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Motivation for this Work

To provide the highest possible fidelity in the computational model at an affordable cost; orders of magnitude reduction
in cost compared to traditional CFD/CSD methods

To explore a wide range of relevant parameters including M, Re, static pressure differential, thermal stresses and
structural boundary conditions, both out of plane and in plane.

To correlate computational results with experimental results and assess the sensitivity of these results to uncertainties

in key parameters :
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Mathematical/Computational Modeling

Nonlinear Aeroelastic Solver

Set Boundary Compute Structural
Conditions Matrices
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ROM to include unsteady aerodynamics into the aeroelastic solution

Step change in the CFD domain for each ¥4, ...

N\

... in the panel deformation: ... in the velocity of the panel deformation: - 10 obtain a pressure field {output} from a

known deformation (input)

15t set of CFD runs 2nd set of CFD runs

Work the other way around to obtain the A, Bmn, and E;p, () using the input/output relationship

t

Qrcr‘lljiD(t) = qm()Amn + Gm(t)Bmn + j qm (D) Emn(t = D)dr
0

Once Amn, Bmn, and E,,, (t) are obtained, we can reconstruct the Generalized Aerodynamic Force inside the
Aeroelastic Solver for any arbitrary panel deformation (q,,(t), ¢, (t))

t

an(t) = Qm(t)Amn + Qm(t)an + _[ Qm(T)Emn(t —1)dr
0




Experimental Study Case: AFRL/SD RC-19 Wind Tunnel Section

Additional Considerations: In-plane boundary condition
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Experimental Study Case: AFRL/SD RC-19 Wind Tunnel Section

Additional Considerations: In-plane boundary condition

[ Results are presented as a function of the g, which is a structural parameter

Mean & SDT deformation
For example: T T

Mean and STD of the panel deformation at % of _
the panel length using Linear Piston Theory as  .-=="""""""" " e, -
the aerodynamic model o ; Response
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DLTA with a Shock Impingement

0 = 4" wedge shock configuration

Aerodynamic Model: Euler (unsteady)/DLTA Aerodynamic Model: RANS (unsteady)/DLTA

(Dynamically Linearized Time-Domain Approach) (Dynamically Linearized Time-Domain Approach)

Pressure Farfield :

In-Plane boundary stiffness sensitivity
My = 2.0
AT between panel and frame
Ap between fluid and acoustic cavity




DLTA with a Shock Impingement

0 = 4" wedge shock configuration

Aerodynamic Model: Euler (unsteady)/DLTA
(Dynamically Linearized Time-Domain Approach)

Pressure Farfield :

In-Plane boundary stiffness sensitivity
My = 2.0
AT between panel and frame
Ap between fluid and acoustic cavity




. .. _ Wind Tunnel Setting
DLTA with an Inviscid Shock Impingement pe(kPa) AT (K

0 = 4" wedge shock configuration 68.9 13.3

Mean & SDT deformation
(at % of the panel length)

Measurement —e—p,. = 63kPa, AT = 20K
—v—p. = 66kPa, AT = 15K |
—6—p. = 69kPa, AT = 20K




. .. _ Wind Tunnel Setting
DLTA with an Inviscid Shock Impingement pe(kPa) AT (K
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setting




. .. _ Wind Tunnel Setting
DLTA with an Inviscid Shock Impingement pe(kPa) AT (K
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DLTA with an Inviscid Shock Impingement

Deformation in time
(at % of the panel length)
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DLTA with a Shock Impingement

0 = 4" wedge shock configuration

Aerodynamic Model: RANS (unsteady)/DLTA

(Dynamically Linearized Time-Domain Approach)

In-Plane boundary stiffness sensitivity
My = 2.0
AT between panel and frame
Ap between fluid and acoustic cavity




DLTA with a Shock Impingement

0 = 4" wedge shock configuration: CFD setup
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DLTA with a Viscous Shock Impingement

0 = 4" wedge shock configuration

Mean & SDT deformation
(at % of the panel length)

—e—l')C —= 69kPa ——PDc = 72kPa
—6—p. = 7T4dkPa —¢—p. = 7H5kPa

Measurement

Wind Tunnel Setting
p. (kPa) AT (K)

68.9 13.3




DLTA with a Viscous Shock Impingement

0 = 4" wedge shock configuration

Mean & SDT deformation
(at % of the panel length)
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DLTA with a Viscous Shock Impingement

0 = 4" wedge shock configuration

Mean & SDT deformation
(at % of the panel length)

—e—l')C —= 69kPa ——PDc = 72kPa
—6—p. = 7T4dkPa —¢—p. = 7H5kPa
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Shock Impingement Aerodynamic Properties
Steady Solution

Local Mach number Static pressure

Euler ——FEuler
| ——RANS y" =5 / ——RANS y" =5
— RANS y = —RANS y7 =
i - — =Brouwer et al. PSP

~ 192 —1.94
in the pre-shock
region

Brouwer et al. RANS

0.2

Flow more likely to cause structural instability




Shock Impingement Aerodynamic Properties

Steady Solution _ _ _
Static pressure differential

Euler/CFD

|
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I
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Conclusion

A range of aerodynamic models has been considered including Linear Piston Theory and Full Potential
Flow for the no-shock case, and Euler and RANS/DLTA for the shock impingement case.

For the RC-19 configuration the results are particularly sensitive to the pressure differential, thermal
stress (which leads to buckling) and the in-plane as well as out of plane boundary support
conditions for the plate.

Results for flutter and LCO of the RC-19 experiment are not particularly sensitive to the
aerodynamic model, with the key exception that when using the DLTA/CFD method, the steady
solution for the shock location/magnitude can present indirect implications in the LCO prediction.

The computational models agree with the observations from experiments on the essentials
of the physical phenomena e.g. buckling, flutter and limit cycle oscillations.

There is broad quantitative agreement between computations and experiments, given
the sensitivity of the results to a wide range of parameters.
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Ce AT =0
Ap vs. Natural Frequency: FEM vs. fg definition U = 0
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roughly the same in all cases




Experimental Study Case: AFRL/SD RC-19 Wind Tunnel Section

Additional Considerations: Temperature Gradient AT

20

Thermal buckling

Thermally Buckled Condition
thermal loads (gradients) leading to compressive
stresses and buckling deformation

Teo
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No buckled condition Buckled condition
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Experimental Study Case: AFRL/SD RC-19 Wind Tunnel Section

Additional Considerations: acoustic response

Cavity Effect Mean & SDT deformation

Mo, Poo, Too

Flow direction

—v— With Cavity
# Without Cavity

102 10°

[ Cavity depth (d.) exaggerated for illustration




From Potential Flow to DLTA

Why we can neglect the fot Gm(T) [k (t — T)dT term

t t

Qm(T)Hmn(t _ T)dT + j Qm(T)Imn(t _ T)dT

0

an(t) = qm(t)Smn + (:Im(t)Dmn + f

0

Al (t —7)
dt ]

t
an(t) = Qm(t)smn + Qm(t)Dmn + ] Qm(T) [Hmn(t — 1) — dr + Qm(t)lmn(o) - Qm(o)lmn(t)

0

t CIm(T) [Hmn(t - 7) +

Qrn(® = G (DS + G (O)Dyn + j
0




ROM to include unsteady aerodynamics into the aeroelastic solution

Knowing ...

... the linear relationship seen ... that if we run a CFD solution for a known mesh deformation, we obtain

in the Full Potential Theory, ...

Qn(t) =tCIm(t)Smn + Gm(t) Dy
+j Qm(T)Hmn(t —1)dt
0

the pressure field as a function of space and time, ...

t = At

t
+.[ Qm(T)Imn(t —1)dr
0

Y, \_

... and that we can use the general definition of
GAF for on the CFD known pressure field...

PcrFp, (x,y, t) — Poo
CFD(t)—jf mpooUgo Y, (x,y)dxdy

... we can define a linear expression for the GAF where we
obtain the characteristics matrices A, Bin, and Epp (£)
for an arbritary surface deformation (g,,,(t) and ¢,,(t))

t

QEEP (D) = qm(DAmn + 4m(6) By + J Im(D) Eyn(t — T)dt
0

Dynamically Linearized Time-domain Approach (DLTA})~




ROM to include unsteady aerodynamics into the aeroelastic solution

{O,t<0 _{O,t<0

Step change in the CFD domain for each Y, .. “lnt=0 = “xnt=0

7

\

fl
QEEP(£) = qf () A + an(t)an-l_j (D Emn(t — ©)dt

‘ ,

... in the panel
deformation:

L 4

The panel deformation/velocity isa mode  Resulting pressure QCED(¢) = ﬂlle (x,y)dxdy
n\A,

shape (input). Ex:mn = (1,1) mode field (output)

7

{0,t<0

“xt=0 =0@t=0

... in the velocity

of the panel t

deformation: QLEP(t) = qm(I)Amn + G A()Bmn + J AT Emn(t — D dr
I 4

Once Amn, Bmn, and E,,, (t) are obtained, we can reconstruct the Generalized Aerodynamic Force inside the
Aeroelastic Solver for any arbitrary panel deformation (q,,(t), ¢, (t))

t

QSED(£) = gy () Ay + Gy () By + j qm (D) Emn(t — T)d7
0




Including the Shock Wave Effect

Elastic panel

Ap = PcFD — Psteady

+ (psteady — poo) Dsteady 2 Steady pressure distribution (with

1 X o } the shock wave)
Y Y

“Scalable pressure” Shock Profile pcrp~> unsteady pressure distribution (with

/ \ the shock wave AND the step change)

Unsteady aerodynamics i )
y y Static pressure always acting

Duke deper;(lislr?ai?fnpand on the panel surface




Mathematical/Computational Modeling

Nonlinear Aeroelastic Solver

Set Boundary Compute Structural
Conditions Matrices
: Solve ODE in terms of
* pc fixed - .
AT i < the generalized coord.
* AT fixed Compute
Aerodynamic Matrices

=

*|Cs
* Flow parameters

—

Flat Panel IC: small perturbation at the first mode shape
Cavity pressure
Flow field + shock impingement
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Shock Impingement Aerodynamic Properties
Steady Solution
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Shock Impingement in Time

Unsteady pressure field implications on the E,,,, (t) matrix

E; 1(t) vs. nondimensional time

Ap = plocal(x» Y, t) - 7 | :g z i:

Psteady(X,y) vs. panel chord I
at many time step | No Shock
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Time lapse for the pressure distribution over the panel length,
at mid-span, given a step change in the first mode shape of the
panel
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(a) Pressure sensitive paint (PSP).
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——PSP (ylL, =0.03)

x/L
p

(b) Comparison between PSP and Kulites.




Nonlinear Aeroelastic Model
Updated Equation of Motion

Moy lin () + Conn G () + Gl @ () +

Y
Linear plate model

Drrpn (D (D, (D) +

NL structural stiffness

n () +
Y

\

Unsteady Aerodynamics
(DLTA)

Shock _—_
n i O

\_Y_}

Steady shock
pressure




DLTA with an Inviscid Shock Impingement

Mean deformation
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(at % of the panel length)

DLTA with an Inviscid Shock Impingement

Deformation in time Standard deviation
Measurement
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DLTA with a Viscous Shock Impingement

Mean deformation Standard deviation

Mea_surement
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DLTA with a Viscous Shock Impingement

Deformation in time Standard deviation
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DLTA with a Viscous Shock Impingement

Deformation in time
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DLTA with a Viscous Shock Impingement

0 = 4" wedge shock configuration

Measurement Measurement
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DLTA with a Viscous Shock Impingement

0 = 4" wedge shock configuration

Mean & SDT deformation
(at % of the panel length)

=75 kPa
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Wind Tunnel Setting
p. (kPa) AT (K)

68.9 13.3




Heat Equation (HE) Implementation

. . ¢y} (2) 3) Aero static _
Y Y .
Linear plate model NL structural stiffness Thermal coupling Pressure terms OverpredICtS the temperature at
. . and after the shock location for
\M#‘"T"(t) + KTI;Ian(t)}‘l'\QPn + Qfndn(® + Qndn(®) + annTn(t)}= 0 the shock case (chord-wise)
Y Y
Thermal inertia and stiffness Coupled linear aerodynamic heating

Wind Tunnel Setup No shock 4" Wedge Shock

Parameter Value

M, 1.92

Do ~ 346 kPa . _ _ A,N
~ o

Ap 0

- AT‘I'Hi' + Tframe - ATHL + Tfram(:
Measured Tyau Measured Tqu

0.2 0.4

Different setup from the AePW RC-19 case!




DLTA with a Viscous Shock Impingement

0 = 4" wedge shock configuration

Mean & SDT deformation
(at % of the panel length)

—o— AT = 15K pC:75 kPa
—— AT = 20K

p. = 69 kPa +]
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Wind Tunnel Setting
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DLTA with a Viscous Shock Impingement

0 = 4" wedge shock configuration

Mean deformation

Meagurement

Y

p. = 69 kPa
AT=15K

Standard deviation

Measurement
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AT=15K
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Future Work

Shock-case configurations
* |nvestigate the unsteady aerodynamic modeling using DLTA for higher shock wedge angles,

particularly for the cases where there is flow separation.

Computational/Experimental Correlation studies
e Expand the RC-19 no-shock configuration using DLTA and CFD data:
* Most of the issues seen in this study so far with this configuration were linked to the pre-

defined flow parameters (Ap and AT). Using the CFD solution to obtain these variables can
bring further light to the issues seen here.
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