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AFRL - Aerospace Systems Directorate

Mission: Boldly pioneering transformative space and air capabilities to
make the fight unfair

Power and Control Division (RQQ)

—_

Rocket Propulsion Division (RQR) ,,‘

Aerospace Vehicles Division (RQYV)

Vision: One team unleashing innovative aerospace weapon system capabilities

THE AIR FORCE RESEARCH LABORATORY
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Aerospace Systems Directorate

Government
S&E Education

(FY21PB includes FY21-FY25)
Established (OH $400M / CA $92M) Established

1947 1917

)4
Wright-Patterson AFB, OH

Establis;’ed 2014 M an p ower
ArnoIdAFB,TN DIStrIbUtIOn

(OH $2B / CA $10B)

Yc Edwards AFB, CA

Students
A
Civil Service
I/H (Permanent)
Contractors 37%
56%

Military
5%
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MSTC Vision & Mission
> Vision

Revolutionary aerospace vehicles through innovative multidisciplinary
science & technologies

» Mission
Discover, assess, and exploit coupled system behavior for
optimization of revolutionary aerospace vehicles

“Physics to Flight”

Approved for public release 88ABW-2015-3206 CLEARED on 24 Jun 2015
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High Level Products

» Discover, Develop, Demonstrate and Deliver :
« Multidisciplinary Technologies
 Physics-based design processes and methods

Transition to industry for next generation aerospace vehicle designs/modifications

THE AIR FORCE RESEARCH LABORATORY
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Goals

» Deliver vehicles that satisfy mission requirements in a timely manner

» Reduce the number of late defects due to un-modeled physics

» Trace technology to mission level capability impact based on
physics — Effectiveness Based Design Optimization

RRRRRRRRRRRRRRRRRRRRRRRRRRRRR
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Develop & Trace Technology to Mission Level Effectiveness Impact Based on Physics

Technology

Aeroelastic Wing
Flutter Suppression
Third Stream Engine

Combat effectiveness
Survivability

ctors

Antennas

Engineering Capability Impact
Weight Reduction

Drag Reduction
RCS reduction
Fuel Efficiency

%

Dorformance

Radar Efficiency ~
% /'\

. oMission E 7 ectiveness
Want to find: 2MisstonEffectiveness
THE AIR FORG dTechnology
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What We Mean by “Physics Based”
Not Physics Based Physics Based

Interrogations of engineering models
SME Regressions of historical data and test articles
- T
) & |
A £
BOP SAT ., ey N L—
0 F"/’“?u"" ".J{""" “““““ prop e
| gt
o _ m“y/?‘? =
/}/ " mwm}
]
Wine = Kooy oern )¥0.0103K , K (W, N_)** S
* AT/ @) L+ ) (cos TSI (Raymer)

SME, BOPSAT, historical data insufficient for designing innovative

configurations and assessing new technologies
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What we mean by Modeling, Simulation & Analysis (MS&A)

(most aggregated)

MISSION

ENGAGEMENT

System Level Multi-Fidelity MADO

Modeling for Design

Models for
Models for ).
Ops Analysis System Level

Design

-5
I ENGINEERING
(most detailed)

Design Space
ploration

Physics Based

THE AIR FORCE RESEARCH LABORATORY
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What Problem are We Trying to Solve? - Reduce the Confidence Deficit in
Effectiveness Prediction

e e ieieistisleletislelstsisistsleietebisiststisietetieieietielete el
c
2
)
% Vision - New Process:
Q * Physics-based
x * Uncertainty-quantified
% Multi-fid I»'; 9 Add disciplines and couplings,
* Multi-tfidelity : 1
7, increase fidelity (capture ,
] \ . v (capty T Today’s Process
c physics that drive design)
(<))
2
8 Remove confidence deficit via
= MSTC methods & processes
LLl
10% ) * ».
° = - Milestone A 5=1 Milestone B $=1+0.01 Milestone C ‘k 10C
_on Analysis | Tech Maturation & Risk Reduction | Eng & Manuf Development | Pr_nt | Op-rt
1 cost unit | | | 1000 cost units |

Time & Cost of Defect Correction

THE AIR FORCE RESEARCH LABORATORY
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Design Community Customer

Vision ulti-Fidelity MBSE Foundation
Capability Customed

Data driven technology . ( e Multi—Fi Effectiveness Design Met

investment decisions with = —— o /o wUQ that capture the physics
quantified risk MoEs ik el driving the design

RS - ] ' < Defects
w/UQ o o }§§r0n S > Novel designs _

| Effegg&/ens,sé AnaIyS|

ulti-Fidelity Multi-Disciplinary
System Level Design w/UQ

Goal Oriented System Effectiveness Désign c'xploration & Technology Assessment & Demonstration

THE AIR FORCE RESEARCH LABORATORY
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Effectiveness Objectives
Access, Firepower, Reach, Speed/Agility

Engineering Objectives
Range, Weight, Specific Excess Power

Design Variables (10%)
Aerodynamic (10’s)
Controls (10’s)
Engine (10’s)
Subsystems(100’s)
Structural (1000’s)

Constraints (10°)

Strength, Stiffness, Thermal
Static and Dynamic Aeroelastic

Fidelity Level 1-3 Fidelity

>

—

A o Al
THE AIR FORCE RESEARCH LABORATI

Distribution A. Approved for public release: AFRL-2021-0453 12



AFRL

‘ % . Propulsion

2 . _ ‘ ) | Multiple Multiple
O W Single prganlzatlon - Y B organizations — organizations —
. || centralized tools : .. centralized tools distributed tools

g

CD Org ] %
" N D structures ol

Multi-Fidelity
N2 Diagram o : N3 Diagram
g 9 .- N2 Diagram o

on
Parametric Associaiive . - |
Geometry & Discretization R Es Fidel |ty
. 9

Propulsion

:
ki Fricton Aarosiesticl DR Aero(NS))
A¢ =
Mass Properties Aeroelasticity = sac

r AerofLinear Potential) _|

Structural sizing E— ——

T pis & Drag P

s Cost — =
Stability & Control Si0: o i

Exhaust Wash, Wing
i

Parametric Analysis/Optimization + Effectiveness & MBSE "”“’""““”’“‘;"
Antenna performance

Mission Performance

Management/Balance

+ Conceptual Design

Optimization

E— + UQ —

Central execution
Geographically
distributed execution

100X throughput ‘ Protected IP

Distribution A. Approved for public release: AFRL-2021-0453 13
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N3 Diagram — Develop, Execute, Validate

Configuration

N L. “0-RaymerWt.  4-Nastran Based AAW  ~-Nastran Based AAW + AFS 78,000
Parametric Associative [ Ty s 76,000
Geometry & Discretization [ o [ s S 74000
72,000
Propulsion :m,#./ o grooe
2 Drag/ dSweep i "% o
3 29000 - € 66,000
Geographic Thrust, SFC oLift / 6AspectRatio § oo [‘\ AL
Location A ift / b 3 & E 44_\»' 62,000
Mass Properties oLift / cCamber L e — M|
Geographic oLift / 0SkinThickn ess x.auu]su ] 900 950 1000 1050 1100 1150 ‘
Location B Raymer Weights { Subsonic Radius (N Mi) o,
(S
) §

Aeroelasticity Structures Aero(NS))

S&C Aero(Linear Potential)

Surface Effectiveness FerEEraiee) S
Control Pwr. Req P [

ds & Drag

Geographic
Location C

oFlutter / 0Sweep Heat Transfer
OROIIEff /dAspectRatio
OStress / 0SkinThickn ess

Aero

Rigid Loads & Drag

Aero Acoustics

Exhaust Wash, Wing
shielding & propagation

System Thermal
Management/Balance

Discipline x Mission Performance

Operations Analysis

Constructive with Physics e ———
based models A COMPLETE UAS FOR RESEARCHAND DEVi ELOPHENV FLIGHT TesT

A R

&
&

MADO Development (Populate the N3)
» Add Disciplines & their Sensitivities (diagonal®
» Add Chained and Coupled Analysis (connection
» Add Fidelity (depth)

> Distribute N3

MADO Studies & Technology Assessment (Execute N3)
» Select appropriate Disciplines, Couplings, Fidelities

» Formulate Optimization Problem

> Execute N3

MD Technology Validation (Validate Results of N3 Execution)

URATUHRTY

» Ground, Wind tunnel & Flight Experiments

Optimization

Approved for public release 88ABW-2015-3206 CLEARED on 24 Jun 2015 14
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RQV Effectiveness Assessment of Concepts & Technologies (REACT)

Customer Engagement

Fidelity or source can vary

MBSE Fidelity n

MBSE Fidelity 1 DOORS
VOSETRPR CAVEO

Genesis

Fidelity 1

> MBSE
» Desirements

» Mission Effectiveness
» Measures of Effectiveness

» Multi-Fidelity MADO
» Measures of Performance

Fidelity O

vission Effectivences

* Flexible and extensible workflows

» Multi-fidelity

* uncertainty-quantified

» Goal-oriented (steps depend on time,
uncertainty, resource goals)

Mission Effectiveness
Fidelity n

wission Eftectivencss AR

a

MDO Fidelity n

woorceiry 1 DA
voorideiy o T

N Avser
N? Diagram — Develop, Execute, Validate

AFRL

.....

Vyvsem e

&
» Selectappropriate Discipines, Couplings, Fidefties
» Formuate Optimization Problem

» ExecuteN

THE AIR FORCE RESEARCH LABORATORY
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Relationship to Digital Engineering

e i
ppe——  [y— T= : 4
ACQUISITION MILESTONE DECISIONS

Digital YSTEMS ENGINEERING TECHNICAL REVIEWS Digital
Engineering IS - oF EEngIneetrlng
cosystem

Ecosystem

Analysis of cost, schedule, and
performance, affordability, risk,
and risk mitigation

Engineering
Competence
Data Base

Engineering
Standards —

“Requirements > 2 “" Maintenance
Data Engineering Knowledgé Data

- Management
at:slgn & : “ Operational
, g Data Data

A Holistic View of Digital Engineering Support to DOD Acquisition - Kristin Baldwin, 2016, Acting DASD for System Engineering

» Modeling, Simulation, & Analysis — MS&A and its integration into the design processes

» Single authoritative source of “truth” — Early multi-fidelity models with UQ

» Tech Data Management — The creation / capture, curation, and exploitation of technical data — pre-milestone A data artifacts
» Engineering Workspaces — The digitalization of Scientist & Engineers technical design activities

THE AIR FORCE RESEARCH LABORATORY
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MSTC Computational Design Evolution MDMFMSAOwUQ

Multi-Discip, Multi-Fidelity, Multi-Scale w/ UQ
[/ Opti. 10* DV, 10° Responses

Ch an g | n g th e Way 60000 1 A OPTIMUS Equiv T-MDAO Pts /\ DV - shape, sizing, topo, ¢
56000 - :mm&r’:ﬁ; Effectiveness Objectives

Industry Does Design

252000

gasmo BOEING . .
=P o e - @ | Including Uncertainty
oo | = | A ORI | Ops in MDO (EQUATE)

= 600 700 800 500 1000 1100 1200
B 70,000 |

§ o ek e ) o el (9411 Expanding the # of Design Parameters
64,000 + T NORTHROP
62,000 | i QUAD GRUMMAN l
| s P ,%, « Non-Linear Aerothermoelastic
A ™ - [/ Opti. 10° DV, 10° Responses (shape, sizing

* Engineering Objectives Design Studies
» Mission Level Objective Function

* Multidisciplinary Coupled Analysis

* Integrated Controls (RW) & Materials (RX)

IH Design Studies
» 25 Design Variables
» Extensive Discipline Analysis

Expanding the Disciplines & Fidelity

-

EXPEDITE %’ * PCKA
+ ng . TIMUS + transients + EBD
. Opti. 10! DV, 10! Responses (shape, sizing, subsystem vars)

+ Effectiveness Objectives

OPTIMUS (- EFZE/NE ({5

» ESAVE + Level 1 Propulsion, Power, & Thermal Mtg
. Opti. 10! DV, 10! Responses (shape, sizing, sub
» "Engineering Objectives

* Incl. Cost |
I H Des i g n Stu d I es Pareto-Optimized Noise-Range Trade Space m: ﬂ wuy

» 7 Design Variables Reduce Wingarea N 2000000
| 2820000
A 50 s 27800007 ﬁ 7 adso
o _ 2740000 'i"“ |
4%% 1 H 2700000 Sis
(‘Ps‘-,o ﬁi 2660000 i y
=.— i 7021 |,
| ok 2580000
3 163527084

g

i)

* Mission Perf, Acoustics

-

ESAVE Wi noinon
* _Non-Linear Aero (Level 2) aeroela
K Opti. 101 DV, 10' Response

=1

SAMS | & I
+ 6.1, 6.2, 666 SAMS Coupled
* Non-lipéar Aerothermoelastic [/

* Aero, Wt Est, Power/Prop,
%mw&asﬂamwmm
Range

Total Noise Metric (dB SPL)
o
Reduce Airspeed

—

o o

ASTROS NQRTHROPS | UA FUN3D S m % W @
« Linear static & dynan - Georgia ﬂ.L ison P
- [/opti. 103DV, 10 oArs | 2 Ccaps i ech |

etric, Associative

+ OML & IML Geometry with [/ s esp

Distribution A. Approved for public release: AFRL-2021-0453 17



A )
\/ AUSSF AFRL.

o
©w$

EXPanded MDO for Effectiveness based Deslgn TEchnologies (EXPEDITE)

» Expansion of a Multi-Disciplinary Optimization (MDO) based design process to cover path/state based,
transient subsystem operation, UQ, reliability, and cost

» Develop Effectiveness Based Design Framework allowing mission effectiveness objectives through
Integration of operations analysis

» Exercise high-performance and high-fidelity computational framework tool supporting expanded MADO
including distributed-computer and distributed-geographic design optimization

THE AIR FORCE RESEARCH LABORATORY
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EXPEDITE - EBD

Wing Sref Wing Tape CAS_survi time_on_:Heli_surviBlue_wea ISIL_fightearrived  bingo_beldead_bef:fuel |
: z ™
300 0.4666' 825,
AFSIM Scenario = =
= =
: =
2
Propulsion - : 5 :
Flight Physics -
500 2298.818 0.233766 1.042208 0.045455 0.792208 0.051948 0.155844 177,

Aerodynamics g NS Flight Path/Trajectory

Tactics

MPX plugin Fuel Burn Effectiveness Results

Blue Weapons Capability

Threat Capability

Threat Laydown

Working in-house to close the optimization loop

Distribution A. Approved for public release: AFRL-2021-0453
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Typical EXPEDITE EBD Results V= @ =K

Effect C
Effect B

+

HHHHHHHHHHHHHHHHHHHHHHHHHHHHH
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EXPEDITE B2B Architecture Ve @ ~K o

MDO

Proces

S |
Upload Engine Setqp Fi]es . . ; m. X gircraﬂ N J
PN oyfake mate flont | OEM defines Engine PTMS design matri 7B

e

MFT

v
Engine/PTMS Design
DOE (Parallel)

Rerun Engine
@PTMS actuals
and check valid

toop I 4
i ¥ v v ' |
‘:' St Engi Run Run
ol 0 ore Engine ~-» PTMS PTMS
" giz?ng i EE‘QZ’MFT <. Design for reuse of take | offllake
! L.lgem.l‘ Yes |
MFT
PCIA Tier 2 supplier makes PTMS available to TIER 1 supplier otfcesign
A

LM Sequential 230 Runs (8hr 40min) B2B 230 Parallel Runs from (40min)
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Concluding Remarks
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» Historical data & traditional conceptual design processes are

insufficient for designing new/innovative configurations and :

technologies Aa

» A physics-based distributed collaborative design Environment § 5
for aerospace vehicle development and technology assessment

has been developed (leverages MSTC Engineering)
g =

» Enables 10’s of HiFi Physics Based Configuration Design with the g
Same Resources & Time of Traditional Design evaluates 1 or 2. 'Rdﬁ

A

&

5’, . » Enables AFRL technology developers to have a quantifiable, physics
@1_" - gﬁf based and traceable trail of the impact of their technologies on system
_ wf&!g effectiveness - lethality, survivability, sustainability, affordability etc...

capabilities, technology assessment, and technology risk reduction

\/) » Creates info. with less uncertainty for making decisions for system

Reduction of late Defects due to physics

Expanded design space yielding capabilities not other wise obtainable

THE AIR FORCE RESEARCH LABORATORY
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Questions?
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