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ABSTRACT

Several configurations, having a Viking aeroshell heritage and providing lift-to-drag required for precision land-
ing, have been considered for a proposed Mars Smart Lander. An experimental aeroheating investigation of two con-
figurations, one having a blended tab and the other a blended shelf control surface, has been conducted at the NASA
Langley Research Center in the 20-Inch Mach 6 Air Tunnel to assess heating levels on these control surfaces and their
effects on afterbody heating. The proposed Mars Smart Lander concept is to be attached through its aeroshell to the
main spacecraft bus, thereby producing cavities in the forebody heat shield upon separation prior to entry into the
Martian atmosphere. The effects these cavities will have on the heating levels experienced by the control surface and
the afterbody were also examined. The effects of Reynolds number, angle-of-attack, and cavity location on aeroheat-
ing levels and distributions were determined and are presented. At the highest angle-of-attack, blended tab heating
was increased due to transitional reattachment of the separated shear layer. The placement of cavities downstream of
the control surface greatly influenced aeroheating levels and distributions. Forebody heat shield cavities had no effect
on afterbody heating and the presence of control surfaces decreased leeward afterbody heating slightly.
NOMENCLA TURE

h heat transfer coefficient, h=q/(Haw-Hw),

(slug/ft2/s or kg/m2/s)
H enthalpy (BTU/lbm or J/kg)
L length of vehicle from nose to base (in. or m)
M Mach number

q surface heat transfer rate (BTU/ft2/s or W/m2)
R model reference radius (in. or m)
Rb model base radius (in. or m)
Rn model nose radius (in. or m)
Rc model corner radius (in. or m)
Re unit Reynolds number (1/ft or 1/m)
r radial distance from symmetry axis (in. or m)
U velocity magnitude (ft/s or m/s)
w cavity diameter (in. or m)
z distance along symmetry axis from nose (in. or

m)
α angle-of-attack (deg)
η forebody half angle (deg)
γ ratio of specific heats

θ cavity orientation angle (deg)

ρ density (slug/ft3 or kg/m3)
ξ first afterbody cone angle (deg)
ζ second afterbody cone angle (deg)

Subscripts

∞ freestream static conditions
aw adiabatic wall conditions
D model diameter (in. or m)
FR conditions from Fay-Riddell calculation for a

hemisphere
fs full scale dimensions
w conditions evaluated at the wall

INTRODUCTION

The next generation of Mars landers1 are being
designed to enable precision landings at specific lo
tions of particular scientific interest. The first generatio
entry, descent and landing systems, such as Viking 
Pathfinder, achieved successful landings on Mars, 
were limited in accuracy to landing sites on the order
hundreds of kilometers. The second generation land
or smart landers, will provide scientists with the oppo
tunity to select a particular region of interest and la
within three kilometers of the intended target.

As described in Ref. 1, the baseline Mars Sm
Lander (MSL) aeroshell configuration, which has n
control surface, provided a low ballistic coefficient for 
given vehicle mass, could provide a lift-to-drag ratio 
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0.18, and had significant flight heritage (e.g., Viking
However, different aeroshell configurations were co
sidered to meet the lift-to-drag requirement of 0.22 
0.25 in order to provide a precision landing. The bas
line concept is capable of achieving these values
lift-to-drag by utilizing ballast to provide a radial cen
ter of gravity (c.g.) offset, such that the vehicle trim
at an angle-of-attack. The ballast required to achie
the radial c.g. offset, however, is not insignificant.

In an attempt to save weight, tab and shelf confi
urations (Fig. 1) were investigated for application 
the smart lander. The tab concept is inclined into t
flow with respect to the forebody, while the shelf is a
extension of the forebody. Tab concepts were inves

gated as early as 19612, and considered again for the
cancelled Mars Surveyor 2001 Precision Lander m
sion. Both the tab and shelf concepts can be sized
achieve the required lift-to-drag ratio of 0.22-0.25 
an angle-of-attack of approximately 16-deg. Th
advantage of the tab concepts compared to the s
concepts are that the tabs can be smaller, due to
higher pressure produced on the tab. A screening w
performed of several tab configurations in the LaR
20-Inch Mach 6 CF4 Tunnel to assess the aerohea
environments. From these results and computatio

studies3,4 to optimize the shape of the tab, the curre
blended tab configuration (Fig. 1.a) was selected. T
current blended shelf configuration (Fig. 1.b) wa

similarly optimized3,4.

The design1 of the proposed MSL aeroshel
requires that it be attached to the main spacecraft 
by way of six structural inserts which pass throug
holes in the forebody heat shield (Fig 2). When t
aeroshell is separated from the spacecraft bus prio
entry into the Martian atmosphere, the bolts are s
ered and retracted, which forms cavities. The prese
of these cavities in the heat shield during entry m
result in high, localized heating at the downstrea
edge of the cavities due to flow separation and re
2
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tachment within the cavities; and may be accomp
nied by a heating augmentation downstream of t
cavities due to a change in the state of the bound
layer from laminar to transitional or turbulent. Refs.
and 6 discuss the effects of cavities on the propos
MSL aeroshell forebody aeroheating. The Gene
Sample Return Capsule (GSRC) also has forebo
heat shield cavities. A study of the effect of forebod
heat shield cavities was conducted on the GSRC, 
it has a different forebody half angle than the MS
The GSRC aeroheating environment is discussed
Ref. 7. These transitional/turbulent wedges m
impact the control surfaces and result in increas
heating.

The goal of the present study was to determi
experimentally how the presence of forebody caviti
would affect the heating levels on control surfaces a
the afterbody of the proposed MSL. References 5 a
6 have shown that the cavities will have an effect 
forebody heat shield aeroheating for the propos
MSL, but the impact that the cavities would have o
the control surfaces and vehicle afterbody was n
addressed in these references. Tests were conduct
nominal conditions of Mach 6 in air (perfect gas; γ =
1.4) with freestream Reynolds numbers from 2.1x16

to 5.8x106 per foot, resulting in Reynolds number

based on diameter of 8.75x105 to 2.42x106. A range
of angles-of-attack from 11-deg to 20-deg was stu
ied. The largest nominal cavity size from Ref. 
(3.0-in. full scale diameter) was tested at the inn
radial location (41% of the model radius) at variou
angular locations with respect to the symmetry plan
Discrete trips were placed upstream of the control s
faces to transition the flow from laminar. Windwar
Figure 1:  MSL control surface configurations.

a)  Blended Tab. b)  Blended Shelf.
as
C

ting
nal

nt
he
s

l
bus
h

he
r to
ev-
nce
ay
m
at- Figure 2:  MSL Cruise Configuration.
ronautics and Astronautics



                        

e

   

s
ry,
ure
 gas
 of

   

ed

        

u-
 of

  

 in
ble
s-
)
 of
lor
ent
ci-
a-
by
s,

be
re
c-
n.
ed
al,

  

is

         
afterbody heating distributions were also measur
Global heating distributions were measured usi
thermographic phosphors.

EXPERIMENT AL METHODS

Test Facility

Aeroheating tests were conducted in the NAS
Langley 20-Inch Mach 6 Air Tunnel. This is a blow
down facility in which heated, dried and filtered air 
used as the test gas. The tunnel has a two-dim
sional, contoured nozzle that opens into a 20.5-in. 
20-in. test section. The tunnel is equipped with a b
tom-mounted injection system that can transfer
model from the sheltered model box to the tunnel ce
terline in less than 0.5 seconds. Run times of up to
minutes are possible in this facility, although for th
current aeroheating test, run times of only a few m
utes were required (models are only exposed to 
flow for a few seconds). The nominal reservoir cond
tions of this facility are stagnation pressures of 30 
500 psia (206.8 to 3447.4 kPa) with stagnation te
peratures of 760-deg to 1000-deg R (422.2 to 55
K), which produce perfect gas freestream flows wi
Mach numbers between 5.8 and 6.1 and Reyno

numbers of 0.5x106 to 7.3x106 per foot (1.64x106 to

23.95x106 per meter). A more detailed description o
this facility is presented in Ref. 8. 

Although the test facility does not simulate th
heavier than air aspect of the Martian atmosphere
provides the values of ReD experienced during the
hypersonic portion of the flight trajectory as well a
the values of ReΘ and w/δ (transition correlations for
the wind tunnel cases and for flight are presented
3
American Institute of Ae
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Refs. 6 and 9). Figure 3 shows the values of ReD that
the proposed MSL will experience throughout th
entry trajectory along with the range of values of ReD

tested in the 20-Inch Mach 6 Air Tunnel. The value
tested capture the majority of the vehicle’s trajecto
including the peak heating and peak dynamic press
points. Because of the differences between the test
and the Martian atmosphere, experimental values
ReD which were above the values from the comput
trajectory were tested in order to match values of ReΘ
and w/δ in flight.

Phosphor Thermography Technique

Global surface heating distributions were calc
lated using the digital optical measurement method
two-color, relative-intensity, phosphor

thermography10-13. Ceramic wind tunnel models are
coated with a phosphor compound that fluoresces
two separate regions (green and red) of the visi
light spectrum. During a wind tunnel run, the pho
phor-coated model is illuminated by ultraviolet (UV
light sources, and the resulting fluorescent intensity
the model is recorded and digitized through a co
CCD (charge coupled device) camera. The fluoresc
intensity is dependent on both the intensity of the in
dent UV light and the local model surface temper
ture. The UV intensity dependence is removed 
taking the ratio of the green to red intensity image
from which surface temperature distributions can 
determined through prior calibrations. Images a
acquired before the wind tunnel run and after inje
tion of the model to the tunnel centerline during a ru
Global heat transfer distributions are then comput
from these temperature data using one-dimension

constant heat-transfer coefficient conduction theory13.
The global phosphor thermography technique 

now the standard method for aeroheating studies
Langley’s hypersonic tunnels used for aerothermod
namic studies. The global data obtained using t
method can be used to identify the surface heat
effects of complex three-dimensional flow phenom
ena such as transition fronts, vortex structures, a
shock interactions which are difficult to examin
using conventional discrete-sensor methods such
thin-film resistance gages or coaxial surface therm
couples.

Test Model Description

In order to manufacture ceramic test mode
rapid-prototype, stereolithographic (SLA) resin mod
els were first fabricated based on surface geome
definitions in electronic data files. Wax molds of th
Figure 3:  Values of ReD through MSL trajectory 
with range of tested ReD.
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resin models were made, and then a patented14 silica
ceramic slip casting technique was used to form
ceramic shell of the models. The shell was th
back-filled with a hydraulically setting magnesi
ceramic for strength and support. Finally, the mode
were coated with a mixture of phosphors suspended
a silica-based colloidal binder.

The proposed MSL entry vehicle is a 70-de
sphere-cone with a biconic afterbody (Fig. 4). Thre
configurations are being considered in this stud
First, the baseline configuration (no control surfac
was fabricated as a reference with which to compa
the control surface models. The geometry of the p
posed baseline MSL aeroshell is shown in Fig. 4.a a
its dimensions (full scale and test model) are shown
Table 1. Next, the blended tab configuration has t
same dimensions as the baseline configuration, bu
control surface was added at the corner which 
inclined 10-deg from the forebody heat shield. Th
geometry of the proposed blended tab MSL aerosh
is shown in Fig. 4.b. Finally, the blended shelf confi
uration, which also has the same dimensions as 
baseline configuration, has a control surface added
the corner which is an extension of the 70-deg for
body half-angle. The geometry of the propose
blended shelf MSL aeroshell is shown in Fig 4.c.

The cast ceramic aeroheating models were 5-
diameter, 0.0314-scale representations of the p
posed 13.29-ft diameter Mars Smart Lander aerosh
which were supported with a 1-in. sting mounte
along the symmetry axis. Smooth models, witho
cavities, of each configuration were fabricated 
compare with the configurations with cavities. Fig. 
shows the three cavity configurations that were stu
ied on the blended tab configuration (only leewa
half of model is shown) and a description of the
configurations is listed in Table 2. All cavities wer
located at r/R = 0.41 and had a full scale diameter o
3.0-in. The first configuration, T-5-3B, had a cavit
located on the model symmetry plane with the fiv
other cavities located at 60-deg increments around 
model. The second configuration, T-5-3C, had a ca
ity offset 30-deg to each side of the model symme
plane with four other cavities located at 60-deg incr
ments around the model. The final configuratio
T-5-3D, had one cavity 25-deg off the symmetry plan
and another cavity located 35-deg off the symme
plane. The forebody of the proposed MSL will hav
six cavities of the same size and radial location spac
at 60-deg increments, although the final size and lo
tions have not been determined.

Small, circular marks were placed on the mode
to aid in data reduction and model orientation. The
4
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Table 1: Parameters for MSL geometry.

marks, referred to as fiducial marks, do not influen
the flow over the model surface. The fiducial mar
can be seen in run images as dark dots and should
be confused with cavities.

Throughout this report, reference will be made 
windward and leeward surfaces of the forebody. T
region above the nose in the forebody images will 
5
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e
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Parameter Full Scale Test Model

R (in) 79.72 2.50
Rn (in) 38.79 1.218

Rc (in) 3.89 0.122

Rb (in) 13.95 0.438

L (in) 114.52 3.596
η(deg) 20 20
ξ (deg) 70 70
ζ (deg) 33.6 33.6

blended tab, and blended shelf configurations.
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to Figure 4:  MSL geometries for the baseline, 
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a) Baseline Configuration.

b) Blended Tab Configuration.

c) Blended Shelf Configuration.
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referred to as the leeward side of the forebody; and 
region below the nose in the forebody images will b
referred to as the windward side of the forebody.

Data Reduction

One-dimensional, semi-infinite solid heat con

duction theory13 was used to compute surface heatin
distributions from the global surface temperature da
acquired through phosphor thermography. A consta
heat-transfer coefficient is assumed in this theory, a

empirical corrections13 are made to account for
changes in model substrate thermal properties w
temperature. Phosphor images were acquired sho
after injection of the model to the tunnel centerlin
which requires less than one second. 

Data cuts were extracted from the heat trans
images. Results are presented herein in terms o
non-dimensional heat transfer coefficient ratio, h/hFR,
where hFR is the theoretical heating computed wit

the Fay-Riddell15 method for a 1.2165-in. (3.09 cm
sphere, which is the radius of the spherical portion
the forebody of the test models, with a wall temper
ture of 300 K. 

As detailed in Ref. 13, the estimated uncertain
of the phosphor thermography technique is appro
mately ±13% on the forebody and approximate
±25% on the afterbody.

Test Matrix and Tunnel Conditions

The data were collected at angles-of-attack 
11-deg, 16-deg and 20-deg, a side-slip angle of 0-d
and Reynolds numbers based on model diameter

8.75x105 and 2.42x106. Smooth baseline, blended
tab, and blended shelf configurations were test
along with the three blended tab configuration
including cavities. Both forebody and afterbody me
surements were made. The nominal test conditions 
listed in Table 3.

 

Configuration wfs (in.) Cavity Locations

T-5-3B 3.0 on symmetry plane.
T-5-3C 3.0 30-deg off symmetry 

plane
T-5-3D 3.0 25-deg and 35-deg off

symmetry plane

Table 2: Blended tab configurations.
ReD Re∞∞∞∞
(1/ft)

M∞∞∞∞ T∞∞∞∞
(K)

ρρρρ∞∞∞∞

(kg/m3)

U∞∞∞∞

(kg/m3)

Re∞∞∞∞
(1/m)

hFR

(kg/m2-s)

qFR

(W/cm2)

8.75x105 2.1x106 5.95 62.0 3.35x10-2 938.6 7.07x106 0.283 5.70

1.08x106 2.6x106 5.97 62.2 4.05x10-2 943.0 8.55x106 0.313 6.45

1.25x106 3.0x106 5.98 62.2 4.62x10-2 944.4 9.79x106 0.335 6.95

1.42x106 3.4x106 5.99 61.6 5.29x10-2 940.1 1.13x107 0.356 7.25

1.71x106 4.1x106 6.00 61.3 6.41x10-2 940.4 1.37x107 0.392 7.95

2.125x106 5.1x106 6.02 63.4 7.92x10-2 958.7 1.67x107 0.446 9.92

2.42x106 5.8x106 6.03 62.8 8.99x10-2 955.6 1.91x107 0.474 10.4

Table 3: Nominal flow conditions of the Langley 20-Inch Mach 6 Air Tunnel.
Figure 5:  Blended tab cavity configurations.

60-deg 60-deg

60-deg
60-deg

30-deg 30-deg

25-deg 35-deg

a) T-5-3B

b) T-5-3C

c) T-5-3D
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RESULTS AND DISCUSSION

Smooth Model Aeroheating and Effect of Control
Surfaces

Heating images for the smooth MSL models (n

cavities or discrete trips) are shown at ReD = 1.25x106

in Fig. 6 and at ReD = 2.42x106 in Fig. 7. The corre-
sponding centerline heating ratio h/hFR is plotted vs.
the non-dimensional distance ratio r/R in Figs. 8 and
9, respectively.

A detailed discussion of the aeroheating chara
teristics of the baseline configuration MSL aerosh
can be found in Ref. 5; the following are a brief ove
view. The highest heating on the proposed MSL for
body, excluding the corner, did not occur at th
stagnation point, which moved off of the spheric
nose at the angles-of-attack studied. The highest h
ing stayed on the spherical nose. The rapid expans
of the inviscid flow around the corner formed a larg
favorable pressure gradient, which resulted in a red
tion of the boundary layer thickness. This caus
increased heating levels near the corner. The e
6
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Mach number of the baseline configuration nev
exceeded 1.0, except at the corner.

The presence of the blended shelf had little effe
on the centerline heating distribution. The only effe
it had was to increase the running length compared
the baseline model. The increase in heating attribu
to the expansion of the flow around the corner of t
baseline configuration is simply moved outboard 
the corner of the blended shelf.

The blended tab, which was offset 10-deg into t
flow from the forebody, produced a compression su
face, which created a separation region upstream
the hinge-line and increased the heating levels on 
surface of the blended tab. At the lowest Reynol

number (ReD = 1.25x106; Fig. 8), the size of the sepa
ration region increased with angle of attack. The he
ing ratio on the blended tab increased wi
angle-of-attack, which may at first be counter-intu
tive since the blended tab became more oblique to 
freestream flow because it was on the leeward surfa
However, since the size of the separation region w
increasing with angle-of-attack, it was more likely t
reattach in a transitional state, thereby increasing 
h/hFR
0.0 0.80.60.40.2
Figure 6:  Smooth model global heating images at 

ReD = 1.25x106.

Baseline
Smooth

Blended Shelf
Smooth

Blended Tab
Smooth

α = 11-deg

α = 16-deg

α = 20-deg
Figure 7:  Smooth model global heating images at 

ReD = 2.42x106.

Baseline
Smooth

Blended Tab
Smooth

Blended Shelf
Smooth

α = 11-deg

α = 20-deg

α = 16-deg
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2.42x106; Fig. 9), the size of the separation regio
upstream of the blended tab decreased compare

the ReD = 1.25x106 cases (Fig. 8). The trend o
increasing heating rates on the blended tab 
angle-of-attack was increased was augmented for 
α = 20-deg case at the higher Reynolds number. T
transitional reattachment at this angle-of-atta
increased the heating ratio on the blended tab 
approximately 160%.
7
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Effect of Cavities and Discrete Trips on Control
Surface Heating

Previous studies5,6 have shown that the cavities
located on the leeward side of the forebody of the p
posed MSL are more likely to cause boundary lay
transition than those on the windward side. Becau
of this, the effects of cavity placement on blended t
heating were studied at varying angles-of-attack a
Reynolds numbers. 
Figure 8:  Effect of αααα on smooth model leeward 

centerline heating distributions at ReD = 1.25x106.
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Figure 9:  Effect of αααα on smooth model leeward 

centerline heating distributions at ReD = 2.42x106.

0.00

0.20

0.40

0.60

0.80

1.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Baseline Smooth

Blended Shelf Smooth

Blended Tab Smooth

h/h
FR

r/R
(a)  = 11-deg.

Spherical
Nose Leeward Forebody Control

Surface

0.00

0.20

0.40

0.60

0.80

1.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Baseline Smooth

Blended Shelf Smooth

Blended Tab Smooth

h/h
FR

r/R
(b)  = 16-deg.

Spherical
Nose Leeward Forebody Control

Surface

0.00

0.20

0.40

0.60

0.80

1.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Blended Shelf Smooth

Blended Tab Smooth

h/h
FR

r/R
(c)  = 20-deg.

Spherical
Nose Leeward Forebody Control

Surface
ronautics and Astronautics



s

ad
ill
e
te
ure
e
re
m-
he

-

-
c-
s.
vi-
rip
 to
re
an-
d
h-

r,
-
ak.
g.
Figure 10:  Effect of ReD and αααα on 
T-5-3B.

ReD = 1.08x106

ReD = 1.42x106

ReD = 1.71x106

α = 16-deg α = 20-deg

F

Amer
igure 11:  Effect of ReD and αααα on 
T-5-3C.

ReD = 1.08x106

ReD = 1.42x106

ReD = 1.71x106

α = 16-deg α = 20-deg
8
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Figure 12:  Effect of ReD on 
T-5-3D.

ReD = 2.125x106

ReD = 2.42x106

α = 20-deg
h/hFR
0.0 0.80.60.40.2
The cavities that influence heating levels on th
blended tab must first be identified. Figures 10 and
show model configurations T-5-3B and T-5-3C
respectively, at α = 16-deg and 20-deg and ReD =

1.08x106, 1.42x106, and 1.71x106. Figure 12 shows

model T-5-3D at α = 20-deg and ReD = 2.125x106 and

2.42x106. The cavities located 60-deg (Fig. 10) o
more off the leeward centerline did not effect the he
ing rates on the blended tab at either angle-of-atta
tested, while those offset 30-deg from the centerli
(Fig. 11) did at α = 16-deg at the highest Reynold
number. The cavities offset 25-deg and 35-deg off 
the leeward centerline (Fig. 12, left and right cavitie
respectively) did impact the blended tab at α =
20-deg.

At α = 16-deg, the leeward centerline cavity (Fig
10) and the cavities located 30-deg off centerline (F
11) had an effect on local aeroheating for the blend
tab for the Reynolds numbers tested. However, at α =
20-deg (right columns in Figs. 10 and 11), by the tim
the cavities became effective, the separated sh
layer in front of the tab was already transitional, so t
heating on the blended tab was already elevated.

It is recommended that the cavities be plac
30-deg off of the leeward centerline and then 
60-deg intervals around the forebody, as configurati
T-5-3C (Fig. 11) demonstrates. This is suggest
because the cavity on the leeward centerline is m
effective than those placed 30-deg off of the cent
e
 11
,

r
at-
ck

ne
s
of
s,

.
ig.
ed

e
ear
he

ed
at
on
ed
ore
er-

line, causing higher heating for a given Reynold
number.

The effect a cavity on the leeward centerline h
on blended tab heating rates and distributions w
now be examined. These data for a cavity will b
compared to data without cavities but with discre
trips placed near the leeward sphere-cone junct
(r/R = 0.15) of the model and also at 38% of th
model radius. The results with discrete trips a
included to provide baseline turbulent cases for co
parison to the transition results corresponding to t
presence of the cavity. 

Global heating distributions for a range of Rey
nolds numbers are shown in Fig. 13 at α = 16-deg and
in Fig. 14 at α = 20-deg. Corresponding leeward cen
terline data are plotted in Figs. 15 and 16, respe
tively. As the Reynolds number was increased (Fig
15 and 16), the heating ratio downstream of the ca
ties and discrete trips increased. The discrete t
placed at 15% of the model radius caused the flow
transition immediately. As described in Ref. 16, the
is a transition peak some distance downstream of tr
sition onset. The transition peak is often identifie
with the end of transition and therefore the establis
ment of fully turbulent flow. It was shown, howeve
that the point of fully turbulent flow lies some dis
tance downstream of the measured transitional pe
This transition peak can be easily identified in Fi
15.c. The heating ratios for the r/R = 0.15 discrete trip
stronautics
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can all be seen to reach what will be referred to as 
fully turbulent level for each α/ReD combination.

The discrete trip placed at 38% of the mod
radius (Fig. 15) caused a much longer transiti
length than that of the 15% trip. In fact, at the tw
lowest Reynolds numbers (Figs. 15.a and 15.b), a d
inite transitional peak is never actually reached. F
the highest Reynolds number (Fig. 15.c), the tran
tional peak is reached, but the heating ratio remains
this level for the remainder of the running length 
the tab.

The cavity located at r/R = 0.41 behaves much
like the discrete trip at 38% of the radius, but its tra
sition length is greater than that of the discrete tr
(Fig. 15). At the lowest Reynolds number (Figs. 15.
and 16.a), the cavity has no effect on the heating ra
compared to the smooth blended tab on the forebo
of the model. The α = 20-deg blended tab heating
however, did increase slightly.

For fully turbulent flow upstream of the blende
tab (Figs. 15 and 16; blue triangles), there did n
appear to be a significant difference in blended t
heating ratio levels between α = 16-deg and 20-deg.

For the α = 16-deg data (Fig. 15), the tripped
blended tab heating distributions were approximate
9
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50% higher than the laminar blended tab heating d
tributions over the Reynolds number range tested.
α = 20-deg however (Fig. 16), the separated sh
layer for the smooth blended tab configuratio
becomes transitional/turbulent, especially at th
higher Reynolds numbers tested (Fig. 16.c). T
smooth blended tab model heating was actua
higher than those from the tripped blended tab mod
This elevation in untripped downstream bounda
layer heating rates on control surfaces has be

observed for X-33 body flap heating17 and is believed
to be due to the tripped boundary layer approach
the deflected surface resulting in a smaller separat
region, a thicker shear layer attaching sooner, a
lower turbulent reattachment heating levels. The lam
nar separation yields flow reattachment that is tran
tional and heating that is characteristically higher th
turbulent results.

The resulting heating distribution from the cavit
located at r/R = 0.41 appears to be bounded by th
heating levels resulting from the smooth blended t
model and the blended tab with trips located at r/R =
0.38 at α = 16-deg (Fig. 15). In fact, at the highes
Reynolds number (Fig. 15.c), the cavity produce
higher heating levels than the r/R = 0.15 discrete trips,
Figure 13:  Effect of cavities and discrete trips on 
leeward side of blended tab configuration at αααα = 

16-deg.

ReD = 1.08x106 ReD = 1.71x106 ReD = 2.42x106

No Cavity/Trip

Cavity at r/R = 0.41

Trips at r/R = 0.15

Trips at r/R = 0.38
Figure 14:  Effect of cavities and discrete trips on 
leeward side of blended tab configuration at αααα = 

20-deg.

ReD = 1.08x106 ReD = 1.71x106 ReD = 2.42x106

No Cavity/Trip

Cavity at r/R = 0.41

Trips at r/R = 0.15
ronautics and Astronautics
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similar to the discrete trips located at r/R = 0.38. For
the α = 20-deg cases (Fig. 16), the cavity located 
r/R = 0.41 again resulted in higher heating levels th
the r/R = 0.15 trips at the highest Reynolds number.

Turbulent computations have been performed6 on
the proposed baseline MSL configuration (without
control surface) for which the location at which tran
sition began and transition length were varied. A com
parison of these computational and correspondi
experimental results are shown along the leewa
1
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at
an

 a
-
-

ng
rd

symmetry plane in Fig. 17 at ReD = 2.42x106 for α =
16-deg. Because boundary layer transition in t
experiment was produced by cavities and discre
trips as opposed to occurring naturally, transition 
the computations was modeled in several differe
ways in order to attempt to model the data. Compu
tions were performed with: the boundary layer full
turbulent over the length of the vehicle; natural tran
tion beginning at the location of the cavity; an
Figure 15:  Leeward centerline effect of cavities 
and discrete trips on blended tab configuration at 

αααα = 16-deg.
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Figure 16:  Leeward centerline effect of cavities 
and discrete trips on blended tab configuration at 

αααα = 20-deg.
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zero-length transition to fully-turbulent flow at the
cavity location. For the natural transition computa
tions, the transition length was set equal to the ru
ning length of the flow from the nose to the cavity. 

Figure 17.a is a comparison of the laminar sol
tion without a control surface to the correspondin
non-tripped experimental case. The agreement is w
within the ±13% uncertainty from the nose up to th
corner. The effects of the separation region can 
seen just upstream of the blended tab where the ex
1
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imental heating is lower than the computed heati
for the baseline configuration. 

Figure 17.b is a comparison of experiment an
computations where the flow is tripped at approx
mately r/R = 0.41. The experimental results show
include both a cavity at r/R = 0.41 and discrete trips a
r/R = 0.38. Computational results include natural tra
sition length and zero-length transition starting at r/R
= 0.41 and fully turbulent flow from the nose. Th
heating levels computed by assuming fully turbule
flow beginning at the cavity location (i.e. zero-lengt
transition) were higher than those computed when 
flow was treated as fully turbulent from the nose 
the vehicle. As described in Ref. 6, this difference w
attributed to the fact the boundary layer thickness a
given location was greater for the fully turbulent flow
from the nose because of the longer running leng
over which the turbulent boundary layer had to gro
The r/R = 0.41 tripped flow has a thinner boundar
layer, therefore higher heating. For both the cav
and discrete trip data, the peak values were hig
than either the natural or zero-length transition com
putations by more than 15% to 20%, which was ou
side the experimental uncertainty. The present meth
for predicting turbulent heating levels did not includ
the actual heat-shield cavities in the computation
geometry, and their possible effects on the flow fie
(i.e. circulation within the cavity, shocks at the lip o
the cavity, boundary layer separation and vortex fo
mation downstream of the cavity) may be a cause 
the differences seen between prediction and exp
ment. Also, the flow may not have reached fully tu
bulent heating. It may still be experiencing th
trasitional peak discussed earlier.

Figure 17.c is a comparison of experiment an
computations where the flow is tripped at approx
mately r/R = 0.15. Discrete trips were used to trip th
flow in the experiment. Again, the computation
included are for natural and zero-length transition 
r/R = 0.15 and fully turbulent flow from the nose. Th
fully turbulent from the nose computations ar
slightly lower than the zero-length transition from th
discrete trip, which was slightly lower than the natur
transition computation. The initial peak in the exper
mental data was approximately 25% higher than t
predicted initial peak (zero-length transition), but th
experimental and computational results come 
within 5% of each other downstream of transitio
indicating that the fully turbulent level has bee
reached. For a more in-depth comparison of expe
mental and computational results for the MSL, s
Ref. 6.
Figure 17:  Comparison of experimental and com-
putational laminar and tripped flow at ReD = 

2.42x106, αααα = 16-deg.
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Effect of Cavities and Control Surfaces on Lee-
ward Afterbody Heating

Leeward afterbody heating images for both th
baseline and blended tab configurations are shown
Figs. 18, 19 and 20 for angles-of-attack of 11-de
16-deg and 20-deg, respectively, for which the col
scale has been decreased from a maximum of h/hFR =
0.8 to h/hFR = 0.5. The corresponding centerlin
non-dimensional heating data are shown in Figs. 2
22 and 23, respectively. Heating data are plotted 
the non-dimensional distance z/R, where z/R = 0.38 is
the location of the corner of the baseline configur
tion. The uncertainty in this data is approximate
±25% because of the much smaller increase in surf
temperature than that of the forebody during the ru
This is the reason for the large amount of scatter in 
data at the scale shown. All heating ratios are bel
h/hFR = 0.05, which are significantly lower than thos
of the forebody. There is also a slight differenc
between the afterbody heating for the baseline confi
uration compared to the blended tab configuratio
The blended tab configuration heating levels are ge
Figure 18:  Leeward Afterbody 
for baseline (left) and blended tab 

(right) configurations at αααα = 
11-deg.

Figure 19:  Leeward Afterbody 
for baseline (left) and blended tab 

(right) configurations at αααα = 
16-deg.

Figure 20:  Leeward Afterbody 
for baseline (left) and blended tab 

(right) configurations at αααα = 
20-deg.
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Figure 21:  Leeward afterbody centerline heating 
at αααα = 11-deg.
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erally lower than those of the baseline configuratio
especially at α = 11-deg and 16-deg.

In Figs. 19 and 20, the forebody cavities hav
tripped the boundary layer. When the transitional/tu
bulent wedges reach the corner of the vehicle, t
boundary layer relaminarizes due to the strong ne
tive pressure gradient. Thus the cavities have no eff
on leeward afterbody heating.

Windward Afterbody Heating

Windward afterbody global heating images a
shown in Fig. 24 and the corresponding centerli
heating distributions are shown in Fig. 25. Heatin
data are plotted vs. the non-dimensional distance z
Once again, the temperature rise during a run is sm
compared to that of the forebody, so the error 
approximately ±25%. As angle-of-attack wa
increased from 11-deg to 20-deg, the heating ratio
the windward centerline increased. An increase 
heating was also seen as Reynolds number increa
especially at α = 20-deg. A comparison to computa
tions is included for the α = 20-deg case in Fig. 25.c
Good agreement (well within the ±25% uncertaint
between prediction and experiment was achieved.
Figure 22:  Leeward afterbody centerline heating 
at αααα = 16-deg.
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Figure 23:  Leeward afterbody centerline heating 
at αααα = 20-deg.

Figure 24:  Windward afterbody. global heating.
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SUMMARY AND CONCLUSIONS

An experimental aeroheating study was co
ducted on the proposed Mars Smart Lander aeros
in the NASA Langley 20-Inch Mach 6 Air Tunne
using the technique of phosphor thermography. Th
test was conducted in order to determine the aeroh
ing characteristics for several control surface config
rations (the blended shelf and blended tab) and
determine the effects forebody cavities had on cont
surface heating distributions and levels. The afterbo
heating was also examined to determine what, if a
impact the cavities and control surfaces had on he
ing.

The presence of the blended shelf had little effe
on the proposed MSL aeroshell forebody heating. T
only effect it had was to increase the running leng
compared to the baseline model (no control surfac
The blended tab, which is offset 10-deg into the flo
from the forebody, produced a compression surfa
which created a separation region upstream of 
hinge-line and increased the heating levels on the s
face of the blended tab. At the highest value of Re
nolds number tested and 20-deg angle-of-attack, 
separated shear layer reattached transitionally, ca
ing heating rates greater than those at the nose of
vehicle.

The cavity locations that influence heating leve
on the blended tab were identified for a radial locati
of 41% of the model radius. It was found that cavitie
offset 60-deg or more off of the leeward centerline d
not impact blended tab heating for th
angles-of-attack studied; but, cavities up to at lea
35-deg off of the leeward centerline do.

Blended tab heating ratios were studied for se
eral cavity and discrete trip configurations. Discre
trips located at 15% of the model radius caused 
boundary layer to transition immediately, resulting 
a transition peak in the heating ratio, followed by ful
turbulent heating. Discrete trips located at 38% of t
model radius resulted in a longer transition length. F
the lowest Reynolds numbers, a definite transiti
peak was never reached. For the highest Reyno
number, the transition peak is reached, but the fu
turbulent heating level is never reached. The cav
located at 41% of the model radius behaves much l
the discrete trip located at 38% of the model radiu
but its transition length is greater than that of the d
crete trip. For the cases where the boundary layer w
tripped downstream of the blended tab, heating w
generally higher than for the untripped cases. T
exception being at an angle-of-attack of 20-deg for t
highest Reynolds number, where the smooth config
ration resulted in higher tab heating levels due to t
Figure 25:  Windward afterbody centerline heat-
ing distribution.
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transitional reattacment heating levels being high
than the turbulent levels.

Afterbody heating levels were examined to dete
mine the effects of the presence of the cavities a
control surfaces. It was found that the forebody ca
ties had negligible effects on afterbody heating; a
control surfaces decreased leeward afterbody hea
slightly.
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