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ABSTRACT

A fully-3D global stability analysis (GSA) is performed
on the NASA Common Research Model (CRM) body-wing-
tail geometry. Differently from other methods present in the
literature, the combination of the solver linearization approach
and modal decomposition based on time-stepper and Arnoldi
methods allows to relax the RAM requirements and perform
an angle of attack (AoA) parametric study to determine buffet
onset. The RANS solutions, buffet onset and frequencies pre-
dicted by GSA are all in good agreement with the experiments
carried out at JAXA’s 2mx2m Transonic Wind Tunnel. While
only a 3D buffet cells mode is found unstable in the vicinity
of the onset, additional modes appear at higher AoAs. Be-
sides a 2D low-frequency mode, another high-frequency unsta-
ble mode is localized in the separated region at the wing-body
junction. This is the first fully-3D GSA study able to predict
and characterize buffet onset over a large range of AoAs.

INTRODUCTION

For commercial aviation, the interaction between shock-
waves and boundary-layers represents a critical aspect for both
design and certification phases. A specific type of shock-wave
and turbulent boundary-layer interaction is the so-called tur-
bulent transonic buffet. Turbulent transonic buffet is a three-
dimensional (3D) phenomenon consisting of two distinct in-
stabilities (Lee, 2001; Giannelis ef al., 2017). The first one is
related to the two-dimensional (2D) streamwise shock oscil-
lations, that cause the shock-wave forming on the wing suc-
tion side to move periodically back and forth in the stream-
wise direction. The second one concerns the 3D cross-flow
propagation of the so-called buffet cells. These instabilities
can origin wing vibrations and represent a limiting factor for
the flight envelope. Due to the coexistence of 3D effects, sep-
arated turbulent boundary-layers and unsteady shock-waves,
buffet represents a very challenging problem and, despite the
past and recent experimental and numerical studies, the gov-

erning mechanisms remain unclear. Numerical simulations
particularly suffer of the complexity associated to the buffet
phenomenon and computationally inexpensive tools are con-
stantly sought for its characterization and prediction.

Global stability analysis (GSA) has recently proved a
good alternative to classical unsteady RANS (URANS) sim-
ulations for buffet prediction (Crouch et al., 2009, 2019; Pal-
adini et al., 2019; Sansica et al., 2022). However, due to the
high RAM memory costs associated with the resolution of the
linearized dynamical system eigenvalue problem, the config-
urations studied were simplified to 2D aerofoils or periodic
extruded wings. Timme (2020) recently performed a fully-3D
GSA study on the NASA Common Research Model (CRM),
but only two angles of attack (AoAs) were investigated on an
8 million cells grid. While a 3D buffet-cells mode was found
to be unstable, no evidence of a 2D shock-oscillation mode
was given.

In the present work, a fully-3D GSA study is carried out
with the intent to predict buffet onset for the NASA CRM
body-wing-tail configuration. Due to the combination of a
time-stepper and an Arnoldi method, the RAM requirements
are relaxed and a parametric studied on the AoA is performed
to predict the buffet onset on grid resolutions spanning from 3
to 30 million cells. Buffet is characterized both in the vicinity
and far from the onset and the numerical results are compared
with the experiments carried out at the Japan Aerospace Ex-
ploration Agency (JAXA).

1 PROBLEM FORMULATION

The compressible 3D RANS equations for a perfect
gas can be written using Boussinesq hypothesis in the non-
dimensional form as:

aq
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where q = [p,pu, pE, pv,}T is the state vector in the conser-
vative form (with p, u, E and v; being fluid density, velocity
vector, total energy, and kinematic turbulent viscosity, respec-
tively) and 7 is the time. The differential nonlinear RANS op-

erator .//” can be explicitly expanded as

pu
B pu®u+pl—7—18
N(q) =~ pEu+ pu—Tu—Tru+q-+qg @
pyiu— ERVY, + Sy
with
p=(y—1)pE—Ju-u
t=p[(Vou+Veu) - (V- u)I]
th=u [(Vou+Veu)—2(V.ull 3)
q:—”PCréVT
qr = — VT

being p the pressure, 7 the stress tensor, Tz the Reynolds stress
tensor, C,, the heat capacity at constant pressure, u the dy-
namic viscosity, U, the eddy viscosity, Pr and Pr; the classi-
cal and turbulent Prantdl numbers, T the temperature, q the
heat flux and qg the flux of diffusion of turbulent enthaply.
The Prandtl numbers are considered constant and equal to
Pr=0.72 and Pr; = 0.90. The dynamic viscosity is assumed
to follow Sutherland’s law as

1+ T
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where Ty = 110.4K /T, , with T;%, the dimensional free-stream
stagnation temperatufe (the sﬁperscript * indicates dimen-
sional quantities). The array of the streamwise, vertical and
transverse directions is indicated by x = [x,y,z]” . Note that all
variables are Reynolds averaged, except for u and E that are
Favre (density-weighted) averaged. The formulations of the
coefficient o)y and the turbulent source terms .%); depend on
the turbulence model.

1.1 Stability Problem

The GSA problem is based upon the use of the linearized
RANS equations. The first step to obtain this linearized set
of equations is to assume that the nonlinear system in Eq. (1)
admits an equilibrium solution, q,, defined by .4 (q,) =0
and referred to as fixed point or base flow. In this case, the
steady RANS solution corresponds to the base flow. The
standard small perturbation technique is used to decompose
the instantaneous flow into base flow and small disturbances
q(x,1) = qp(x) + €q'(x,7), with € < 1. By assuming that the
perturbations are infinitesimal, all nonlinear fluctuating terms
are ignored and the linearized RANS equations can be written
as
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the state vector of conservative perturbation variables and
£ =9.A4/dq |q, is the Jacobian operator obtained by lin-
earizing the RANS operator .#" around the base flow q.

By choosing the normal mode or wave solution q'(x,t) =
q(x)exp (A1) + c.c., the eigenproblem .£q = Aq is obtained.
The complex eigenvalue can be split in its real and imaginary
parts A = 0 + i, where o is the temporal growth rate and ®
the angular frequency. While the angular frequency charac-
terizes the oscillatory behavior, the temporal growth rate indi-
cates whether the equilibrium state bifurcates to another solu-
tion. This bifurcation is expressed in a linear framework by the
existence of eigenmodes with a corresponding positive growth
rate.

2 NUMERICAL METHOD

While the calculation of the base flow solutions is carried
out by using a classical RANS (nonlinear) solver, the global
stability analysis requires a URANS linearized solver. The
characteristics and numerical strategies used for both solvers
are described below.

2.1 Nonlinear Solver

As RANS nonlinear solver, JAXA’s unstructured-grid
flow solver FaSTAR (Hashimoto et al., 2012; Ishida et al.,
2017) is used. The governing equations are the compress-
ible Navier-Stokes equations. The cell-center finite volume
method is used for the discretization. The numerical flux
is computed with the SLAU scheme and a dual-time step-
ping method (Visbal & Gordnier, 2000) is used to perform
an accurate time calculation with an implicit time integra-
tion. The LU-SGS scheme (Sharov & Nakahashi, 1998) is
used for the pseudo time sub-iterations and the physical time
derivative is approximated by a three-point backward differ-
ence method. The Spalart-Allmaras turbulence model (Spalart
& Allmaras, 1992) with rotation correction (SA-R) (Dacles-
Mariani et al., 1995) and quadratic constitutive relation 2000
version (Spalart, 2000) is used to close the averaged Reynolds
stresses. The boundary conditions used are: no-slip veloc-
ity and adiabatic temperature on the aicraft walls; far-field
boundary conditions are employed at the lateral boundaries
and the AoA is applied at the inflow of the numerical domain.
All steady solutions are computed by using a large Courant-
Friedrichs-Lewy (CFL) number equal to 10. The selective fre-
quency damping (SFD) method (Richez et al., 2016; Akervik
et al., 2006) is used to further converge the steady fixed point
solution and filter any possible unsteadiness.

2.2 Linearized Solver

The expression of .£q’ is extremely complicated and
would mean a lengthy implementation and modification of the
existing nonlinear version of FaASTAR. To avoid this, a strategy
based on a finite difference method consists of using the non-
linear solver in a black box manner and approximate .£q’ via
repeated evaluation of the residual function .4"(q). A Taylor
series expansion with a first order approximation allows then

1
2q = E[W(qﬁ‘?q’)*ﬂ/(qh)}, (©6)

with € being a small constant. This method and selection of the
€ constant are further discussed in (Tezuka & Suzuki, 2006;
Mettot et al., 2014). A matrix-free method (Edwards et al.,
1994; Bagheri et al., 2009) is then used to solve the eigen-
problem .#q = Aq. Being L the discrete form of ., it is pos-
sible to introduce the exponential propagator M = exp (LAT)
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Figure 1. Experimental PSP and RANS pressure coefficient contours on the main wing (left) and pressure distributions at different
spanwise wing sections for AoA = 4.8° (right).
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that linearly advances the perturbation solution in time as
o (") = Mq/(¢"), with 771 = " - AT. An Aroldi algo-
rithm (Arnoldi, 1951; Lehoucq et al., 1997; Barkley et al.,
2008) is coupled to the linearized solver (Loiseau et al., 2014;
Guiho et al., 2016; Sansica et al., 2018) to extract the leading
eigenmodes of M. While all conservative quantities are per-
turbed, the perturbation eddy viscosity is not included in the
linearized snapshot matrix (Krylov base).

The linearized solver, referred to as FaSTAR-GSA, has
been validated against the literature for 2D laminar incom-
pressible cylinders, 2D turbulent transonic buffet and applied
to fully-3D unswept and swept wings in the presence of lateral
walls (Sansica et al., 2022). The combination of the solver lin-
earization approach with the modal decomposition technique
selected allows to: a) leverage all FaASTAR’s high-performance
computing features for complex geometries, b) be flexible in
the selection of spatial schemes and turbulence models (open-
ing up to sensitivity studies) and c) investigate high-resolution
numerical grids.

FLOW CONDITIONS AND NUMERICAL GRID

The numerical flow conditions are selected to match the
experiments carried out at JAXA’s 2mx2m Transonic Wind
Tunnel JTWT1) on the NASA CRM at a Mach number of 0.85
and a chord Reynolds number of 2.27x10° by Sugioka et al.
(2021). Buffet onset was experimentally determined by us-
ing the lift-coefficient method and wing-strain gauge measure-
ments at AoA = 3.5 and 3.7°, respectively. Unsteady pressure-
sensitive paint (PSP) and pressure taps at different wing sec-
tions were used to characterize the pressure fluctuations. Buf-
fet cells were observed in a frequency range of 400 — 850 Hz
(or, in nondimensional Strouhal number, S§t~0.2-0.5).

The geometry selected is the NASA CRM model in the
body-wing-tail configuration. The main wing considers the
deformation measured experimentally at AoA =2.94°. Coarse
(~ 2.8 x 10° cells), medium (= 9 x 10° cells) and fine (~
30 x 109 cells) resolution grids were considered. For brevity,
the results presented here only correspond to the medium
resolution grid. Geometries and numerical grids are openly
accessible on JAXA’s Aerodynamics Prediction Challenge
(APC) website at https://ctdws.chofu.jaxa.jp/apc/grids/nasa-
crm/APC1-3/wbh/upacs/fastar/.
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Figure 2. Lift-coefficient based buffet onset prediction.

RESULTS

For the medium resolution grid, a total of 16 AoAs are
spanned between 1.5 and 4.8°. The RANS solutions (later
used as base flows for the GSA) are first compared with the
experimental time-averaged PSP and pressure taps measure-
ments. The buffet onset is then calculated by using two crite-
ria, namely the lift-coefficient method and the GSA study.

Base flow solutions

The pressure coefficient, Cp, contours on the main wing at
AoA = 3.7 and 4.8° obtained with FaSTAR (left-bottom) are
compared with the experimental time-averaged PSP by Sug-
ioka et al. (2021) (left-top) in figure 1. The Cp distributions
at different spanwise sections of the main wing (available at
https://cftdws.chofu.jaxa.jp/apc/apc3) are also compared with
the experiments performed for JAXA’s APC-3 on the same
flow conditions and geometry of Sugioka er al. (2021) for the
AoA = 4.8°. The solutions are in reasonable good agreement
with the experiments and are used as base flows for the GSA.
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Figure 3. GSA spectrum and unstable mode at AoA = 3.8°. A comparison with the experimental Cp fluctuations is given on the right.
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Figure 4. GSA spectrum and unstable modes at AoA = 4.8°. The experimental PSD of Cp is given on the right.

Lift-coefficient based buffet onset prediction

The lift-coefficient method is a criteria commonly used
in the industry and consists of determining the buffet onset by
detecting a change of the lift-coefficient curve gradient as a
function of the AoA. As shown in figure 2, a linear fit (dashed
line) can be used to approximate the lift-coefficient at low an-
gles. A shift of A =0.1° to the right hand side of the linear
fit is then used to determine buffet onset. Both experiments
(black empty circles) and RANS solution (red empty circles)
predict buffet onset around AoA = 3.5°.

GSA based buffet onset prediction

A second criteria commonly used in the industry is based
on the calculation of a buffet intensity coefficient based on ex-
perimental strain gauge measurements. By using this method,

Sugioka et al. (2021) found a buffet onset at AoA = 3.7°. The
strain gauge buffet onset is selected to be compared with the
GSA based predictions. Similarly to what concluded in the
experiments, GSA predicts buffet onset around AoA= 3.75°.
Near the onset at AoA= 3.8°, GSA predicts only one unstable
mode at f = 615 Hz (St = 0.3), as shown in figure 3. In close
agreement with the experimental Cp fluctuations, this unsta-
ble mode corresponds to the outboard convection of 3D buffet
cells. The mode shape is also in very good agreement with
the GSA results by Timme (2020). Farther from the onset
at AoA= 4.8°, GSA predicts several unstable modes in the
same frequency bump range found in the experiments (fig-
ure 4). As well as the buffet cells mode, a second type of high-
frequency mode is localized in the wing-junction separation
region. A 2D low-frequency mode at f = 115Hz (St = 0.06) is
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Figure 5. Comparison between the experimental Cp,,s and
the GSA unstable mode eigen-pressure amplitude at AoA =
3.7° (top) and 4.8° (bottom).

also found. By looking at the experimental root-mean-square
pressure coefficient fluctuations Cp ;s in comparison with the
eigen-pressure amplitude distribution associated with the GSA
unstable buffet cells mode (figure 5), it should be however
noted that further away from the buffet onset the agreement
between experiments and GSA deteriorates. Near the onset,
the shock oscillation amplitude is small and the RANS so-
lution used for the GSA study well approximates the time-
averaged flow field. However, for higher angles the shock os-
cillation amplitude increases and the difference between the
steady RANS solution and the time-averaged flow field result
in larger discrepancies.

Sensitivity tests

The sensitivity of RANS solutions and GSA results to
grid resolution and turbulence model is investigated. For the
grid sensitivity, coarse (= 2.8 x 10 cells), medium (= 9 x 10°
cells) and fine (&~ 30 x 10° cells) grids are investigated. For the
turbulence model sensitivity, the SA-R-QCR200 is compared
against the 2-equation Menter Shear Stress Transport (SST)
model (Menter, 1994). Additionally for the GSA study, the
sensitivity to the perturbation amplitude € (see section 2.2) is
also analyzed by selecting € = 1 x 107!, € = 5x 1072 and
€ =1x10"2. The RANS solutions (and therefore the lift-
coefficient based buffet onset prediction criteria) are nearly in-
sensitive to grid resolution and turbulence model tests. For
the GSA study, while turbulence model and perturbation am-
plitude show no significant sensitivity, the buffet onset is pre-
dicted at AoA = 3.75° for both coarse and medium resolution
grids and at AoA = 4.15° for the fine resolution grid. Table 1
shows a summary of the experimental and numerical onset
predictions using the different methods described above. The
sensitivity tests are accounted for by reporting the onset AoA
lower and upper limits.

Table 1. Buffet onset AoA calculated with different criteria
for both experiments (EXP) and numerical simulations (CFD).
Lower and upper limits are reported to account for the sensi-
tivity tests. The experimental results are taken from Sugioka
et al. (2021).

EXP CFD
Lift 3.50° 3.50 —4.00°
Strain 3.70° X
GSA X 3.75—-4.15°
ONSET 3.50-3.70° 3.50—-4.15°

CONCLUSIONS

The work here presented is the first fully-3D GSA in-
vestigation aimed at characterizing buffet over a large range
of AoAs and predicting its onset. By calculating the lift-
coefficient with JAXA’s RANS solver, the widely used in the
industry lift-coefficient criteria is used to predict buffet onset.
The GSA based buffet prediction is then compared with the
experimental strain gauge measurements carried out at JAXA
JTWT1 wind tunnel (Sugioka et al., 2021). An overall good
agreement exists with the experimental findings, although the
numerical agreement with the PSP-based perturbation distri-
butions deteriorates farther away from the onset.

The agreement with the experiments shows the possibility
to use GSA as a computationally cheaper alternative to more
classical approaches (i. e. URANS) for buffet onset prediction.
To obtain converged information on buffet onset, the estimated
computational time saving with GSA with respect to URANS
is in fact of about one order of magnitude. By including sensi-
tivities to grid and turbulence modeling, the GSA-based buffet
onset prediction can be a valuable tool during both design and
certification phases of commercial aircrafts.
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