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m History and Heritage of the
Modeling & Simulation
Research Center

m Computational Fluid
Dynamics in the Aeronautics
Engineering Curriculum

m Research Highlights:
Stability & Control
Estimation Methods

B Summary
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M&SRC: Provides the computational foundation in expertise, equipment, and personnel
to facilitate M&S and HPC research at USAFA

Payoff: Enriched cadet experience. Well prepared graduates in M&S and HPC who immediately
contribute to AFRL and other AF organizations missions
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MSRC/HPC Resources

« Cadet academic cluster AFRL - 3
*144 compute cores (Intel Xeon); M _

ZG B RA M/CO m p Ute CO re High Performance Computing Systems
*6TB common RAID storage

« DoD HPC Resources

 Air Force Research Laboratory

spintafrihpcmil
SGlice X - 1.5 PFLOPS

Login Nodes Compute Nodes

» Spirit (73,000 cores) s v s e o
£4GBytes 32 GBytes

Army Engineering Research
and Development Center
» Garnet (150,000 cores)

« Maui High Performance
AN Region. |1

Co m p u tl n g Cen ter | DoD S;pe;‘compﬁ-ﬂng Reso;.rrc; Center
. . ; _ . b2 EH 8 ewer Options... | Demote: | Simple g
) X : Object: [World v] Action: [Multl-Transfmm ,]

« HPC Portal
« Utility Servers

L ocal workstations

Coacas ada

& Guacamale (FieldViewDemoGPUT20p) - Google Chrome | "

FOR

https://portal. mhpcc.hpe.mil/nachos/guac.jspivpsid=MTAUNAUMTkwLiMBNTIwhv

File Edit View Visualization Panels Tools Help

- —,
MAUL RIGH FEREORNMANCE COMPUTING CE|
ERCOMBUTING RESOURCE CENIER |
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F-18 High Alpha
Research Vehicle

« 15,000 Time Steps (7.5 sec)

F 1 8 HA Rv « 27d Order Accurate in Time
- « 2nd Order Accurate in Space
* SA-DES Turbulence Model

Smoke Test - M=0.2755, alpha=30°, h=20k ft

* Re=13 Million based on MAC
late 1980's

Dryden
Flight Research Center

DES AMR (6.5 M Cells)
DES Normal Grid (5.9 M Cells)
Unsteady Rans (5.9M Cells)

| L1 L
10" 10°
St = (f*c)/U,
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m CFD captured: Mean AOA,
descent rate, spin rate
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3500

m CFD captured:

m Unsteady shock oscillation
frequency

B min, max and average Cp
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AE 481/2
AE 499

AE 341 (Aeronautical
fluid mechanics)

AE 342 (computational
aerodynamics)

AE 315 SO
(core Aero)

Demonstration

Note: AE 442 (Adv Aerodynamics), AE 482 (Aircraft Design),
AE 499 (Cadet Research), AE 472 (Adv CFD)
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AE 342 Computational

gy Aerodynamics: Undergraduate CFD

m Goal: educate “intelligent users” of CFD
m Not code developers

»Familiarization with computational techniques RS IR
=Some computer programming . ;
. . \\\\ e
*In depth, practical and hands on experience SR e 2
with industry standard software =\ 7
. . . . ' < ‘-3:"'
*Grid Generation (Pointwise) o
. Course Notes for AE 342
*Flow Field Solver (Kestrel) Department of Acronautics

U.S. Air Force Academy

»Data Post Processing (Fieldview)

*Final projects:
"Viscous flow over a 2-D airfoll >
*|[nviscid flow over a 3-D wing

1st Under Grad CFD text
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Computational Research and
Engineering Acquisition Tools
and Environments (CREATE)

FY2008 for 12 years

Scalable, multi-disciplinary,
physics-based computational
engineering software

Annual release cycle

Kestrel v4 (2013)

2D / 3D unstructured solver
(Cobaltg,, AVUS heritage)

RANS, DES turbulence models
6-DOF, prescribed motion
Control surface deflection
Overset mesh for relative motion
Engine / structural models
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B Use Case List

| KD Rigid Body Adrcraft

& statie

& Dynamic
& Prescribed Motion Fiow solver with pre;
&% Prescribed Motion Pre-Flight Ao fow

ﬁ SixDoF Motion Flow salver with six-oeg

2 Control Surfaces SixDoF Flow simuiati

(2 Flexible Ajrcraft

scribed

Faedor



Land Speed Record Car
gy (C1C Ben Kramer)

R

m Objective: Preliminary design
analysis for drag and pitch stability

American Avenger vs. Al-5 and Bloodhound Speed and Distance:
(tick marks equal one second intervals)
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M6 Ludwieg Tube
(C1C Rivey)

=

m Objective: Characterize =
expansion wave
pattern for various
diffusers / models

35m
— -—]
Charge tube
(shown without insulation) Valve Nozzle Test Section  Vacuum tank
2Tm
o o juis
_O_ [ | |
i i i i i i i i i | —
Vacuumpump
Gontrol / E I:I
Operat =——1 il Y

eration
Equipment tooe Ij
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Diffuser Plug Design

[ ]
MODELING AND SIMULATION
RESEARCH CENTER

U.S. AIR FORCE ACADEMY
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Ludwieg Tube

U.S. AIR FORCE ACADEMY
——

Cobalt Results Kestrel Results

Mach MACH
1.08 3.24 5.40 1.080 3.240 5.400
] -l I
0.00 2.186 4,32 5.48 0.000 2.160 4.320 6.480
E & - | |

SUBSONIC SONIC THROAT Ma =1 SUPERSONIC HYPERSONIC Ma = 5

‘ Ludwieg Tube hypersonic wind tunnel
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Discovery and rectification of
undesirable aircraft behaviors during
High Angle-of-Attack testing of High
Performance Aircraft is not only the
‘Norm’, but those behaviors needing

rectification/mitigation are usually
complex, sometimes bizarre, and
often ‘spectacular’.
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http://elementsofpower.blogspot.com/2012_09_01_archive.html

Motivation

m Traditional approaches are expensive /
limited
m Flight test
m Wind tunnel
m Semi-empirical methods

m Non-traditional configurations complicate
the process — complex vortex-dominated
flow fields

m Non linear aerodynamics
m Unsteady aerodynamics

m Highly sensitive behavior with
asymmetric flow conditions

m Led to creation of multiple NATO RTO/STO
Applied Vehicle Technology (AVT) Task
Groups
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:%M

Validation data (static and
dynamic)

Predict aerodynamic
behavior

Assess prediction
methods for S&C
characteristics

m Medium-to-high AOA
Two vehicle
configurations:

m Generic UCAV
(SACCON)

m X-31
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X-31 Configuration

Sealed gap
< Open gap
<> Sealed for belly sting tests
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0° inboard
+20° outboard

Integrity - Service - Excellence



m X-31: 2x Wind Tunnel @
DLR
m Static / Dynamic
m Forces / Moments
m Surface Pressure
m SACCON: 5x Wind Tunnel
@ DLR / NASA
m Static / Dynamic
m Forces / Moments

m Surface Pressure
m Transition (IR)

m PV _'NASA SACCON model
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m Semi-empirical
m Use historical data
m Traditional configurations
m Linear aerodynamics

m Full-order modeling

m 30 AOAs, 10-20 Mach, 5 sideslip,
control surface deflections

m 15,000 - 20,000 CFD runs
m CFD and modeling

m 100’s of simulations (training
maneuvers)

m Interpolation schemes
m System ID / Reduced Order Models
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m SIDPAC (NASA Langley)

=¥ Linear
m Least square approximation of Range

functional relationship

m Gram-Schmidt orthogonalization
m Volterra Functions Non-Linear
m Radial Basis Functions Range

Give models in terms of primary variables:

C.(8, P, p.1.1) =C,p+C,pp” +Cor +C,p* +C;p*p* +C,p” +C,1p”
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Indicial Functions

C (t)= C,+ di[ ;CL (t—7)a(r)d T:l + % U;CLq (t—7)a(z)d z}

a

C,()=C, + %U;Cma (t—17)a(r)d T:| + % U;Cmq (t—7)a(z)d T:|

m Requires system response to unit step impulse in AOA /g

m Results in model similar to “textbook” approaches (stability
derivatives can also be nonlinear)

C (8.p,p.r,f)=C, +C, f+C, p+C,rr+C,B,8°+C|p p+C, ¥

m Requires large number of step functions across AOA / Mach / etc
space

m Onceresponse determined, model used for different maneuvers
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UCAV-SACCON Meshes

=AY

L]
MODELING AND SIMULATION
RESEARCH CENTER

% ﬂ&@@@

U.S. AIR FORCE ACADEMY

m Unstructured mesh
m 16 prism layers
m 26-30 million cells
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U.S. AIR FORCE ACADEMY
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(a) @ = 14° (b) a = 19.5°

(c) a = 20.5° (d) a = 23°
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SACCON Design Space
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Maneuver constraints
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SACCON Indicial
Functions

10—
30_— i
' Mach = 0.1 T O‘féo
—————— Mach = 0.3 _ 3280
g 00 ok Mach =0.5 g o= 10°
£ 5
= 3
3
UA 10 ;j_]
0
- P R L ] }
i 1 s=22Vt/c i ' s=2VUc
The initial peak decrease with The final values are similar in the
increasing Mach number linear regime.

Cn,(t—1,00M)
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SACCON Indicial

C

(I/rad)

miL

_1|:| L L L L

[=]
1

Mach=10.1
—————— Mach=10.3
—————— Mach=0.5

e

2

Functions

(1/rad)

Cm()t

R RQK

Cog(t — 1,0, M)

Integrity - Service - Excellence




05
0.0
~ 0.5
= [
) [
* I
i -1.0
N’
Q.
>
o 1.5 _ ac=1°
—_— a4’
0
20 a=7 "
i — a=10
o5l 1 1 1 L
2%0 05 1.5 2.0

SACCON Indicial
Functions

.CyB (;llrad)'l

A
(&)
T

—_— a=1°

i —_— =i’

20 =7
i —_ a=10°"

B I i o G o { % ]
2%20 05 15 2.0

Cyg(t — 7,0, M)

o o o
w o wn

.CyB (}/rad).

n
=]

N
o
—

A
(&)
T T

RQRAKRXRK
I n

IS R N
1 ey

(@)
°

Integrity - Service - Excellence

20




SACCON Indicial

Functions
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SACCON Indicial
Functions
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The roll moment is very nonlinear vs angle of
attack and Mach number
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m Indicial Functions » Derivative-Based Model » Aircraft
Equations of motion
CL(t) = Cprp+ Crp(t =o,a,M)a + Cq(t =00,M)q + Cp5.6

m Validity of ROMs

Replay maneuvers through unsteady CFD calculation
m Compare forces/moments with ROM values
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m The aircraft performs a climbing and rolling
followed by a diving turn until the final aircraft
heading is 180° changed.

> Initial Point: V=300 ft/sec, Alt= 10,000 ft, Yaw Angle =0

> Final Point: V=300 ft/sec, Alt= 10,000 ft, Yaw Angle =
180

> Path constraints (maximum V, maximum AO0A, rate of A0A,
etc.) are defined.
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MODELING AND SIMULATION
RESEARCH CENTER

U.S. AIR FORCE ACADEMY
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0.002 0,000 0.015
0010
0.001 0.0002
0.005
1 O &)
0.000 5.6606 0.000
-0.005 |
-0.001 -0.0002
o0t0f- . CED
i Model
IR RN ST N NS R TN E TR SR NNTRR S S N
-0. 1 1 ] -0.
00020 5 10 15 20 _0_00040 (I S| - (S S| = TR N T o F—) 00150 5 10 15
Time (s) Time (s) Time (s)

Full order model cost ~= 50,000 CPU Hrs
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Immelman Turn

m Half loop with a half roll at end. Aircraft final path
IS exactly opposite of the initial path.

> Initial Point: V=300 ft/sec, Alt= 10,000 ft, Yaw Angle =0

> Final Point: V=300 ft/sec, Alt=11,000 ft, Yaw Angle =
180

> Path constraints (latitude, maximum V, maximum AOA, rate
of AOA, etc.) are defined.
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Immelman Turn

=AY

L
MODELING AND SIMULATION
RESEARCH CENTER

U.S. AIR FORCE ACADEMY
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Immelman Turn
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0.0021 — 0015
0.010 |-
0.001 0.0002
0.005 -
> = o)
Q "
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| -0.005 |~
0,001 - PR
0010 e e e = -
______ oo IS/IF]Z 1
Model ode
0.002 | ! | { 0. 1 Ll 1 [ ooy
000085 5 10 5 0 2 0.01% 2 10 L 20 25
Time (s) Time (s)

m Discrepancies in roll / yaw moments (12s-16s)

m Negative AOA —roll / yaw moments not symmetric
about 0-deg AOA

Full order model cost ~= 62,000 CPU Hrs
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X-31
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L]
MODELING AND SIMULATION
RESEARCH CENTER

U.S. AIR FORCE ACADEMY
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X-31 MSRC\

L
MODELING AND SIMULATION
RESEARCH CENTER

U.S. AIR FORCE ACADEMY
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X-31: Kestrel vs Cobalt
(C1C Alex Kim)
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L]
MODELING AND SIMULATION
RESEARCH CENTER

U.S. AIR FORCE ACADEMY
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m Heritage
m Full aircraft, 3D, unsteady
m DoD HPC resources
m Kestrel

m Computational across the
curriculum
m AE 342 (required)

m AE 472/ 499 (cadet
Involvement in research)
m Stability & Control
Estimation Methods

m NATO STO Task Group
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m Dr. Scott Morton (founding MSRC director, principle
Kestrel developer)

m Dr. Jim Forsythe (former MSRC researcher)

m Dr. David McDaniel (former MSRC researcher,
principle Kestrel developer)

m Dr. Russ Cummings (MSRC Research Director, co-
chair NATO STO Task Group AVT-201)

m Dr. Mehdi Ghoreyshi (MSRC Researcher)
m C1C Ben Kramer

m C1C Alex Kim

m C1C Josh Rivey
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Questions?
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