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Abstract

Aerodynamic wind-tunnel screeninggsts wereconducted on a 0.02%cale model of a
proposed Mars Surveyor 2001 Precision Lander (70 deg half angle spherically blunted cone with a
conical afterbody). The primary experimental objective was to determine the effectiveness of a single
flap to trim the vehicle aincidence during a lifting hypersonic planetary entry. The laminar force
and moment data, presented in the form of coefficients, and shock patterns from schlieren
photographywere obtained in the NASA Langley Aerothermodynamic Laboraforypost-normal
shock Reynolds numbers (based on forebody diameter) ranging 2i@8@ to 92,350, angles of
attack ranging from 0 up to 23 degrees at 0 and 2 degree sideslip, and normal-shock density ratios
of 5 and 12. Based upon the proposed entry trajectory of the 2001 Lander, the blunt body heavy gas
tests in CE simulate a Mach number of approximately 12 based upon a normal shock density ratio of
12 in flight at Mars. The results from this experimental study suggest that when traditional means of
providing aerodynamic trim for this class of planetary entry vehicle are not possible (e.g.cajf3et
a single flap can provide similamerodynamic performance. An assessment of bhlody
aerodynamic effects attributed to a real gas web¢ained by gnergistic testing in Mach &leal-air
at a comparable Reynolds number. From an aerodynamic perspective, an approprizeelfiag
wasfound to provide sufficientrim capability at the desired L/D for precisiomriding. Inviscid
hypersonic flow computations using an unstructured grid were made to provide a quick assessment of
the Lander aerodynamics. Navier-Stokes computational predictvensfound to be invery good
agreement with experimental measurement.
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capability to within 10 kilometers of thargetedsite'.
This order ofmagnitude improvement in thaccuracy
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costs), structural and weight constraints of pheposed
2001 lander(which was to fly alifting trajectory) did

associated with the targeted landing area will potentiallynot permit the radial c.g. offset required &mrodynamic

enhance hazardous avoidanc@apability and allow
geologically exciting (e.g. ice deposits recentbtected
beneath thesurface of Mars by the orbitingMars
Odyssey spacecraft) dfifficult to reach sites to be

exploited by unmanned rovers for their scientific value.
The demonstration of a precision landing would also

represent aechnology milestongowards the human
exploration of Mars,where crewed expeditions will
likely requireadvanceglacement of cargearriers and
habitat modulesvithin severalhundredmeters ofeach
other.

The Mars Surveyor 2001 Precisiohandef
(MSPL) was originally part of NASA s tepear Mars

Surveyor Program that was initiated in 1994. A

precision landing demonstration by thender,was to
have been accomplisheébdrough the use ofdvanced
approach navigation techniques coupledwith an
actively controlled descent into the planetary
atmosphere via a vehiclgith a moderate Lift-to-Drag
capability. As the result of sestructuretf® strategy for
the exploration of Mars, thplannedprecisionlanding
demonstration by &nderwas droppedfrom the 2001
mission objectives. Under the present exploration
plan, a 2009 opportunity for a precisidanding
demonstrationexists.  The entryvehicle for this
potential mission is referred to as a Smart Laflder

Had the 2001lander mission been attempted, it
would haverepresentedhe first autonomouslyirected
entry into Mars by alifting vehicle using an
atmospheric guidance algorithm for Mars™®.  In
contrast to the non-lifting ballistic entries flown by
Pathfinderand the Mars PolarLander andthe lifting
entries flown by the Viking.anders!, the initial entry
strategy for the 2001Lander calledfor directional
control of the entry vehicldift vector throughbank
angle modulation. Control of the liftector was to be
provided byreaction controliets. To expeditelander
construction and minimize cost, the baseline
configuration for the 2001anderwas leveragedfrom
Pathfinderand the Mars PolarLander designs which
consisted of aViking heritage 70-deg spherically
blunted cone with a conic afterbody.

trim (at the desired L/D) that would normally be
achievedthrough payload packagingrades orballast
mass. This required that alternative methodprtwide
aerodynamic trim be examirfed

The present paper details mvestigationdesigned
to assess theaerodynamicfeasibility of one such
proposal; a single body flap to trim thkender at angle
of attack during hypersonic planetagntry.  An
inviscid flow solver was used to rapidly evaluatveral
flaps with the potential toprovide sufficient trim
capability to meet mission objectivesExperimental
force andmomentmeasurementarethen compared to
Navier—Stokes prediction.

An early Smart Lander conceptusing a flap to
provide aerodynamictrim is shown in Fig. 1.
Historically, the concept of a flap to provide
aerodynamic trim on similar axisymmetric blunt
capsule shapes can fmnd as early ad961 and are
reported inRef. 12. As analternative method to
provide aerodynamidrim for the 2001 lander, the
viability of the flapwould bedetermined byits ability
to providesimilar or betteraerodynamic performance
across the Mach numbeange relative tahat achieved
with an offsetc.g. For future missions requiring

precision landingwhere constraints for an offset.g.
are more relaxed) #iap may still serve as an attractive
means for providing aerodynamic trim.

Figure 1. Proposed Mars Smart Lander entry at

Traditionally, such blunt axisymmetric shapes canMars using flap to provide aerodynamic trim.

produce lift by flying at incidence and are
aerodynamically trimmedia a center ofgravity offset.
BecausePathfinderand the Mars Polarlander flew
ballistic entries, these flight vehicleid not possess a

It was anticipatedhat entry of the MarSurveyor
Precision Lander into the atmosphere of Mars
(continuum-flow regime) wouldproduce maximum
values of normal shock density ratip,/p,) near 20.

nominal c.g. offset. Constrained by these previous These high values of normal shock densitatio

designs(expedite landeconstruction/minimize tooling

American

encountered irhypervelocity flightare producedrom
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dissociation of atmospheric gases as they cross througshown in Fig. 2. Drawing on theheritage of past

the shockwave into the shocklayer and are often
referred to as real gas effects. Itwsll recognizedhat
the normal shock density ratio is one of tm@mary
flight simulation parameterghat govern theinviscid
flow and aerodynamics oblunt bodies at hypersonic
speeds Real gas effects can impact the
aerodynamics of a vehictbroughchanges inboth the
magnitude and distribution afurfacepressure. During
entry of blunt vehicles into the Martiaatmosphere,
values of normal shock density ratave encountered
that aresignificantly larger (2 to 3times) than those
produced inconventional blowdown hypersoniwind
tunnels using air or nitrogen as a test'gjas

Currently active conventional typeéhypersonic
blowdown tunnels are incapable of providing normal
shock density ratiogear20. High enthalpy impulse
facilities while capableare not typically utilized from
an aerodynamic screening perspective to extremely
short test times. The NASA Langl@p-Inch Mach 6
CF, Tunnel was developed to provide a unique
alternative to high enthalpy testing**® This
conventional blowdowntunnel utilizes a test gas
(tetrafluoromethane-CJ with a molecular weight 3
times that of air inorder to generate anormal shock
density ratio of 12 therebgimulating this particular
aspect of a reafjas. The simulation ischieved at
moderate levels of enthal@ndwithout dissociation of
the test gas.Basedupon theproposecdentry trajectory
of the 2001 Lander, the heavy gas tests ip €fulate
a Mach number of approximately l2asedupon a
normal shock density ratio of 12 in flight at Mars. An
estimate of blunt body aerodynangffects attributed to
a realgas may beobtained bysynergistic testing in
Mach 6 ideal-air at a comparable Reynolds number.

The Langley 20-Inch Mach 6 Aiand CK
Tunnelswere used toassess the laminaerodynamic
characteristics otthe Mars Surveyor 2001 Precision
Lander utilizing a flap to provide aerodynamidrim.
Three flap sizeswere tested at a freestreammit
Reynolds number ranging from 0.03 x%f0to 2.3 x
10P/ft (post shock Reynolds numbdased on body
diameter of2,637 to 92,350). The Mars Precision
Lander model was tested amgles of attack from O deg
to 23 degwith selectdata at 2 degideslip. Schlieren

images provided details of the shock structure about the

proposed entry configuration.

Experimental Methods
Model

The three-inchdiameter stainless steeforce and
momentmodel is a0.029 scale representation of the
proposed Mars Surveyor 200andef. A dimensioned
sketch of the baseline 200ASPL flight geometry is

American

planetarymissions to Mars, the 20Qdander forebody
consists of a sphericallplunted 70-degreehalf angle
cone with a truncated conical afterbody. The model was
designed to accephultiple stainless-steel flaps (trim
tabs). The flap hingeline wdecated downstream of
the forebody maximundiameter(at the tangencpoint

of the shoulder radiusndconical afterbody). Athis
location, theindividual flaps projectradially outward,

90 degrees from the longitudinal axis of symmetry.

| D |
(8.69 ft)

h=0.0232D

r,=0249D—"
(2.16 1)

a) Front view

b) Side view

Sketch of 2001 Mars
Flight

Figure 2.
Precision Lander

Surveyor
Vehicle configuration.

The size of thehreecandidateflaps examined in
this experimental study was initialljased on Modified
Newtonian predictions asliscussed inRef. 2 and
subsequent inviscid computatiopsovided byFELISA
(seeComputationalMethods section). Table details
the model/flap configurationthat were testecndlists
the referencevaluesused to calculat¢he aerodynamic
coefficients. The photographs Kig. 3 illustrate the
flap surface area relative to the forebody frontal area.

a) Baseline

¢ ¢

c) Baseline + Flap 2

Figure 3. MSPL wind tunnel
(see table 1).

The projectedflap areas normalized tahe forebody
frontal area are also presented in Table 1.

3

b) Baseline + Flap 1

d) Baseline + Flap 3
model with flaps
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Static pressure in the CEest section thagnclosed the
open jet were monitored to assess the potential for
contraction of the open-jet tesbre flow with time
during any given run. Pitotand reservoir pressures
were also measured in both facilities duregsghrun to
determine flow conditionandtest times. The ratio of
projected model frontal area to cdtew cross sectional
area for the 0.029-scale model is approximately 0.28.

.

Facility Descriptions

Tests were conducted intwo facilities managed
under the Langley Aerothermodynamic Laboratory
(LAL). This complex presently consists ofour
hypersonic windunnels thatepresent a large fraction
of the nation’s conventionaerothermodynamidest
capability’®.  Collectively, theyprovide a range of
Mach number,unit Reynolds numberand normal
shock density ratio. Thisrange of hypersonic
simulation parameters is due, in part, to the use of twd
different test gases (aandtetraflouromethane), thereby
making the facilitiesuniquenational assets. The LAL
facilities are relatively small and economical to operate,
hence ideally suitedfor fast-paced aerodynamic
performance and aeroheating studies aimed at screenin
assessing, optimizing,and bench-marking (when

combined with computational fluidynamics)advanced
aerospac@ehicle conceptandbasic fundamental flow
physics research.

20-Inch Mach 6Air Tunnel: Heated,dried,
and filtered air is used asthe test gas. Typical
calibrated operating conditions for the tunnedre:
stagnation pressures ranging from 30 500 psia;
stagnation temperatures from 4105@0-degree F; and
freestreamunit Reynolds numbers fron0.5 to 8
million per foot. A two-dimensionakontoured nozzle

is used to providenominal freestream Mach numbers

0.029
model installed in
Mach 6 CF, tunnel.

Figure 4.

scale MSPL aerodynamic
the NASA LaRC 20-Inch

The model/balancavas supported by aylindrical

from 5.8 to 6.1. The closed test section is 20.5 by 20steelrod (stmg) which extendeddownstreamfrom the

inches; thenozzlethroat is 0.399 by 20.5-inch. A
bottom-mounted modelnjection systemcan insert
models from a sheltered position to the tunnel

centerline in less than 0.5-sec. A detailed description o

this facility may be found in Ref. 16.
20-Inch Mach 6 CETunnel : Heateddried,

and filtered tetrafluoromethane (§Hs used as the test fr

gas. Typicalcalibrated operating conditions for the

tunnel are: stagnation pressures ranging from 85 to

2000 psia, stagnation temperatures uB8406-degree F,

fsting.

model base. Inaddition, athin walled protective
aluminum shroud extended over the balaagsupport
To determinethe possibleinfluence of the
support system oraerodynamics, severalns were
made with this aluminum shroud removed which
decreasedthe sting-to-forebody diameteratio (d/d)
om 0.40 to 0.17. Model angle-of-attaclkand sideslip
wereset tozero inthe tunnel using a combination of
an inclinometerand alaser alignmentsystem. A

0.41 million per foot. A contoured axisymmetric
nozzle is used to providenominal freestream Mach
numbers from 5.9 t&.2. The nozzleexit diameter is

20 inches with the flow exhausting into an open jet

test section; thenozzle throat diameter is0.466-inch.
A bottom-mounted modehjection systemcan inject
models from a sheltered position to the tunnel

tunnel is shown in Fig. 4.

TestTechnigues

Force and Moment Measurements:
Aerodynamic forceand moment loads were measured
using a sting-supported, six-componewigter-cooled
internal strain gage balance, Langley-designation

centerline in less than 0.5-sec. A detailed description oHN0O8B. The balance temperature was monitarsidg

this facility may be found in Refs. 14 and 15.

TestConditionsandSetup

Nominal reservoir and correspondingfree stream
flow conditions for theMSPL testseriesare presented
in Table 2. Thdreestreanpropertieswere determined
from the measuredreservoir pressurand temperature
and the measuredpitot pressure atthe test section.

American

integrated water jacketthermocouples to ensure
excessive thermaradientsdid not develop during the
run. An aluminumshroud wasextendedover the
balance (see Fig. 5) to minimize heating to Iba&nce
from base flowimpingement. Theshroudattached to
the sting and clearancewas provided to avoid
interferencewith the balance during modahovement
when aerodynamic forces werapplied. In the CF

4
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tunnel, the model was located approximately 0.5-inchesanalog-to-digital data acquisition system using an

downstream of the nozzle exhdlaterally displaced 4-
inches from the tunnelcenterline to avoidsmall

acquisition rate of 5@amplesper second andaveraged
over a onesecondinterval for each angle of attack

disturbancesthat are characteristic in axisymmetric (model held at fixed angle of attack for approximately 5

nozzles. Limited testmadewith the model on tunnel
centerline didnot indicateany measurableffect on the
aerodynamic characteristics of the MSPL.

Afterbody Balance Supporting
shroud sting

Forebody

Figure 5. MSPL aerodynamic model with
balance shroud.

Schlierenphotography: Flow visualization
in the form of schlieren wassed tocomplement the

sec). The raw data wasansferred to a Hewlett-Packard
9000 computer fodatareductionandstorage. During
data reduction, corrections for weight taresting
deflections, and balance interactions were made.

The force and moment data measurethatbalance
electrical centerhas beentransferred to amoment
referencecenter located ahe forebody nose along the
model x-axis (see Fig. 2). Thmeodel outer moldines
were checked anttansfer distances weiaferred from
measurement by the NASRaRC surface verification
laboratory. Thebalance electrical centewvas located
2.158 inches behind the configuration moment
referencecenter. Table 1llists the reference area and
lengths used to calculate the aerodynamic coefficients.

Run-to-run repeatability (not shown) of the
measured aerodynamioefficients was generallpetter
than 2%. Theestimated uncertainty ithe reported
coefficients shown in Table 3 tsased or0.5% of the

surface temperaturand heating measurements. The balancefull scale loador eachcomponent. Based on

LaRC 20-Inch Mach 6 Airand CF Tunnels are
equippedwith a pulsedwhite-light, Z-pattern, single-
pass schlierensystem with a field of view
encompassing the entire test core. Tibat sources
are pulsed for approximately 3ns. Imageswere
recorded on ahigh-resolution digital camera and
enhanced with commercial software.

Base Pressure MeasurementBase pressure

measurements weret obtained duringhe testing due
to the combination of short run timesd long base

pressure settling times. Previous experience in the CF

facility whereby runs were performed afixed angle of
attack have indicated that rather large diamgeteing is
required toinsure thatbase pressursettling times are
shorter than the available ruime (20 sec). Base
pressure measurementith the requiredtube diameter

were not attempted so as to minimize the potential for

additional interference effects that may be presestto
the balanceshroud. As a result, all axiaforce
coefficients, G, are reported as uncorrecténl base
pressure.

DataReductionandUncertainty

A 16-bit analog-to-digital facility acquisition
system wasused to acquireflow condition data.
Measuredvalues of P1 and Tt1 are estimated to be
accurate to within —2 percent.

Aerodynamic data was obtained in arascending
pitch pausemanner duringeachrun. Generally, two
separateuns wererequired tocomplete a poladue to
the short run time. Thelatawas collected by an

previous tests, this isconsidered aconservative
estimateand generallywill cover uncertaintieslue to
balance accuracygata acquisition accuracy, transfer
distance measurement, and sting deflection.
Computational Methods

An unstructured inviscid flow solver (FELISAS
wasused to provide a rapidssessment of thISPL
aerodynamics. The Langley Aerothermodynamic
Upwind Relaxation Algorithm (LAURAY# was used
to provideviscous laminar Navier-Stokesimulations
of the MSPL aerodynamics at wintlnnel conditions.
Viscous (LAURA) and inviscid (FELISA)
computationswere madewithout an afterbody. The
same thermodynamic properties for QOkere used in
both codes. Limited Navier-Stokes predictiongere
made with the afterbody included to assessirtflgence
of the base on the MSPL aerodynamics.

FELISA

The inviscid flow computationsvere performed
using theunstructured grid softwar€ELISA. This
software package consists of a set of computer codes for
unstructured gridgeneratio®, and the simulation of
three-dimensional steadinviscid hypersonic flow$
using unstructured tetrahedral grids. Surface
triangulation and discretization ofthe computational
domain using tetrahedral elements is accomplistigu
two separate codes.The grid usedfor the baseline
MSPL configuration had 43,284 surface points and
902,024 interior points. Thhaypersonic flow solver

5
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has optionsfor perfectgas air, equilibrium air, CF
CO,, and equilibrium Mars gases. The hypersdiue
solver with the Cl-gas option was used for tipeesent
computations. Flow solutionsvere computed on a
parallel computer. Surface pressurewere integrated
once every 50steps during the iterationsand the
aerodynamic loadwerecomputed. The flowsolution
was assumed to haveonvergedwhen theseloads

AlAA 2002-4408

shock density ratiand acorrespondindow ratio of
specific heatsy() - as is encountered ihypervelocity
flight. In addition, the facility provides the best
opportunity from which to maintain a lamindlow
since it operates at relativelpw Reynolds numbers.
More importantly, the Shuttle Orbiter first flight
experience has underscored the importance of
qguantifying real gas effects. As detailedRef. 21, the

reached steady values. The contributions of the base t8huttle experienced asignificant nose-up pitching

the aerodynamic loadsvere ignored (base pressure
assumed to be equal tbe freestreamstatic pressure.)
More information on FELISAsoftwaremay befound
in Ref.17. A description of the hypersonic fl@elver
may be found in Ref. 18.

LAURA

Computationswere performedusing theLAURA
code. The LAURAcode is athree-dimensional, finite-
volume solver whichincludes perfect-gas, equilibrium
and non-equilibrium chemistry modebmd can beused
to solve the inviscid, thin-layer Navier-Stokes, or full
Navier-Stokes equations. For tlarrent study, the
thin-layer Navier-Stokes equationgere solved using
the CF, gas option. Freestream conditions for the
LAURA wind tunnel computationsvere set to the
freestreanoperating conditions of the teand no-slip
conditionswere applied athe model wall. A single-
block, singularity-free gridtopology was employed.
The majority of solutionswere computed on a
forebody-only grid containing -37 x 40 x 32 cells (in
the streamwise, circumferentialand body-normal

moment incrementrelative to pre-flight predictions
resulting inbody flap deflections of twicethe amount
necessary to achieve trimmed flight. Tipisenomenon
was lateraccurately simulated in the Langley GF
tunnel and was coupledith computational methods to
provide a high degree of confidence in estimating
hypersonic entryaerodynamics. It is commonly
recognized today that the primary effect of a g&d on
aerodynamics is tdower the specific heat ratioy)
within the shocklayer which inturn will produce a
greater degree offlow compressionand expansion
relative to aperfectgas. Thus, compressiosurfaces
(such as flaps)will have a correspondingly higher
surfacepressure. Because othe presence of aontrol
surface near the rapidly expandifigw nearthe MSPL
shoulder, aerodynamic realgas simulation testing
(similar to thatconducted orthe Viking Lander and
Shuttle Orbiter post-flight) were performed.

From a computationalaerodynamic screening
perspective, FELISA provided a rapid assessment of the
viability of a flap to provide aerodynamic trim. For the

directions, respectively) that included the forward face of MSPL, atarget L/D of at leasD.18 wasrequired to

the flap. Limited computationsvere madewith an

provide adequatemargins for a precision landing and

afterbody included to assess the influence of the base oyas preferred based oiwiking flight experience. |

the MSPL aerodynamics. For all solutions, grid
adaptation wagperformed toalign the bow-shockvith
the grid and producednominal wall cell Reynolds
numbers on the order of 1.

A grid resolution study waserformed for the
configuration with the largest flapFirst, the density
of the cells in the normabirection wasincreased
beyond the 32 cells in thestandardgrid. Three
solutions were computed for48, 64, and 96 cells,
respectively. Additionally, threesolutions for the
largest flap were computed on a gwith a muchfiner
surface mesh (148 x 112 cells) for 32, é4d 96cells,
respectively, in the normal direction.

Results and Discussion

From an experimental viewpoint, the MSPL
aerodynamicflap feasibility study conducted in the
M.=6 CF, tunnel was initially desirable from the
perspective oftesting in a gas with a highnormal

American

Aerodynamic predictions at windunnel conditions
provided by FELISA, Fig. 6a-b, indicated that a
properly sized flap could providgufficient aerodynamic
trim at the required L/D.

The inviscid results from FELISAwould not
capture viscous effects such as skin frictaom/or flow
separation. Since skin friction overf@ebodysuch as
the MSPL for hypersonic freestreamconditions at
sufficiently high Reynolds number is negligible and
afterbody contributions toaero areminimal, inviscid
prediction should capturghe overall aerodynamics
(provided viscous effects on the MSPL flap are
minimal).

Performance of the three flaps from the
experimental heavy gasmulation testgelative to the
measuredaseline longitudinaberodynamics (G C,,
Cy, and L/D) of the MSPL at M=6 CEF,
P./p., =12,and Regy=0.03 x 16 are summarized in
Fig. 7a-d. Since the baseline shape is axisymmetric
(with no flap), it trims atn = 0 degreesvith an L/D =

6
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0. As anticipated, the primary effect of the flaps was toMSPL pitching moment coefficient measurements

change the MSPL trim angle of attack. wind tunnel
conditions, a flapsurface areapproximately 6percent
of the forebody frontal area (Flap 3) was showrtrim

the MSPL nean=11.5degreeqFig. 7b) at thedesired
L/D value of 0.18(Fig. 7d). In comparisonyiking

flight experience indicatethe landertrimmed near 11
degreesangle of attack (via &.g. offset) duringits

entry at Mar&.

0.1 [ Prediction (inviscid-FELISA) no afterbody
[ Flap  Sp \o/Sper
0
¢ - 3 0.06
[ —A— 1 0.02
011 —O—baseline
LD -02 [ Desied LD}
s
04 :
.0_57““\““\:‘ P E I SR |
0 5 10 15 20 25
Angle of attack, degrees
a) lift-to-drag ratio
0.04 - - Lo
[ Prediction (inviscid-FELISA) no afterbody
002 4 Flap S ap/Sger
et - 3 0.06
L —a— 1 0.02
y —O—baseline
0 '
Cn i i
-0.02 ;
-0.04 |
.0.067““\““\‘:"\““\““\
0 5 10 15 20 25
Angle of attack, degrees
b) pitching moment coefficient
Figure 6. Inviscid prediction of MSPL
longitudinal aerodynamics  provided by
FELISA. M .=6, CF, Re,;,=0.03 x 106,
p,/p.=11.7.

The addition ofthe flaps on the MSPlwas found
to have no measurable effect on LpBrformance (since
L and D derivedprimarily from G,), but did produce
measurable increases in axial force (Fig. 7a).

The effect of normal shock density ratio on laminar

American

obtainedwith the baselineand the baseline with the
largest flap (flap 3) in air and CBt identical Mach and
Reynolds numbersare shown in Fig. 8a-b. The
pitching momentmeasurementmadewith the largest
flap, Fig. 8b suggedtvorable reabaseffects attrim
conditions; MSPL heavy gas simulation temtdicated
a trimmed condition at1.5 degrees incontrast to 8.5
degrees measured iair. The data indicate greater
pitching moment stabilitymore negative slope) than
measured in air fon > 10 degrees.The corresponding
laminar MSPL baseline (no flap-Fig. 8ajeasurements
obtained in air and GFat identical Machtand Reynolds
numbers.exhibited the samstabilizing effect in CFK
on pitching momenand wereconsistent withground
based trends measurfat Viking?. The cross over in
pitching moment between the presentaid CF; tests
are consistent with Viking test experience.

No attempt wasnade inthis screening study to
optimize flap trim effectivenessthrough flap shape,
orientation, or attachment location parametrics. In the
context of the more matumISPL designs, thelap
was considered to be deployab#trofit as packaging a
fixed control surfacewithin the diameter ofthe launch
vehicle shroud waanlikely. In theconceptual stages
of this study, it was felt that the most effective location
for the flapwould be at or neathe vehicleshoulder
where themoment arm for the flapressure loading is
greatest. Theadleployableflap hingeline waslocated
downstream ofthe forebody maximum diameter in a
potentially more benign heating environment. tlhis
position, theshadowedegion in front of the flap was
expected to produce alocal flow separatioh
Subsequent flow reattachment thre flapwould result
in an embedded shock. Iffaed flap was permissible,
a simple surface extension beyond the corfmabody,
such as thatinvestigated inRef. 12, might prove
beneficial. Thiswould eliminate theembeddedshock
system thereby minimizing flap effectiveness
sensitivity to Mach number, Reynolds number, and
density ratioandavoid heatingincreases (se®ef. 24)
due toflow reattachment onthe flap. Thesédenefits
would be weightedagainst thereducedflap pressure
loading (andresultantrequirement to increadtap size)
in the absence of an embedded shock system.

Figs. 9-12 show the comparisons of thmeasured
longitudinal aerodynamics (CC,,, G, and L/D) of the
MSPL at M.=6 CF,, p,/p, =12,and Rg,=0.03 x 16
to viscouspredictions from LAURA abh = 0 and 11
degrees. Even with theafterbody excludedfrom the
computations, thepredicted pitching moment and
normal force coefficients from LAURA wenithin the
uncertainty of the measurement. Axiafce coefficient

v
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prediction was generally 1 to 4% lower
measurement and thus generally outside the Itivwer
of the estimated uncertainty. Arid resolution study
was performed orthe baseline configuration witfiap

3. An increase inwall normal cells from 32 to 96

produced asmall increase (0.7% ) in the axial
aerodynamicoefficient, Fig. 12a. The corresponding
comparisons opredictedpitching momentand normal
force coefficients forthis grid resolution study,Fig.
12b-c were Vvirtually

impact of the embeddedshock near the flap was
adequately resolved with 32 cells in the normal
direction.

The influence of the base oMSPL hypersonic
aerodynamicsvas expected to beninimal. Previous
blunt body testing® in the CF tunnel with an
afterbody attachedand removed had
measurable effect on longitudinal
Computationalpredictionsmadewith LAURA on the
MSPL baseline configuration withand without an

afterbody are shown in Fig. 13. At= 0 degrees, the

presence of an afterbodiycreased ¢ by approximately
0.02 and brought thedifference betweenthe predicted
axial force coefficientand measurement tdess than
1%. Comparing thenagnitude of thecomputedbase
pressure correctiotby including theafterbody)tothose
estimated from an engineering forméfia,

Ac:A, base correction: (1/Moo2) - (057/M) (1)

indicated the LAURA corrections (with/without
afterbody) to be 25% smaller. The increment jnaid
the differences inthe magnitude of theorrectionwith
andwithout anafterbody areconsistent withprevious
hypersonic LAURA blunt body analysisandindicated
a viscousshearcontribution from theafterbody. The
corresponding comparisons of predicted pitching

momentand normal force coefficients inthe presence
and absence of an afterbodghow the results are

virtually indistinguishable.

It is also generally recognized that the presence of

support sting mayhave aneffect on the baseflow
characteristics of @lunt body in hypersonicflow.
Experimental quantification of theeffect with and

without a support stindor this test series was not
made. However, a limitedataset was taken tassess

the sensitivity of the MSPL aerodynamic drag
measurements to the potenteffects of a cylindrical
model support sting for sting-to-model forebody

diameterratios of 0.40(balance shroudittached - see
Fig. 5) and 0.17 (balance shroud removed). At
Rep=0.03 x 16, M.=6 CF,, and a=0 degrees, no

measurable aerodynamétfect from the differences in

American

than model

indistinguishable. For
aerodynamic screening purposes, this suggested that tt?e

indicated no
aerodynamics.

a
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support was observed (not shown).
Measurements ahcidence weraot attempted as flow
impingement on theunprotected balance(shroud
removed) was anticipated.

As the MSPL baseline configuration was
symmetric, it was anticipated that the vehisleuld be
laterally/directionally stable at sideslipangles
anticipated for flight (B < 2 degrees). The
lateral/directional characteristics tdie MSPL with a
flap werenot known. A limited assessment of static
ateral/directional aerodynamics (£ C 5, and Gg) of
the MSPL (configured with flap 3) atsadeslip angle
of 2 degrees, indicatdtie landerwas stable as shown
in Fig. 14 through the test range of angle of attack.

Schlieren images for theM'SPL baseline and
baseline plus flaps (at M6 CF, Rey=0.03 x 106) are
presented in Fig. 15, fer=11 degrees. In thsequence
of images, an embeddestiockassociatedvith the flow
expansion and separation arounddleeobrake shoulder,
and subsequent reattachmemind recompression is
evident for all three flaps. The flapaerodynamic
effectiveness in flight would bdictated bythe strength
of this embeddedshock. Furtheguantification ofreal
gaseffectsandMach number on flap pressuleading
would be essential in determinitige viability of any
flap to provide aerodynamid¢rim at the appropriate
values of L/D for theduration of its atmospheric
trajectory.

Schlieren images for the MSPL baselione dlap
3 (in M,=6 CF,, Re;=0.03 x 106) are presented iFig.
16, for a range ofangle of attack (O&<+20 degrees).
As expectedthe embeddedhock system persistver
the range ofangle of attack. Comparison of the
measured shock shape of the MSPL baseline + flap 3 at
o =11 degrees with thin layer Navier Stokes
prediction (for the 148 x 112 x 96 gridye presented in
Fig. 17. The predicted bow shostandoff distance and
the spatial locatiorand shape of theembeddedshock
associated with the flap (inferred from the
computational density contour mapping) was in
excellent agreement (within 2%) with measurement.

Concluding Remarks

The Langley 20-Inch Mach 6 Airand CRK
Tunnels were used to assess the aerodynamic
characteristics othe Mars Surveyor 2001 Precision
Lander utilizing a base flap toprovide aerodynamic
trim. Threeflap sizeswere evaluatedver a range of
freestreamunit Reynolds number from 0.03 x %16
2.23 x 16 at a nominal free stream Mach number of 6.
The model was tested at angles of attack from 0j up to
23j with selectdata at 2jsideslip. Basedupon the
proposecentry trajectory of theMSPL, the heavy gas

8
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tests in CE simulate a Mach number of approximately Surveyor 2001Lander: A First Step Towards
12 basedupon a normal shock density ratio of 12 in Precision Landing, IAF-98-Q.3.03, 1998.

flight at Mars. The resulting laminaaerodynamic )

measurements obtained air and CF at comparable 3. Smith, B. A., Lander DevelopmentPaced By
Mach and Reynoldsumber,indicate favorable real gas Mars ScienceResults, Aviation Week & Space
effects at trim conditions. The CHataindicategreater Technology June. 26, 2000, p. 63.

pitching moment stability than measured in air dor 4. Pieri. D., Rebuilding theU.S. Mars Exploration

10 degrees; MSPL heavy gas simulation tests with the™
largest flap indicated atrimmed condition at11.5 Program, LaunchspaceJuly/Aug., 2000, p. 27.

degreesangle of attack in contrast t8.5 degrees Smith, B. A., NASA Weighs Mission Options,

measured in perfegas air. A limited assessment of Aviation Week &SpaceTechnology Dec. 11,
static lateral/directional aerodynamics at a sisl@

angle of 2 degrees indicatedhe lander was stable 2000, p-54.

through the test range of angle of attack. 6. Lockwood, M. K., Sutton, K., Prabhu, R.,
Inviscid prediction with an unstructured Powell, R., Graves, C., and Epp, C., Entry

hypersonic flow solver (FELISA)provided a rapid Configurationsand PerformanceComparisons for

assessment on the viability of a flap fmovide Mars SmartLander, AIAA 2002-4407, August,

aerodynamictrim at the desiredL/D. Longitudinal 2002.

aerodynamic coefficients predicted witlviscoussolver .
(LAURA) were generally within the estimated 7. Striepe, S. A.Queen, E. M., Powell, R. W,

measurement uncertainty. Computations which Aguirre, J.T., Sachi, L. A.,andLyons, D. T,
included the afterbodybrought the difference between An Atmospheric GuidanceAlgorithm Testbed for
the predicted axial force coefficieahd measurement to the Mars Surveyor Program 2001 Orbiter and
less than 1%. Lander, AIAA-98-4569, August, 1998.

When traditional ~means  of providing g carman, G., Ives, D.and Geller, D., Apolio-
aerqdynamlc trim fo'r this blunt class Of_ planetantry Derived Mars PrecisionLander Guidance, AIAA-
vehiclearenot possible(offsetc.g.), a single flap can 98-4570, August, 1998.

provide similar aerodynamic performance. Whether
fixed or deployable, theviability of the flap to a 9. Tu, K.-Y., Munir, M., Mease, K.and Bayard, D.,

providetrim capabilitywould reside in tradestudies to Drag-Based Predictive Tracking Guidanfoe Mars
determinemass/ballast penaltieassociatedwith flap Precision Landing, AIAA-98-4573, August,
attachment or deploymenhardware andadditional 1998.
control surface thermal protection requirements.
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Table 1. Model Configurations

Conﬁguration I-ref (m) Sref (m) bref (In) Xc.g.(in') S:Ia;JSForebody
Baseline 3 7.07 3 0 -
Baseline + Flap 1 3 7.07 3 0 0.0212
Baseline + Flap 2 3 7.07 3 0 0.0398
Baseline + Flap 3 3 7.07 3 0 0.0606
Table 2. Nominal flow conditions
Re./ft (x10°) Rep M., Test gas B(psi) Tia(iR) PP
0.66 26,425 5.8 air 33 866 5.23
1.23 49,125 5.9 air 64 879 5.24
2.33 92,350 5.9 air 130 900 5.26
0.03 2,637 6.0 CF 119 1305 12.0
0.11 10,935 5.8 CF 388 1305 11.7
0.32 31,175 5.9 CF 1069 1296 11.8
Table 3. Estimated Force & Moment Coefficient Uncertainties
Cy Ca Cy Cn C, G
+.008 +.015 +.004 +.003 +.001 +.001
10
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Figure 7.Effect of flap size on MSPLIongitudinal
aerodynamics. M6, CF, Rgp=0.03 x 16,
P./P=11.7.
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MSPL pitching moment coefficient. M,=6,
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Figure 10. Comparison dfaseline + flap IMSPL
longitudinal aerodynamicswith prediction. M=6,
CF,, Rgp=0.03 x 16, p,/p,=11.7.
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Figure 11. Comparison dfaseline + flap 2SPL
longitudinal aerodynamicswith prediction. M=6,
CF,, Rgp=0.03 x 16, p,/p,=11.7.
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Baseline

Figure 15. Effect of flap size on MSPL shock shape and interactigr6,\CF, p,/p,=11.7,
Re,;=0.03 x 16, o= 11 degrees.

Figure 16. Effect of angle of attack on MSPL shock shape and interactiget, KIF,, p,/p,=11.7,
Re,;=0.03 x 16, flap 3.

Prediction Experiment

Figure 17. Comparison of predicted MSPL density contours with measured schlieren image.
M.=6, CF, p,/p.=11.7,
Re,;=0.03 x 16, a= 11 degrees, flap 3.
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