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CONTROL SURFACE AND AFTERBODY EXPERIMENTAL AEROHEATING FOR A
PROPOSED MARS SMART LANDER AEROSHELL

Derek S. Liechty, Brian R. Hollid, and Karl T. Edqui§t
NASA Langley Research Center
Hampton, VA

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 ] cavity orientation angle (deg)
. ~ p  density (slug/f or kg/n?)
h heat transfer coefficient, h=g/gFHy), 3 first afterbody cone angle (deg)
(slug/fé/s or kg/nf/s) { second afterbody cone angle (deg)
H enthalpy (BTU/Ibm or J/kg) Subscripts
L length of vehicle from nose to base (in. or m) =Lbserpls
M Mach number oo freestream static conditions
q surface heat transfer rate (BT@/& or W/n?) aw  adiabatic wall conditions
R model reference radius (in. or m) D model diameter (in. or m)
R, model base radius (in. or m) FR conc!itions from Fay-Riddell calculation for a
R, model nose radius (in. or m) hemisphere
model corner radius (in. or m) s full scale dimensions
R ] ) w conditions evaluated at the wall
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) INTR ODUCTION
w cavity diameter (in. or m) : .
z distance along symmetry axis from nose (in. or _The next generation (.)f Mars_ landerare b_e_mg
m) d_eS|gned to_ enable_pre_c_|3|_on landings a_t specific cha-
o angle-of-attack (deg) tions of particular scientific interest. The first generation
entry, descent and landing systems, such as Viking and
n forebody half angle (deg) i . .
: . Pathfinder, achieved successful landings on Mars, but
y ratio of specific heats RS . :
were limited in accuracy to landing sites on the order of
) hundreds of kilometers. The second generation landers,
* Aerospace Technologist _ or smart landers, will provide scientists with the oppor-
T Aerospace Technologist, Senior Member AIAA ity to select a particular region of interest and land
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within three kilometers of the intended target.

As described in Ref. 1, the baseline Mars Smart
Lander (MSL) aeroshell configuration, which has no
control surface, provided a low ballistic coefficient for a
given vehicle mass, could provide a lift-to-drag ratio of
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tachment within the cavities; and may be accompa-
nied by a heating augmentation downstream of the
cavities due to a change in the state of the boundary
layer from laminar to transitional or turbulent. Refs. 5

and 6 discuss the effects of cavities on the proposed
MSL aeroshell forebody aeroheating. The Genesis
Sample Return Capsule (GSRC) also has forebody
heat shield cavities. A study of the effect of forebody

heat shield cavities was conducted on the GSRC, but
it has a different forebody half angle than the MSL.

The GSRC aeroheating environment is discussed in

a) Blended Tab. b) Blended Shelf. Ref. 7. These transitional/turbulent wedges may
Figure 1: MSL control surface configurations impact the control surfaces and result in increased
' ' heating.

0.18, and had significant flight heritage (e.g., Viking). ~ The goal of the present study was to determine
However, different aeroshell configurations were conexperimentally how the presence of forebody cavities
sidered to meet the lift-to-drag requirement of 0.22 tovould affect the heating levels on control surfaces and
0.25 in order to provide a precision landing. The basethe afterbody of the proposed MSL. References 5 and
line concept is capable of achieving these values db have shown that the cavities will have an effect on
lift-to-drag by utilizing ballast to provide a radial cen- forebody heat shield aeroheating for the proposed
ter of gravity (c.g.) offset, such that the vehicle trimsMSL, but the impact that the cavities would have on
at an angle-of-attack. The ballast required to achievéhe control surfaces and vehicle afterbody was not
the radial c.g. offset, however, is not insignificant. addressed in these references. Tests were conducted at
In an attempt to save weight, tab and shelf confighominal conditions of Mach 6 in air (perfect gas;

urations (Fig. 1) were investigated for application t01.4) with freestream Reynolds numbers from 2.£x10
the smart lander. The tab concept is inclined into the, 5 g1 6 per foot, resulting in Reynolds numbers

flow with respect to the forebody, while the shelf is an .
extension of the forebody. Tab concepts were investi'—Jased on diameter of 8.75%1® 2.42x16. A range

. . of angles-of-attack from 11-deg to 20-deg was stud-
gated as early as 196%and considered again for the joq The largest nominal cavity size from Ref. 5

cancelled Mars Surveyor 2001 Precision Lander miS(S.O-in. full scale diameter) was tested at the inner

sion. Both the tab and shelf concepts can be sized {9 4i5| |ocation (41% of the model radius) at various
achieve the required I|ft-to-drag ratio of 0.22-0.25 atangular locations with respect to the symmetry plane.
an angle-of-attack of approximately 16-deg. Thepigcrete trips were placed upstream of the control sur-

advantage of the tab concepts compared to the shelf o5 15 (ransition the flow from laminar. Windward
concepts are that the tabs can be smaller, due to the

higher pressure produced on the tab. A screening was
performed of several tab configurations in the LaRC
20-Inch Mach 6 CF4 Tunnel to assess the aeroheatir
environments. From these results and computation

studie$* to optimize the shape of the tab, the current
blended tab configuration (Fig. 1.a) was selected. Th
current blended shelf configuration (Fig. 1.b) was
similarly 0ptimize§'4.

The desigh of the proposed MSL aeroshell
requires that it be attached to the main spacecraft bt
by way of six structural inserts which pass through
holes in the forebody heat shield (Fig 2). When the
aeroshell is separated from the spacecraft bus prior 1
entry into the Martian atmosphere, the bolts are sev
ered and retracted, which forms cavities. The presenc
of these cavities in the heat shield during entry may
result in high, localized heating at the downstream
edge of the cavities due to flow separation and reat-  Figure 2: MSL Cruise Configuration.
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afterbody heating distributions were also measure®efs. 6 and 9). Figure 3 shows the valueRef that
Global heating distributions were measured usinghe proposed MSL will experience throughout the

thermographic phosphors. entry trajectory along with the range of valuesRef,
tested in the 20-Inch Mach 6 Air Tunnel. The values
EXPERIMENT AL METHODS tested capture the majority of the vehicle’s trajectory,
. including the peak heating and peak dynamic pressure
Test Facility points. Because of the differences between the test gas

Aeroheating tests were conducted in the NASsAand the Martian atmosphere, experimental values of
Langley 20-Inch Mach 6 Air Tunnel. This is a blow- Rep which were above the values from the computed
down facility in which heated, dried and filtered air istrajectory were tested in order to match valueRepf
used as the test gas. The tunnel has a two-dimeandw/Jin flight.
sional, contoured nozzle that opens into a 20.5-in. b¥> i
20-in. test section. The tunnel is equipped with a bot= hosphorThermography Technique
tom-mounted injection system that can transfer a  Global surface heating distributions were calcu-
model from the sheltered model box to the tunnel centated using the digital optical measurement method of
terline in less than 0.5 seconds. Run times of up to 1fwo-color, relative-intensity, phosphor

minutes are possible in this facility, although for thethermography"m’. Ceramic wind tunnel models are

current aeroheating test, run times of only a few mingy4i04 with a phosphor compound that fluoresces in

utes were required (models are only exposed 10 thgy, separate regions (green and red) of the visible
flow for a few seconds). The nominal reservoir condl-”ght spectrum. During a wind tunnel run, the phos-

tions of this facility are stagnation pressures _of 30 t‘bhor—coated model is illuminated by ultraviolet (UV)
500 psia (206.8 to 3447.4 kPa) with stagnation tempqne sources, and the resulting fluorescent intensity of
peratures of 760-deg to 1000-deg R (422.2 10 555.%y6 model is recorded and digitized through a color
K), which produce perfect gas freestream flows Withccp (charge coupled device) camera. The fluorescent
Mach numbers between 5.8 and 6.1 and Reynoldgensity is dependent on both the intensity of the inci-
numbers of 0.5x10to 7.3x16 per foot (1.64x1®to  dent UV light and the local model surface tempera-
23.95x16 per meter). A more detailed description of ture. The UV intensity dependence is removed by
this facility is presented in Ref. 8. taking the ratio of the green to red intensity images,
Although the test facility does not simulate the from which surface temperature distributions can be
heavier than air aspect of the Martian atmosphere, dletermined through prior calibrations. Images are
provides the values dRey experienced during the acquired before the wind tunnel run and after injec-
hypersonic portion of the flight trajectory as well astion of the model to the_ tunnel_ centerline during a run.
the values oReg andw/d (transition correlations for Global heat transfer dlstr|but|on§ are then. computed
the wind tunnel cases and for flight are presented jifom these temperature data using one-dimensional,
constant heat-transfer coefficient conduction thEbry
The global phosphor thermography technique is
now the standard method for aeroheating studies in
Langley’s hypersonic tunnels used for aerothermody-
namic studies. The global data obtained using this

3.50 10°

1
—8—Re - Computed using POSTl

3.00 10°

20-Inch Mach 6 Air Tunnel capability

250 10° Tor S, diametet mode method can be used to identify the surface heating
effects of complex three-dimensional flow phenom-
Rez'°°1°e e ety | ek, ena such as transition fronts, vortex structures, and
10 o shock interactions which are difficult to examine
peakbymic Fressure / \ using conventional discrete-sensor methods such as
100 10° . - — thin-film resistance gages or coaxial surface thermo-
. / couples.
/ Test Model Description
0.00 10° "

0 100 200 300 400

In order to manufacture ceramic test models,
rapid-prototype, stereolithographic (SLA) resin mod-
els were first fabricated based on surface geometry
definitions in electronic data files. Wax molds of the

Time (s)

Figure 3: Values ofRep through MSL trajectory
with range of testedRep,.
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resin models were made, and then a patéftstica i R '
ceramic slip casting technique was used to form a
ceramic shell of the models. The shell was then
back-filled 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. L
The proposed MSL entry vehicle is a 70-deg
sphere-cone with a biconic afterbody (Fig. 4). Three
configurations are being considered in this study.
First, the baseline configuration (no control surface)
was fabricated as a reference with which to compare
the control surface models. The geometry of the pro-
posed baseline MSL aeroshell is shown in Fig. 4.a and
its dimensions (full scale and test model) are shown in
Table 1. Next, the blended tab configuration has the
same dimensions as the baseline configuration, but a
control surface was added at the corner which is
inclined 10-deg from the forebody heat shield. The
geometry of the proposed blended tab MSL aeroshell
is shown in Fig. 4.b. Finally, the blended shelf config-
uration, which also has the same dimensions as the
baseline configuration, has a control surface added at
the corner which is an extension of the 70-deg fore-
body half-angle. The geometry of the proposed
blended shelf MSL aeroshell is shown in Fig 4.c.

The cast ceramic aeroheating models were 5-in. 0-dee | 70-a
. . -deg -deg
diameter, 0.0314-scale representations of the pro-
posed 13.29-ft diameter Mars Smart Lander aeroshell,
which were supported with a 1-in. sting mounted

along the symmetry axis. Smooth models, without ©) Blended Shelf Configuration.

cavities, of each configuration were fabricated to  Figure 4: MSL geometries for the baseline,
compare with the configurations with cavities. Fig. 5 blended tab, and blended shelf configurations.
shows the three cavity configurations that were stug-

a) Baseline Configuration.

0-deg |\ 60-deg

b) Blended Tab Configuration.

ied on the blended tab configuration (only leewardl Parameter Full Scale Test Model
half of model is shown) and a description of thes R(in) 79.72 2.50
configurations is listed in Table 2. All cavities were R, (in) 38.79 1218
located at/R = 0.41 and had a full scale diameter o R, (i) 389 0122
3.0-in. The first configuration, T-5-3B, had a cavity| i : i
located on the model symmetry plane with the fiv Ry (in) 13.95 0.438
other cavities located at 60-deg increments around thie L (in) 114.52 3.596
model. The second configuration, T-5-3C, had a cayr n(deg) 20 20

ity offset 30-deg to each side of the model symmetr & (deg) 70 70
plane with four other cavities located at 60-deg increj Z (deg) 33.6 33.6

ments around the model. The final configuration;
T-5-3D, had one cavity 25-deg off the symmetry plane

Table 1: Parameters for MSL geometry.

and another cavity located 35-deg off the symmetrymarks, referred to as fiducial marks, do not influence

plane. The forebody of the proposed MSL will havethe flow over the model surface. The fiducial marks

six cavities of the same size and radial location spacechn be seen in run images as dark dots and should not

at 60-deg increments, although the final size and locébe confused with cavities.

tions have not been determined. Throughout this report, reference will be made to
Small, circular marks were placed on the modelsvindward and leeward surfaces of the forebody. The

to aid in data reduction and model orientation. Theseegion above the nose in the forebody images will be

4
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Configuration | W (in.) | Cavity Locations
1-5-3B 3.0 on symmetry plang.
T-5-3C 3.0 30-deg off symmety

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

Table 2: Blended tab configurations.

a) T-5-3B

b) T-5-3C

¢) T-5-3D

Figure 5: Blended tab cavity configurations.

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.

Data Reduction

One-dimensional, semi-infinite solid heat con-

duction theor}e’ was used to compute surface heating

distributions from the global surface temperature data
acquired through 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 acquired shortly
after injection of the model to the tunnel centerline,
which requires less than one second.

Data cuts were extracted from the heat transfer
images. Results are presented herein in terms of a
non-dimensional heat transfer coefficient ratithgg,

where hggr is the theoretical heating computed with

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

As detailed in Ref. 13, the estimated uncertainty
of the phosphor thermography technique is approxi-
mately +13% on the forebody and approximately
+25% on the afterbody.

Test Matrix and Tunnel Conditions

The data were collected at angles-of-attack of
11-deg, 16-deg and 20-deg, a side-slip angle of 0-deg,
and Reynolds numbers based on model diameter of
8.75x1% and 2.42x18 Smooth baseline, blended
tab, and blended shelf configurations were tested,
along with the three blended tab configurations
including cavities. Both forebody and afterbody mea-
surements were made. The nominal test conditions are
listed in Table 3.

Rep Rey M o Toe P Uw Rey, her OFR
(1/ft) (K) | (kg/m® | (kg/m3) (I/m) | (kg/m?%s) | (W/cm?)
8.75x10 | 2.1xa® | 595 | 62.0| 3.35x10% | 9386 | 7.07x16 0.283 5.70
1.08x16 | 2.6x1F | 597 | 62.2 | 405x10%2 | 943.0 | 855x1¢ 0.313 6.45
1.25x16 | 3.0xaF | 598 | 62.2| 462x10° | 9444 | 9.79x18 0.335 6.95
1.42x16 | 3.4x16 | 599 | 61.6 | 520x10? 940.1 | 1.13x10 0.356 7.25
1.71x16 | 4.1xa® | 6.00 | 613 | g41x102 | 9404 | 1.37x1d 0.392 7.95
2.125x16 | 5.ax1 | 6.02 | 63.4| 7.92x10%2 | 998.7 | 1.67x10 0.446 9.92
2.42x16 | 5.8xa® | 6.03 | 62.8 | g 9ox10? 955.6 | 1.91x10 0.474 104

Table 3: Nominal flow conditions of the Langley 20-Inch Mach 6 Air Tunnel.
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RESULTS AND DISCUSSION Mach number of the baseline configuration never
exceeded 1.0, except at the corner.

Smooth ModelAeroheating and Effect of Contol The presence of the blended shelf had little effect
Surfaces on the centerline 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
in Fig. 6 and aRep = 2.42x16 in Fig. 7. The corre- baseline configuration is simply moved outboard to
sponding centerline heating ratithgy is plotted vs. the corner of the blended shelf.
the non-dimensional distance rati® in Figs. 8 and The blended tab, which was offset 10-deg into the
9, respectively. flow from the forebody, produced a compression sur-
A detailed discussion of the aeroheating characface, which created a separation region upstream of
teristics of the baseline configuration MSL aeroshelthe hinge-line and increased the heating levels on the
can be found in Ref. 5: the following are a brief over-surface of the blended tab. At the lowest Reynolds
view. The highest heating on the proposed MSL forenumber Rep = 1.25x16; Fig. 8), the size of the sepa-
body, excluding the corner, did not occur at theration region increased with angle of attack. The heat-
stagnation point, which moved off of the sphericaling ratio on the blended tab increased with
nose at the angles-of-attack studied. The highest heagngle-of-attack, which may at first be counter-intui-
ing stayed on the spherical nose. The rapid expansiaive since the blended tab became more oblique to the
of the inviscid flow around the corner formed a largefreestream flow because it was on the leeward surface.
favorable pressure gradient, which resulted in a I’edU(However, since the size of the separation region was
tion of the boundary layer thickness. This causedncreasing with angle-of-attack, it was more likely to
increased heating levels near the corner. The edgeattach in a transitional state, thereby increasing the

Heating images for the smooth MSL models (no
cavities or discrete trips) are showrRaf, = 1.25x16

Baseline Blended Shelf  Blended Tab Baseline Blended Shelf  Blended Tab
Smooth Smooth Smooth Smooth Smooth Smooth

o = 20-deg

Figure 6: Smooth model global heating images at  Figure 7: Smooth model global heating images at

Rep = 1.25x186. Rep = 2.42x186.
h/hp I - Im
0.0 0.2 0.4 0.6 0.8
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heating ratio. At the highest Reynolds numiey(= Effect of Cavities and Discrete Trips on Control

2.42x16; Fig. 9), the size of the separation region Surface Heating
upstream of the blended tab decreased compared 10 p avious studid® have shown that the cavities

the Rep = 1.25x18 cases (Fig. 8). The trend of |ocated on the leeward side of the forebody of the pro-
increasing heating rates on the blended tab agosed MSL are more likely to cause boundary layer
angle-of-attack was increased was augmented for theansition than those on the windward side. Because
a = 20-deg case at the higher Reynolds number. Thef this, the effects of cavity placement on blended tab
transitional reattachment at this angle-of-attackheating were studied at varying angles-of-attack and
increased the heating ratio on the blended tab bfReynolds numbers.

approximately 160%.

1.00 1.00
Spheuce Leeward forebody conirol Spheucd Leeward forebody conirol
0.80 —e—Baseline Smooth 0.80 —e—Baseline Smooth
—&—Blended Shelf Smooth —&—Blended Shelf Smooth
0.60 —a—Blended Tab Smooth 0.60 —a—Blended Tab Smooth
h/l‘lFR h/l‘lFR
0.40 = dy 0.40 g
0.20 0.20 t
0.00 0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20
r/IR r/IR
(@) a=11-deg. (@) a=11-deg.
1.00 1.00
Spheuce Leeward forebody canirol Spheucd Leeward forebody canirol
0.80 —e—Baseline Smooth 0.80 —e—Baseline Smooth
—a—Blended Shelf Smooth —&—Blended Shelf Smooth
0.60 ——Blended Tab Smooth 0.60 ——Blended Tab Smooth
h/l‘lFR h/l‘lFR /("[\
0.40 0.40
0.20 0.20
0.00 = 0.00 J
0.00 0.20 0.40 0.60 0.80 1.00 1.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20
r/IR r/IR
(b) o=16-deg. (b) o=16-deg.
1.00 1.00
S Leeward forebody conttol W
0.80 —e—Baseline Smooth 0.80
—=—Blended Shelf Smooth #-Blended Shelf Smooth / l
—a—Blended Tab Smooth
0.60 W'\,‘ ——Blended Tab Smooth 0.60 m
h/hFR f/\ h/hFR \\ /
0.40 0.40 #‘ -
0.20 * 0.20
{ Spherical Leeward frorebody Gontrol
0.00 0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20
r/IR r/IR
(c) a=20-deg. (c) a=20-deg.
Figure 8: Effect of a on smooth model leeward Figure 9: Effect of a on smooth model leeward

centerline heating distributions atRep = 1.25x16. centerline heating distributions atRep = 2.42x16.

7
American Institute of Aeronautics and Astronautics



The cavities that influence heating levels on thdine, causing higher heating for a given Reynolds
blended tab must first be identified. Figures 10 and 1humber.
show model configurations T-5-3B and T-5-3C, The effect a cavity on the leeward centerline had
respectively, ator = 16-deg and 20-deg arngey = on blended tab heating rates and distributions will

1.08x16. 1.42x16 and 1.71x18 Figure 12 shows now be examined. These data for a cavity will be

gel 3 = 20-q Ren = 2 125x16 and compared to data without cavities but with discrete
model T-5-3D atr = 20-deg andRep = 2.125x10 an trips placed near the leeward sphere-cone juncture

2.42x16. The cavities located 60-deg (Fig. 10) or(r/R = 0.15) of the model and also at 38% of the
more off the leeward centerline did not effect the heatmodel radius. The results with discrete trips are
ing rates on the blended tab at either angle-of-attacincluded to provide baseline turbulent cases for com-
tested, while those offset 30-deg from the centerlingparison to the transition results corresponding to the
(Fig. 11) did ato = 16-deg at the highest Reynolds presence of the cavity.
number. The cavities offset 25-deg and 35-deg off of  Global heating distributions for a range of Rey-
the leeward centerline (Fig. 12, left and right cavitiesnolds numbers are shown in Fig. 12xat 16-deg and
respectively) did impact the blended tab @t= in Fig. 14 ata = 20-deg. Corresponding leeward cen-
20-deg. terline data are plotted in Figs. 15 and 16, respec-
At a = 16-deg, the leeward centerline cavity (Fig.tively. As the Reynolds number was increased (Figs.
10) and the cavities located 30-deg off centerline (Figl5 and 16), the heating ratio downstream of the cavi-
11) had an effect on local aeroheating for the blendetles and discrete trips increased. The discrete trip
tab for the Reynolds numbers tested. Howevem,at  placed at 15% of the model radius caused the flow to
20-deg (right columns in Figs. 10 and 11), by the timeransition immediately. As described in Ref. 16, there
the cavities became effective, the separated she@ a transition peak some distance downstream of tran-
layer in front of the tab was already transitional, so thesition onset. The transition peak is often identified
heating on the blended tab was already elevated.  with the end of transition and therefore the establish-
It is recommended that the cavities be placednent of fully turbulent flow. It was shown, however,
30-deg off of the leeward centerline and then athat the point of fully turbulent flow lies some dis-
60-deg intervals around the forebody, as configuratiomance downstream of the measured transitional peak.
T-5-3C (Fig. 11) demonstrates. This is suggestedhis transition peak can be easily identified in Fig.
because the cavity on the leeward centerline is morg5.c. The heating ratios for thékR = 0.15 discrete trip
effective than those placed 30-deg off of the center-

o = 16-deg o = 20-deg o = 16-deg o = 20-deg

A bl B
Rej, = 1.08x10° Re;, = 1.08x10° o = 20-deg
Rej, = 1.42x10° Re;, = 1.42x10° Rep = 2.125x10°
m '_m ( |
' : £ . W . 6' J v
Rejy = 1.71x10 Rep, = 1.71x10 Repy = 2.42x10°
Figure 10: Effect ofRep andaon Figure 11: Effect ofRey and aon Figure 12: Effect ofRep on
T-5-3B. T-5-3C. T-5-3D.
hhpy I - I
0.0 0.2 0.4 0.6 0.8
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Rep=1.08x10° Rep=1.71x10° Rep=2.42x10°  Rep=1.08x10° Rep=1.71x10° Rey, = 2.42x10

/i
No Cavity/Trip No Cavity/Trip
ey e L X m@*l%
Cavity at r/R = 0.41 Cavity at 7/R = 0.41

I‘}‘! i N S

Trips at r/R = 0.15

I'Ih':. ~
e
Trips at r/R = 0.38

Figure 13: Effect of cavities and discrete trips on Figure 14: Effect of cavities and discrete trips on
leeward side of blended tab configuration atr = leeward side of blended tab configuration atr =
16-deg. 20-deg.

can all be seen to reach what will be referred to as th80% higher than the laminar blended tab heating dis-
fully turbulent level for eacha/Rey combination. tributions over the Reynolds number range tested. At

The discrete trip placed at 38% of the modeld = 20-deg however (Fig. 16), the separated shear
radius (Fig. 15) caused a much longer transitiofayer for the smooth blended tab configuration
length than that of the 15% trip. In fact, at the twobecomes transitional/turbulent, especially at the
lowest Reynolds numbers (Figs. 15.a and 15.b), a dehigher Reynolds numbers tested (Fig. 16.c). The
inite transitional peak is never actually reached. Fopmooth blended tab model heating was actually
the highest Reynolds number (Fig. 15.c), the transihigher than those from the tripped blended tab model.
tional peak is reached, but the heating ratio remains dthis elevation in untripped downstream boundary
this level for the remainder of the running length tolayer heating rates on control surfaces has been
the tab. observed for X-33 body flap heatit{gand is believed

The cavity located at/R = 0.41 behaves much to be due to the tripped boundary layer approaching
like the discrete trip at 38% of the radius, but its tranthe deflected surface resulting in a smaller separation
sition length is greater than that of the discrete tripregion, a thicker shear layer attaching sooner, and
(Fig. 15).At the lowest Reynolds number (Figs. 15.alower turbulent reattachment heating levels. The lami-
and 16.a), the cavity has no effect on the heating ratinar separation yields flow reattachment that is transi-
compared to the smooth blended tab on the forebodyonal and heating that is characteristically higher than
of the model. Thex = 20-deg blended tab heating, turbulent results.
however, did increase slightly. The resulting heating distribution from the cavity

For fully turbulent flow upstream of the blended located atr/R = 0.41 appears to be bounded by the
tab (Figs. 15 and 16; blue triangles), there did noheating levels resulting from the smooth blended tab
appear to be a significant difference in blended talnodel and the blended tab with trips located/Rt=
heating ratio levels between= 16-deg and 20-deg.  0.38 ata = 16-deg (Fig. 15). In fact, at the highest

For the o = 16-deg data (Fig. 15), the tripped Reynolds number (Fig. 15.c), the cavity produced
blended tab heating distributions were approximatehhigher heating levels than théR = 0.15 discrete trips,

T .

Trips at r/R = 0.15

7
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(c) Re, =2.42x10° (c) Re, =2.42x10°
Figure 15: Leeward centerline effect of cavities Figure 16: Leeward centerline effect of cavities
and discrete trips on blended tab configuration at ~ and discrete trips on blended tab configuration at
a = 16-deg. a = 20-deg.

similar to the discrete trips locatedraR = 0.38. For  symmetry plane in Fig. 17 &ep = 2.42x16 for a =

the a = 20-deg cases (Fig. 16), the cavity located a&G—deg. Because boundary layer transition in the

/R=0.41 agair_w resulted ir_1 higher heating levels thartl-zxperiment was produced by cavities and discrete
ther/R=0.15 trips at the highest Reynolds number. ins a5 opposed to occurring naturally, transition in
Turbulent computations have been perforffetl  the computations was modeled in several different
the proposed baseline MSL configuration (without aways in order to attempt to model the data. Computa-
control surface) for which the location at which tran-tions were performed with: the boundary layer fully
sition began and transition length were varied. A comturbulent over the length of the vehicle; natural transi-

parison of these computational and correspondingion beginning at the location of the cavity; and
experimental results are shown along the leeward
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imental heating is lower than the computed heating

1.20 —e—Experimental: No Cavity/Trips H
—— Computational: Laminar (no control surface) fOI‘ the baseline Conﬁguration.
100 Figure 17.b is a comparison of experiment and
computations where the flow is tripped at approxi-
080 mately r/R = 0.41. The experimental results shown
e R\ include both a cavity afR= 0.41 and discrete trips at
o \ r/R=0.38. Computational results include natural tran-
0.40 'I\ sition length and zero-length transition starting/Rt
e \ = 0.41 and fully turbulent flow from the nose. The
0.20 heating levels computed by assuming fully turbulent
Rioee® Leeward forebody \535234 flow beginning at the cavity location (i.e. zero-length
TR TTa—y b om0 transition) were higher than those computed when the
r'R

flow was treated as fully turbulent from the nose of
the vehicle. As described in Ref. 6, this difference was

(a) No cavity or trips.

1.20 —e—Experimental: Cavity at /R = 0.41

S Mol rvansiven at 1R = 0.41 attributed to the fact the boundary layer thickness at a

100 L bl N ona given location was greater for the fully turbulent flow
A P, from the nose because of the longer running length
080 S T S T over which the turbulent boundary layer had to grow.

MM J"}fw/ / \\ Ther/R = 0.41 tripped flow has a thinner boundary
o AV\/ \\ layer, therefore higher heating. For both the cavity
0.40 and discrete trip data, the peak values were higher
——~ | “ than either the natural or zero-length transition com-

0.20 - putations by more than 15% to 20%, which was out-
e Leeward forebody Soace side the experimental uncertainty. The present method

T T TR—y b om0 for predicting turbulent heating levels did not include

r'R

the actual heat-shield cavities in the computational
geometry, and their possible effects on the flow field

(b) Cavity/Trips at r/R =0.41.

1.20 —e—Experimental: Trips at I/R = 0.15
o e oo g™ (i.e. circulation within the cavity, shocks at the lip of
1.00 ~=Computational: Pully Turbulent fror Nose the cavity, boundary layer separation and vortex for-
A | A mation downstream of the cavity) may be a cause for
0.80 [——H—= ’“\\hé — the differences seen between prediction and experi-
h/hpzm / \ ment. Also, the flow may not have reached fully tur-
‘\< \ bulent heating. It may still be experiencing the
0.40 Y trasitional peak discussed earlier.
| \ Figure 17.c is a comparison of experiment and
0.20 computations where the flow is tripped at approxi-
e Leeward forebody Soace matelyr/R = 0.15. Discrete trips were used to trip the
T TTI—y b om0 flow in the experiment. Again, the computations
r'R

included are for natural and zero-length transition at
r/R=0.15 and fully turbulent flow from the nose. The
fully turbulent from the nose computations are
slightly lower than the zero-length transition from the
2.42x16, a = 16-deg. discrete trip, which was slightly lower than the natural

zero-length transition to fully-turbulent flow at the transition computation. The initial peak in the experi-
cavity location. For the natural transition computa-mental data was approximately 25% higher than the
tions, the transition length was set equal to the runPredicted initial peak (zero-length transition), but the
ning length of the flow from the nose to the cavity. ~ experimental and computational results come to
Figure 17.a is a comparison of the laminar soluWwithin 5% of each other downstream of transition,
tion without a control surface to the correspondingndicating that the fully turbulent level has been
non-tripped experimental case. The agreement is wefeached. For a more in-depth comparison of experi-
within the +13% uncertainty from the nose up to themental and computational results for the MSL, see
corner. The effects of the separation region can b&ef. 6.
seen just upstream of the blended tab where the exper-

(c) Trips atr/R=0.15.

Figure 17: Comparison of experimental and com-
putational laminar and tripped flow at Rep =
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(no control surface) Tab

=1. 71x10

‘.

ReD = 2.125x10°

Figure 18: Leeward Afterbody
for baseline (left) and blended tab
(right) configurations at a =
11-deg.

Baseline Blended
(no control surface) Tab

Re,, =1.71x10°

Re,) =2.125x10°

Figure 19: Leeward Afterbody
for baseline (left) and blended tab
(right) configurations at a =
16-deg.

Baseline Blended
(no control surface) Tab

_"\--_H_,-

=1. 71x10

-~ -~

Rep, = 2.125x10°

Figure 20: Leeward Afterbody
for baseline (left) and blended tab
(right) configurations at a =
20-deg.

0.5
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0.3

0.2

0.1

0.0

Effect of Cavities and Control Surfaces on Lee-

ward Afterbody Heating

Leeward afterbody heating images for both the
baseline and blended tab configurations are shown in
Figs. 18, 19 and 20 for angles-of-attack of 11-deg,
16-deg and 20-deg, respectively, for which the color
scale has been decreased from a maximuivhgg =
0.8 to h/hgg = 0.5. The corresponding centerline
non-dimensional heating data are shown in Figs. 21,
22 and 23, respectively. Heating data are plotted vs.
the non-dimensional distanei, wherezZR= 0.38 is
the location of the corner of the baseline configura-
tion. The uncertainty in this data is approximately
+25% because of the much smaller increase in surface
temperature than that of the forebody during the run.
This is the reason for the large amount of scatter in the
data at the scale shown. All heating ratios are below
hhgg = 0.05, which are significantly lower than those
of the forebody. There is also a slight difference
between the afterbody heating for the baseline config-
uration compared to the blended tab configuration.
The blended tab configuration heating levels are gen-

0.20

—e—Baseline Configuration

—&—Blended Tab Configuration

0.15

First Conic Sectign Second {onic Section

h/h
0.10

0.05 [\

AP

0.40 0.60 0.80 1.00 1.20 1.40
z/R
(a) Re, =1.71x10°

1 1
—e—Baseline Configuration

0.20

—a—Blended Tab Configuration

Firpt Conic Sectign Second Qonic Section

0.40 0.60 0.80 1.00 1.20 1.40
z/IR
(b) Re, =2.125x10°
Figure 21: Leeward afterbody centerline heating

at a=11-deg.
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Figure 22: Leeward afterbody centerline heating Figure 23: Leeward afterbody centerline heating
at a = 16-deg. at a = 20-deg.
Whgr I i

erally lower than those of the baseline configuration, 0.0 0.1 0.2 0.3 04 0.5

especially atr = 11-deg and 16-deg. —11. — 16 — ).
In Figs. 19 and 20, the forebody cavities have o=1l-deg 0o.=16-deg o =20-deg

tripped the boundary layer. When the transitional/tur-
bulent wedges reach the corner of the vehicle, the
boundary layer relaminarizes due to the strong nega-

tive pressure gradient. Thus the cavities have no effect Re.. = 8.75x10°
on leeward afterbody heating. ép = °./5X

Windward Afterbody Heating

Windward afterbody global heating images are
shown in Fig. 24 and the corresponding centerline
heating distributions are shown in Fig. 25. Heating
data are plotted vs. the non-dimensional distance z/
Once again, the temperature rise during a run is smal
compared to that of the forebody, so the error is
approximately +25%. As angle-of-attack was
increased from 11-deg to 20-deg, the heating ratio on
the windward centerline increased. An increase in
heating was also seen as Reynolds number increase
especially ato = 20-deg. A comparison to computa-
tions is included for the = 20-deg case in Fig. 25.c.
Good agreement (well within the £25% uncertainty) . ]
between prediction and experiment was achieved. ~ Figure 24: Windward afterbody. global heating.

Rej, = 1.25x10°

Rep, = 1.71x10°

Rej, = 2.125x10°
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Figure 25: Windward afterbody centerline heat-
ing distribution.
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SUMMARY AND CONCLUSIONS

An experimental aeroheating study was con-
ducted on the proposed Mars Smart Lander aeroshell
in the NASA Langley 20-Inch Mach 6 Air Tunnel
using the technique of phosphor thermography. This
test was conducted in order to determine the aeroheat-
ing characteristics for several control surface configu-
rations (the blended shelf and blended tab) and to
determine the effects forebody cavities had on control
surface heating distributions and levels. The afterbody
heating was also examined to determine what, if any,
impact the cavities and control surfaces had on heat-
ing.

The presence of the blended shelf had little effect
on the proposed 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 is offset 10-deg into the flow
from the forebody, produced a compression surface,
which created a separation region upstream of the
hinge-line and increased the heating levels on the sur-
face of the blended tab. At the highest value of Rey-
nolds number tested and 20-deg angle-of-attack, the
separated shear layer reattached transitionally, caus-
ing 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 41% of the model radius. It was found that cavities
offset 60-deg or more off of the leeward centerline do
not impact blended tab heating for the
angles-of-attack studied; but, cavities up to at least
35-deg off of the leeward centerline do.

Blended tab heating ratios were studied for sev-
eral cavity and discrete trip configurations. Discrete
trips located at 15% of the model radius caused the
boundary layer to transition immediately, resulting in
a transition peak in the heating ratio, followed by fully
turbulent heating. Discrete trips located at 38% of the
model radius resulted in a longer transition length. For
the lowest Reynolds numbers, a definite transition
peak was never reached. For the highest Reynolds
number, the transition peak is reached, but the fully
turbulent heating level is never reached. The cavity
located at 41% of the model radius behaves much like
the discrete trip located at 38% of the model radius,
but its transition length is greater than that of the dis-
crete trip. For the cases where the boundary layer was
tripped downstream of the blended tab, heating was
generally higher than for the untripped cases. The
exception being at an angle-of-attack of 20-deg for the
highest Reynolds number, where the smooth configu-
ration resulted in higher tab heating levels due to the
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