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Hi everyone thanks for coming

Today I'll be presenting work [leading MSR EES test] at Mach 6

Acknowledge coauthors [Dr's ...] for being heavily involved in this work


Z=ll Presentation Outline

* Motivation

* Test Overview
* Results

* Impact
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Brief overview

Background info on the planned MSR campaign

what motivated the test

Go into specifics of the test

Present some results from test

Close out by talking about impact of this testing and how it supports MSR
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Motivation
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* The Earth-Entry System (EES) would
be responsible for performing Entry,

Mars 2020 Tube Delivery = SRL rs Ascamt
Descent, and Landing (EDL) at Earth ;5%%,;_’ T — - = —«»*ﬁme
* Strict one-in-a-million reliability g ecteion s uetiewel R \
requirement for EES poses many < < € orbiting sample
design challenges N N N Retreve 05

* Computational tools and physics- f“m Q"‘

based models used to characterize ﬁ ‘ g
t T
| |

EES aerothermal environment

* These environments are used for EES Vehicle
thermal protection system (TPS) llﬂ *P l] (Focus of Talk)
sizing and design ¢ _ o -

* Heat ﬂux determlnes TPS materlal ) I Mars2020 I I Earth Return Orbiter I I Sample Retrieval Lander I I Sample Return and Science I
* Heat load dictates TPS thickness
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EES Example Con-Ops is shown to the right

[NEXT]

EES will be focus [bottom right]

EES responsibilities [perform earth EDL and return samples to earth]

Use CFD to predict and characterize aeroheating environment that vehicle would see

Environments are used for TPS design 


Who cares bc EES is canceled? Something that is still in negotiation and all relevant to woven TPS even if exact MSR isnt going to happen

Motivation - data set is v valuable regardless of EES


MSR-EES Unprecedented Aerothermal Challenges

e EES conceptis a 1.3-m diameter 52.5-deg
sphere cone with a woven 3MDCP TPS

* Would be first NASA mission to use this cone
angle as well as the first to utilize a woven TPS

e EES has a planned steep entry flight path
angle and its large size results in a much
more extreme aerothermal environment
than past NASA Earth missions

* EES would experience the highest peak heat

flux seen by any NASA Earth entry vehicle

e Unparalleled levels of roughness and
turbulent effects on convective heating

Altitude (m)

wet’

i

Hayabusa ’

- EES

More extreme
aerothermodynamic
environment

| ——Hayabusa

- - EES

Velocity (m/s)

Artist Concept of EES Vehicle
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Unique challenges that would be encountered by EES

OML bottom left plot

Concept bottom right

The concept is [geometry]

FIRST NASA MISSION TO USE 52.5 deg and/or HEEET

EES would experience the most extreme heating ever by NASA earth vehicle

unprecedented levels of turbulence and surface roughness 

Comparison plot showing various trajectories, EES is most extreme
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= MSR-EES Computational Modeling Overview
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* Computational solutions are obtained with
NASA CFD solvers LAURA and DPLR

e Cebeci-Smith turbulence model is used for
attached flow regions
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kT = (pu) u_wk EES design model |
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 Dahm roughness model [1] is used to obtain
convective heating augmentation factor

* Factor is applied as a post-processing step to
turbulent CFD convective heating results 0 20 30

* Model is a correlation based on k* (roughness Re)

e Post arc-jet 3MDCP samples from turbulent tests
scanned to obtain simulation roughness height

[a—y
o

=
o
T

EES relevant k+ range

Roughness Heating Augmentation
S
tn

3MDCP roughness pattern Post arc-jet scan of sample

[1] Dahm, T., Cooper, L., Rafinejad, D., Youngblood, S., and Kelly, J., “Passive nosetip technology (pant ii) program,” Vol. |., Rept.
SAMSO0-TR-77-11, Aerotherm, Acurex Corporation, Mountain View, California, 1976.
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Briefly touch on the computational tools and models used for analysis

NASA CFD codes LAURA/DPLR are used with cebeci smith to obtain turbulent heating

Instead of [modeling surface roughness], augmentation factor is applied as post processing

Dahm model is used, [tau = shear stress, rho = density, mu = viscosity, k = height] at wall

Model shown in top plot, EES relevant k+ range from 30-70

Bottom plots show idealized pattern and post arc jet pattern

Post [] used to obtain k


-------------------------------------
Add reference for Dahm roughness model
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£=8 Motivation For Langley Mach 6 Test Campaign

Heritage experimental data sets do not exist for:

Near Shoulder—>

e Convective heating on a 52.5-deg sphere cone geometry

* Roughness convective heating on a woven surface Increase due
to roughness

)

» Surface heating with supersonic flow near roughness elements

* Lack of validation data adds additional uncertainty to
surface convective heating predictions obtained with CFD

Increase due
to turbulence

* To reduce uncertainties and improve models, testing was
performed at the NASA Langley’s Mach 6 facility

* Goal to obtain turbulent convective heating data on a 52.5-deg
sphere cone geometry at EES relevant k* values and roughness

Convective Heating (W/cm

* Data will be used to assess conservativism of physics-
based CFD models for turbulent and roughness heating time (s)
augmentation Near shoulder convective heating predictions

* Used to update convective heating margin for EES TPS design
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Why test campaign was undergone

52.5 and woven have never been flown

No heritage data sets exist for them, AND no data with supersonic flow near elements

No existing data = added uncertainty to CFD results

Test campaign was launched at Mach 6 to address this lack of data

Goal is to obtain aeroheating data on woven patterned roughness + 52.5 deg sphere cone

Data obtained from testing used to VALIDATE computational models

AND update convective heating margin used for vehicle TPS design

Example of near shoulder convective heating on right, significant increase due to turb and rough

Because of huge contribution, crucial to validate models and minimize uncertainty margin

------------
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Test Overview




First entry of MSR-EES test campaign in the NASA Langley’s Mach
6 air tunnel occurred in Spring 2023

* Six 6-inch cast ceramic 52.5-deg sphere cone models with a generic
aftbody were tested

* Aftbody chosen to provide mounting strength, does not affect aeroshell
forebody flow field
Data for over 140 runs were obtained at Re spanning from 1-8
million/ft, encompassing a large range of k+ values

Test goal was to measure roughness augmentation of convective
heating on EES-relevant roughness patterns

* Also was first comprehensive experimental aeroheating data set to be
acquired on a 52.5-deg sphere cone geometry

Global aeroheating measurements were made using phosphor
thermography

* Heating data are 3-D mapped to wind tunnel model geometry, enabling
direct comparison to CFD

LAL 20-Inch Mach 6 Air Tunnel

JT Heater Room

(Steam) Mach 6 Ve ‘
Heater V S
4250 psi 11.2 Megawatt INT Boitle Field
Air-Nitrogen

SICE

Bottle o NI
Field 0 Pump. Ejector
_‘: ‘To Atriosphere

#0-Micron 5-Micron  Variable Vacuum
Fllter Filter Second Spheres
Minimum
Py s '/ Settling —4
b)) / Chamber |
R
Pneumatic Control o - North e \-%
Control Valve \~ Pumps =

Velve Nozzle Test
Valve to Jihreat: Section y NOTTh e
Control Set fest ‘ PUMpS o
\

Pressure “'
Ve Control Main Run

Flow Valve Valve Saouth 2=

Check Meter Pumps

Valve 5 5 isec.

Mounted model in injection box of tunnel [Source: NASA]
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In April of this year, first entry of test campaign occurred consisting of six sphere cones

Schematic of Mach 6 on top right

Model in tunnel bottom right

Obtained data for 140+ runs, Re 1-8e6 /ft, encompassing large range of k+

Goal of test was to measure woven roughness heating augmentation 

Obtained first data set on woven + first data set on 52.5 deg

Phosphor used to obtain heating, in house Langley capability

Data mapped to directly compare to CFD

----------------------------
Specify why aftbody


Model Specifications

* Model designed to obtain rough, smooth-wall laminar,
and smooth-wall turbulent heating data simultaneously

* Provides three distinct sets of validation data per run

* Model forebody is split into eight panels, half smooth
and half with an EES-relevant patterned roughness

* Two smooth panels have a trip ring at the nose-flank
junction to induce smooth wall turbulence (indicated in red)

* Top roughness panels vary from bottom roughness panels >
either in orientation or spacing (denoted as A or B) Trip Ring
* Baseline model roughness parameters (roughness ‘Smooth‘.
height and spacing) derived from post arc-jet scans of fipped

3MDCP to match EES relevant k* values

* Additional models varied roughness pattern in either
height, peak-to-peak spacing, or weave orientation

6-inch, 52.5-degree sphere cone model with panels
denoted [Source: NASA]

10
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Talk about model design

To the right, model with panels outlined and labeled

Model split into 8 panels, 4 smooth [2 tripped (red)], 4 rough [2 sets of parameters used]

Specific design allowed for smooth lam, turb, and rough heating to all be measured in one run

Provides data to directly compare convective heating aug due to turbulence and rough

Baseline model based on post arc jet scans like computations

Other models made to study heating effects of varying weave parameters [k,space,theta]


=8 Vodel Weave Pattern Orientation

Two primary weave orientations studied
were 0-deg (orient. 1) and 45-deg (orient. 2)

* Angle is peak-to-peak direction with respect
to oncoming flow

* Weave roughness represented by idealized
sinusoidal patterns

Model 6 deviated and contained surface
weave patterns at 22.5-deg

* Analysis performed of weave orientation
effect on convective heating augmentation

In flight, EES vehicle surface would
encompass entire range of orientations (0-
45 deg)

*  Models were primarily fabricated with
weave orientation at the limits of this range

Orientation 1

BLE velocity
along x-axis

P =peak to peak distance along x-axis BLE velocity

Orientation 2

,.

BLE velocity
along x-axis

BLE velocity

11
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Note here:

Flight vehicle would see a range of orientation angles from 0 to 45, these are limits

state that these are idealized weave patterns
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Results

12



Baseline Model Mapped Heating Results

* Four of the eight panels of the wind tunnel model forebody are visible for a given run

* Models can be rotated 180-deg to obtain heating data on both roughness types of each model (reducing number of models)

* From mapped data, line cuts are taken of each panel and directly compared to computational predictions
* Experimental data encompasses a large range of k* values, capturing a wide range of flow behavior over roughness elements
Re,, (million/ft): 1.06 Re,, (million/ft): 2.06 Re,, (million/ft): 2.45 Re,, (million/ft): 3.03

- f 3 e

Re,, (million/ft)

S /
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Show some mapped experimental heating results

Baseline model heating from 1-7 million /ft shown

Cool thing - each panel has very distinct heating at every Re

As you can see, only 4 panels visible per run

Allows 180 deg turn to obtain results on other side of model

Other side's roughness differs, basically gives you two uses out of one model

Line cuts are taken of each panel, used as direct comparison to CFD




2=l |ine Cut Comparisons To Simulation

* Line cuts used to directly benchmark
computational turbulent and rough wall
convective heating predictions

* Multiple aggregate comparisons of rough-
wall turbulent heating were performed to
validate computational models for a wide
range of k* values

e Location chosen far downstream to eliminate
initial flow disturbances

* Direct comparisons assess conservatism of
computational tools that characterize the
aerothermal environment EES would see

Smooth Wall

Rough wall

0.35

’ Smooth Wall Tripped

Aggregate comparison
of 50+ runs performed
at this radial distance

Turbulent CFD with
d roughness factor

d
&g | Roughness data
]
- ‘ Turbulent CFD

‘ Tripped turbulent data

.

o <4 Laminar CFD

Laminar data

Radial Distance (cm)
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Example Line Cut shown to the right

Mapped data is on top with representative line cuts superimposed

Convective heating coefficient vs radial distance

CFD is in RED | Experimental is in BLACK

Bottom curves are smooth wall laminar

Middle are smooth turbulent [can see trip ring effect near nose

Top is rough wall results [CFD using post Dahm model]

Good agreement between CFD/experimental for all three

In addition to line cut plots, aggregate comparisons are done to compare across k+ values

Location for aggregate shown in green, 50+ runs compared, far downstream to fuego nose/ring

Both comparisons are used to assess CFD tools and validate computational models
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Aggregate Study of Varying Roughness Spacing

1.1 I T T T T
 Study of weave spacing effect on * P/k=3.0, orien. 1
. . . O P/k=4.5, orien. 1
convective heating augmentation g 1057 v P/k="7.0, orien. 1
shows good agreement between =
: Rl B \ A X X S l
CFD and experimental data e o .
T o) o
* All data plotted were for woven ®, x
roughness at 0-deg (orient. 1) § 0.95 1 v v
: \4
* Heating augmentation increases ® 0ol .
. . O
with decreased spacing =
—P/k=3.0
* Maximum impact of weave spacing 085r 7 —— 7 — /] —Pk=45 1
was found to be 10% T——— ——— 1/ Pk=70
e Spacing trend consistent with studies 0.8 ' ' ' ' '
30 40 S0 60 70 80 90

of other patterned roughness types N

k

Comparison between experimental and CFD for 15+ runs
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Aggregate for weave spacing effects shown on right

Ratio between experimental and CFD vs k+

Data collected for wide range of k+ values [encompassing EES relevant range]

Experimental and CFD are within +/- 10% of each other, showing good agreement

Provides confidence in computational models used to predict aerothermal for 52.5 deg/woven

Comparison used directly in margin assessment for TPS design
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/i3 Roughness Orientation Variation Comparison

x P/k=3.0,orien. 1

* Comparison was performed analyzing the 11 | ' | x P/k = 3.0, orien. 2 |
effect of weave orientation on convective O P/k=4.5, orien. 1
heating augmentation across 30+ runs g 1.5+ © P/lk=4.5, orien.2

s . - o v P/k=17.0,orien. 1
encompassing a wide range of k* values < R . . v P/k="7.0, orien. 2
and a“ Weave SpaCIHgS 5 1 I . oo ............ X.. ... .. x .......................................

* Only 0-deg (orient. 1) and 45-deg (orient. 2) Um °© O e .
weave patterns were compared T2 095 ¥ o A
[<P]

* Convective heating augmentation for O-deg E v Y M v Q
weave orientation (orient. 1) was found to fé_‘n 0.9 v v ]
be up to 8% larger than 45-deg weave = v
orientation (orient. 2) ~ o0ss) v v y

* In conjunction with weave spacing effects, \4
can result in an overprediction of convective 0.8 ' : ' : '
heating of 15-20% 30 40 50 60 70 80 90
k+

Comparison between experimental and CFD for 30+ runs

17


Presenter
Presentation Notes
Aggregate shown on right

Ratio between experimental and CFD vs k+

Data collected for wide range of k+ values [encompassing EES relevant range]

Experimental and CFD are within +/- 10% of each other, showing good agreement

Provides confidence in computational models used to predict aerothermal for 52.5 deg/woven

Comparison used directly in margin assessment for TPS design
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=l Aggregate Roughness Heating Comparison

1.2 I T T
 Comparison between experimental
data and CFD for 50+ runs shows A 08 085 88
. . = O
good agreement (within 20%, 2 ° 8 g
largest overprediction is 4%) 208
* Wide range of k* values were plotted, Qm
encompassing EES relevant k* range 5067
z
* This agreement provides Foal
confidence in the physics-based =
models used in CFD for the 52.5- “ 02} EES relevant k* range
deg sphere cone geometry and
0 1 1 1 1 1
woven surface roughness 20 10 0 %0 100 150
* Comparison is used directly in margin Kt

assessment for TPS sizing and design

Comparison between experimental and CFD for 50+ runs

18
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Aggregate shown on right

Ratio between experimental and CFD vs k+

Data collected for wide range of k+ values [encompassing EES relevant range]

Experimental and CFD are within +/- 10% of each other, showing good agreement

Provides confidence in computational models used to predict aerothermal for 52.5 deg/woven

Comparison used directly in margin assessment for TPS design


Conclusions and Future Work

The Earth Entry System would see the highest peak heat flux of any NASA Earth entry vehicle
* Neither a 52.5-deg sphere cone geometry nor a woven TPS have been flown on a NASA mission prior

* No heritage validation data sets exist, adding uncertainty to computational results

* To minimize uncertainty in CFD, a test campaign was launched in the NASA Langley Mach 6 facility

* Initial test entry was completed in Spring 2023, obtaining one of the first NASA experimental aeroheating data sets on
woven surface roughness [2] and the first aeroheating data on a 52.5-deg sphere cone

e Preliminary comparisons show good agreement between data obtained and computational predictions,
providing confidence in CFD results and helping assess conservatism of physics-based CFD models and
update the convective heating margin used for EES TPS design

* Experimental data set is also valuable across the planetary community and is extremely useful in validating
computational solutions on roughness-resolved grids, which is an area of ongoing research

e Largest remaining uncertainty in aerothermal environments for EES is impact on heating of supersonic
flow near roughness elements

* Test entry was performed in November 2023 of sphere cone models at a 21-deg angle-of-attack to obtain aeroheating
data on supersonic flow near surface roughness elements

* Test entry was one of the first NASA experimental aeroheating data sets capturing this physical phenomenon

* Initial analysis shows good agreement between experimental data and computational predictions

[2] Wilder, M. C., and Prabhu, D. K., “Rough-wall turbulent heat transfer experiments in hypersonic free flight,” AIAA Aviation 2019 Forum, 2019, p. 3009. 19
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EES would see most extreme environment out of any NASA vehicle

Vehicle concept with be a 52.5 deg with woven, neither have ever been flown

Additional neither have existing validation data

Minimize uncertainties in CFD results, test campaign in Mach 6 to obtain validation data

Spring test entry obtained FIRST 52.5 deg data + FIRST woven data

Preliminary comparisons are good, provide confidence in models used

Future Work

Supersonic flow neat roughness was not covered by test, largest remaining ?

Planned tests in the coming months to address this, + obtain first data set on that too

TALK ABOUT TESTS
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