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Final Report- Award FA9550-19-1-7018

Dimitris Drikakis! and loannis W. Kokkinakis!
University of Nicosia, Nicosia, CY-2417, Cyprus®

This is the final report summarising the key findings of the project. The work comprised high-resolution direct nu-
merical simulations (DNS) and implicit large eddy simulations (ILES) for high-speed flows and acoustics featuring
shock-boundary layer interaction (SBLI). The cases concerned hypersonic flow over a flat panel, SBLI over a compres-
sion ramp, and SBLI for the RC-19 tunnel. The SBLI cases included statistically- and dynamically-deformed cases.
An assessment of computational requirements for performing high-resolution simulations was also performed. The
findings improved our understanding of SBLI, the acoustic near-wall effects, and the role of vorticity in such flows.
Furthermore, the research provided insight into the best computational practices for achieving high accuracy in such
flows. Finally, the data produced from this award will be used in the future to develop and apply machine learning
models and provide insight into the coupling of computational fluid dynamics and structural mechanics methods.

I. INTRODUCTION

Shock-wave boundary layer interaction (SBLI) occurs at
high-speed flows, particularly when a surface protrudes
abruptly towards the flow, e.g., a deflected flap or an inlet
ramp. Furthermore, SBLI features flow separation and re-
attachment, low-frequency unsteadiness, and high local ther-
mal loads. All of the above influence the performance of
supersonic aircraft; thus, the interest in studying SBLI'~®.
In addition, under supersonic conditions, flight objects are
subjected to acoustic fatigue due to pressure fluctuations be-
neath the turbulent boundary layers (TBLs)>”'". The phys-
ical mechanism behind the low-frequency SBLI unsteadi-
ness remains elusive and is widely debated Clemens and
Narayanaswamy ' .

Surface deformations caused by shock-boundary layer in-
teraction (SBLI) can lead to a loss of efficiency of the aerody-
namic surfaces and unwanted wall pressure fluctuations, pos-
sibly leading to structural vibrations'”. The above can sig-
nificantly influence aerostructures’ overall aerodynamic and
structural integrity at high speeds. SBLI over non-deformed
planar surfaces has been extensively studied in the past both
experimentally>'*~'"? and numerically’—>-"~.

Interest in the examination of SBLI for deformed buck-
led panel surfaces, however, has gained more attention in the
last decade, both experimentally''**~*° and numerically”"—°.
High-speed flights exhibit extreme aerothermodynamic loads,
which affect the lightweight structures, thus resulting in
strong, dynamic fluid—structure coupling. Therefore, under-
standing SBLI under surface deformation will increase the
predictive and design capabilities.

Direct numerical simulation (DNS) resolves the turbulent
flow’s relevant physical spatial and temporal scales. As a re-
sult, it is and will be prohibitively expensive in the foresee-
able future for most practical flows and regimes of interest
at moderate-to-high Reynolds numbers. Reynolds-averaged
Navier-Stokes (RANS) approaches focus on statistical mo-
ments for an ensemble of realizations and try to model the
effects of the turbulence. Small-scale turbulent flow dynam-
ics are widely viewed as universal, resulting from a cascade

¥Electronic mail: drikakis.d @unic.ac.cy.

process from the breakdown of larger scales originating to the
integral scales.

In a coarse-grained simulation (CGS), large energy-
containing structures are resolved, smaller structures are spa-
tially filtered out, whereas unresolved subgrid-scale (SGS) ef-
fects are modeled”’. CGS includes classical large eddy sim-
ulation (LES) strategies employing an explicit SGS model
or implicit LES (ILES) relying on SGS modeling and filter-
ing provided by physics-capturing numerical algorithms, i.e.,
shock-capturing schemes typically employed in finite volume
methods. Understanding of this so-called spectral gap, or
scale separation, between the large (integral) and the small
(viscous) turbulence scales has further improved over the last
decade, particularly about CGS modeling®'. The CGS strat-
egy of separating the resolved from the unresolved scales and
modeling the physics effects of the latter constitutes a viable
intermediate approach between DNS and RANS to address
practical geometries and multiphysics.

In the present work, we considered different statically and
dynamically buckled rectangular panel surface shapes, which
adhere to several basic modes commonly encountered in
fluid-structure interaction (FSI) and their effect on the TBL
and SBLI. By doing so, the problem is simplified by decou-
pling it into a geometrically simpler variant that isolates some
of the crucial effects of the surface deformations on the TBL
and SBLI response, thus enabling a better understanding of
fully coupled FSI, such as those being performed experimen-
tally in the RC-19 wind tunnel set-up””**.

Small deflection angles of the shock generator wedge (6 <
12 deg) have been successfully modeled computationally***.
However, though the aeroelastic framework captures the on-
set of the dynamic instability for the 12-degree wedge case,
it incorrectly predicts the modal and frequency content of the
post-flutter response. These errors are attributed to the omis-
sion of unsteady interactions in the quasi-steady enriched pis-
ton theory model. For the 12 deg case, experiments** re-
veal shock-induced limit cycle oscillations (LCO) near the re-
gion of shock-induced separation. In this case, the dynamic
panel response exhibited frequencies on the order of the SBLI-
induced low-frequency unsteadiness, highlighting the poten-
tial for coupling between the thin panel and shock impinge-
ment. Nevertheless, the simplified models can predict flutter
onset for attached and separated SBLI. While the post-flutter
response is captured for attached flows, improvements to the
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fluid model are required to obtain the correct limit-cycle be-
havior in shock-induced separation. This includes developing
and implementing models that capture low-frequency shock
oscillations and unsteady interactions between the surface mo-
tion and separation bubble.

To address the above limitations, we have employed shock-
capturing, high-order schemes with nominal accuracy up to
11"_order, which has previously been used in similar simula-
tions of compressible turbulent boundary layers (TBL)%%-0%07
and shock wave TBL interaction (SBLI)***%°, amongst other
flows.

This final report summarises the work carried out during the
project. Further technical details can be found in the journal
publications™'-00-0%

II. COMPUTATIONAL METHODOLOGY
A. Governing equations

The compressible Navier-Stokes equations (NSE) are
solved using the finite volume method (FVM) for an ideal gas.
In integral form, the NSEs are formulated as follows:

0
Vv A

%// pudV = —#pu(u-ﬁ)dA—#pﬁdA
4 A A
+#(r~ﬁ)dA

A

e # ietas #
A

2)

3)
+

>§@:

where p is the density; u is the velocity vector; p is the static
pressure; fi is the outward pointing unit normal of surface el-
ement dA of the closed finite control volume dV; e is the total
energy per unit mass given by e = i+u-u/2; i is the specific
internal energy, which for a calorically perfect gas is given by:

p
p(y—1)

T is the temperature, c, is the specific heat capacity at constant
volume, and ¥ is the heat capacity ratio (or adiabatic index)
defined as y = ¢, /c, where ¢, is the specific heat capacity at
constant pressure and Ry = ¢, — ¢, = ¢, (Y — 1) is the specific
gas constant.

For a Newtonian fluid, the shear stress tensor is given by:

i=cT =

T=24(V-u)l+pu [V“+(VH)T]

where | is the identity tensor; the bulk viscosity is given by
Ap = —241/3 according to Stokes’ hypothesis; and g is the
dynamic viscosity obtained by Sutherland’s Law as:

3
T >2Tref+Ts (4)

.U'(T):,uref< T+T

Tres

where the free-stream values are used as the reference and the
Sutherland temperature is 7y = 110.4K.
Fourier’s Law of heat conduction calculates the heat flux:

q=—-xVT

where K is the heat conductivity given by:
K(T) = Lp(T)
Pr

and Pr = 0.72 is Prandtl’s number.

B. Numerical methods

We employ the block-structured grid code CNS3D that
solves the Navier—Stokes equations using the finite-volume
method (FVM). The advective terms are solved using the
Godunov-type (upwind) method, whose inter-cell numeri-
cal fluxes are calculated by solving the Riemann problem
using the reconstructed values of the primitive variables at
the cell interfaces. A one-dimensional swept unidirectional
stencil is used for the spatial reconstruction. Two different
slope limiting approaches have been implemented in conjunc-
tion with the approximate HLLC Riemann solver, namely
the: (i) Monotone upstream-centred schemes for conservation
laws (MUSCL) and (ii) Weighted essentially non-oscillatory
(WENO). In particular, the following slope-limiters are exam-
ined:

* MUSCL 2"¢ order Monotonized Central (M2)®’;
« MUSCL 5" (M5) order’’;
« WENO 9" (W9) order’'.

Finally, we use a second-order central scheme for the
viscous terms. The solution is advanced in time using
a five-stage (fourth-order accurate) optimal strong-stability-
preserving Runge—Kutta method’”. Further details of the nu-
merical aspects of the code can be found in"*’* and references
therein.

1. Low Mach number correction

The accuracy of the above schemes and any other schemes
can be further enhanced in low-speed subsonic conditions by
implementing the low-Mach correction of Thornber et al.
(henceforth labelled LMC). The low-Mach correction primar-
ily involves an additional computational step that treats the
velocity vector via a progressive central differencing of its

components. The LMC ensures a balanced distribution of
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dissipation of kinetic energy in the limit of zero Mach num-
ber, thus extending the validity of compressible flow codes
to Mach numbers as low as 107>, and is mainly required for
schemes providing accuracy less than 5™-order’*’*.

After the reconstruction of the velocities has been carried
out, the reconstructed left and right velocity components at
cell-face (i 4 1/2) are modified according to:

uiLJ,rnle/v; = (uy—u,)/2 )
uf = (uy+w,) /2
where
uy = “{ll/z +uﬁrl/z
(6)

_ (L R
U, = (“i+1/2 - “i+1/2) Minax

and the maximum local Mach number, My, is given by:
L R
Minax = max (Mi+]/2 ) Mi+l/2)

Note that the density and pressure are not altered in any way
during this step, thus the internal energy component (pi =
p/(y—1)) remains unchanged. The reconstructed left and
right total energies (e = i+ ¢;) are calculated using the modi-
fied velocities in the kinetic energy component (¢; = u-u/2).

2. WENQO implementation

To address potential numerical instabilities due to
the process of choosing an essentially non-oscillatory
(ENO) stencil’®, Weighted ENO (WENO) methods were
introduced’”-’®. WENO schemes use a convex combination
of all the ENO candidate stencils such that the numerical flux
is approximated with the higher order of accuracy in smooth
regions while still retaining the ENO property in the flow re-
gions near discontinuities; see’”"*" for an overview and further
references. For WENO implementations on structured grids,
when the solution is locally smooth enough, the convex com-
bination of the stencils of a r"-order ENO scheme results in a
(2r — 1)™-order WENO scheme .

Aiming to achieve a balance between accuracy and stabil-
ity, we enhance the WENO schemes of 3™ and 5"-order of
Jiang and Shu’® (r = 2,3) and 7, 9™ and 11"-order of Bal-
sara and Shu’! (r = 4,5,6) by combining the mapped WENO
approach of Henrick, Aslam, and Powers 81 (WENO-M) and
the relative total variation limiter approach of Taylor, Wu, and
Martin *> (WENO-RLTV). WENO-M recovers the loss of ac-
curacy occurring near smooth critical points. WENO-RLTV
reduces the numerical dissipation by using the optimal linear
weights in regions sufficiently smooth instead of the nonlin-
ear smoothness-indicator-based weights. The numerical re-
construction can be performed at conservative, characteristic,
or primitive variables. The reconstruction of the conservative
variables is more common in the literature. However, past re-
search has shown that such practice can lead to inaccuracies in
capturing shock waves; see Zanotti and Dumbser ** and ref-
erences therein. Similar to other authors®*, we have opted to

use the primitive variables in the high-order numerical recon-
struction. The characteristics-based variables would be more
expensive computationally.

We present below a detailed description of the WENO pro-
cedure implemented to obtain the left reconstruction, qiL+1 /20
of the primitive variables, ¢ = [p,u, p]”, at cell face i +1/2:

1. The full (left and right reconstruction) stencil (SgLl /2>

is normalized, per variable, according to the transfor-
mation function:

G .
§G _ Si1/2 ~ 8min 7
i+1/2 Zmax
where
S,‘L/z = (Gi=rt1; -+ Gi+r)
and

Zmin = Min (SiG+1/2) -1
_ G .
8max = Max (SiJrl/z - Qm1n>

and the new k" candidate stencil for the left reconstruc-
tion, containing r cell center values, is given by:

L Gzt ’
Si+1/2;k = Sif1/2 [l_r+ 1+k, ... ,l—i—k]

where k =0, ...,y — 1. Eq. (7) normalizes the values
of the candidate stencils before the estimation of the
smoothness indicators (IS) in such a way that (i) the
maximum value of the full stencil becomes equal to one,
ie. max(Sl.Gf] /2) =1, (ii) the minimum value takes a
positive and nonzero value, i.e. min(SiGJfl /2) > 0, and
(iii) the value range scales as originally relative to the
maximum. By definition, gmax is always positive and
non-zero, and hence Eq. (7) will never result in an un-
defined operation and cause an exception. Using the
above normalization of the full stencil values, per vari-
able, is found to (i) prevent negative WENO smooth-
ness indicator values, (ii) reduce numerical dissipation,
and (iii) simplify the application of the proceeding step.
The stencil normalization was found not to affect the
MUSCL-type slope limiters.

2. Next, a modified version of the relative total variation
(TV) limiting procedure of Taylor, Wu, and Martin *” is
implemented. The TV of each k™ candidate stencil is
calculated according to:

r—1

TVi(Six) = Y |Givrtkict = Givrsirt] ®)
i=

Eq. (8) is then used to obtain the maximum TV ratio
between the candidate stencils:

max (TVy)

R(TV) = min (TVy) + € ®
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If all of the stencils contain significant discontinuities,
then the value of R(TV) can be incorrectly small, i.e.
R(TV) = 1. Thus, an additional criterion is introduced
to avoid such a situation. The linear weights are used
provided the following two conditions are satisfied:

if [R(TV) <AR) &
max (TV;) < Bg) | then
o, =Cj (10)

According to Ref.52, AEX =5, while for the second con-
dition, ByY = 0.2(r — 1), where r is the order of the
polynomials used in the 2(r — 1)"-order WENO. Note
that the equation for BY) is applicable only if the pre-
ceding pre-treatment/re-scaling of the candidate sten-
cils is carried out; otherwise, it must be multiplied by
gmax- In essence, the second condition allows for an
average TV of 20% between two neighbouring cells of
the local stencils (SiG) maximum variable value, but this
value can be modified if necessary. Wu and Martin **
used a value of BLY = 0.2 for their 4M-order bandwidth-
optimized WENO implementation in their DNS study.

Eq. (10) assumes that for the linear weights the condi-
tion Z;;é C] = 1 is always satisfied.

. If condition Eq. (10) is not satisfied. The nonlinear
weights based on the smoothness indicators of each
candidate stencil are computed according to the follow-
ing two steps:
g G g Y
(IS;)" +¢ Y9

(1)

where p =rand € = 10741

The standard WENO weights obtained in Eq. (11) are

modified according to the mapped WENO (WENO-M)
approach of Henrick, Aslam, and Powers °' as:

Qr
(D]: = r— lk 12
Yo
where, using the alternate formulation of Feng, Huang,
and Wang ®, the mapped weights are given by:

o =it (Qp+CpHkia
(@ —C)FA+ (1 -)

(12)

13)
and setting A = 1 and K = 2 results in the original map-
ping function®'.

. The reconstructed scaled variable value at the left-side
of cell-face i + 1 /2 is given by:

r—1

dhip = Y |0f ()] (14)
k=0
where
r—1
f(@i= Z Oy Qi r ikt 141 (15)
=0

5. Finally, due to the initial “normalizing” of the stencil in
step 1, the reconstructed values obtained using Eq. (14)
needs to be “re-scaled” according to:

C]{‘+]/2 :ql{;]/zgmax =+ 8min (16)

WENO reconstruction can lead to spurious oscillations if
two or more shocks are too close to each other and WENO
cannot choose a single smooth stencil. To remedy this prob-
lem, a procedure first introduced by Harten ez al. °° is adopted.
If the reconstructed density and pressure values differ too
drastically from their cell-center average values, the order of
the WENO reconstruction is reduced. After completion of the
left and right reconstruction procedures at cell-face i + 1/2,
the left and right reconstructed density and pressure values
are compared against their respective left and right cell-center
values:

Piiijp—Pi| >Co or

A7)

P,'R+1/z — Pi+1 ’ >Cp

where the order reduction threshold constant is set equal to
C, = 0.7. If the condition in Eq. (17) is met, then the order
of the WENO scheme is reduced according to (r —1). The
reconstruction procedure is then repeated for all variables, and
the condition is checked again. The process is repeated until
Eq. (17) is no longer satisfied. For example, assuming the
condition is repeatably met, a 9"-order WENO would first
reduce to 7M-order, then to 5™, 3, and finally to the ond_
order MC MUSCL scheme. Titarev and Toro ®’ showed that
using the above procedure does not degrade the high order of
accuracy for sufficiently smooth solutions.

3. HLLC Riemann solver implementation

The Riemann problem is solved here using the so-called
“Harten, Lax, van Leer, and (the missing) Contact” (HLLC)
approximate Riemann solver of Toro, Spruce, and Speares “°.
More specifically, the adaptive non-iterative Riemann solver
(ANRS) variant proposed by Toro® (see §9.5.2) is imple-
mented. The following sequence details the approximate
HLLC Riemann solver procedure implemented:

1. To ensure high order near the boundaries for high-order
FVM codes, typically, the ghost-cell method is used
to apply the boundary conditions (BC). However, even
after carefully programming the boundary conditions
and reconstruction procedures, computer rounding er-
rors can persist and give rise to differences between the
left and right reconstructed states. Therefore, to ensure
the appropriate flux, we modify the left and right recon-
structed states for the following BCs: symmetry plane
(inviscid wall), heated (constant temperature) wall, and
adiabatic (zero heat-flux) viscous (no-slip) wall.

For a symmetry plane, the no penetration condition is
implemented for both advective and acoustic waves us-
ing the procedure described by Algorithm 1.
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if Left BC Symmetry then
PL = PR;
PL = PR;
UR =uRp — (llR . ﬁ)llR;
uy =ug;
else if Right BC Symmetry then
PR =PL;
DR = DL;
u, =uy — (llL . ﬁ)llL;
Urp =1ur;

Algorithm 1: Ensure symmetry BC flux in HLLC.

In the case of a viscous wall, Algorithm 2 is used in-
stead. For an isothermal wall, the temperature at the
ghost cells is linearly interpolated from the interior do-
main and the wall. In this case, it is advisable to restrict
the interpolated temperature range of values to be only
positive (T € Rwg), i.e. Tynosis > 1071, which reduces
the likelihood of a non-physical solution from manifest-
ing.

if Left BC Viscous Wall then

PL = PR;

if Wall Temperature then pg = R’_’—fiw;
PL = Pr;

u;, =ug =0;

else if Right BC Viscous Wall then

PR = DL;

if Wall Temperature then p; = R,%w :
PR = PL;

u;, =ug =0;

Algorithm 2: Ensure viscous wall BC flux in HLLC; if

Wall Temperature true isothermal, else adiabatic.

2. An initial estimate of the pressure in the Star Region,

that is, the region defined in-between the two non-linear

convective wave-speeds (or characteristics), can be ob-

tained according to”’:

Px = max (Ovppvrs) (18)

which for curvilinear coordinates ppys is obtained ac-
cording to:

1 _
Ppvis = 5 [PL"‘PR"‘ ('4LL —”1%) PS}
p=(pL+pr)/2, §=(sL+sr)/2

19)

where the speed of sound is defined as s = y/yp/p and

u =u-h is the magnitude of the velocity normal to the
cell-face.

The “averaged” value of p, given by Eq. (18), is en-
hanced by taking into account the local conditions.
The ANRS approach®” introduces two conditions as a
means to avoid unnecessary computations, i.e. updat-
ing the value of p, obtained by Eq. (18) with one that

is more accurate. The first condition requires that the
ratio between the maximum and minimum local recon-
structed pressures is greater than a predetermined con-
stant, i.e.,

0= Pmax/pmin > Quser

where pmin = min(pr, pr), Pmax = max(pr, pr) and it
is recommended that Qs = 2. The other condition
requires that p, does not lie between puyin and pmax,
i.e. P« < Pmin OF Px > Pmax- However, likewise, to
non-differentiable (reconstruction) limiters, they hinder
convergence. Instead, the following relation is used im-
mediately after Eq. (18):

1

sp+sg— Y (ug —uf) |* . (TRRS)
z z if p« < Pmin

Dx = SL/PL“FSR/]?R
11

grpL+8rpr — (Ug —u _ (TSRS)

( R L) if ps > Pmax
gL+ 8&r
where

y—1 2 (y—l)
= —, A =, B: —_—
Ty KTk y+1)P¥

Ax 1/2
8K = ) K:LvR
p+Bk

The abbreviations TRRS®” and TSRS®**! stand for the
Two-Rarefaction Riemann Solver and Two-Shock Rie-
mann Solver, respectively.

3. Next, we compute the wave-speed estimates accord-
ing to a modified formulation which combines the ap-

. 0D 2
proaches of Davis ** and Toro, Spruce, and Speares **:

. € 1
Sy = min (ML —SLqL , UR — SRQR)

(20)
Sk = max (ui +sLqL , Mﬁ +SRCIR)
where
_ 1/2
K= 1 { p« , (21)
1 [1+Y+<p—l>} if p. > px
2y \pk

Eq. (20) slightly increases the numerical diffusion as
it permits a greater range but has favourable stability
in very high-speed flows and particularly near strong
shock-waves.

Using the above, the intermediate “missing” wave-speed,
S,, and associated HLLC fluxes are computed according to

2C
Toro %

Ill.  HIGH-RESOLUTION SIMULATIONS AT MACH 6

The problem case concerned hypersonic flow over a flat
plate at Mach 6 subjected to von Kdrman atmospheric spec-
trum at the inlet. We compare ILES and DNS results in the
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MachNumber: 1 2 3

DNS

FIG. 1. Comparison of instantaneous plots between ILES and DNS. Upper figures and zoom-ins are isosurfaces of compressible Q-criterion
coloured by Mach number. The density gradient is also plotted in blue scale on the graph’s side, highlighting the transition region. The lower

left figures are the contour plots of density and streamwise velocity near the wall and temperature contour plots at various cross-sections of the
simulation domain.
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TABLE I. Simulation parameters for hypersonic flow over a flat plate
at altitude 11651m.

x; Ueo P Te Mo Ppoo Ty, Rey Tu
(mm) ) P (K) () kgm) K) ) ()
2.0 1,769.92 19.417 216.64 6.0 0.3124 1600 77,791 1%

same CFD code (CNS3D) using the same simulation parame-
ters, with the only difference being the mesh resolution. This
comparison allows the examination of the accuracy of high-
fidelity approaches for predicting the complexity of transition,
turbulence, and associated acoustic effects. The turbulence
intensity of the freestream velocity at the inlet is Tu = 1%.
Regarding acoustic loading, it has been shown that the inlet’s
turbulent intensity affects the maximum acoustic load loca-
tion but not the actual value®’. A comprehensive study (in-
compressible flow) on free stream turbulence and TBL can
be found in”’. Based on the freestream properties (Table I)
and the reference length x; = 2 mm, the incoming flow has
a Reynolds number of Re,, = 77,791. The reference length
is calculated from the leading edge of the plate. We imple-
ment periodic boundary conditions in the spanwise direction
(z). In the wall-normal direction (y), we use a no-slip isother-
mal wall (with a temperature T,, of 1600 K, near the adia-
batic value)’*. High-order implementation of the boundary
conditions requires fictitious cells inside the wall. The veloc-
ity components on these cells are linearly extrapolated from
the computational cells inside the domain. The temperature
is also linearly extrapolated using the specified wall temper-
ature. The density is calculated from the equation of state
considering a zero pressure gradient normal to the wall. We
apply supersonic outflow conditions at the outlet and far-field
boundaries. The same methodology was also recently used
with the digital filter approach to study the flow and acoustics
of supersonic shock/boundary-layer interactions”.

A qualitative comparison of the flow development for both
ILES and DNS is shown in Figure | using the isosurfaces of
compressible Q-criterion and contour plots velocity, density
and temperature. Transition to turbulence is slightly delayed
in the ILES case than the reference DNS case, while a coarser
grain of turbulent structures is captured in the turbulent re-
gion (Figure 1). However, considering the 50 times coarser
mesh utilized by ILES, the accuracy and details captured are
impressive. If we focus on the temperature, density and ve-
locity contour plots, the results are indistinguishable between
the two cases.

Figure 2 shows that DNS predicts an earlier pressure fluc-
tuation peak with an increased magnitude compared to ILES.
However, ILES and DNS converge to the same pressure fluc-
tuations in the fully turbulent region. This supports our find-
ings on correcting the theoretical model in®" and does not alter
our previous conclusions. The above result demonstrates that
ILES can predict pressure fluctuations and acoustic loading
in fully turbulent areas without compromising accuracy com-
pared to the intensive DNS.

In Figure 2, we have included the (approximate) ILES
error associated with different numerical methods ranging
from 5th to 9th-order accuracy. Note that the estimated er-

0 5 10 15 20 25 30 35 40 45 50

X

FIG. 2. Comparison of pressure fluctuations along the plate between
ILES and DNS. The error bars (black color) on the iLES results cor-
respond to £5% and £2% of the local value for the two selected
points in the transition and turbulent region.

ror has emerged from the authors’ extensive experience us-
ing high-order methods for iLES in various compressible
flows”0%73:93:9The error ranges from +2% to 5% depend-
ing on the flow region, transitional or turbulent.

Pressure fluctuations have an essential effect on the struc-
tural response of hypersonic structures. Compared to DNS,
the ILES delay in transition does not affect (P,,,,) in the turbu-
lent region. Since the results show that iLES is sufficiently ac-
curate to predict pressure fluctuations in the turbulent regime,
the delay in transition is not expected to affect the structural
response. To corroborate the above, future aerostructure sim-
ulations that involve ILES over flexible panels are required.

We analyze each pressure history signal as a single-point
spectrum in the frequency domain, which is defined by

1 *© .
P(0) = 5/ P'(x,y,2,0)P (x,y,z,t + T)e ' ®"dt, (22)

where 7 is a time delay and o is the radial frequency. Initially,
we evaluate the ILES approach’s accuracy in direct compar-
ison with DNS results at the same locations (see Figure 3).
Despite the significantly lower resolution in space and time,
the iLES results agree with the DNS in the low- and medium-
frequency regimes. The ILES underestimates the spectrum’s
amplitude in higher frequencies, while we cannot resolve very
high frequencies due to the mesh size. The spectrum roll-off
follows the same scalings in all cases, as shown in more detail
below. It is worth mentioning that DNS can capture at over 21
MHz.At the same time, ILES can resolve frequencies up to 4.3
MHz, which is still significantly higher than most experimen-
tal sensors and measurement techniques can achieve’”’%"".
The mesh resolution and time limit the frequency range accu-
rately captured by the simulations. The maximum resolved
frequency depends on mesh resolution, hence the five-fold
difference between ILES and DNS. The minimum resolved
frequency depends on time; longer simulation times resolve
lower frequencies. In the present results, the minimum fre-
quency captured is around 350 kHz.
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FIG. 3. Comparison of spectra between ILES, DNS and the

COMPRA-G model at various locations in the transitional and fully
turbulent regime. In a) we also present the spectrum of the pressure
history at location x = 20 from DNS data: a) x =25 and § = 1.05
mm based on Bies”’ empirical correlation for the calculation of ; b)
x=30,6 =1.21 mm;c)x=45,8 = 1.66 mm.

Figure 3(a) shows the spectra at the peak of the transition
for the DNS case (x = 25). Knowing from the analysis in the
previous sections that iLES reaches the peak at a later point,
we include in the same plot the DNS results from location

x = 20 where the magnitude of the pressure fluctuations is
closer to that of iLES at x = 25. In that case, the spectra are
identical to the maximum resolution that iLES can achieve.
This is a possible indication that the mismatch at higher fre-
quencies when we compare the spectra between iLES and
DNS at the same locations could be potentially attributed to
the iLES delay in reaching the transition’s peak.

In the same figures, we include a semi-empirical wall-
pressure spectra model (COMPRA-G), which the authors
have extended based on Goody’s model'”’. More discussion
about semi-empirical models and COMPRA-G can be found
in'”'.  The proposed model produces a scaling behaviour
based on the established pressure spectrum scaling for zero
pressure-gradient, fully turbulent subsonic and supersonic
flows. The proposed COMPRA-G also applies to high-speed
flows, as we include compressibility effects. COMPRA-G
also retains excellent prediction capabilities at lower-speed
flows down to the incompressible limit (M = 0. DOt

COMPRA-G consists of one equation, based on Howe’s!??
and Goody’s'" past studies:
D(0)ueo Cox?
(0)u _ 2X 23)

‘L'V%S o [XOA75 +C1]3A7+[C3ngcx]7’

where C; = 0.5, C; = 3.0 and C; = 1.1 are empirical con-
stants, ¥ = ®8 /ueo, Ry = Su/(Vyteo) and Crg = —0.49 for
supersonic and hypersonic flows. In the case of incompress-
ible flows, Crg = —0.57. The authors have shown'’! that all
the necessary parameters for the calculation of COMPRA-G
can be based on freestream properties, the distance from the
leading edge and empirical correlations like the one proposed
by Bies”’ for the boundary layer thickness

X 57011
€x
I+ (6.9 X 107> ] ' 24

We show characteristic values of d for each location in Fig-
ure 3 based on Eq. 24, where x is the distance from the plate’s
leading edge in meters. The spectra from the iLES and DNS
calculations have been non-dimensionalized based on param-
eters calculated during the simulations at the corresponding
locations.

The COMPRA-G empirical model can capture the low and
medium frequency regimes with high accuracy based only on
freestream properties usually known or much easier to obtain.
High frequencies are not captured correctly as the model has
been designed with an @ scaling, while hypersonic flows
seem to have steeper high-frequency scalings. COMPRA-G
can predict the pressure spectra below fully turbulent bound-
ary layers and in challenging transitional regimes. Such a
model could be used for quick approximations when focusing
on low and medium-frequency regimes without more expen-
sive simulations or experiments.

The spectra results can also be analyzed in comparison with
the theoretical predictions for fully turbulent flows'’”, and
various observations'’*. Bull'"* isolated four different re-
gions of low, mid (which includes the spectral peak), mid-
to-high overlap, and high frequencies, with corresponding

8 = 0.37xRe; %
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spectrum slopes of ®?, ®°, " (r = [0.7,1.1]), and &'
(t = [7/3,3]), respectively. The turbulent motion influences
the low-frequency region in the outer part of the boundary
layer. The viscosity and turbulent motion affect high frequen-
cies in the inner part of the boundary layer.

According to the theoretical arguments made by Ffowcs-
Williams'”® for compressible flows, the scaling should be
® — 0 in the low-frequency region. This observation has
been confirmed by experimental and numerical studies of su-
personic and hypersonic turbulent boundary layers®'"*1%%,
The above contrasts the Kraichnan-Phillips theorem for in-
compressible flows'’*! %111 which suggests ®?.

The mid-to-high overlap frequency region appears at suf-
ficiently high Regy values, and the spectrum varies as @~ "
with r = 0.7 to 1.1, influenced by the local Reynolds num-
ber. This region is associated with pressure-induced eddies
in the logarithmic region of the boundary layer. Its scal-
ing behaviour was predicted by Bradshaw''” and was verified
theoretically''* and experimentally'*%'*,

Following the @™ region, the spectrum becomes @™
henceforth called “acoustic-transition", which was also pre-
dicted for isotropic turbulence by Batchelor''> and has also
been observed in various experiments] 16-118 a5 well as veri-
fied by numerical calculations of supersonic turbulent bound-
ary layers'"®!"” The spectrum decays rapidly at high fre-
quencies, reaching a slope proportional to ® . Sources in the
sublayer (y* < 20) contribute to this frequency region accord-
ing to the theoretical prediction of Blake'"”, with the scaling
being validated experimentally, as well' "7,

The full details were presented in'’'?0!%!
of the key findings is provided below.

7/3

, and a summary

1. The results shed light on the accuracy of high-resolution
simulation approaches such as Implicit Large Eddy
Simulation and Direct Numerical Simulation for hy-
personic transitional and turbulent flows and associated
acoustic loading near-wall effects.

2. ILES can produce highly accurate flow and acoustic
metrics results even though a 50 times reduced mesh
resolution compared to DNS.

3. ILES slightly under-predicts the transition peak and de-
lays the transition.

4. ILES predicts the correct spectrum roll-off for transi-
tional and turbulent hypersonic boundary layers. How-
ever, it underpredicts high-frequency amplitude due to
mesh resolution constraints at high frequencies.

5. The acoustic spectra scaling at Mach 6 differs from in-
compressible flow across frequencies. Therefore, in-
compressible models should not be used in high-speed
flows.

6. The proposed wall-pressure spectra model COMPRA-
G that includes compressibility effects gives good esti-
mates of the low and medium frequency regimes based
only on freestream properties. This makes its imple-
mentation extremely straightforward and fast, avoiding
the need for costly computer simulations.

7. Since the iLES captures the near-wall acoustic spectrum
roll-off at low/medium frequencies, it would be appro-
priate for modeling structural dynamic loading.

Furthermore, we performed wavelet analysis of the high-
resolution data and the results were published in°® and dis-
cussed in'?'. We used the coherent vortex extraction (CVE)
method to remove noise from signals in wavelet space. The
main idea is to decompose the flow into coherent (represented
by a few wavelet coefficients) and incoherent parts (noise) us-
ing wavelet filtering of the vorticity field. The evolution of
the coherent part of the flow is computed deterministically,
whereas the influence of the incoherent background flow is
modeled statistically. No model is needed for coherent struc-
ture definition. Instead, the noise should be modelled more
trivially and is assumed to be additive, Gaussian and white.
Wavelets are basis functions localized in both physical and
wave-number spaces.

DNS data of turbulent compressible boundary layer flow
were analyzed using the CVE method. The flow was decom-
posed into coherent and incoherent parts by thresholding the
wavelet coefficients with one scale in three spatial directions.
We found that few wavelet coefficients are sufficient to repre-
sent the flow’s coherent structures. Furthermore, the coherent
component carries most of the energy. The PDFs of the vor-
ticity components are skewed for the coherent part (and total).
Instead, the PDFs of the incoherent components are symmet-
ric for all vorticity components in both the transition and tur-
bulent region.

The incoherent part of vorticity appears without an appar-
ent topological structure and low amplitude. However, further
analysis shows a correlation between the pressure fluctuations
and the incoherent vorticity — the transition region had the
highest correlation at y* ~ 4. Details can be found in°°.

IV. COMPRESSION RAMP

The flow data concerned the supersonic flow over a flat
plate followed by a “compression” ramp at a Mach number
of M., = 2.9 and a Reynolds number of Res, = 38,737 based
on the freestream conditions and incoming turbulent bound-
ary layer thickness. The DNS data set used in the analysis
was presented in a previous study”.

An illustration of the resolved turbulent flowfield is given
in Fig. 4. The streamwise distribution of the time and spa-
tially averaged mean wall pressure (Fig. 6) shows that the
WO scheme provides more accurate results than the MUSCL
schemes. The WO results are in excellent agreement with
the DNS of Wu and Martin* and the experiment of Bookey
etal.'”. M5SLM (green line) does not correctly capture the lo-
cation of the separation bubble because the resolution of finer
flow structures is weaker compared to W9. The above numer-
ical behaviour leads to the formation of more energetic large-
scale turbulent structures, which are responsible for “blow-
ing” the shock in the downstream direction. Our experience
is that W9 can attain the same accuracy with the M5LM while
using a coarser mesh, 0% 101,122,123
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FIG. 4. Semi-transparent black iso-surfaces depicting the incident shock wave front and Mach number coloured iso-surfaces of Q-criterion
illustrating the resolved turbulent scales at the supersonic boundary layer interaction (SBLI) region.

The friction coefficient, Cy, is plotted in Fig. 7. The low-
Mach number correction (LMC) does not improve C signifi-
cantly due to the subsonic region of the undisturbed TBL con-
fined within the viscous sublayer. Though the subsonic re-
gion at the separation bubble can extend as high as 0.68, also
evident by the sonic line depicted in Fig. 5, the position of
the shock remains largely unaffected. Any loss of accuracy
in this critical region should lead to significant errors in the
SBLI dynamics and downstream turbulent flow characteris-
tics. Therefore, the LMC offers only a marginal improvement
in accuracy in this case.

The spatial order of the scheme has a substantial effect
on simulation accuracy. At x = —8&, the W9 accurately
predicts the skin friction coefficient, Cy ~ 0.0022, whereas
both the M5 and M2LM underestimate it: Cy =~ 0.00195 and
0.0019, respectively. The LMC improves the skin friction co-
efficient of the fifth-order MUSCL scheme (M5LM) by 2.5%
(Cy ~0.002). The corresponding value quoted by the DNS**
and experimental’ studies was Cy &~ 0.00217 and 0.00225,
respectively. The W9 gives the closest agreement to the ex-
perimental locations at which the Cy changes sign, which in-
dicates the extent of the SBLI separation bubble. The results
suggest that the ability of the scheme to accurately resolve
the turbulent structures in the supersonic region of the “undis-
turbed” TBL largely determines the accuracy in the prediction
of the size and location of the separation bubble.

Nonetheless, the computational overhead of the LMC is
found to be small, as also observed in previous studies’*’*.
The increasing accuracy of the W9 compensates for the higher
computational cost. As shown in’*'??, low-order schemes re-
quire much finer grids and smaller time-step sizes, ultimately
turning into an increased computational cost.

A qualitative comparison of the schemes’ accuracy can be
accomplished by plotting the isosurfaces of the coherent tur-
bulent structures (vortices). We have used the compressible

Qu—criterion’ 24125 " defined as:
Oy =0+I1Is>0 (25)

where the standard (incompressible) Q—criterion is given by:
1
0= (I2l* - sI?) (26)
and II is the second invariant of the strain-rate tensor S
1
s =5 [Tr(S)2 Ty (52)} 27

Vu consists of the symmetric strain-rate tensor S and anti-
symmetric vorticity tensor £2:

S = % Vut(vo)], Q- % va-(vu)'] @8

and the standard Frobenius tensor norm for a tensor T in three
dimensions takes the form
[T||=+/Tr(TTT) (29)
The Qy isosurfaces (Fig. 8) reveal that increasing the spa-
tial order of the scheme provides a greater abundance of flow
structures, particularly upstream of and around the SBLI.
The differences become less apparent in the relaxation region
downstream of the SBLI. The W9 resolves much finer scale
vortices throughout the height of the TBL. As a result, the W9
transfers and “injects” more effectively into the viscous sub-
layer a larger amount of mean kinetic energy, leading to an
increase in the resolved wall shear-stress (Fig. 7). The mech-
anism is that W9 captures the details of the vortices at the
turbulent/nonturbulent interfaces (TNTI), which carry turbu-
lent fluctuations into the TBL. This process occurs simultane-
ously with the fluctuations in the freestream, which are radi-
ated from inside the TBLs as reported by Duan, Choudhari,
and Zhang '%°.
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FIG. 5. Contour plot of mean density gradient magnitude (VP 8y/ps); solid lines of p/pe., dashed sonic line (M = 1), green line with arrows

depicts streamline ¥ over the recirculation bubble
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FIG. 6. Normalized mean wall pressure, p/ p.., distribution along the
streamwise direction.

We have performed power spectral density (PSD) analy-
sis of the surface pressure loading only for the W9 scheme,
as it provides the best agreement with the experimental
measurements'’. The position of the numerical pressure
probes is shown in Fig. 9: one before SBLI at x/8 = —6.9
(Point 1), and two before and after the separation bubble onset
at x/8 = —2.98 (Point 2) and —2.18 (Point 3), respectively.
The separation bubble onset is when the friction coefficient,
Cy, changes sign. For the W9 scheme, it occurs approximately
at x/8 ~ —2.785.

The PSD at the three locations is plotted in Fig. 10. Both
pressure and frequency have been non-dimensionalized us-
ing outer-layer scaling; the freestream pressure normalizes the
fluctuating pressure signal, p’()/p«, while the frequency, f,
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FIG. 7. Skin friction coefficient, C fs distribution along the stream-
wise direction.

is normalized according to St = f 8/uc, where St is the di-
mensionless Strouhal number. We show the frequency up to
St~10, which is near the grid resolution cut-off at the wall,
i.e. fmax ~ sw/(2Ayy), where s,, = \/YR,T,, is the speed of
sound at the wall and Ay, is the largest cell edge; in this case
in the spanwise (y) direction.

For the undisturbed supersonic TBL, the peak PSD is at
the non-dimensional frequency of one. The energy is slowly
transferred from the large scales to f ~ 1 (henceforth f = St).
In general, the PSD follows the established cascade'"* that has
been investigated for compressible flows'”’, and defines four
distinct frequency domains:

1. Low frequency f*: it is influenced by the turbulent mo-
tion in the outer part of the boundary layer, while the

DISTRIBUTION A: Distribution approved for public release.



[
0.1 0325 055 0775

[ I

010407 1 1316192225

01 0325 055 0775 1

=

010407 1 1316192225

01 0325 055 0775 1

= m

010407 1 1316192225

FIG. 8. Isosurfaces of Qy-criterion (2 Uz/ 5&) coloured by Mach
number and 2D (x-z) contour plane of density gradient magnitude
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(c) WO.

viscosity and turbulent motion influence high frequen-
cies in the inner part. For incompressible flows x = 2,
while for compressible flows x — 0.

2. Mid frequency: it includes the spectral peak (f°);
3. Mid-to-High overlap frequency f~" where r = [0.7 —

12

FIG. 9. Illustration of the location of the numerical probes relative to
the SBLI; contour lines of p/ pe.
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FIG. 10. Power spectral density (PSD) of pressure signal at the three
probe locations; Welch function.

1.1]: it appears at sufficiently high Re values and r is
influenced by the local Reynolds number. This region
is associated with pressure-induced eddies in the loga-
rithmic region of the boundary layer.

4. High frequency f~*: The spectrum scales with s =7/3
in a region called “acoustic-transition". At higher fre-
quencies, the spectrum decays more rapidly (s = 5) due
to the viscous sublayer (z™ < 20) and weaker compress-
ibility (Iocal mean Mach number < 1).

Figure 10 reveals that the high-frequency domain scales as
£~ in all three locations. The same behavior was also ob-
served by Bernardini, Pirozzoli, and Grasso '”. Inhibition of
the higher frequencies is not observed downstream of the sep-
aration zone due to the sustained high-speed flow after the
oblique shock. This effect is in contrast to the case of a normal
shock, also associated with subsonic flow pocket as previously
reported' .

The mid-to-high frequency band (undisturbed TBL) is
found to be very narrow since the Reynolds number is not suf-
ficiently high for it to become perceptible. A much broader
mid-to-high overlap region forms at the third point within
the separation region, attributed to the break-down and redis-
tribution of the large-scale (or low-frequency mode) energy
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content previously formed at the front of the separation zone
(point 2). Although the mean streamwise velocity at position
2 is positive, its instantaneous variation contains negative val-
ues. The above suggests that the separation bubble’s leading
edge oscillates in the streamwise direction over time.

The abrupt increase in the PSD content at the low-end
frequency range of the wall pressure signal at x = —2.988
(Fig. 10 - red line), alludes to the presence of a large scale
structure. This is in agreement with the observations made
by Bernardini, Pirozzoli, and Grasso'"” and further sup-
ported by the similarity of the near-wall pressure fluctua-
tion PSD in the mid-to-high-end frequency band between the
A-shock foot (x = —2.988) and the undisturbed supersonic
TBL (x = —6.9&).

The speed of sound at the wall (point 2) and the low-end
frequency range f € [0.04, 0.08] u./dy over which the PSD
abruptly decreases, suggest a flow structure of a time-scale of
[12.5,25] &y/ue. We have ruled out the unsteadiness of the
recirculation vortex within the separation zone as the source
of the sudden frequency change at point 2. This is because the
time required for a full convective recirculation (of the outer
streamline) corresponds to the significantly lower frequency
of ~0.01ue /8.

Given the above, we believe an acoustic (pressure wave)
mechanism exists. The acoustic propagation time required to
travel along streamline W from the separation point to the re-
attachment position in the relaxation region can be estimated
by carrying out a line integral along the streamline (path) ¥
joining (x,z) /0 from ~(—2.98, 0.028) to ~(1.368, 0.623):

Aty = [P (yp/p) " dy (30)

where dy is the length of a discrete segment along streamline
W, ie. dy = v/ dx® 4 dz2.

Equation (30) gives a time-scale of Aty ~ 88y /u... Note
that the relatively large region of subsonic Mach number post-
SBLI allows acoustic waves to propagate upstream of the re-
attachment towards the SBLI. The mean convective transport
is ignored since its effect on the acoustic wave propagation
cancels out when carrying out both forward and backward in-
tegration along the streamlined path.

Assuming that the acoustic wave travels along streamline
¥ from the point of the mean flow separation to mean re-
attachment and back, it gives us an estimated time-scale of
~16 8y /1. The above is within the observed low-frequency
range [12.5, 25]uw /& found to correspond to the abrupt in-
crease in the pressure fluctuation PSD at the A-shock foot in
Fig. 10. We can obtain a value closer to the upper range value
of 25 u../ & by integrating the acoustic speed propagation up-
stream along the wall surface. Nonetheless, Aty does not con-
stitute sufficient evidence that unequivocally proves that the
observed low-frequency mechanism at the A-shock foot is in-
duced by pressure reciprocity between the SBLI separation
and re-attachment regions. The exact physical mechanism
leading to this phenomenon is not yet well understood, and
further analysis is required.

Furthermore, we used this data to perform wavelet analysis

13

FIG. 11. Total, coherent, and incoherent fields of the absolute vortic-
ity value for the turbulent region x/Jy € [5 — 10]. Isovalues for total
and coherent parts are: |@| = 5.0, for incoherent part |®|jpc = 0.9.

similar to the flat panel. The results of this study were pre-
sented in the publication®” and Year 3 report'*°.

The coherent vorticity extraction (CVE) performed denois-
ing of the vorticity field, @(x) =V x V in the wavelet space.
We apply the wavelet method to near-wall analysis based on
Morkovin’s hypothesis®®'?’~'?° according to which a value
of density fluctuations less than 0.1 implies that the turbu-
lence structure near the wall is nearly that of incompressible
flows. The near-wall root-mean-square fluctuations are less
than 0.06-0.07 (dimensionless).

In Figs. 11, 12 and 13 the visualisation of the results of
CVE in the different regions are presented. The total, coher-
ent and incoherent parts of the absolute value of vorticity are
shown on the plots from top to bottom. As one can see, the
incoherent part of the vorticity is much weaker than the total
and coherent parts of the vorticity fields. The isosurface val-
ues for the incoherent parts are reduced by six compared to
the coherent and total parts of vorticity. The PDFs’ total and
coherent parts were discussed in detail in®’ and in the Year 3
report' *°. The key findings are summarised below.
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FIG. 12. Total, coherent, and incoherent fields of the absolute vortic-
ity value for the turbulent region x/&y € [10 — 18]. Isovalues for total
and coherent parts are: |@| = 10.0, for incoherent part |®|j,c = 1.5.

* DNS data of supersonic flow can be useful in giving
insight into the role of vorticity in SBLI.

* The flow can decomposed into coherent and incoherent
parts by thresholding the wavelet coefficients.

» The few wavelet coefficients are sufficient to represent
the flow’s coherent structures that carry most of the flow
energy.

* The PDFs of the vorticity components are skewed for
the coherent parts and total fields, and they are perfectly
superimposed, showing that the coherent vorticity field
preserves the flow statistics.

318

e The PDFs of the incoherent Components are symmetric FIG. 13. Total, coherent, and incoherent fields of absolute VOI'tiCity

for all vorticity components for the whole flow. values for the turbulent region x/8y € [18 — 21]. Isovalues for total
and coherent parts are: |@|con = 10.0, for incoherent part |@|inc =

* The incoherent part of vorticity appears without an ap- L5.
parent topological structure and low amplitude. How-
ever, the analysis shows a correlation between the wall-
pressure fluctuations and the incoherent part of vorticity
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at different positions from the wall. The highest corre-
lation occurred when y* ~ 4.3 (y = 0.0058;) for the
streamwise and wall-normal vorticity components.

Our idea regarding a potential correlation of the pres-
sure fluctuations P and the incoherent vorticity |® |ine
is speculative. However, the results show a correlation,
which indicates that the incoherent vorticity component
carries physical information related to pressure fluctua-
tions, thus to near-wall acoustics.

* Furthermore, we believe that the thermodynamic prop-
erties of the wall would affect this relationship. If a fur-
ther investigation proves the above true, we could re-
cover from the velocity field, the incoherent vorticity,
and the sound properties of the field.

V. RC-19 CASES

The primary objective of the RC-19 simulations is to re-
produce and study the aeroelastic response of a thin panel ex-
posed to turbulent flow with cavity pressure modulation. Low-
frequency shock oscillations are a documented aspect of SBLI
and a potential concern for FSIs. The RC-19 experimental re-
sults were used to develop models to predict conditions for the
cases without SBLI and the weakest impinging shock cases.
Various wedge angle degrees were to yield SBLI conditions
ranging from fully attached to separated flow. The experi-
ments reasonably captured both the flutter boundary and the
post-flutter oscillations. However, as the strength of the inci-
dent shock increases, the reduced-order models fail to capture
the post-flutter response.

The scope of the present work is to perform high-fidelity
simulations based on very high-order (11th-order) accurate
implicit Large Eddy Simulations (ILES) for various cases rel-
evant to AFRL’s experiments. To date, we have investigated
the effects of static surface curvature/deformation on the mean

FIG. 14. Schematic of the computational domain considered.
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TABLE II. Flow properties at the RC-19 inlet

S (mm)  Uo(mfs)  pe(kPa)  pw(kg/m®) T (K)

4.74 579 48.4 0.76

2219

and fluctuating components of the surface pressure for a sepa-
rated SBLI case, e.g., the RC-19 configuration with the 12deg
wedge. Currently, simulations for the unsteady surface defor-
mation cases on the separated SBLI loads (using prescribed
motions) are being carried out.

A schematic of the RC-19 computational domain is given in
Fig. 14, and the inflow conditions prescribed are summarized
in Table II.

VI. DISCUSSION
A. Planar panel (no deformation)

Initially, the case without deformation was considered to as-
sess various computational methods and ascertain the desired
mesh resolution. A digital filter/synthetic turbulence bound-
ary condition was employed at the inlet to create the required
supersonic turbulent boundary layer. The remaining bound-
ary conditions are supersonic outflow at the outlet, viscous
(no-slip) walls at the upper and lower surfaces, and periodic
conditions on the spanwise sides.

1. Grid sensitivity study

Before the investigation of the deformation cases, a grid
sensitivity study is carried out on a flat panel case to identify
the most optimum grid size required to capture the main quan-
tities of interest, i.e., the mean and root-mean-square (RMS)
pressure, particularly in the vicinity of the SBLI. Both of
these quantities play a deciding role in the overall deforma-
tion of the compliant panel. While the mean pressure exerts
a force per unit area over the surface, which is significant
at the SBLI region due to the oblique shock wave impinge-
ment, the RMS pressure results in an (aero-)acoustic load-
ing, which is typically measured in the sound pressure level
—otherwise known as the decibel (dB) scale— calculated ac-
cording to Ly, =201og o (prms/ Po), Where the reference sound
pressure is equal to po = 20 uPa.

Mesh resolution recommendations for LES and DNS simu-
lations are covered in the literature extensively *"~'*”. A typ-
ical fine mesh for conducting wall-resolved LES requires a
Axt =~ 50 ~ 130, and a Az =~ 15 ~ 30. To resolve the TBL,
about n}’ ~ 10 ~ 30 points are required within the TBL height
(or thickness &), with the first point ideally placed at a distance
of no more than ~1 to capture the linear (laminar) sublayer.
The mesh is clustered only in the vertical wall-normal direc-
tion, whereas equidistant grid spacing is used in the stream-
wise (x) and spanwise (z) directions. The number of mesh
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FIG. 15. Grid convergence of the (a) mean pressure, top, and (b)
RMS pressure, bottom, profiles along the planar thin panel.

points and corresponding mesh spacing are summarized in Ta-
ble III along with the LES and DNS recommendations from
the literature. The present mesh spacing (Ay) is scaled us-
ing the conventional inner variable method Ay™ = u;Ay/v,,
where u; = \/7,,/py is the friction velocity, v,,, T, and p,,
are the near-wall kinematic viscosity, wall shear-stress, and
density, respectively.

The grid convergence study used a flat surface (no defor-
mation). Thus, the turbulent flow in the spanwise direction
becomes homogeneous. This allows for a shorter spanwise
length to be used. Thus, a width of L, = 33 mm (= 7))
was used for the coarse, medium, and fine grids, in contrast
to the medium 2 grid where the full wind tunnel width of
L, = 152 mm was used. In all cases, the clustering of the
wall-normal cells followed an expansion ratio of ~1.140.02.
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TABLE III. Mesh parameters of the present ILES; mesh size given
in the number of cells (N,).

Mesh | n, ny At AZb oyt N

Coarse 256 32 128 1,076 551 4.8 1,048,576
Medium 1| 576 64 196 478 275 4.8 7,225344
Medium 2| 384 128 192 717 634 4.8 9,437,184
Fine 1,026 176 220 268 100 2.7 39,726,720

For the coarse mesh, the incoming boundary layer height was
discretized by ny’ = 28 points, for the medium and medium 2
meshes 42 and 37 points, respectively, and for the fine mesh
42 points. Thus, the wall-normal resolution within the TBL
remains adequate in all cases.

Note that a fine wall-resolved ILES simulation would re-
quire reducing the mesh cell sizes in the x and z directions to a
third, thus increasing the computational cost by almost an or-
der of magnitude. Further accounting for the full wind tunnel
width of 152 mm —versus the narrower 33 mm domain width
increases the computational cost by an additional ~4.6 times.
The resulting computational cost would thus be ~175 times
greater compared to the medium two mesh employed, making
it substantially more difficult — if not impossible— to carry out
the present parametric study within a reasonable time frame.

Both the mean and RMS pressure obtained using several
grids of increasing size are plotted in Fig. 15 (a) and (b), re-
spectively. The values of both quantities of interest can be
seen to converge gradually. The medium mesh 2 gave a rea-
sonable agreement to the much finer mesh and was, therefore,
selected to carry out the present parametric study. Henceforth,
the planar panel results on the medium 2 mesh will be referred
to and labeled as “M0”.

Finally, another important parameter is the size of the re-
solved separation bubble that forms between the impinging
and separated shock waves at the SBLI. Figure 16 demon-

Lsep (mm)

50 5 10 15 20 25 30 35 40

Normalized resolution

FIG. 16. Effect of the (near wall) mesh resolution on the ob-
tained size of the recirculation bubble, Lsep; mesh resolution index,
1/ (Axt x Az" x y*), normalized by the coarse mesh.
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FIG. 17. Comparison of the mean pressure profile along the compli-
ant panel using different numerical methods and mesh resolutions.

strates that L, has not fully converged yet. For the Medium
1 mesh, Lgep is approximately 1.25 times larger than the Fine
mesh, while for the Medium 2 mesh, it is 1.6 times larger. It
should be noted that the Medium 1 and 2 meshes use the same
yT value at the wall. Therefore, the difference in the resolved
Lgep must be attributed to the lower streamwise and spanwise
resolutions (see Table III for a comparison).

2. Investigation of numerical methods accuracy

Figure 17 shows that the RANS (Spalart-Allmaras model)
reasonably predicted the mean surface pressure. However,
the maximum value was under-predicted around the panel or
over-predicted post the compliant panel. The results are com-
pared with the finest ILES simulation.

Moreover, different detached eddy simulations (DES)
methods revealed that the hybrid RANS-LES approach is un-
suitable for the present case. On the other hand, ILES showed
promising results even on a very coarse mesh examined (~0.5
million cells). Using the high-order methods available, i.e.,
11th-order WENO in space and 4th-order Runge-Kutta in
time, the results obtained on the medium grid (~7.2 million
cells) already showed signs of (grid) convergence compared
to the fine grid (~40 million cells). The details of the meshes
used in the grid convergence study are given in Table I1I.

The grid convergence and numerical methods studies
demonstrate that the medium mesh offers the best ratio be-
tween accuracy and computational cost. In a coarse-grained
simulation (CGS), large energy-containing structures are re-
solved, smaller structures are spatially filtered out, whereas
unresolved subgrid-scale (SGS) effects are modeled”’. CGS
includes classical large eddy simulation (LES) strategies em-
ploying an explicit SGS model or implicit LES (ILES) relying
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FIG. 18. Compliant panel static (permanent) deformation modes ex-
amined.

on SGS modeling and filtering provided by physics-capturing
numerical algorithms, i.e., shock-capturing schemes typically
employed in finite volume methods. Understanding of this
so-called spectral gap, or scale separation, between the large
(integral) and the small (viscous) turbulence scales has fur-
ther improved over the last decade, particularly about CGS
modeling®'. The CGS strategy of separating the resolved from
the unresolved scales and modeling the physics effects of the
latter constitutes a viable intermediate approach between DNS
and RANS to address practical geometries and multiphysics.

B. Static panel deformation

Six cases were chosen for the static deformation so a para-
metric study could be carried out. Specifically, the parametric
studies can be categorized according to two parameters. First,
whether the first deformation “bump” is inward (+ve mode)
or outward (-ve mode) of the flow, and second, based on the
number of “bumps” present. For example, +M2 refers to a
case with two surface bumps: inward to the flow and outward.
A schematic in Fig. 19 and a surface contour plot in Fig. 18
illustrate the six modes considered.

Second, considering the deformation magnitude of the
bumps should be equal in each mode but differ per mode.
The location of the peak surface deformation relative to the
incoming supersonic turbulent boundary layer (TBL) height is
given in Fig. 20. With the single bump, the first mode (£+M1)
has the largest deformation magnitude within the TBL outer
layer. The surface deformation magnitude of the remaining
two modes is still relatively large, reaching the upper log-law
region in both cases.

The surface deformation modes examined can be mathe-
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FIG. 20. Peak magnitude deformation relative to incoming TBL.

matically described according to:

Ay, (X,2) =~ @y, sin (nMﬂ: a ) sin (7: < ) 31)
Ly, L.,
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Mode | +1 +2 +3
max|y|/8 ) 0.402 (1017) 0.17 (428) 0.114 (290)
Mach number 1.55 1.35 1.23

TABLE IV. Compliant panel maximum deformation height and cor-
responding undisturbed incoming flow Mach number.

for x € [0,L; p] and z € [0,L;,] are the coordinates within the
compliant panel and a,,, is the maximum surface deformation
amplitude of the mode number ny; (see Table ['V). The above
equation deviates slightly from the examined modes only near
the edges of the clumped thin panel, where the deformation
rate is somewhat more gradual and smoother.

Modes +1-3 were the most dominant modes in the thin
panel responses for the 8 = 12 deg wedge shock generator.
The amplitude for mode 1 was selected to provide a peak de-
formation equivalent to the max/min measured deformation
from the experiments’”**. The amplitudes for modes 2 and 3
were scaled so that the surface curvatures were similar for all
three modes.

To investigate the static deformation cases, the full span-
wise length of the RC-19 wind tunnel had to be employed,
increasing the computational requirements by ~4.5 times rel-
ative to the no-deformation case (narrower spanwise compu-
tational domain) for the same flow resolution. The “Medium
2” mesh employed comprised of ~9.5 million cells (details
given in Table III). Moreover, the spanwise sides’ boundary
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condition was changed to symmetry/reflection (inviscid wall),
as resolving the turbulent boundary layer along the side wall
surfaces would have been prohibitively expensive computa-
tionally.

The wall surface data was sampled at a time interval of
dty ~ 1.58 usec and over a time window of at least 7, > 0.01
sec for all cases. This ensures that the lowest obtained fre-
quency (Ts’l) is equal to, or less than, 100 Hz, while the
highest is equal to the Nyquist frequency (or half the sam-
pling frequency), i.e., dt;'/2 ~ 316 kHz. The aforemen-
tioned frequency was identified as the lowest unsteady de-
formation mode of the compliant panel during the RC-19
experiments.”’”**>7 Note that all of the power-spectra results
herein have been calculated using the discreet fast-Fourier
transforms obtained via the FFTW3 library'**.

1. Mean pressure loading response

Figure 21 shows the obtained mean surface pressure along
the mid-span of the compliant panel, i.e., where the deforma-
tion is largest. The -ve modes cause a decrease in the mean
pressure loading at the front of the compliant panel, whereas
the +ve modes cause an increase. Further downstream, the
interaction between the incident shock wave, the SBLI, and
the various surface modes results in a complex behavior of
the mean pressure. Overall, the maximum mean pressure at
the SBLI is found to vary around a maximum of around 10%
between the various modes.

In the post-SBLI region, from ~130 mm to ~190 mm, the
mean pressure response appears opposite to the SBLI region.
For example, in the case of mode +1, the mean pressure is in-
creased —relative to the planar case— but decreases after that.
The exact opposite process occurs for the -1 mode. The only
exception appears to be both +2 modes, which appear to con-
verge towards the planar case (M0) mean pressure.

Near the end of the compliant panel, at 254 mm, the +1
modes do not depart from their post-SBLI behaviour. Modes
42 show a change downstream of ~180 mm, whereas modes
43 from around 200 mm, both likely due to the panel defor-
mation gradient sign change that occurs at said locations.

The spatial distribution of the near wall mean pressure, p,,,
near the surface is given in Fig. 22. The initial and clear re-
sponse of the pressure at the “front” of the compliant panel de-
pending on the mode sign is evident. It is immediately appar-
ent that any differences compared to the planar case are sym-
metrical about the midspan. This is not unexpected since the
deformation modes are also symmetrical about the midspan.
However, it does reveal that (a) no mean flow asymmetries are
caused, and (b) the sample size used to obtain the means was
sufficient.

Interestingly, the results reveal that the spanwise location of
the peak (mean) pressure at the SBLI region (dark red colour)
changes depending on the mode. The peak values may be
located at the mid-span (the mode -M?2), at the sides (modes:
+M2 and +M3), or approximately equal along the entire span
(modes £M1).

Foremost, the surface deformation modes cause a change
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FIG. 21. Mean pressure profiles along the mid-span of the compliant
panel in the streamwise directions.

in the mean pressure about the midspan. In addition, however,
Fig. 21 reveals that the extent of the area over which the initial
mean pressure change occurs greatly reduces with increasing
deformation mode. This is attributed to the decrease in the
deformation wavelength with increasing mode number, as per
Eq. (31).

At the oblique shock impingement region, noticeable by the
high mean pressure (red colored contours), the surface defor-
mation modes +1, -2, and -3 have a positive streamwise gradi-
ent, i.e., the surface is moving towards the flow, and vice-versa
for their mirror modes. The positive streamwise deformation
gradient results in an increase in peak mean pressure at the
SBLI, whereas their mirror modes result in a decrease. For
the =1 modes, the mean pressure change is more consistent
along the spanwise direction, whereas for + modes 2 & 3, it
is more centered at the midspan. Either way, the change in
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FIG. 22. Mean pressure at y© = 5; solid black line illustrates the compliant panel outer boundary.

peak mean pressure at the SBLI is around ~ 4 10% compared
to the planar case.

As noted earlier, Fig. 22 further shows that the mean pres-
sure contours attain a spanwise curvature, which is symmetri-
cal about midspan as expected. The spanwise curvature can be
either concave or convex, depending on the deformation mode
and the streamwise location. Interestingly, the frontal region
of the SBLI appears to be less affected by any of the imposed
surface curvatures and appears smooth compared to anywhere
else along the compliant panel. The underlying mechanism
responsible is not evident and warrants further careful exami-
nation.

2. Acoustic loading response

Figure 23 plots the sound pressure level (SPL) in units of
decibels (dB) at and around the compliant panel. For all cases,
the SPL at the undisturbed TBL and before the panel is around
150 dB. At the relaxation region, post the SBLI and the panel,
the SPL drops in the region of 140 dB due to the Prandtl—
Meyer expansion fan that forms at the aft of the wedge shock
generator located at the opposite wall, as per Fig 14. No
change in the minimum nor maximum values of the SPL is

observed, even at the SBLI. Similar, however, to the mean
pressure wall surface distribution, jp,,(x,z), the SPL also ex-
hibits a considerable spanwise “bending”, which is symmet-
ric about the midspan, shortly after the SBLI —as evident by
the white/yellow contour regions at the right half of the panel.
This is particularly prominent in the £M1 and +M3 modes,
but less so for the £M?2 modes whose spanwise SPL distri-
bution remains relatively flat, in contrast to the response of
the mean pressure. The SPL at the SBLI remains relatively
similar across modes, apart from a very small but noticeable
spanwise bending. This suggests that the imposed surface de-
formations examined are insufficient to cause any meaningful
effect on the SPL generated by the SBLI.

Figure 24 plots the normalized pre-multiplied pressure
power spectrum using local scaling (®,,) for the planar case
as well as the six deformation modes considered, which is de-
fined as:

Dy (x, f) = D(x, f) / Ps(x) (32)

where ®(x, f) = £ P(x, f), @,(x) = [ P(x,f)df. and P(x, f)
is the pressure power-spectrum. The normalized pre-
multiplied pressure power spectrum (P,) shows the frequen-
cies that contribute locally to the energy of the signal and
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FIG. 23. Sound pressure level (SPL) in decibels (dB) at the surface of the planar and six statically deformation modes examined. The
rectangular rectangular region enclosed within the white solid line indicates the compliant panel region.

is particularly useful in revealing the position of the low-
frequency oscillation associated with the A-shock foot’s re-
circulation bubble that forms at the SBLI. Before the SBLI,
®, is largest at f ~ 20 — 100 kHz. This frequency range
is in the same order as the TBL’s characteristic frequency
(Us/ 8 ~ 63.5 kHz), about which the maximum is located.
At the SBLI, &, peaks between the 3—4 kHz range, though
the pressure fluctuation energy can be seen to begin to rise
from at least as low as 100 Hz. Like Bernardini et al.'**, the
low-frequency peak is widespread along a broad range of fre-
quencies, suggesting an underlying shock unsteadiness more
complicated than just a simple periodic oscillation.

In large upstream Mach number SBLI, the separation point
and the reflected shock foot are well known to oscillate in the

streamwise direction at a frequency much lower than the in-
verse of the characteristic travel time over the separation bub-
ble length Lg,. The corresponding dimensionless frequency,
or Strouhal number, St7,, = fLsep/Us is thus small and lies in
the range 0.02 —0.06°%'%>1%%_though, larger values have also
been mentioned in the literature, e.g., of Sthep ~0.08"%7. For
the present coarse-grained ILES data, the distance between
the separation and re-attachment of the detached TBL at the
SBLI is Lep ~ 27 mm (or Lgp ~ 5.78)), resulting in a di-
mensionless low-frequency shock oscillation of Sz, ~ 0.14,
which is a little over twice the upper expected value. How-
ever, it should be noted that the unscaled pressure P shown in
Fig. 25, shows the highest values to be attained circa 200-400
Hz, corresponding to S, ~ 0.01 — —0.02, much closer to
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FIG. 24. Spectrogram of the normalized pre-multiplied pressure power-spectrum, ®, = fP(x, f)/ [ P(x, f)df, along the compliant panel
midspan.
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the expected range. Barring any specific case or set-up pecu-
liarities unaccounted for, the discrepancy might be attributed
to the coarse-grained ILES over-predicting the recirculation
bubble size Lsep, and/or under-predicting the strength of the
low-frequency oscillation. In wall-resolved LES, either quan-
tities can be affected by insufficient mesh resolution. Thus,
the resolved low-frequency unsteady shock motion of the re-
flected shock, Sthep, can be sensitive to the near wall mesh
resolution, which can be verified using a finer grid resolution.
Indeed, Fig. 16 in section § VIA | showed that L, for the
Medium 2 mesh was approximately 1.6 times larger than that
obtained on the fine mesh.

The normalized pre-multiplied pressure power spectrum
can also help define the present test case’s low-, mid-, and
high-frequency regions. The undisturbed and re-attached
TBLs are in the 10-100 kHz mid-frequency bandwidth. Thus,
below 10 kHz can be considered the low-frequency domain
(where the shock breathing motion is located), while above
100 kHz is the high-frequency domain.

Except for the -M?2 and -M3 modes, all other modes en-
hance @, at the low-frequency domain relative to the planar
case. As for the planar case, the low-frequency oscillation for
mode -M1 appears to commence at just over 2 kHz instead
of at 3 kHz, though it appears to be more “fragmented”. The
positive +M1 mode seems to mildly enhance ®,, in the 1.5—
2.5 kHz range, while mode +M?2 at around 1.5 kHz. Mode
+M3 appears to affect the low-frequency ®, the most, caus-
ing a moderate enhancement at 800 and 2,000 Hz, separately.
Generally, the low-frequency unsteady pressure hotspot at ~4
kHz appears to be strengthened by the positive deformation
modes, whereas weakened by the negative modes. This can be
largely attributed to the interaction between the compression
waves produced at the fore of the recirculation bubble —which
form the separation shock— with the compression or expan-
sion waves produced upstream due to the positive or negative
surface inclination, respectively.

In all cases, the SBLI A-shock wave’s recirculation bub-
ble has been re-attached by x ~ 100 mm. Between the TBL
detachment and re-attachment, there are clear indications of
three separate low-frequency unsteady pressure enhancement
regions. The first corresponds to the low-frequency motion of
the A-shock wave already discussed above. The second ap-
pears to be located in the middle of the recirculation bubble,
while the third is associated —due to its proximity— to the sep-
arated TBL re-attachment location. This suggests a very com-
plex behavior of the recirculation bubble, which is present in
all modes examined.

Shortly after, at x ~ 110 mm, the locally normalized pre-
multiplied pressure power spectrum, ®,,, is characterized by a
secondary high-frequency peak, which occurs at f ~ 150 kHz
and extends downstream, where at x =~ 160 mm it merges with
the large ®, formed by the developing re-attached TBL. The
latter peaks between 30-40 kHz, lower than the undisturbed
TBL’s 30-100 kHz range. The &, in the relaxation region
appears similar to the planar case. However, the secondary
high-frequency peak at (x, f) = (110 mm, 150 kHz), though
still present in all cases, is found to vary in strength. Relative
to the planar case (M0), modes -M2 and -M3 appear to en-
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hance it, modes +M?2 and +M3 suppress it, while modes £M 1
neither. The response appears to match the local surface in-
clination. Where the surface inclination is negative (-M2 and
-M3) at x ~ 110 mm, the high-frequency ®, at f ~ 150 kHz
is enhanced, while where it is positive (+M2 and +M3) it is
suppressed. For modes =M1, the local surface inclination is
very small, hence the similarity to the planar case.

Figure 25 shows the pressure power-spectrum, P, contour
plots obtained along the midspan of the compliant panel with
an emphasis on the frequency domain up to 100 kHz. Moving
along the streamwise direction, it becomes evident that several
static deformation modes increase the pressure P even before
the SBLI onset (x < 60 mm). Specifically, below a ~1 kHz
frequency, modes +M1 and +M?2 increase P. According to
Fig. 18, said modes (+M1 and +M?2) are the only —of the ex-
amined cases— with a substantial positive surface inclination
before the SBLI onset. As a result, a compression wave is
generated before the SBLI, which is thought to be the leading
factor behind the observed low-frequency enhancement. In
contrast, the negative modes cause an expansion fan to form,
which generally attenuates flow unsteadiness. Consequently,
the negative modes, particularly -M1 and -M?2, attenuate P in
the sub 1 kHz range relative to the planar case (mode MO).

Above ~1 kHz and pre-SBLI still (x < 60 mm), all positive
modes generally amplify P relative to the planar case, with
mode +M?2 showing the weakest response. On the other hand,
the negative modes do not cause any significant changes, par-
ticularly mode -M1. Modes -M2 & -M3 show a relatively
weak increase in the high-frequency domain of P, somewhat
similar to the +M2 mode.

At the SBLI (60 < x < 160 mm), all of the compliant panel
deformation modes amplify the pressure power spectrum rel-
ative to the planar mode, as evidenced by the darker and
more extensive red-coloured (higher value) regions shown in
Fig. 25. The above occurs irrespective of the sign of the de-
formation modes’ surface inclination pre-SBLI. The latter de-
termines whether a compression or expansion wave is formed
before the SBLI, which will enhance or attenuate the oblique
shock wave, respectively, before it impinges onto the surface.

In the SBLI region, mode +M?2 enhances the pressure P
the least relative to the planar panel case. This is attributed to
mode +M?2 having the largest negative deformation rate within
the SBLI. Overall, the increased P cannot be attributed to ei-
ther the deformation or the deformation rate alone, suggest-
ing that a correlation between the two does not exist or is
not dominant. This suggests, more likely than not, that the
flow response is more complex and not limited to just a sin-
gle parameter. For example, if the surface deformation rate
within the SBLI region was critical, then modes £M1 and
+M3 should show a smaller response since it remains compar-
atively low. Yet, the pressure P in the aforementioned modes
is still enhanced. Furthermore, despite modes M2 being the
only ones to have a constant sign of deformation rate through-
out most of the SBLI region, they exhibit vastly different re-
sponses in P. In conclusion, all of the surface deformation
modes examined lead to an increase in the pressure P, with
mode +M?2 being the sole outlier to the rule. The latter can
only be attributed to mode +M2 tightly containing the entire
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recirculation bubble within its depressed surface, as indicated
in Fig. 18.

Post SBLI, and towards the end of the compliant panel
(x 2 160 mm), Fig. 25 reveals that all deformation modes
exhibit an increased pressure P relative to the planar panel
case (mode MO). However, a closer inspection of the low-
frequency pressure power-spectrum () content in Fig. 25 re-
veals that the initial enhancement occurs at a different fre-
quency. Specifically, the deformation modes +M1, -M?2, and
+M3 show that the initial rise in P occurs in the ~0.1 — 0.3
kHz frequency bandwidth, whereas that of the remaining three
modes, namely -M1, +M2, and -M3, slightly higher in the
~0.2 — 0.4 kHz frequency bandwidth. A common feature ev-
ident in the above mode groupings is the streamwise defor-
mation rate at the end of the buckled plate, per Fig. 18). The
amplification of P for the former frequency range (0.1 — 0.3
kHz) occurs for the deformation modes whose panel surface is
inclined negatively (buckled outwards of the flow), whereas,
for those belonging to the latter frequency range (0.2 — 0.4
kHz), the panel surface is inclined positively (buckled inwards
towards the flow).

C. Time varying panel deformation

In the previous section, the effect of different statically de-
formed panel shapes, typically encountered and observed in
wind-tunnel experiments, on the response of the acoustic load-
ing was examined. In the present section, the response of
the acoustic loading will be assessed with respect to a mov-
ing/vibrating panel surface, approximating the observations in
the experiments. Experimental measurements of the compli-
ant panel deformation in time will be utilized in the coarse-
grain ILES.

Figure 26 compares the buckled compliant panel surface for
the unsteady deformation modes vs the static +M3 mode. The
latter is chosen for reference and comparison since it exhibits
similar surface deformation mode 3, albeit symmetrical —all
three unsteady modes are no longer symmetrical in the span-
wise direction. Apart from the movement of the surface, all
three unsteady modes examined exhibit a larger mean defor-
mation amplitude relative to the static +M3 mode, which is a
little over double. Unsteady modes case 31 (C31) and case
32 (C32) appear fairly similar, while case 33 (C33) contains
instances of positive deformation (deforming into the flow).
Note the red solid line along the midspan indicating the re-
gion at which all results are presented and the comparisons
made.

Moving surface deformation was obtained from the RC-19
experiments and provided as a Matlab data file containing 3
seconds. The coarse-grain ILES simulations were run for a
total of 0.03 sec. Statistics were gathered over the time win-
dows 0.002-0.032 s, where the first 0.002 s was omitted for the
case to become statistically steady). Thus, the min resolved
frequency was over ~33 Hz.

25
1. Geometric conservation law

To account for the moving surface in the computations, the
geometric conservation law (GCL) was implemented. This
ensures the flow’s mass, momentum and energy conserva-
tion as the computational mesh is adapted to the deform-
ing/moving surface(s). As the surface mesh deforms, so do
the coordinates of the computational cells vertices. The cells’
volume, therefore, changes according to the GCL according

to:
d dv = ds 33
a L= qpsm Gy

where vs = [x,,y:,7]" is the cells’ surface velocity (La-
grangian), which must be accounted for in the solution of the
Riemann problem (Eulerian). The cell surface velocity, vg, is
taken equal to the mean of its vertices velocity, which in turn

are obtained according to:

d_ duy dr

— = 4
dr dr dr (34)

where Xy, is the interpolated coordinate location from the Mat-
lab file and d7 is the time-step size between the two consec-
utive deformation solutions provided in the Matlab file that
enclose the physical time in the CFD simulation. To ensure
neighboring cell surfaces do not intersect and/or become en-
tangled, it is necessary to also shift neighboring mesh vertices
as appropriate. In the present implementation, this is achieved
by ensuring that the relative position of the vertex on its ¢ line
remains constant per direction, whereas for a structured 3D
solver 1t = [i, j,k]T. As the vertices comprising the moving
surface boundary set the grid velocity, it gradually diminishes
the further away the interior vertices are located until the static
(non-moving) domain boundary vertices are reached.

2. Acoustic loading response

Figure 27 plots the sound pressure level (SPL) in units of
decibels (dB). A slight increase of 10-15 dB can be observed
at the beginning of the three unsteady compliant panel cases.
The stronger compression waves mostly cause this due to the
steeper and larger mean positive deformation amplitude rela-
tive to the static +M3 mode. Howeyver, as the pressure power-
spectrum analysis will later show, the vibrating surface may
partly contribute to the overall SPL magnitude. Differences
in the topological distribution of the SPL, specifically in the
spanwise direction, are now much more pronounced, partic-
ularly for the C31 and C32 cases. Importantly, for these two
cases, a larger area of the compliant panel is covered by a
higher SPL (>155 dB).

Next, Figure 28 plots the locally normalized pre-multiplied
pressure power spectrum. In addition to the low-frequency
oscillation between the 1-4 kHz range obtained for the
static modes, the unsteady panel deformation cases exhibit
a strong(er) response at an even lower frequency, which can
be seen across almost the entire panel length. Though the
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Mode +M3 (static)

Case 32 (unsteady)
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Case 31 (unsteady)

Case 33 (unsteady)
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FIG. 26. Comparison of a snapshot of the buckled compliant panel surface for the unsteady deformation modes vs the static +M3 mode; the
minimum and maximum surface deformation locations are given in the lower left corner of each mode.

SNy

SR AT N

140 145 150 155 160 165 170175
SPL (dB)

140 145 150 155 160 165 170175
SPL (dB)

FIG. 27. Sound pressure level (SPL) in decibels (dB) at the surface of the compliant panel indicated by the rectangular region enclosed within

the white solid line; +M3 static and unsteady deformation modes.

imposed unsteady surface deformations contain several other
modes, the turbulent flow pressure appears to react the most
to the first mode in the 200-400 Hz frequency range.

The locally strongest low-frequency pressure response is
obtained for the case C32. The first peak at the SBLI occurs at
~350 Hz and can be observed to extend upstream and down-
stream. Prior to the 3 kHz peak, there are another couple of
frequencies that the pressure responds to, namely at 650 Hz

and 850 Hz. These can also be observed to run across most
of the panel length, albeit at a weaker response than for the
350 Hz frequency. For case C31, the first peak at the SBLI
is obtained just below 400 Hz and can also be observed to
run across most of the panel length. A secondary peak occurs
at around 900 Hz, which appears to cause an even greater re-
sponse near the compliant panel than the first frequency mode.
Of the three unsteady cases, case C33 appears to show the
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FIG. 28. Spectrogram of the normalized pre-multiplied pressure power-spectrum, ®, = fP(x, f)/ [ P(x, f)df, along the compliant panel

midspan.

least response overall, particularly in the region downstream
of the SBLI, though this may be misleading, as will be ex-
plained in the next paragraph. The first peak associated with
the low-frequency motion of the separated shock at the SBLI
occurs at just above 250 Hz. Though many other secondary
peaks can be observed before the 3 kHz peak, a small but still
noticeable secondary peak occurs at ~1 kHz, which can also
be observed to run across most of the panel length.

A side-effect of the pre-multiplied power spectrum is the
multiplication of the power spectrum, P, by its frequency
f. As discussed above, the first modal peak occurs at differ-
ent frequencies between the three vibrating panel cases. So,
though case C33 appears to show the lowest —local— response,
this is only caused by its multiplication by a lower frequency
value, e.g., 250 Hz for case C33 vs ~400 Hz for C31. Fig-

ure 29 demonstrates that in absolute terms, C33, in fact, attains
the strongest response. Moreover, Fig. 29 reveals a distinct in-
crease in the turbulent flow pressure unsteadiness at an even
lower frequency of ~70 Hz for all three vibrating panel cases.
Though weaker than the primary low-frequency mode, it can
still be found at different sections along the panel.

Finally, the low-frequency mode that is established in the 1—
4 kHz frequency range shows no significant side effects from
the panel unsteadiness. However, simulations with a finer
mesh resolution at the SBLI would be required to draw a more
conclusive argument. Except for the distinct high-frequency
pressure oscillation, which occurs just over 100 kHz and is
located at the re-attachment of the separation bubble formed
by the SBLI, the near wall turbulent flow pressure power-
spectrum properties above frequencies of 1 kHz show no sig-
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FIG. 29. Spectrogram of the pressure power-spectrum, P (x, f), in the streamwise (x—) direction along the compliant panel midspan; frequency

(y-axis) in log-scale for £ € [0.1, 100] kHz; P in units of Pa®.

nificant response to either the static or vibrating buckled panel
cases that were examined.

VIl. CONCLUSIONS

Several conclusions can be drawn from this project con-
cerning the computational accuracy of hypersonic flows and
acoustics.

ILES can produce highly accurate flow and acoustic metrics
results even though a 50 times reduced mesh resolution com-
pared to DNS. It slightly under-predicts the transition peak
and delays the transition. However, ILES predicts the cor-
rect spectrum roll-off for transitional and turbulent hypersonic

boundary layers. Since the ILES captures the near-wall acous-
tic spectrum roll-off at low/medium frequencies, it would be
appropriate for modeling structural dynamic loading.

We examined the performance of the WENO implementa-
tion. We showed that implementing a “normalization” tech-
nique of the WENO candidate stencils further reduces the nu-
merical dissipation of the scheme and thus improves the accu-
racy of the results, particularly for under-resolved grids. The
stencil spans many local surrounding flowfields for high-order
numerical schemes, such as the 11%-order WENO. The stencil
extent is further exaggerated on a coarser mesh; consequently,
the values can differ more significantly. Normalizing the sten-
cil values with a positive real number range also prevents neg-
ative value smoothness indicators. In the case of only small
jumps across the stencils relative to the minimum absolute
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value, subtracting the latter ensures the former is sufficiently
amplified and “identified” by the smoothness indicators.

For the case of SBLI, the scheme’s order significantly af-
fects the accuracy of the DNS and ILES results obtained.
High-order methods can resolve smaller turbulent structures
in the flow. Consequently, the energy entering the turbulent
cascade process at the inertial scale can be distributed across a
broader turbulence kinetic energy spectrum range. The higher
energy content at the resolved (large) scales in lower-order
schemes causes the recirculation bubble to shift further down-
stream, in contrast to the experimental and numerical (DNS)
data. Using low-Mach corrections in the subsonic region of
the TBL and recirculation bubble has a negligible effect on
the accuracy of the low-order schemes. The above result sug-
gests that supersonic TBL and SBLI are primarily dominated
by the processes and resolved turbulence in the supersonic re-
gions of the flow, at least for the conditions considered for the
supersonic ramp.

We demonstrated that using high-order, high-resolution
methods and reasonably fine grids, ILES provides accurate
estimations of several key flow metrics, which are in good
agreement with reference DNS data and experimental mea-
surements. In the supersonic ramp case, we believe that the
low-frequency oscillation exhibited by the shockwave likely
occurs due to the interchange between the foot of the A-
shockwave and the reattachment region of the detached free-
shear (mixing) layer. The incoming undisturbed TBL gradu-
ally pushes the recirculation bubble downstream and, with it,
the shockwave. The above flow development causes the de-
tached shear layer to impinge onto the ramp sooner, steadily
raising the pressure close to the ramp corner. The pressure
rise travels upstream via the subsonic region of the TBL and
separation bubble and eventually becomes sufficiently large
to “push” the A-shock foot back upstream again. The time
taken for an acoustic (pressure) wave to travel back and forth,
the distance below the sonic line, corresponds closely to that
of the low-frequency motion of the shockwave. Then, as the
pressure relaxes, the process is repeated, leading to the low-
frequency oscillation of the oblique shock observed in SBLI.

We found that the acoustic spectra scaling at Mach 6 dif-
fers from incompressible flow across frequencies. There-
fore, incompressible models should not be used in high-speed
flows. The proposed wall-pressure spectra model COMPRA-
G, which includes compressibility effects, gives good esti-
mates of the low and medium frequency regimes based only
on freestream properties. This makes its implementation ex-
tremely straightforward and fast, avoiding the need for costly
computer simulations.

The DNS data of supersonic flow over a compression ramp
were analyzed using the CVE method. The flow was decom-
posed into coherent and incoherent parts by thresholding the
wavelet coefficients. The few wavelet coefficients are suffi-
cient to represent the flow’s coherent structures that carry most
of the flow energy. The PDFs of the vorticity components are
skewed for the coherent parts and total fields, and they are per-
fectly superimposed, showing that the coherent vorticity field
preserves the flow statistics.

The PDFs of the incoherent components were found sym-
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metric for all vorticity components for the whole flow. The
incoherent part of vorticity appears without an apparent topo-
logical structure and low amplitude. However, the analysis
shows a correlation between the wall-pressure fluctuations
and the incoherent part of vorticity at different positions from
the wall. The highest correlation is found in the flow Region
III, at y* ~ 4.3 (y = 0.0058y), for the streamwise and wall-
normal vorticity components. Our idea regarding a potential
correlation of the pressure fluctuations P and the incoherent
vorticity |@|i is highly speculative. Although the results are
not conclusive about the exact nature of this relationship, they
show a correlation, which indicates that the incoherent vor-
ticity component carries physical information related to pres-
sure fluctuations, thus to near-wall acoustics. Furthermore,
we speculate that the thermodynamic properties of the wall
would affect this relationship. If a further investigation proves
the above true, we could recover from the velocity field, the
incoherent vorticity, and the sound properties of the field. The
above are topics of future research.

We assessed the accuracy of different computational mod-
els for the RC-19 cases. The RANS method does not accu-
rately predict the maximum value around the SBLI area of
the compliant panel. Moreover, the results revealed that the
DES approach is unsuitable for the present case. ILES showed
promising results even on a coarse mesh examined.

In respect of the SBLI over the compliant panel, the size
of the resolved separation/recirculation bubble is found to
be greatly affected by the mesh resolution. The results sug-
gest that to resolve the low-frequency shock breathing motion
more accurately, coarse-grain ILES should utilize a finer mesh
resolution in the area of the SBLI, at least in the streamwise
and spanwise directions.

It was found that along the compliant panel midspan, where
the maximum deformation amplitude is located, the mean and
root-mean-square (RMS) pressure are affected by about 10 per
cent compared to the planar (non-deformed) panel case. De-
spite the weak response of the mean pressure amplitude, the
surface contour plots reveal that the streamwise, particularly
the spanwise distribution, is mostly affected. The surface de-
formation modes are shown to disrupt the spanwise constant
mean pressure, forming higher (or lower) values at either the
panel’s midspan or edges, depending on the mode.

The surface curvature leads to a characteristic bending of
the spanwise distribution, which can be concave or convex
depending on the deformation mode. A buckled panel under-
going a sequence of the examined deformation modes will,
thus, be subjected to an altering pressure load distribution, in
addition to the mean ~10% variation in pressure amplitude.
The results suggest that the deformation rate plays just as im-
portant a role as the deformation amplitude in the TBL and
SBLI responses. For example, despite the amplitude of mode
3 being almost a quarter of mode 1, the overall response —
at least for the flow properties investigated— was equivalent.
Therefore, the increased deformation rate of the mode 3-panel
surface can only be reasoned.

The six cases for static deformation showed that the span-
wise location of the peak pressure varies depending on the
deformation mode. A power-spectrum analysis of the pres-
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sure fluctuation at and post the SBLI along the mid-span of
the compliant panel showed that the pressure power spectra
magnitude at the low-frequency range, f € [100,1,000] Hz,
changes 6-7 times between modes -M2 (lowest) and +M3
(highest) particularly at the SBLI. The RC-19 cases are in
progress, and a detailed report will be produced soon.

The vibrating panel cases introduce additional low-
frequency modes in the pressure power spectrum that were not
previously observed. The enhancement occurs from as low as
~70 Hz, while strongest at the range of 250-400 Hz. Typi-
cally, said three modes persist across most of the compliant
panel’s length. Above 1 kHz, the turbulent flow’s near-wall
pressure power-spectrum properties show little to no response
to the compliant panel surface deformation for either the static
or vibrating cases presently examined.
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