Space Technology Mission Directorate

Game Changing Development Program
Karl Edquist | Ashley Korzun | FY23 Descent Systems Study Annual Review Presentation | 09.21.23

-

Natonal Aeronaulics and
Space Administrabion

P —



mailto:karl.t.edquist@nasa.gov

Projeét Overvi'ew

Technology Development Needs Addressed by Project

Stakeholder _— : : - STARPort Capability
(i.e. HLS) Description of how the project addresses strategic stakeholder vision and needs Area(s) and Gap ID(s)

The DSS project, in partnership with ARMD/AETC “CFD as Surrogate for High Supersonic Wind ?Saup Ie[r)siilzc
HEOMD | Tunnel Testing”, provided Propulsive Descent (PD) supersonic wind tunnel data and CFD P

. " - Retropropulsion (SRP)
predictions at conditions relevant for High-Mass Mars Entry Systems Modeling & Simulation”

Project Goals

Goal #1 | Improve methods for Earth-based testing of PD systems

Goal #2 | Develop best practices for calculating CFD-based PD aerodynamics at Mars conditions

Goal #3 | Establish baseline uncertainties for CFD-based PD aerodynamics models

Goal #4 | Reduce overall high-mass Mars EDL risks associated with PD

Project Objectives

Objective #1 | Complete CFD analysis to support ARMD wind tunnel model and test matrix design v Comp|eted

Obiective #2 Complete CFD solutions for a range of planned conditions in the Langley UPWT environment
) (model configurations, tunnel Mach number, model attitude, and model thrust)

Objective #3 | Quantify the differences between the CFD results and wind tunnel data
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Partnér Pro’jéct Test Date History

Partner Project Test Date History

. . 10/1/23
» The wind tunnel models were inspected i

and approved for testing in August 3/15/23

2020, within days ahead of the original i
test start date o wenf @ n
» The partner project and existing § 2/8/22 3 o
Langley funding allowed the 3 2231 = a
design/fabrication of a new flow-through 2 ﬂ §
force and moment (F&M) balance, 1/4/21 o 7
giving them the opportunity to attempt - 8 T =
to measure SRP F&M for the first time - §
12/1/19

6/18/20 1/4/21 7/23/21 2/8/22 8/27/22 3/15/23 10/1/23
Email Date w/ Schedule

>2.5 year delay in the partner project test (COVID-19, facility repairs) allowed the project to design and
fabricate a new force and moment balance, but effectively eliminated the time needed for DSS to analyze

the data and do another cycle of CFD analysis and uncertainty quantification (UQ) as planned, since the
project is ending and only will be able to close out high-level analysis in FY24
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' Abc’omplishm'e'nts 7

» The partner project “CFD as Surrogate for High Supersonic Wind Tunnel Testing” completed the
Propulsive Descent (PD) Test #1933 in the Langley Unitary Plan Wind Tunnel between 3/15/23 and
5/12/23

» The test was designed to provide PD aerodynamics data to the DSS project, which has been tasked with running high-

fidelity CFD at wind tunnel conditions and comparing results to the test data to form the basis of PD aerodynamic
uncertainties at Mars entry conditions

» DSS has received:

> Final high-speed video, discrete pressure, and pressure-sensitive paint (PSP) test data
» Uncertainty quantification of major test variables

» Preliminary force & moment test data from flow-through balance, more analysis is required, but not funded, to answer
questions that data raise

» Since May 2023, DSS has:

» Completed initial comparisons between existing CFD solutions and discrete pressure and PSP data

» Proposed 6 papers for the 2024 AIAA Aviation conference, but mostly will include only CFD analysis that was completed
prior to the test

» Proposed remaining FY24 tasks using no-cost extension

>2.5 year delay in the partner test (COVID-19, facility repairs) has severely limited to time available for DSS to analyze the data and

for any go-backs on the CFD analysis side, since the project is ending and only will be able to close out short-term analysis in FY24
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Reference Vehicles and Wind

"Tunnel Models

Low-L/D (HIAD Entry Vehicle) Mid-L/D (Rigid Entry Vehicle)
8 LO,/LCH,4 engines, total thrust = ~100 kN

Engines modeled using high-pressure air (HPA), pressure is adjusted to match thrust coefficient C1 = T / QuS;ef
HPA inlet

Instrumentation housing Sting

Body flaps
Centerbody
Heatshield <

HPA flow path 6in

5in
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'P'ar.tnner'Test Summary

> Test matrix

Mid-L/D
Low-L/D Model
Model
Nozzle| 1 (plugged), 1A, 1B, 1C, 1D, 1E
. : (plugged), 1A, 1B, 1C, 1D, 1E, 2 (plugged), 2A
configurations 1F,
Mach number 2.4,3.5,4.6
Thrust coefficient Oto~2.5
Angle Of attaCk -10 to +20 deg LUPWT AETC Propulsive Descent Test 1933 LUPWT AETC Propulsive Descent Test 1933
32331(?13 I\';I’g::?'nt ;23597 Nozzles 00000000 3%338529 mﬁg'c?: 3%595 Nozzles 00000000
Roll angle 0to 180 deg EEE T R o EP R e o
Recorded at 3000 fps, 001/050, 0.00 ms Recorded at 10,000 fps, 001/050, 0.00 ms

» Test data were delivered for a total of 837 runs, with each
run containing several model angles of attack
» ~5000 test points, all points included discrete pressure data
» 3345 high-speed videos, 1463 PSP files

Status/Comments
Delivered, data qua | ity impa cted by challe nging LUPWT AETC Propusive Descent Tost 1993 LUPWTI AETC Propuisive Descent Test 1933
6-component F&M : Rnc R ot D E o5 B
thermal environment Alpha 0.02 Beta 0,00 Phi0.01 Alpha 90.02 Beta 0.00 Phi 180.01

CT 2.31 PTJ302.8 PJ/PT23.04 TTJ156.8 CT 2.51, PTJ 240.9 PJ/PT22.52 TTJ 250.9
Recorded at 3000 fps, 001/050, 0.00 ms Recorded at 10,000 fps, 001/050, 0.00'ms

Discrete static and

) Delivered
dynamic pressures

Delivered, data quality impacted by challenging

PSP )
thermal environment

High-speed video|Delivered at frame rates of 3 to 10 kHz
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» 7 blowing models, 3
angles of attack,

and
completed
in FY20-22 for eventual

comparison to test data

Completed
and
prior to
test using over 10M
CPU hours on the NAS
supercomputer, at no
direct cost to project

LC = Loci-CHEM
F3D = FUN3D
OF = OVERFLOW
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Condition #5 (Mach = 2.386, Re = 1e6 / ft)

Condition #20 (Mach = 3.477, Re = 1e6 / ft)

Condition #35 (Mach = 4.568, Re = 1.5e6 / ft)

0 0.5 1 2.5 0 0.5 1 2.5 0 0.5 1 2.5
F3D| OF | LC [F3D| OF | LC |F3D| OF | LC |F3D| OF | LC [F3D| OF | LC |F3D| OF | LC [F3D| OF | LC [F3D| OF | LC |F3D| OF | LC |[F3D| OF | LC |F3D| OF | LC |F3D| OF
11112 1] 2 112 1)1]1|1]|]0|1 0|1 0|1 1)]1|j1]0]|0O0 0|0 0|0
1|]1|]0/|0O0 0|0 0|0 o|1]1]0])0 0|0 0|0 o|1j]1]0])0 0|oO0 0|0
11112 1] 2 112 1)1]1|1]|]0|1 0|1 0|1 1)]1|j1]0]|0O0 0|0 0|0
1|2 1]2 13 0|0 0|1 0|0 0|0 0]0 0]0
0|0 0]0 0]0 0|0 0|1 0]0 0|0 0]0 0]0
1|2 1]2 1)1 0|0 0|0 0|0 0|0 0]0 0]0
0|1 0|1 0|1 0|0 0|0 0|0 0|0 0]0 0]0
n n n n n n n n n n n n n n n n n 0
The partner test included conditions that were close to those used §
for all pre-test CFD simulations, with the highest variability being p
the actual thrust coefficient achieved during the test due to L
uncertainties in the ability to control HPA pressure ° -
0]0 0]0 0|0 0]0 0]0 0|0 0]0 0]0 0|0
210 2|0 310 210 2|0 210 0|0 0|0 0|0
0|0 0|0 1|0 0|0 0]0 0|0 0]0 0]0 0|0
0]0 0]0 0|0 0]0 0]0 0|0 0]0 0]0 0|0
1|0 0|0 1|0 0|0 0|0 0|0 0]0 0]0 0|0
ij1yj0f0f24yj04012y0j)12¢f12¢f(212f42y2f0j0j17j0jo0f21010j1)1|1|1j0(0|21|0|J0|1]j0)]O0|1
i/j1j0f0f2yj04012y0jy0f12y0f2y2f0)j0j1j0jO0f21010j1|j]0|1|1|j0|0O|21|0|J0O0|J1]|]O0O]O|T1
ij1j0f0f24yj04012yj0jy0¢f12f(242y2f0j0j17j0jO0f21010j1)1|1|j1j0(0|21|0|J0|1]j]0]O0|T1
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High-Speed Video @ 3 to
10 kHz

LUPWT AETC Propulsive Descent Test 1933

Run 0193 Point 1257

Model 01 Mach 2.39 Nozzles 00000000
Alpha 0.04 Beta -0.00 Phi 0.01

CT0.00 PTJ 0.0 PJ/PT20.0 TT. 0.0
Recorded at 3000 fps, 001/050, 0:00 ms

LUPWT AETC Propulsive Descent Test 1933
Run 0238 Point 1672

Model 1A Mach 2.39 Nozzles 11111111
Alpha 0.00 Beta 0.00 Phi0.02

CT1.14 PTJ 150.1 PJ/PT21.50 TTJ 162.8
Recorded at 3000 fps, 001/050, 0.00 ms

LUPWT AETC Propulsive Descent Test 1933
Run 0231 Point 1626

Model 1A Mach2.89 Nozzles 11111111
Alpha -0.00 Beta 0.00 Phi 0.00:

CT 1.38 PTJ 180.8 PJ/PT21.81 TTJ 1443
Recorded at 3000 fps, 001/050, 0.00 ms'

LUPWT AETC Propulsive Descent Test 1933
Run 0230 Point 1618

Model 1A Mach2.39 Nozzles 11111111
Alpha 0.00 Beta 0.00 Phi 0.01

CT 1.83 PTJ239.4 PJ/PT2240 TTJ145.0
Recorded at 3000 fps, 001/050, 0.00 ms

LUPWT AETC Propulsive Descent Test 1933
Run 0220 Point 1542

Model 1A Mach2.39 Nozzles 111119141
Alpha 0.02 Beta 0.00 Phi 0.01

CT2.31 PTJ302.8 PJPT23.04 TTJ156.8
Recorded at 3000 fps, 001/050, 0.00 ms.

CFD Solution, Time-
Averaged

|Model 1 (Condition 5, a = 0°, B = 0%, ¢ = 0°, C, = 0.00), FUN3D Y=0.00

Model 1A (Condition 5, a.= 0°, 8 = 0°, ¢ = 0°, C, = 1.00), FUN3D Y=0

PSP Average Surface
Pressure Coefficient

nozzles

Pre-test CFD simulations at conditions close to what were tested
show that gross flowfield trends (shock standoff and surface gz
pressure vs. C;) are captured, which is consistent with results
from testing and CFD from 2010/2011 on models with fewer

Model 1A (Condition 5, &= 0°, § = 0°, ¢ = 0°, C, = 2.50), FUN3D Y=0|

e

R

LUPWT AETC Propulsive Descent Test 1933
Run 100 6883, Model 1A

Mach =2.39, ¢ = 0.0°, B = 0.1° ¢ =0.0°
Nozzles = 11111111, p,, = 308.8 psla, T, = 206.6° F, C, = 2.36

CFD Average Surface
Pressure Coefficient

Model 1A (Condition 5, & = 0%, 8 = 0%, = 0°, C,,,,, = 0.50), Loci-Chem

z
Model 1A (Condition 5, o = 0%, 8 = 0°, & = 0°, C;,,,. = 1.00), Loci-Chem
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Preliminary: PD Aeroedynamics

Results for-Model 1A

» Plot shows the heatshield aerodynamic axial
force coefficient = non-dimensional total axial
force minus thrust axial force

» Two methods were used to derive this
parameter from the test data
» From the PSP data

» From the Langley-designed flow-through force and
moment balance that was added after model fabrication

Repeat runs were made at the same Cy values

The CFD results (red/blue/green symbols) are
in family with the PSP-derived data (white
symbols), with both sets of results showing a
gradual decrease of axial force with increasing
Cr

» There is a bias and scatter in the balance data
(purple symbols) that likely are a result of the
thermal environment being different from the
environment during wind-off thrust tares >
more analysis may be done in FY24 to
investigate other data reduction methods, but
more questions than answers are expected
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LUPWT AETC Propulsive Descent Test 1933, Model 1A
Aerodynamics from CFD, Balance, and PSP, a =0

2.5
E?udé-FL%EE(?HEM Fwd. Flow Adapter ~ Balance = Non-metric  Aft Flow
n: (g \ | shield Adapt
Green: OVERFLOW i | apter
Purple: Balance Data | -
White: PSP Data = ‘ —
2.0 1 [ ~ (
o=t I
L.—l =
1.5
Lo- . PRELIMINARY |
] m
5 il
0.5- g i
Q)i o
¢ o . o
0.0 @ 8
00 0 °
%) m O
(| ® O: . E]
0.0 0.

5 1fow .. 2.0 2.5 3.0
Source of bias needs to be investigated further,
but won’t be answered by DSS

3.5



High-Speed Video,
Average of 100 Frames

LUPWT AETC Propu\slve Descent Test 1933
Run 0829 Point 5!

Model 02 Mach 2. 39 Nozzles 00000000
Alpha 89.98 Beta 0.00 Phi 180.01

CT 0.00 PTJ 0.0 PJ/PT20.0 TTJ 0.0
Recorded at 10,000 fps, 001/050, 0.00 ms

TT.
Recorded at 10,000 fps, 001/050, 0.00 ms

LUPWT AETC Propulsive Descent Test 1933
Run 0854 Point 6009

Model 2A Mach 2.39 Nozzles 11111111
Alpha 90.02 Beta 0.00 Phi 180.01

CT 0.99 PTJ96.0 PJ/PT21.00 TTJ203.8
Recorded at 10,000 fps, 001/050, 0.00 ms

LUPWT AETC Propu\slve Descent Test 1933
Run 0850 Point 5

Model 2A Mach 2 39 Nozzles 11111111
Alpha 90.02 Beta -0.00 Phi 1

CT 1.49 PTJ 143.3 PJ/PT2 1. 50 TTJ 217.2
Recorded at 10,000 fps, 001/050, 0.00 ms

LUPWT AETC Propu\s!ve Descent Test 1933
Run 0846 Point 5

Model 2A Mach 2 39 Nozzles 11111111
Alpha 90.02 Beta -0.00 Phi 180.01

CT1.99 PTJ192.7 PJ/PT22.02 TTJ 2301
Recorded at 10,000 fps, 001/050, 0.00/ms

LUPWT AETC Propu\sive Descent Test 1933
Run 0842 Point 5934

Model 2A Mach 2.39 Nozzles 11111111
Alpha 90.02 Beta 0.00 Phi 180.01

CT2.51 PTJ240.9 PJ/PT22.52 TTJ250.9
Recorded at 10,000 fps, 001/050, 0.00'ms!

CFD Solution, Time-
Averaged

Model 2 (Condition 5, o = 90°, 8 = 0°, ¢ = 0°, C; = 0.00), FUN3D Y=0

Model 2A (Condition 5, o= 90°, B = 0°, ¢ = 0°,

C, = 0.50), FUN3D Y=0!

Model 2A (Condition 5, a = 90°, B = 0°, ¢ = 0°, C, = 1.00), FUN3D Y=0

Model 2A (Condition 5, o = 90°, =0°, $ = 0°, C; =

2.50), FUN3D Y=0

PSP Surface Pressure
Coefficient from Test

LUPWT AETC Propulsive Descent Test 1933
00, Model

0.0°, = 0.0°

8.2 psia, T,

239,

h
Nozzles 29113 111, oy 'F,c,:o.an

LUPWT AETC Propulsive Descent Test 1933
375, Model 2A
= 0.0°0=1

Mach =556, 4
Nozzles = 11111111, p,,

Rono®

LUPWT AETG Propulsive Descent Test 1933

lach = 239
Nozzles ST 111 by,

0.0°
=150

| _DNEEED |

LUPWT AETC Propulsive Descem T!sl 1933
un 910, Point 632

h 2.39, a = 90.0°, I'l D

Nozzles S 111111 by = %06

=197

LUPWT AETC Propulsive Descem Test 1933
un 905, Point 6318, Model 2

h =239, a =90.0°,

Nozzles S 111111 Py = Zios

A,

0=
'r _zsze‘F,c 250

| BEEEEN

booo~mzmm

S

Rooivo®

CFD Surface Pressure
Coefficient
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Preliminary: PD Aeroedynamics

Results for-Model 2A

» Plot shows the heatshield aerodynamic axial

force coefficient = non-dimensional total axial LUPWT AETC Propulsive Descent Test 1933, Model 2A

Aerodynamics from CFD, Balance, and PSP, a = 80

force minus thrust axial force -
Red: FUN3D
» The force and moment balance was not Blue: Loci-CHEM
. . Green: OVERFLOW
designed to be used with model 2A, so only White: PSP Data
the PSP method was used 2.01

» The CFD results (red/blue/green symbols)
are in family with the PSP-derived data (white 15

symbols), with both sets of results showing ~ ~ @
no loss of aerodynamic axial force for Crup g g © Q
to 2.5 2 10
¢
0.5+
0.0
-0.5

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
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Technical — No issues

Cost — Under-runs in labor costs due to late start of partner project wind tunnel test

Schedule — Partner project wind tunnel test had not started as of the MYR, giving the DSS project less time
d Yeg than needed to understand and analyze the data before the end of the FY.

Programmatic — A late start date for the partner project test means that test data will be delivered late in the
FY, making it more difficult to understand and analyze the data and to meet scheduled milestones for full
project success.

Technical — No issues for DSS, but F&M balance test data not as expected due to test thermal environment,
so must revert to pressure-sensitive paint for some metrics

Cost — Under-runs in labor costs due to late start of partner project wind tunnel test. A no-cost extension
was requested and granted using $330K.

Schedule — Partner project wind tunnel test started in 3/15/23 and ended 5/12/23, giving DSS much less
time than planned to understand and analyze the data, and for any go-backs on the CFD analysis.

A : Programmatic - Partner project was executed from March to May 2023 (COVID-19 and multiple
unscheduled facility repairs), more than 2.5 years later than originally expected. The very late test start
date means that data were delivered late in the FY, which made it difficult to understand and analyze the
data and to meet scheduled milestones. Limited analysis and documentation are planned in FY24 to
complete the project, but no additional rounds of CFD analysis can be done to answer detailed questions.
Test dataset is very large and should be made publicly available to other stakeholders for further detailed
analysis outside of DSS.
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- Plang Forward.and .
- Transition / Infusion Plan

> DSS was approved for a no-cost extension into FY24 ($330K) due to the arrival of test data late in FY23 and the
need to complete quick-look documentation of test and in-hand CFD results

> Very little new CFD is planned due to impending end of project, remaining funds will be used for quick-look comparisons
between what CFD has been completed and the data

» Deep dive analysis of the data and associated CFD are out of scope at this point

> Six AlIAA conference papers will be written for the 2024 Aviation conference
> Test overview, CFD overview, detailed CFD (4)

» The test data will be provided to an existing ESI researcher for further analysis

» “Physics-informed Modeling of Multi nozzle Plume Physics with Quantifiable Uncertainties from Supersonic
Retropropulsion Tests,” Matthias Imhe, Stanford U.

Archive test data for public availability
Recommend ESI| and NSTGRO topics to perform deep dive analysis of the test data

Further improvements in test techniques will be proposed to bridge the gaps between wind tunnel and flight
environments i. e. cold vs. hot gas engines, high expansion ratio nozzles, Earth flight testing, etc.

»  Will continue to work with EDL Capability Leads on follow-on activities within STMD and potential commercial
partners

YV V V
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Edugétioh/Puinc Outreach

EPO Involvement EPO Calendar Outlook (High Priorities):

6 Month Look-Ahead
» Partial support of Emily Jewell, Stanford University, NASA

Space Technology Graduate Research Opportunity

» Partial support of Justin Shafner, Stanford University,
NASA Space Technology Graduate Research Opportunity

» NASA Research Collaborator for Matthias Imhe, Stanford
University, for NASA Early Stage Innovation research
under NASA Grant Number 80ONSSC22K0257, “Physics-
informed Modeling of Multi-nozzle Plume Physics with
Quantifiable Uncertainties from Supersonic

Retropropulsion Tests”
» Presentation was given at 20" International Planetary Probe
Workshop, August 2023
» Partner project test data will be used in the research
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. ‘Summary

» Final high-speed video, discrete pressure, and PSP data from partner project test
have been received

» Force & moment test data from flow-through balance have been received in
preliminary form, more analysis will need to be done outside of DSS to answer
guestions about suspect data

» |nitial comparisons between existing CFD solutions and matching test points have
been made against discrete pressure and PSP data

» Preliminary comparisons between test data and CFD show general agreement in
aerodynamics trends with increasing thrust — no surprises yet

» Will write 6 papers for the 2024 AIAA Aviation conference to close out DSS project

GCD FY23 Annual Program Review 16



