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A RECONSTRUCTION OF AEROTHERMAL ENVIRONMENT AND
THERMAL PROTECTION SYSTEM RESPONSE OF THE MARS
SCIENCE LABORATORY ENTRY VEHICLE

Deepak Bose,” Todd White,* Milad Mahzari,® and Karl Edquist’

An initial assessment and reconstruction of Mars Science Laboratory (MSL)
entry aerothermal environment and thermal protection sy§I&8)response is
performed using then-board instrumentation suite call&SL Entry, Descent,

and Landing Istrumentation(MEDLI). The analysis is performed using the
currentbest estimated trajectory. The MEDLI suite in part providedeipth
temperature measurements at seven locations on the heatshield. The temperature
data show the occurrence of boundary layer transition to turbulence on the
leeside forebody of the entry hiele. The data also suggest that the TPS
recession is lower than nominal model predictions using diffusion limited
surface oxidation. The model predictions of temperatures show an
underprediction in the stagnation and apex regions, and an overpredictien i
leeside region. An estimate of timarying aeroheating using an inverse
reconstructiontechnique is also presented. The reconstructed aeroheating is
sensitive tadhe choice ofarecession model.

INTRODUCTION

NASAds Mar s Sci en cwhichleatdred tha atroosphere(oMiaits pon dsig
5th, 2012 and landed the 900 Kguriosity rover, represented a significant advancement in
planetary entry, descent, and landing capabillyith an entry mass of 3200 kg and a 4.5 m
diameter heatshiel(see Fj. 1), MSL was the heaviest and the largest Mars entry veHitle.
addition, the entry vehicle flew a guided hypersonic trajectory at a nominal angle of attaek of 16
deg generating a l#vverdrag ratio of 0.24. The moderately high entry speed ofkngs,
coupled with high ballistic coefficient, and a large rugniength on the forebody, was likely to
cause turbulent heating augmentatido protect the vehicle against expected high headimgw
tiled thermal protection system made with Phenbtipregnated Carbon Ablator (PICA) was
used® A constant thickness TPS was designedaviiistand heating as high as&@®@/cnt and
heat loads of up t6400J/cnt.**

The selection and sizing of the TPS of an entry vehitdes predictive models in
computational fluid dynamic¢CFD) and ablative material response cod€éhe CFD code
provides the aerthermalload on the vehicle as itidls alonga hypersonic trajectory and the
material response codmmputesthe indepth temperatures and material deposition. These
predictive toolsare developed using physics based models that are validated in-saalail
ground tests performed in wind tunnels, shock tubes, and arc heated facilities. While ground test
facilities are essentidbr validation ofthese models, they are not adequate substitoteactual
flight environment. The validation of aerothermal and material response codes for Mars entry has
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thus farrelied soléy on ground test due to a lack of flight data. As a rethdt predictions othe
models are left witHarge uncertainties. Table 1 shows a summary of major uncertaizties
design margingpplied in MSL heatshield design. These uncertainties are substarttiare a
result of phenomena that anet adequately addressed and \atkd in ground test facilities. A
combined impact of these uncertainties is estimated totteatbre 40%extraforebody TPS
thickness on MSL heatshield relative to zerargin thicknes$ While additional ground based
validation could leado small increnental improvements in these uncertainties, flight validation
is required to achieve a substantial improveméntflight validated aerothermahnd TPS
responsemodel would not only lead to mass efficient designs, but also positively impact
development of ng systems and technologibg relaxing testingnd qualificatiorrequirements
thatare currently based on similarly margined loatfith the aboveconsiderations in mind, the
MSL heashield was instrumented to acquire criticlight data for aerodynamics,
aerothermodynamics, and thermal protection system respbn3te instrumentation suite is
called Mars Science Laboratory Entry, Descant Landing Instrumentation (MEDLI).
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Figure 1. (&) MSL entry vehicle and (b) MSL heatshield made withPICA titles (photo credit:
Lockheed Martin Space Systems)

Table 1L Summary of Model Uncertainties and Margins used for TPS design

Source Uncertainty/Margin Reference
Supercatalytic Heating 20%-30% Ref. 7
Stagnation Point Heating 50% Ref. 3
Turbulent Roughness Augmentati 20%-30% Ref. 3
Boundary Layer Transition Fully Turbulent Ref. 3
Thermal Margin 45-60F Ref. 4
TPS Recession 150% Ref. 4

The MEDLI suite consists of 7 pressure transducers, 24 thermocouples, and 6 ablation
sensors. It successfully acquired and returned surface pressweptliin temperatures, and
material decomposition characteristics at various locations on the heat$hielMEDLI suite
on MSL represents the most extensively instrumented Mars entry heatdHidtshield
instrumentationn past Mars entry missions has been minifiae Viking entry vehicle included
two backshell thermocouples, one of which malfunctionéat po peak heatinfMars Pathfinder
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had nine irdepth thermocouples in the TPS and many of them failed to return useabté’ tata.
i nstr ume n,taadt higl ballisticMS L 6 s
coefficient, provided aropportunity to measure turbulent heating augmentation that was not

addi ti on

t o

extensive

expected in past Mars entries.

The MEDLI datasetis currentlybeing used to reconstruethicle aerodynamics, aerothermal
environment, and TPS response during entry. This paper peseatsessment of the thermal
data received, perforsnsome initial comparisonsof in-depth temperaturesvith model

predictions and provids preliminary estimees oftheaerothermal environment

HEAT sensor

Figure 2. (a) Schematic of a MISP plug with four TypeK thermocouples and a HEAT sensor (b)

Table 2 X-Ray depths ofasinstalled thermocouplesin eachMISP and plug locations on the

TC1(0.10” - 0.254 cm)

_ TC2(0.20” - 0.508 cm)

—— T7C3(0.45"-1.143 cm)

TC4(0.70” -1.778 cm)

HEAT sensor

JPL P/N:10251633-1
SIN: P-MISP-091908-01

—

(b)

MISP plug made with PICA

heatshield See Fig. 3 for XY coordinate system.

Plug Layout on
TC Depths _
Heatshield

Plug | TC1 TC2 TC3 TC4 Y X

mm mm  mm mm m m
MISP1 265 5.09 1149 17.87 -0.798 0.000
MISP2 2.68 5.16 11.57 17.77 1.957 -0.447
MISP3 2.61 491 1159 17.60 1.957 0.442
MISP4 247 5.39 11.32 17.94 -1.270 0.002
MISP5 253 4.86 0.227 0.000
MISP6 2.73 5.15 11.67 17.66 1.240 -0.001
MISP7 2.39 4.89 0.519 0.000

MEDLI INSTRUMENTATION LAYOUT AND OPERATION

The MEDLI instrumentationsuite is comprisedof two classesof sensorsone for surface
pressure measurements callddrs Entry Atmospheric Data SystemEADS) and a second
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suite of instrumentatioffior thermal performancétemperature and charringf the heathield
called theMEDLI Integrated Sensor Pludg{SP). Referencell describes the use of MEADS
pressure data for reconstruction of vehicle aerodynamics and atmogpiopecties. This paper
andRefs. 12 and 1®resentthe initial analysis of MISP data for reconstruction of aerothermal
environments and TPS respon3be details of MEDLI hardware arghvironmenttesting are
discussed ifRefs. 6 and 14

Table 3 MEADS pressure port locationson the heatshield See Fig. 3 for XY coordinate system.

Port Y X

m m
MEADS 1 -1.403 0.000
MEADS 2 -0.991 0.000
MEADS 3 -0.310 0.000
MEADS 4 0.000 0.000
MEADS 5 0.310 0.000
MEADS 6 0.000 0.991
MEADS 7 0.000 -0.991

The MISP instrumentatiorsiembedded n 1. 30 di admdeepRIGA cyindrital 1 . 1 4
plugs. Each MISP plug contained four Type(chronel-alumel)thermocouplesvith 0 . 0 Wi o
diameterat nominal depths of 0.1, 0.2, 0.45. and 0.7 in€264, 0.5081.143, and 1.778m)
from the initial surface as shown in Fig@@) and (b) The measured deptb$ asinstalled plugs
using XRay imagesare given in Table 2The top thermocouples are expected to be more
responsive to changes in the surface heating conditions, theileleeper thermocouples are
expected to measure-@tepth thermal response as heat is conducted through the thickness of the
recessingnd pyrolyzing materialn addition to thehermocouplesan ablation sensor, called the
HEAT sensor (Hollow aErothermalbfation andTemperaturg® is also installedthrough the
thickness as shown in Fig. & total of seven MISP plugsra installed on the hestiield. The
layout of the plugs is shown Fig. 3(a)and their locations on the heatshield are given in Table 2
Each plug $ installed on the heatshield using the R8O siliconeelastomeibondingagent The
plugs ae numbered as followslISP 1 &4 are installed in the stagnation region of the forebody
while MISP 5 &7 ae embedded in the apex region to capturgimam laminar heating. MISP
2,3, & 6 ae located in the leeside forebody to capture turbuleatimg levels, as this regios i
expected to experieacmaximum heat flux. The plugseaarranged along or near the line of
symmetry to capture the development @rogression of theoundary layetransition font along
the center streamline. MISP 2 & Jrainstalled slightly away from the centerline to assess
asymmetric heating due tany sideslip angle No plugs a@e installed in the backsheof the
vehicle. The MEADS pressure ports are installed on the windside forebody of the vakicle
shown in Fig. 3(h) The layout is designed to enable a reconstruction of vehittade and
freestream dynamic pressutaring hypersonic flight. The locations of MEADS podre given
in Table 3.No MEADS ports are installed on the backshell of the vehicle.

The MEDLI system which includesMEADS and MISP instrumentatiorand the System
Support Electronics box, was turned on five hours before emtxugust 8, 2012 The cruise
temperaturesn the plugswere found to be withinl 1 5 e @ 8 teApPproximatey ten minutes
before entry MEDLI began to acquire dafasubset of the critical MEDLI data wasansmitted
real time during EDLincluding tones to indicate incremental progression of events. The full
MEDLI dataset was stored in theverfor transmissiorio earthat a later timeThe data sampling
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rate varied from BHz depending on the sensdihe full dataset was successfutBceivedon

earth a few days after landing.
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Figure 4 Designand Best Estimated Trajectories
MSL DESIGN AND BEST ESTIMATED TRAJECTORIES

The aerothermal environments for MSL TPS design were based on two trajectories: a steep
trajectory (09TPSO02, flight path angle<5.5 deg) and a shallow trajectory {DBS01, entry
flight path angle=14 deg). The 0IPSO02 trajectory was used to calculate thhaximum heat
flux, shear stress, drpressure whereas the-UBS01 trajectory was used to size the TPS as it
had a higher heddad The design trajectories used the allocated entry mass (3308 kg) and a high
entry velocity in the launch arrival window5.9 km/s), both of which make the
aerothermodynamic environments more severe. The best estimated trajectory (BET) was obtained
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using onboard inertial measurements and MEADS pressure data to estimate dynamic pressure,
atmospheric density and temperatwareg vehicle attributes' A comparison of the BET and the
09-TPS design #jectories are shown in Fig. The BET entry mass and velocity are lower than
design trajectories, which would tend to produce lower heating. The BET entry flight path angle,
however is steeper than the design trajectories, which tends to increase maximum Héeging.
angle of attack and sidgip angles aralso shown in Fig. 4The sideslip angle is less thandeg

in the hypersonic portion of the flight. The analysis in this weilkassume no sidslip to take
advantge of the pitch plane symmetry in CFD simulations.
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Figure 5 CFD predicted (a)laminar and (b) turbulent heat flux, (c) pressure, and (Jl predicted
recession from FIAT on seven MISP plug locations during MSL entry.

MODELING TOOLS AND NOMINAL PREDICTIONS
CFD and Material Response Codes

For the model predictions pested lere we use two CFD codefataParallel Line
Relaxation (DPLRJ® and Langley Aerothermodynamic Upwind Relaxation Algorithm
(LAURA),'" and one ablator material response code called Fulpicit Ablation and Thermal
Response Program (FIAT) DPLR andLAURA are parallel, structured neaquilibrium CFD
code developed at NASA Amesd LangleyResearch Centerrespectively The code solve
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compressibld&keynolds AveragetlavierStokes equationfer chemically reacting fluid flow with
heat transfe

FIAT is an implicit ablation and thermal response program for simulation eflimnensional
transient thermal energy transport in a multilayer stack of isotropic materials that can ablate from
a front surface and decomposedeph. FIAT is developed by scientsstat the NASA Ames
Research Center and is a standard tool in the aerospace industry today for the thermal sizing and
analysis of spacecraft heatshields. The equations solved in the FIAT code are the internal energy
balance, internal decomposition, intermass balance and surface energy balance equations. The
surface energy balance is solved usingqaleu | at ed sur f ac dabldsiderived ng r at e
under the assumption of thermochemical equilibrium at the surface. FIAT version Z26C#ad
material modeversion 3.3’ are used in this work.

Nominal Aerothermal Predictions on Best Estimated Trajectory

The nominal aerothermal and surface recession predictions are made for the BET using DPLR
and FIAT codes. For nominal predictions, the flow around the heatshield is modeled as
thermochemical neequilibrium flow, using the Mitcheltree and Gnozﬁ(8—specés (CQ, CO,

N2, O, NO, C, N, and O) Mars model. The Mars atmosphere is modeled as 978€CG3% N

by mass. The TPS surface is modeled as an unblowslimaadiative equilibrium wall with
constant emissivity (U = 0surface patalgcitydmodelhSpecigs t c he | t
diffusion is modeled using setbnsistent effective binary diffusion. Turbulent flow is simulated
with the BaldwinLomax algebraicmodel CFD calculations are performed along the entry
trajectory, at & second intervals. Surface properties for material response simulations are
extracted from the CFD solutions at each MISP location. These quantities are then fitted in time
with tight monotonic cubic splines, and provided as inputs to the FIAT material response code at
guater-second intervals. The CFD generated aerothermal environment imposed on material
response modeling is switched from laminar to turbulent heating at specific times when boundary
layer transition is observed in flight data. The boundary layer transitieas observed in flight

data will be discussed in a later section. For recession prediction FIAT assumes equilibrium
chemistry and diffusion limited oxidation. Figure 5 shows nominaldamheat fluxturbulent

heat flux, pressure, and surface recespi@dlictions at the seven MISP plugs during entry. Table

4 compares nominal CFD heating environments on BET to the margined environments used for
TPS design on Q9PS trajectories.

Table 4 Aerothermal design and BET nominal environments at MISP locations

Design Heat BET Nominal

Plug Flux Heat Flux
Wicnf Wicnf
MISP 1 63 33
MISP 2 219 96
MISP 3 219 96
MISP 4 57 29
MISP 5 119 70
MISP 6 212 90
MISP 7 129 59




MISP FLIGHT DATA AND INITIAL OBSERVATIONS
MISP Data

The complete MEDLI datasstored in the rovewas received few days subsequent to the
successful landing o€Curiosity. Channels of raw voltages and curemtere converted into
thermocouple temperatures and HEAT sensor resistande24AMISP temperatures and 6
HEAT sensor restances as a function time were received. Four thermocouple traces were
obtained for each MISP plug, except plugsand 7 which did not have th&wvo deepest
thermocouple$TC3 and TC4wired due to number of channel limitatio$e asreceived MISP
temperaures are shown in Fig. All thermocouples retued data successfullyand the traces
appear to be virtually noise free. The data from the HEAT sensors, however, showed unusual
behavior during the heat pulse. The HEAT sensor aastill being assessed for quality and will
be presented in future papers. The pressure data from the MEADS pressure tramszhecalso
returred successfully, and witle used for comparisons with CFD predictions.
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Figure 6 MISP thermocouple dataobtained during MSL entry. TC1, TC2, TC3, and TC4 represent
readings of thermocouples at depths shown in Table 2.

Surface Recession

One key observatiothat is made from the flight data is the absence of any near surface
thermocouple burnout. This indicates that the TPS did not recede past any of the shallow
thermocouplegnominally 0.%tinch (2.54 mm) below the unablated surfacdéjhile it is possible
that a thermocouple would survive in the event the TPS recedes beyond its depth and it is
exposed to the boundary layer flow, it is unlikely to be the case. A thermocouple exposed in the
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boundary layer would measure very high temperatures since boundaryelaymaratures rise
very rapidly away from the surfack.is therefore concluded that the TPS did rextess more
than 0.%inch (2.54 mm) which islower than the nominal predictiorshiown in Fig. 5(d) The
nominal predictions show that the TPS recessioonf moves deeper than the neanface
thermocouple depths at MISP 2,3ahd 7.In MISP7, while the recession front does not reach the
nominal near surface thermocouple depth ofifch, it crosses the dgastalled depth of 0.094
inch (see Table 2)The systematic overprediction of recessiarperhaps to be expected assit i
evident incomparisons with arc jet test data at low heat fliirestagnation conditior®@ It is
hypothesized thatinetic ratelimiting surface oxidation is responsible fmtowrecessionelative
to FIAT predictions whichassumes é&asterdiffusion limited oxidation. At this time n&inetic
ratelimited recession modébr PICA existsthat issufficiently validatedor use inTPS design.
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Figure 7 (a) Top thermocouple [0.1 inch 2.54 mn) deep]data from each MISP plug, (b)
temperature-time slope of top thermocouple data, (¢) magnified temperaturéme slope of top
thermocouple data, and (d) notional transition front on the aeroshell.
Boundary Layer Transition

Boundary layer transition from laminar to turbulent flow is a phenomenon of great practical
importance due to its significant impact on aeroheating and shear stress. The prediction of

9



