different radial location/diameter
combination in an attempt to reduce the total number of runs re-
quired. (If each cavity on a model would have been the same, six
times the number of runs would have been required for the same
amount of data.) Each of the six cavities has been given a number
(Table 4, Fig. 4). The forebody would have six cavities of the same
size and radial location spaced at 60-deg increments, although the
final size and locations were not fixed for the flight vehicle.

To identify the cavity locations as model orientation changed, two
angles were defined. First, the model orientation angle ¢ is defined
as 0 deg when cavity 1 is on the vertical upright in an image and
increases as the model is rotated counterclockwise (Fig. 4). The
second angle 6 is the cavity orientation angle measured clockwise
from the vertical upright in an image (f =0 deg on the vertical
upright regardless of the value of ¢).

Smooth models (without cavities) of each control surface con-
figuration were fabricated along with three cavity versions for the
blended tab configuration (see Fig. 5 and Table 3). All cavities for
the blended tab configuration were located at r/R = 0.41 and were
the largest diameter studied from the baseline configuration. The
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oy o Wi=3.0in.

* Wg=2.2in.
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Fig. 4 2007 MSL model and cavity orientation.

a) T-5-3B

c¢) T-5-3D
Fig. 5 2007 MSL blended tab cavity configurations.

first cavity configuration, T-5-3B, had a cavity located on the model
symmetry plane with the five other cavities located at 60-deg incre-
ments around the model. The second configuration, T-5-3C, had a
cavity offset 30 deg to each side of the model symmetry plane with
four other cavities located at 60-deg increments around the model.
The final configuration, T-5-3D, had one cavity 25 deg off the sym-
metry plane and another cavity located 35 deg off the symmetry
plane.

Throughout this report, reference will be made to windward and
leeward surfaces of the forebody. The region above the nose in
the forebody images will be referred to as the leeward side of the
forebody; and the region below the nose in the forebody images will
be referred to as the windward side of the forebody.

Fig. 6 Example data ex-
' traction lines.

(Data extractions shown as black lines.)

Data Reduction

One-dimensional, semi-infinite solid heat-conduction theory'*
was used to compute surface heating distributions from the
global surface temperature data acquired through the technique of
two-color, relative-intensity, phosphor thermography. A constant
heat-transfer coefficient is assumed in this theory, and empirical
corrections'* are made to account for changes in model substrate
thermal properties with temperature. Phosphor images were ac-
quired shortly after injection of the model to the tunnel centerline,
which requires less than 1 s.

Small, circular marks were placed on all models to aid in data
reduction and model orientation. These fiducial marks do not in-
fluence the flow over the model surface. The fiducial marks can be
seen in run images as dark dots and should not be confused with
cavities.

Data cuts were extracted from the heat-transfer images. Example
data extraction locations from the baseline configuration are given
in Fig. 6. These locations are assumed to run along the streamline
emanating from the cavities. Other data cuts were simply extracted
along the symmetry plane. Results are presented herein in terms of
a nondimensional heat-transfer coefficient ratio &/ hggr, where hgg
is the theoretical heating computed with the Fay—Riddell'® method
for a 0.0309-m sphere (which is the radius of the spherical portion
of the nose of the test models) at 300 K. The heating ratios presented
herein are not equal to one at the nose of the vehicle because the
effective radius of the sphere cone is larger than the radius of the
nose, which decreases the heating ratio. If the heating ratio is off
scale in an image, it appears as a pink region (but is not out of the
range of the phosphor system).

Error Analysis

The estimated experimental uncertainty of the thermographic
phosphor system is a function of fluorescent intensity, which is
dependent on model surface temperature. For higher temperatures
(greater than 400 K), such as those of the forebody, the uncertainty'*
is approximately +8% to 10%, whereas for lower temperatures
(less than 325 K), such as those on the afterbody, the uncertainty is
approximately 15 to +20%. Additional measurement uncertainty
can be introduced as a result of heat conduction in high-gradient
regions such as the shoulder of the vehicle. This uncertainty is es-
timated to vary from less than £5% at the lowest test Reynolds
numbers to greater than 10% at the highest Reynolds numbers.

Uncertainties can be introduced when extracting line-cut data
from an image as a result of perspective distortion of the image, lack
of pixel resolution in high-gradient regions, and lack of precision in
locating the fiducial marks. These errors are estimated to be less than
+5% on relatively flat surfaces and up to £10% on highly curved
surfaces.

A square root of the sum-of-the-squares estimate for the total
uncertainty based on the preceding factors gives a worst-case ex-
perimental uncertainty range of £13% on flat areas of the forebody
to £25% on the afterbody at high Reynolds numbers. In addition to
the sources of experimental uncertainty just listed, additional uncer-
tainty can also be introduced by early or asymmetric transition as a
result of model surface roughness, including cavity rim roughness.
The onset of transition is influenced by the roughness of the model
surface, which tends to degrade slightly over the length of a test
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because of handling of the model and pitting of the model surface
from particle impacts. Some variation in the roughness of the phos-
phor coating from model to model can also be expected. Because
this uncertainty increases over time and varies from model to model,
no fixed value for the uncertainty is assigned. Instead, if anomalous
results are noted when viewing trends in the heating data, such as in
the Reynolds-number effects, the respective run images should be
examined for signs of early or asymmetric transition.

a)Experimental heating. b) Computational heating.

; y
I O .
00 01 02 03 04 05 06 07 08

1.20 L} L] T L} I T T Ll U | T T L} T | T T 1 Ll
i LAURA: Re_ = I1.15¢6/m ]
1.00 [ . Exp: Lee View, Re _ = 9.84e6/m ||
- . Exp:  Wind View, Re e = 9.84¢6/m 1
0.0 | ]
h/hm
0.60 A =
[ ‘I.l' -
0.40
0.20 [
0.00 B [ S T B | [ T T | T R N 1
-1.00 -0.50 0.00 0.50 1.00
R

Fig. 7 Comparison of experimental and computational results at
Reso =9.84 X 10%/m and o = 16 deg.
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Test Matrix and Tunnel Conditions

The data were collected at angles of attack of 0, 11, 16, and
20 deg, a sideslip angle of 0 deg, and freestream Reynolds num-
bers between 6.89 x 10%/m and 23.95 x 10°/m. The nominal and
achieved test conditions are presented in Table 1. Although the test
gas and flight gas are dissimilar, the boundary-layer-edge condi-
tions are similar’ and the wind-tunnel reproduced values of Rej
the vehicle will experience through its trajectory (see Fig. 3).

Flowfield Computations

Computational Method

Computations were performed using the LAURA”® code (ver-
sion 4.9.2). The LAURA code is a three-dimensional, finite volume
solver, which includes perfect-gas, equilibrium, and nonequilibrium
chemistry models. The code can be used to solve the inviscid, thin-
layer Navier—Stokes or full Navier—Stokes equations. For the current
study the thin-layer mode was employed; it was concluded in Ref. 2
from computations on the GSRC that this mode provided accu-
rate results for attached forebody flows. Time integration to steady
state in LAURA is accomplished through a point-relaxation scheme.
Roe averaging!” with Harten’s entropy fix'® and Yee’s symmetric
total-variation-diminishing limiter® is used for inviscid fluxes, and
a second-order scheme is employed for viscous fluxes. In this study,
the perfect-gas air model was used.

Freestream conditions for the LAURA wind-tunnel computations
were set to the nominal freestream operating conditions of the NASA
Langley 20-Inch Mach 6 Air Tunnel, which are listed in Table 1.
For the computations, a uniform, ambient 300 K wall temperature
boundary condition was imposed. The use of a constant wall temper-
ature is valid because the experimental data are reported in terms
of the nondimensional ratio //hrg, Which is assumed to remain
constant with wall temperature.

A structured, finite volume, multiple-block grid with a
singularity-free nose block was employed for the 2007 MSL com-
putations. The grid blocks contained approximately 230,000 points
with a body-normal (k-index) resolution of 65 points. Grid adapta-
tion was performed (as per the method detailed in Ref. 8) to align the

b) © (mm) oM, d) dplds (kPa/m)

Fig. 8 Effect of angle of attack on boundary-layer properties at Re, = 9.84 x 10%/m.
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grids with the bow shock and to produce nominal wall cell Reynolds
numbers on the order of Re . = 10.

A comparison between measured experimental heating and com-
putational heating predictions for the 2007 MSL can be seen in
Fig. 7. The computed laminar heating distribution agreed with the
experimental data to within the estimated uncertainty. For a com-
plete discussion of computational comparisons to the current ex-
perimental aeroheating data and the development of the transition
correlation, see Ref. 9.

345

Boundary-Layer Analysis

To evaluate 2007 MSL boundary-layer properties, an algorithm
was written to postprocess the LAURA output files in order to ex-
tract boundary-layer-edge conditions. The boundary-layer height §
was defined as the distance along the wall surface normal at which
the stagnation enthalpy was equal to 99.5% of the freestream value.
Flow properties were interpolated at discrete points along the wall
surface normal, and a numerical integration was performed to cal-
culate the boundary-layer momentum thickness ®. The streamwise

b) © (mm) c) e

d) dp/ds (kPa/m)

Fig. 9 Effect of freestream Reynolds number on boundary-layer properties at o =16 deg.
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Fig. 10 Smooth model centerline heating and images.
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pressure gradient and Mach number were also calculated at the
boundary-layer edge. Boundary-layer-edge quantities such as these
are used in Ref. 9 to formulate the boundary-layer transition criteria.
Sample results are shown in Figs. 8 and 9.

As the angle of attack was increased, the stagnation point moves
off the spherical nose onto the windward conic section of the fore-
body (Fig. 8). The boundary-layer height on the windward surface
of the forebody decreased as angle of attack was increased, while
increasing on the leeward surface of the forebody (Fig. 8). The
momentum thickness on the windward surface of the forebody de-
creased as angle of attack increased, while increasing on the lee-
ward surface (see Fig. 8). The boundary-layer-edge Mach number
increased on the leeward surface of the forebody and decreased on
the windward surface as angle of attack was increased, in general
(Fig. 8). The edge Mach number of the 2007 MSL never exceeded
1.0, except at the shoulder. The streamwise pressure gradient in-
creased along most of the symmetry plane as angle of attack was
increased (especially just downstream of the geometric symmetry
axis and near the stagnation point), but decreased just upstream of
the geometric symmetry axis and along rays approximately 60 deg
off of the windward centerline (Fig. 8).

As the Reynolds number was increased, both the boundary-layer
height and momentum thickness decreased over the entire forebody
(Fig. 9). The edge Mach number remained approximately constant
(decreased slightly; Fig. 9). The streamwise pressure gradient de-
creased over all of the forebody as the Reynolds number was in-
creased, except directly downstream of the geometric symmetry
axis (Fig. 9).

Experimental Results

Forebody of Baseline Smooth Configuration

The nondimensional heating data from the smooth baseline 2007
MSL model are plotted along the model centerline (Fig. 10). The
data are plotted vs the nondimensional distance ratio r/ R, where r
is the radial distance from the geometric center of the model and R
is the maximum radius.

All data collected on the smooth baseline 2007 MSL model are
believed to be laminar. The heating ratio &/ hgg near the nose varied
from approximately 0.68 at 0-deg angle of attack to approximately
0.72 at 20-deg angle of attack. This was generally the location of
highest heating on the forebody, the exception being the windward
shoulder at 20-deg angle of attack.

The heating ratio on the leeward surface decreased to values rang-
ing from approximately 0.28 to 0.40 as angle of attack decreased
from 20 to 0 deg and remained at these levels to the shoulder. Heating
levels began to rise as the flow reached r/R of approximately 0.9.
The rapid expansion of the inviscid flow around the corner forms a
large favorable pressure gradient, which results in a reduction of the
boundary-layer thickness. This increased heating near the shoulder
increased with Reynolds number because of a further decrease in
boundary-layer height.

The heating ratio on the conical portion of the windward surface
decreased to approximately ./ hgr =0.50 for all nonzero angles
of attack (h/hgr =0.40 for o =0 deg), then increased to between
h/hpr =0.46 at « =0 deg up to h/hpr =0.75 at @ =20 deg near
the shoulder because of the expansion of the flow around the corner
to the vehicle afterbody.

Forebody of Baseline Cavity Parametric Configuration

The nondimensional heating data from the cavity parametric mod-
els were plotted (Fig. 11) beginning at the cavity centers and con-
tinuing along the center of the transitional/turbulent wedge, which
extended downstream from the cavity to the shoulder, and are as-
sumed to correspond to a surface streamline. When a cavity did
not produce a wedge of increased heating, the cut locations were
determined from a run that did trip the flow. The heating data are
plotted vs the nondimensional distance s/ R, which is the wetted dis-
tance from the center of the cavity over the surface of the model to
the shoulder of the model nondimensionalized by the model radius.
Although heating data from within the cavities were not acquired,
the downstream effects were studied. A cavity’s ability to influence
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Fig. 11 Effect of cavity diameter at o =16 deg and 6 =240 deg.

these parameters will be referred to as its effectiveness. Only a small
subset of the database is presented herein.

The presence of a cavity can result in high, localized heating at
the downstream edge of the cavity because of flow separation and
reattachment within the cavity and can be accompanied by viscous
effects downstream of its location (i.e., boundary-layer transition).

The larger the cavity size, the greater the effect on both local
heating and the state of the boundary layer (see Fig. 11). The effec-
tiveness of the cavities ranged from little or none up to an increase in
localized heating levels of approximately 250% and in downstream
heating levels of approximately 325% for Re,, =23.95 x 10%/m
(Fig. 11).

As Reynolds number was increased, the effectiveness of a cavity,
regardless of its size, location, or the model angle of attack, increased



LIECHTY, HOLLIS, AND EDQUIST 347

6
5 1
Approximate data
extraction lines:
4 2
3
hihgg,
0.8
0.7 3
a) Re=9.84x10"/m
0.6
0.5
04 b) Re,, = 1.38x10"/m
0.3
0.2
©) Re,=1.64x10"/m
0.1
0.0

d) Re, =2.40x10"/m

— RE = 9.84E6/m, baseline
—@—Re  =8.53E6/m

—&—Re =1.38E7/m
—©—Re_=1.67E7/m

—B-Re_ = 9.84E6/m —HB~Re = 1.90E7/m
—&—Re_=1.12E7/m —6—Re _ =2.40E7/m
1.50
1.25
1.00

hh_,

0.75

0.50

0.25

0.00
000 020 040 __060 080  1.00
f) 6 =300-deg, w, = 0.0762m
1.50
1.25 |4
1.00 APV s s N
wey N RSN
FR
0.75 \\?gg/p T /"/ P\
0.50
0.25 |
0.00

0.00 0.20 0.40 SR 0.60 0.80 1.00
e) @=240-deg, w, = 0.0762m
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(Fig. 12). This is because the height of the boundary layer and
momentum thickness decreased as Re,, increased. As the ratio of
the characteristic dimension of a disturbance (cavity size) to the
characteristic height of the boundary layer (height or momentum
thickness) increases, the more effect the disturbance will have on
the state of the boundary layer.

As angle of attack was increased, the effectiveness of a cav-
ity was strongly influenced by its location on the forebody. Cav-
ities that became more effective were located at both radial lo-
cations for 6 =120 and 240 deg and at r/R=0.41 for 6 =60
and 300 deg (Fig. 13). These locations correspond to regions at
which both § and ® either remained constant or decreased slightly
as angle of attack increased. The cavities that became less ef-
fective were located at both radial locations at # =0 deg and at
r/R=0.70 at 6 = 60 and 300 deg (Fig. 13). These locations corre-
spond to regions at which § and ® were increasing with angle of
attack. The windward centerline cavities remained essentially in-
effective over the angle-of-attack range studied. A local increase
in heating levels was observed, but no downstream effect was
recorded.

When a cavity caused the boundary layer to become transitional
for the nonzero angles of attack studied, there were two distinct
trends the downstream heating levels followed. The first trend was
an immediate increase in the heating level, followed by a gradual de-
crease and then gradual increase with s / R for higher Reynolds num-
bers (Fig. 12e). This was interpreted as an immediate tripping of the
boundary layer to transitional/turbulent, followed by a gradual re-
laminarization (with further transition occurring at higher Reynolds
numbers). Cavities exhibiting this behavior were located at both ra-
dial locations at 8 =120, 180, and 240 deg at all angles of attack,
aswellasatr/R=0.41 at @ =60 and 300 deg at = 11 deg. These
locations correspond to regions where § and ® were relatively low
(compared to the second pattern) and the downstream pressure gra-
dients were strongly negative. The second trend was an immediate,
relatively small increase in heating downstream of the cavity fol-
lowed by a gradual increase in heating levels (see Fig. 12f). This
was interpreted as a small initial disturbance introduced into the

3 Penetration

0.8

0.6

0.4

0.2

0.0

) 0.=20-deg, ¢ = 120° f) o=20-deg, 6 = 180°

Fig. 13 Effect of angle of attack for Reo = 1.12 X 10%/m at ¢ = 180 deg.

boundary layer, followed by a transition toward turbulence. Cavi-
ties exhibiting this behavior were located at both radial locations at
0 =0deg and at r/R =0.70 at 8 = 60 and 300 deg at all angles of
attack. The r/R = 0.41, & = 60 and 300 deg locations were included
in this pattern at « = 11 deg. These locations correspond to regions
where § and ® were relatively large (compared to the first pattern)
and the downstream pressure gradients were greater than those of
the first pattern.
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Fig. 16 Effect of Re, and « on blended tab cavity configurations.

Forebody of Control Surface Smooth Configurations

Heating images for the smooth 2007 MSL control surface models
(no cavities or discrete trips) are shown at Re,, =9.84 x 10%/m
and Re,, = 1.90 x 10"/m in Fig. 14. The corresponding centerline
heating ratio &/ hgg is plotted vs the nondimensional distance ratio
r/R in Fig. 15.

The presence of the blended shelf had little effect on the cen-
terline heating distribution. The only effect it had was to increase
the running length compared to the baseline model. The increase in
heating attributed to the expansion of the flow around the corner of
the baseline configuration is simply moved outboard to the corner
of the blended shelf.

The blended tab, which was offset 10 deg into the flow from the
forebody, produced a compression surface, which created a sepa-
ration region upstream of the hinge line and increased the heating
levels on the surface of the blended tab. At the lowest Reynolds
number (Re,, =9.84 x 10°/m; Figs. 15a—15c¢), the size of the sep-
aration region increased with angle of attack. The heating ratio on
the blended tab increased with angle of attack, which might at first
seem counterintuitive because the blended tab became more oblique
to the freestream flow because it was on the leeward surface. How-
ever, because the size of the separation region was increasing with
angle of attack, it was more likely to reattach in a transitional state,
thereby increasing the heating ratio. At the highest Reynolds num-
ber (Res = 1.90 x 107/m; Figs. 15d-15f), the size of the separa-
tion region upstream of the blended tab decreased compared to the
Rey, =9.84 x 10%/m cases. The trend of increasing heating rates on
the blended tab as angle of attack was increased was augmented for
the o = 20-deg case at the higher Reynolds number. The transitional
reattachment at this angle of attack increased the heating ratio on
the blended tab by approximately 160%.

Forebody of Control Surface Cavity Configurations

It has been shown herein that the cavities located on the leeward
side of the forebody of the proposed 2007 MSL are more likely to
cause boundary-layer transition than those on the windward side.
Because of this, the effects of cavity placement on blended tab heat-
ing were studied at varying angles of attack and Reynolds numbers.

The cavities that influence heating levels on the blended tab
must first be identified. Figures 16a and 16b show model config-
urations T-5-3B and T-5-3C, respectively, at « = 16 and 20 deg and
Reo, =8.53 x 10%/m, 1.12 x 10’/m, and 1.38 x 107/m. Figure 16¢
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R

Fig. 17 Comparison of experimental (tripped) and computational
(fully turbulent) flow at Reo, =1.90 X 107/m and o =16 deg.

shows model T-5-3D at « =20 deg and Re., = 1.67 x 10’/m and
1.90 x 10”/m. The cavities located 60 deg or more off the leeward
centerline did not affect the heating rates on the blended tab at either
angle of attack tested, while those offset 30 deg from the centerline
did at o = 16 deg at the highest Reynolds number. The cavities off-
set 25 and 35 deg off of the leeward centerline did affect heating on
the blended tab at o« =20 deg.

At o =16 deg, the leeward centerline cavity (Fig. 16a) and the
cavities located 30 deg off centerline (Fig. 16b) had an effect on
local aeroheating for the blended tab for the Reynolds numbers
tested. However, at @ =20 deg (right-hand columns in Figs. 16a
and 16b), by the time the cavities became effective, the separated
shear layer in front of the tab was already transitional, so that the
heating on the blended tab was already elevated.

It is recommended that the cavities be placed 30 deg off of the
leeward centerline and then at 60-deg intervals around the forebody,
as configuration T-5-3C (Fig. 16b) demonstrates. This is suggested
because the cavity on the leeward centerline is more effective than
those placed 30 deg off of the centerline, causing higher heating for
a given Reynolds number.

The effect a cavity on the leeward centerline had on blended tab
heating rates and distributions will now be examined. These data for
a cavity will be compared to data without cavities but with discrete
trips placed near the leeward sphere-cone juncture (r/R =0.15)
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of the model. The results with discrete trips are included to pro-
vide fully turbulent cases for comparison to the transition results
corresponding to the presence of the cavity. A comparison of the
discrete trip data on the blended tab configuration and a fully tur-
bulent computation® on the baseline configuration at & = 16 deg,
Rey, =1.90 x 107/m is shown in Fig. 17. The discrete trip has an
initial overshoot downstream of the trip compared to the compu-
tation. This is attributed to the effects of the presence of the trip
such as a local shock and vortices generated by the trip. The bound-
ary layer is typically referred to as fully developed turbulent flow
when a “plateau” is reached (located at approximately r/R = 0.5
in Fig. 17). This plateau compares within experimental uncertainty
with the prediction.

Global heating distributions for a range of Reynolds numbers are
shown in Fig. 18a at « =16 deg and in Fig. 18b at o =20 deg.
Corresponding leeward centerline data are plotted in Figs. 19a—19c¢
and 19d-19f, respectively. In general, as the Reynolds number was
increased the heating ratio downstream of the cavities and discrete
trips increased. At the lowest Reynolds number (Figs. 19a and 19d),
the cavity had no effect on the heating ratio compared to the smooth
blended tab on the forebody of the model. The o = 20-deg blended
tab heating, however, did increase slightly.
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Fig. 20 Leeward afterbody heating at oo =11 deg.

For the a = 16-deg data (Figs. 19a—19c), the tripped blended tab
heating distributions were approximately 50% higher than the lam-
inar blended tab heating distributions over the Reynolds-number
range tested. At @ =20 deg, however (Figs. 19d-19f), the sepa-
rated shear layer for the smooth blended tab configuration becomes
transitional/turbulent, especially at the higher Reynolds numbers
tested (Fig. 19f). The smooth blended tab model heating was ac-
tually higher than those from the tripped blended tab model. This
elevation in untripped downstream boundary-layer heating rates on
control surfaces tested in ground facilities has been observed for
X-33 body flap heating'? and is believed to be caused by the tripped,
thicker boundary layer reattaching the deflected surface earlier, re-
sulting in a smaller separation region and lower turbulent reattach-
ment heating levels. The laminar separation yields flow reattachment
that is transitional and heating that is characteristically higher than
turbulent results.

When the flow downstream of a cavity did become fully turbulent
(Figs. 19c and 19f), the plateau reached was above that of the fully
turbulent tripped data. This is attributable to both local effects from
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Fig. 21 Windward afterbody centerline heating distribution.
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the presence of the cavity (as discussed earlier with the discrete trip)
and because of the increased running length upstream of the cavity.
The boundary-layer thickness at the cavity was greater than that at
the discrete trip. For a detailed discussion on computed turbulent
levels and comparison to the baseline configuration, see Ref. 9.

Effect of Cavities and Control Surfaces on Leeward Afterbody Heating

Leeward afterbody heating images for both the baseline and
blended tab configurations are shown in Fig. 20c for an angle of
attack of 11 deg. (Note that the color scale has been decreased from
amaximum of 4/ hgg = 0.8 to h/ hgg = 0.5.) This angle of attack is
taken as representative of the three angles tested. The other two (16
and 20 deg) are similar. The corresponding centerline nondimen-
sional heating data are shown in Figs. 20a and 20b. Heating data are
plotted vs the nondimensional distance z/ R, where z/ R = 0.38 is the
location of the corner of the baseline configuration. The uncertainty
in this data was approximately +25% because of the much smaller
increase in surface temperature than which was measured on the
forebody during a run. All heating ratios were below i/ hgg = 0.05,
which was significantly lower than those of the forebody. There is
also a slight difference between the afterbody heating for the base-
line configuration compared to the blended tab configuration. The
blended tab configuration heating levels were generally lower than
those of the baseline configuration.

For the cases when the forebody cavities tripped the boundary
layer, the boundary layer relaminarized at the corner because of the
strong negative pressure gradient. Thus, the cavities had no effect
on leeward afterbody heating.

Windward Afterbody Heating

Windward afterbody centerline heating distributions are shown
in Fig. 21. Heating data are plotted vs the nondimensional distance
z/R. Once again, the temperature rise during a run was small com-
pared to that of the forebody, so that the error was approximately
+25%. As angle of attack was increased from 11 to 20 deg, the
heating ratio on the windward centerline increased. An increase in
heating was also seen as Reynolds number increased, especially
at « =20 deg. A comparison to computations is included for the
o = 20-deg case in Fig. 21c. Good agreement (well within the £25%
uncertainty) between prediction and experiment was achieved.

Conclusions

An experimental aeroheating study was conducted on the Mars
Science Laboratory aeroshell in the NASA Langley 20-Inch Mach
6 Air Tunnel using the technique of phosphor thermography. This
test was conducted to determine whether heat-shield cavities had an
impact on forebody heating, to determine the aeroheating charac-
teristics for several control surface configurations (the blended shelf
and blended tab), and to determine the effects of forebody cavities
had on control surface heating distributions and levels. The after-
body heating was also examined to determine what, if any, impact
the cavities and control surfaces had on the afterbody environment.

This study was complemented by an analysis of boundary-layer
quantities obtained from thin-layer, laminar, Navier—Stokes flow-
field solutions. The computational results quantified the boundary-
layer height, momentum thickness, edge Mach number, and stream-
wise pressure gradient as functions of freestream Reynolds number,
angle of attack, and location on the aeroshell forebody.

Baseline configuration cavity parametric model heating data
showed that the effectiveness of a cavity depended on the cavity
diameter, boundary-layer height, and momentum thickness. As the
cavity diameter increased, the effectiveness of the cavity increased.
As the boundary-layer height decreased, the effectiveness of a cavity
increased. The presence of a cavity was shown to cause the increase
in local heating levels by as much as 250% and downstream heating
levels by as much as 325% because of boundary-layer transition.

The presence of the blended shelf had little effect on the proposed
2007 MSL aeroshell forebody heating. The only effect it had was
to increase the running length compared to the baseline model (no
control surface). The blended tab, which was offset 10 deg into the

flow from the forebody, produced a compression surface and created
a separation region upstream of the hinge line, which increased the
heating levels on the surface of the blended tab. At the highest value
of Reynolds number tested and 20-deg angle of attack, the separated
shear layer reattached transitionally, causing heating rates greater
than those at the nose of the vehicle.

The cavity locations that influence heating levels on the blended
tab were identified for a radial location of /R = 0.41. It was found
that cavities offset 60 deg or more off of the leeward centerline did
not impact blended tab heating for the angles of attack studied, but,
cavities up to at least 35 deg off of the leeward centerline did.

Blended tab heating levels were studied for several cavity and dis-
crete trip configurations. Discrete trips located at 7/ R = 0.15 caused
the boundary layer to transition immediately, resulting in an over-
shoot in the heating ratio, followed by fully turbulent heating. For
the highest Reynolds number, fully turbulent heating levels were
reached, but were higher than the tripped fully turbulent case be-
cause of the increase in running length and local effects from the
cavity.

For the cases where the boundary layer was tripped upstream
of the blended tab, heating was generally higher than for the un-
tripped cases, the exception being at an angle of attack of 20 deg
for the highest Reynolds number, where the smooth configuration
experienced higher tab heating levels as a result of the transitional
reattachment heating levels being higher than the turbulent levels.

Afterbody heating levels were examined to determine the effects
of the presence of the cavities and control surfaces. It was found that
the forebody cavities had negligible effects on afterbody heating,
and control surfaces decreased leeward afterbody heating slightly.

The study concluded that forebody cavities did indeed have an
impact on heating levels of the Mars Science Laboratory by aug-
menting local and downstream heating. These results contributed
to the decision to eliminate cavities from the design of the Mars
Science Laboratory.
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