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U Workshop overview

U Comparison of CFD results
and wind tunnel data

U Conclusions and next steps
U Questions
U Workshop discussion
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Introduction and Objectives

U  Workshop series to establish best-practices for
CFD prediction of S&C derivatives and assess
limitations of CFD predictions

U 2" S&CPW focuses on static and dynamic
stability derivatives of high-speed version of
NASA/Boeing CRM

U Static and dynamic data (forced oscillation) were .A .
taken in NASA Langley 12-Foot Low-Speed
Tunnel in Fall 2023, using a 2.4% scale model

U Computational results are blind (wind tunnel data
were not publicly released before the workshop)
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Model Geometry and Reference Quantities

U Geometry is full scale

Reynolds numbers are wind
tunnel scale

MAC = 275.8 inches (I
Wingspan = 2313.5 inches (&)
Ref. Area = 594,720 inches? (Y :
Body-axis coord. sys. (xByRzU) e
Force and moment coefficients: A

A Normal force: 6 o —

c:

(G- - e e R e

Pitching moment: 0 0 —

A Yawing moment: 6 6 —

A Axial force:6 6 «— ) _ . .
A Rolling moment : 0 0 —

) A Side force: 6 6 — (‘,AIAA
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Model Geometry and Reference Quantities (cont.)

Angle of attack (AoA, | ) positive nose-up
Sideslip (A0S, ) positive nose to port
Roll angle (%9 positive right wing down
Pitch angle (— positive nose-up

Yaw angle ( ) positive nose to starboard

Force accounting: include only CRM
model surfaces (not sting)

G- G N e G e

; JAIAA
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Computational Meshes

U Use at least 3 levels of increasing
resolution to evaluate mesh
iIndependence

U Workshop meshes were provided
by AFLCMC and Bihrle

Credit: AFLCMC

Num. Cells

AFLCMC Mesh A ~3.4M ~10M
AFLCMC Mesh B ~6.7M ~22M
AFLCMC Mesh C ~16M ~60M
AFLCMC Mesh D ~49M ~210M

. Bihrle (fine) ~30M ~72M (.j AIAA
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Test Case 1

U  Test Case 1a, Longitudinal Static Stability Derivatives, U  Test Case 1c, Lateral/Directional Static Stability
CRM with Tails and Sting (required) Derivatives, CRM with Tails and Sting (required)
A AoA Sweep (Run 15); AoA in bold are required, A AoS sweep at 4-deg AoA (Run 26); AoS in bold are
others are optional required, others are optional
o Mach =0.052, Re = 200,000, T =518°R 0o Mach =0.052, Re = 200,000, T =518°R
o A0A=-50,24,6,8,10,12, 14,16, 18, 20, o AoS=-10,-8,-4,-2,0,2,4,8,10
22,24, 26, 28, 30, 35, 40, 45 o Report final values (or time-averages) of all six
o Report final values (or time-averages) of all six forces and moments
forces and moments o Reportd hé hd at0-deg AoS
o Reportd and6 at4-deg AoA U  Test Case 1d, Longitudinal Static Stability Derivatives,
U  Test Case 1b, Lateral/Directional Static Stability CRM with Sting no Tails (optional)
I?erivatives, CRM with Tails and Sting (optional) A AoA Sweep (Run 7): AoA in bold are recommended
A AoS Sweep at 0-deg AoA (Run 25); AoS in bold o Mach = 0.052, Re = 200,000, T = 518°R
are recommended 0 AoOA=-5,0,2 468,10, 12, 14, 16, 18, 20, 22,
o Mach =0.052, Re = 200,000, T =518°R 24. 26, 28, 30, 35, 40, 45
0 A0S=-10,-8,-4,-2,0,2,4,8,10 o Report final values (or time-averages) of all six
0 Report final values (or time-averages) of all six forces and moments

forces and moments 0 Reportd andd at4-deg AcA

. 0 Reporté hé hé at 0-deg AoA and AoS @AMA
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Test Case 2a

U Test Case 2a, Dynamic Longitudinal Derivatives with Tails and Sting

(required)
A Pitching Oscillation (Run 68)

o Mach =0.0358, Re = 140,000, T =518°R

0 AOA = 3-deg, +/- 5-deg (sinusoidal oscillation between +8-deg
and -2-deg)

o Reduced frequency is 0.04, where "Q —r(] is the oscillation

frequency in rad/sec, Gfis the MAC, wis the freestream velocity).
For the full-scale model, the oscillation frequency is 0.0222 Hz.

o Report time histories of forces and moment coefficients in
body axes

o Enough time steps should be run to report results over 3
converged oscillation cycles

o Reportd and 6 (wheren is the pitch rate in radians per
second)
A Optional
0 Repeat Test Case 2a for reduced frequencies of 0.06, 0.08 and

0.10 or 0.0332, 0.0443 and 0.0554 Hz for the full-scale model
8 (Runs 69, 70 and 71)
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Test Case 2b

U Test Case 2b, Dynamic Lateral/Directional Derivatives with Tails and Sting

(required)

A Rolling Oscillation (Run 2)
0 Mach =0.0358, Re = 140,000, T = 518°R
0 AOA = 3-deg
o Roll angle = sinusoidal oscillation between +/- 5-deg
o]

Reduced frequency is 0.4, where 'Q — (| is the oscillation

frequency in rad/sec, Qis the span, wis the freestream velocity).
For the full-scale model, the oscillation frequency is 0.0264 Hz.

o Report time histories of forces and moment coefficients in
body axes

o Enough time steps should be run to report results over 3
converged oscillation cycles

o Reportd and 0O (where ) is the roll rate in radians per second)
U  Optional
0 Repeat Test Case 2b for reduced frequencies of 0.2, 0.6 and 0.8,

or 0.0132, 0.0396 and 0.0528 Hz for the full-scale model
(Runs 5, 3 and 4)

9
AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS | AIAA.ORG

Credit: AFLCMC



Test Case 2C

U Test Case 2¢, Dynamic Lateral/Directional Derivatives with Tails and Sting

(required)

A Yawing Oscillation (Run 52)

0 Mach =0.0358, Re = 140,000, T = 518°R

0 AOA = 3-deg

0 Yaw angle = sinusoidal oscillation between +/- 5-deg

0 Reduced frequency is 0.4, where 'Q —( is the oscillation
frequency in rad/sec, is the span, wis the freestream velocity).
For the full-scale model, the oscillation frequency is 0.0264 Hz.

o Report time histories of forces and moment coefficients in
body axes

o Enough time steps should be run to report results over 3
converged oscillation cycles

0 Reportdo and 6 (wherei isthe yaw rate in radians per
second)

A Optional
0 Repeat Test Case 2c for reduced frequencies of 0.2, 0.6 and 0.8

10

or 0.0132, 0.0396 and 0.0528 Hz for the full-scale model (Runs
51, 53 and 54)
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Optional Test Cases

Credit: AFLCMC

Test Case 3: Use other methods available (such as
custom training maneuvers) to determine the static and
dynamic stability derivatives at 3-deg AoA.

Test Case 4: Repeat Test Case 1 with CRM and no Sting
Test Case 5: Repeat Test Case 2 with CRM and no Sting

PressureCoeff

Credit: AFLCMC

e
j Credit: AFLCMC

<

2 5 = >3

PressureCoeff
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Comparison of Results

o JAIAA
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S&CPW?2 Participants

Authors (*Presenter Method

Dan. D. Vicroy, Benjamin M. Simmons* Adaptive Aerospace Group and Wind Tunnel
NASA Langley

Mehdi Ghoreyshi*, Pooneh Aref US Air Force Academy Kestrel

Daniel E. Enriquez* Altair Engineering FlightStream

Andrew J. Lofthouse*, William Vogel Air Force Life Cycle Kestrel
Management Center

Kelly R. Laflin*, Steven M. Klausmeyer Textron Aviation FUN3D

Zhuoneng Li, Andrea Da Ronch*, Xupeng Sui University of Southampton STAR-CCM+

Seung Yoo* NASA Armstrong Flight STAR-CCM+
Research Center

Wei Liao, Collin Strassburger* Bihrle Applied Research FUN3D

AParticipant ID numbers have been removed for public release of this presentation
AParticipants are not ordered by their ID number on this slide 13




Stability Derivative Calculation Approach

Static stability derivatives — Vicroy, D. D., AA Guide t
U Central difference approximation Processing and AN28210023569.,
U Differentiation of local polynomial fit
Dynamic stability derivatives Conllimin)
U Integration method q=0

i 6 | — 6 (OAT17100Q0

:
U Legacy method; only valid in linear regions

i Specific point method 3 - Slope = Cing
i 6 | b0 )onq |
U Preferred method; valid in nonlinear regions

CFED forced oscillation data processing

U Remove initial transients (if applicable) Con(Gmaf < >

U Resampleto5 Hz B 4

U Apply a zero phase-shift digital low-pass 6" order 0o - A 0o G + A
Butterworth filter ('Q 0'Q ) Pitch Angle

i Trim data to include full cycles for analysis Example linear model hysteresis loop. ,,



Comparison Notes

U One dataset was selected per participant per test case for
the overall comparison

U Easier viewing of data from all participants
U Selected based on best judgment (e.g., convergence of results)

U Sign corrections were applied to match the expected trends

U Meshes were renamed coarsest to finest
(e.g., A = coarse, B = medium, C = fine, etc.)

U Distinguishing information is provided in the plot legends to
iInform participants on which dataset is shown
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Case la Results

A Angle of attack (| ) sweep
AD mudYyQ ¢ mmmiy v p*®
A CRM with sting and tail
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Case la:

) -Sweep with Sting and Tail

-0.08

0 10 20 30 40
a [deg]

-0.04 ¢

-0.06 -

Required and

| optional data
(v° | T 0)

—e—001, Mesh C-SARCQCR
——002, Mesh A
4 |——003, Mesh C
——004, Mesh D
—+—005, Mesh C
006, Mesh C
| |——007, Mesh C
o Wind Tunnel

- W
CTT ]

0 10 20 30 40 0 10 20 30 40
« [deg] o [deg]
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Case la: »-Sweep with Sting and Tail

Required and
optional data
(vt T 0)

1 |[—+—001, Mesh C-SARCQCR
——002, Mesh A
—=—003, Mesh C
——004, Mesh D
—+—005, Mesh C
006, Mesh C
—+—007, Mesh C
4 |++@- Wind Tunnel
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Case la: »-Sweep with Sting and Tail

Required data
(| ¢

——001, Mesh C-SARCQCR
——002, Mesh A
—=—003, Mesh C
——004, Mesh D
—+—005, Mesh C
006, Mesh C
—+—007, Mesh C
--o- Wind Tunnel

CTJ’ [2

-0.02 -

-0.04 -

-0.06 -

0 5 10 15 20
a [deg] o [deg]
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Case la: »-Sweep with Sting and Tail

Required data
(| ¢

| —e—001, Mesh C-SARCQCR
——002, Mesh A
—=—003, Mesh C
——004, Mesh D
—+—005, Mesh C
006, Mesh C
—+—007, Mesh C
o Wind Tunnel

0 5 10 15 20 0 5 10 15 20
a [deg] a [deg]
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0.8 -

0.7 -

0.6 -

Case la: »-Sweep with Sting and Tail

0.154

-0.15 ¢

Low-» data
(| u)

—e—001, Mesh C-SARCQCR
——002, Mesh A
—=—003, Mesh C
——004, Mesh D
—+—005, Mesh C
006, Mesh C
—+—007, Mesh C
o Wind Tunnel
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Case la: »-Sweep with Sting and Tail

Low-» data
(| u)

0.1 -

0.09 -

0.08 -

" |—e—001, Mesh C-SARCQCR
——002, Mesh A
. |—=—003, Mesh C
——004, Mesh D
1 |—+—005, Mesh C
006, Mesh C
1 |——007, Mesh C
o Wind Tunnel

0.07 -
| @ 0.06 -

0.05 -

0.04 -

0.03

0.02
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Case la: Static Stability Derivatives () “)

‘—Wind Tunnel Value [l Central Difference [JijiPolynomial Differentiation [l Case 1 Submission [JijCase 3 Submission‘
6 T T T T T T T 0

oF -0.5 |
4t 1t !
Zﬁ _ B |

S 3 1.5

21 20

11 -2.5

0 -3 : ‘ ' ' | : ‘

001 002 003 004 005 006 007 WT 00L 002 003 004 005 006 007 WT
Participant ID Participant ID
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Cy, % Difference

Case la: Static Stability Derivatives ()

")

’- Central Difference [JijPolynomial Differentiation [l Case 1 Submission [JijCase 3 Submission‘ Percent

001

002

003 004 005

Participant 1D

007

C,. % Difference

a0

40

30

10

Difference

001

002

From WT

004

003 005
Participant 1D

006
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Case 1c Results

V4

A Angle of sideslip ( ) sweep at| T
AD mudYyQ ¢ mmmiy v p*®
A CRM with sting and tail
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Case 1c: 3-Sweep with Sting and Tail (» “)

0.03 |
0.15
0.1+ 0.02 |
0.05 + 0.01+ 1 |—+—001, Mesh B
. ——002, Mesh A
—=—003, Mesh C
Sy ——004, Mesh D
© v 0 : —+—005, Mesh B
006, Mesh C
—+—007, Mesh C
0057 -0.01 ¢ .,:’ < |- Wind Tunnel
-0.1+ d
-0.02 +
]
0.15 "
| | | ‘ -0.03 | | | ,
-10 -10 -5 0 ) 10
3 [deg]
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Case 1c: Static Stability Derivatives () “)

‘—Wind Tunnel Value [l Central Difference [JijPolynomial Differentiation [l Case 1 Submission [JjCase 3 Submission‘

0 | 0 | 0.25
| | |
| | I
0.2 ' | -0.05 | | 0.2
| I
0.4+ | | | |
' i I 0.1 { 0.15 - {
B i | =
| 0.15 ! | 0.1} |
0.8+ | | }
| | |
| | \
M 0.2} 0.05 | }
l
e . L 025 . 0 |
5 D D Db O 5N D D DL O A 5N DD DD O
I ID 44&’ NN\ RIS é& I IFI] A*&’
Participant ID Participant ID Participant ID
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Case 1c: Static Stability Derivatives () “)

’- Central Difference JJiJPolynomial Differentiation [l Case 1 Submission [JijCase 3 Submission‘ Percent

0y ~______________ Difference
sl From WT
25+ 1 25t
- ° 40 +
D
S 20 + 18 20 - 18
o 5] o)
— [t =~
= & = 30 -
o 15 A 15 =
5 S 5N
= 10| 10} 20T
O O QO
5 5 10
0 0 0
001 002 003 004 005 006 007 001 002 003 004 005 006 007 001 002 003 004 005 006 007
Participant ID Participant ID Participant ID
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Case 2a Results

A Pitch forced oscillation at | o

A v 3—

A Q —' 18t t(optional: T8t @8t frEd It
A0 moeYQ ptmmity vp*d

A CRM with sting and tail
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Case 2a: Time Histories (Q 18t 71

——001, Mesh B, SARCQCR, 1000 Steps/Cycle
——002, Mesh A

003, Mesh B

——004, Mesh D

005, Mesh B

006, Mesh C, 2x Steps
——007, Mesh C
Wind Tunnel, Mean Value (¢/0.024)
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ACYy

Case 2a: Hysteresis Loops (Q 18t

AONL

——001, Mesh B, SARCQCR, 1000 Steps/Cycle

1 |—002, Mesh A

——003, Mesh B
——004, Mesh D
——005, Mesh B
006, Mesh C, 2x Steps

A 3
) ——007, Mesh C

------ Wind Tunnel, Mean Value

\ ---- Wind Tunnel, +0 Bounds
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Case 2a: Dynamic Stability Derivatives (Q 18t 7

’—WT Value

20

40

30

Ch,

20 -

10 L

001

002

00

Participant ID

007

3 004 005 006

WT

-60

001 002 003 004 005 006 007 WT
Participant ID
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Case 2a: Dynamic Stability Derivatives (Q 18t 7

Percent
Difference
From WT
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