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Abstract

Numerical simulation of transonic shock buffet remains a significant challenge in aerospace engineering be-
cause of its inherently nonlinear, unsteady, and three-dimensional nature. This is particularly true for full
aircraft configurations, where simulations are computationally expensive and their accuracy remains strongly
dependent on the turbulence model and numerical setup. As a result, there is still no clear consensus on
the most reliable approach for modeling three-dimensional transonic buffeting flows. This paper assesses the
efficacy of Unsteady Reynolds-averaged Navier—Stokes (URANS) models for shock buffet on the NASA Com-
mon Research Model. Static aeroelastic results are also presented as a step towards full three-dimensional
aeroelastic buffet simulations. The results show that It is shown that while some URANS-based models can
provide a reasonable prediction of the buffet, robustness and generalizability remains an issue.
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1. Introduction

Transonic shock buffet is a nonlinear unsteady aerodynamic phenomenon, characterized by large
amplitude shock oscillations that result from shock wave boundary layer interactions [1]. Shock buffet
is a global flow instability, meaning that it occurs even in the absence of structural motion. Although
shock buffet occurs only within a narrow window of the transonic regime, it remains a primary con-
tributor to fatigue life degradation, a limiting factor of the flight envelope, and adversely affecting pilot
handling and comfort [2]. Further to all this, in the presence of shock buffet, an array of danger-
ous “flutter-like” aeroelastic instabilities are also possible 55]. While a major driver for transonic
buffet research comes from the defense sector, e.g., the F-16 is renowned for its issues with the phe-
nomenon [6], the civil aviation sector also requires careful consideration of its effects. For instance,
the sustainable aviation sector is seeing a demand for novel light weight and aerodynamically efficient
aircraft designs, requiring that practitioners pay very close attention to dynamic aeroelastic effects in
the transonic regime - as highlighted in Boeing’s work on the Transonic Truss-Braced Wing [7].

The aerodynamic aspects of shock buffet on a rigid body have been widely studied, with experi-
mental campaigns dating back to the 1980’s [8], and more recent campaigns considering the two-
dimensional (2D) [9] and three-dimensional (3D) [10] buffet mechanism. In the last two decades,
exponential growth in computing power and broader access to high performance computing (HPC)
have enabled researchers to study the phenomenon numerically using computational fluid dynamics
(CFD) codes. Such research was initially dominated by 2D Unsteady Reynolds-Averaged Navier-
Stokes (URANS) simulations with mixed success. On one hand, some of the earlier work demon-
strated that URANS codes can capture 2D buffet with reasonable accuracy [11] while, on the other
hand, generalization remains challenging. For instance, different turbulence models can produce
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vastly different results [12]. Most recently, numerical modeling of 3D buffet has seen major interest
on wings or half-span aircraft models. In such cases, the limitations of URANS codes are more preva-
lent, even for simple 3D wings [13]. As a result, scale resolving codes, including variants of Large
Eddy Simulation (LES), have seen increased use for buffeting flows, albeit at a massive computational
cost, with an up-to-date review provided by Lusher et al. [14].

One benchmark configuration that is now widely used for 3D transonic buffet validation is the NASA
Common Research Model (CRM), a contemporary transport aircraft geometry originally developed to
support the AIAA Drag Prediction Workshop (DPW) in 2007 [15]. The CRM’s extensive experimental
database across multiple facilities, together with its well-defined public geometry, has made it a stan-
dard model for CFD benchmarking of transonic shock motion, separation onset, and the resulting
unsteady loads. Of particular relevance to buffet are experimental campaigns conducted by JAXA
using an 80% scaled CRM model [10, [16]. In addition to steady forces and moments, the campaign
provides time-resolved measurements in buffet conditions, including unsteady surface pressures on
the main wing, integrated aerodynamic loads, and wing deformation data. The tests were performed
at M., ~ 0.85 over angles of attack spanning pre-buffet to fully developed buffet.

This paper presents URANS simulations of transonic shock buffet on the NASA Common Research
Model using the stress- formulation of the Reynolds Stress turbulence model (RSM-SO). The com-
puted unsteady loads, surface-pressure statistics, and spectral content are assessed against avail-
able JAXA experimental data for a fully developed buffet condition. Static aeroelastic results are
also presented using PyFSlI, providing an intermediate step towards fully coupled three-dimensional
aeroelastic buffet simulations.

2. Computational Model

The 80% scaled NASA CRM Wing Body Tail model is used (presented in Fig. 1), which has exper-
imental measurements available from a campaign conducted by the Japan Aerospace Exploration
Agency (JAXA) [16]. The design Mach number and lift coefficient of the model are 0.85 and 0.5
respectively. The wing consists of a taper ratio of 0.275, a 25% chord sweep of 35° and an aspect
ratio of 9. The model reference area is Aeurer = 0.179014m?, the reference chord is cierer = 0.1531m
and the span is b = 0.26927m. Lines of 12 unsteady pressure sensors are located at n = 0.5 and
n = 0.6, where n is the spanwise location normalized by the semi-span (b/2). This paper considers
the experimental test case operating in air with a Mach number of M., = 0.85, an angle-of-attack of
oy = 4.71°, a Reynolds number based on the chord length of Re, = 2.22 x 10°, and a total pressure of
po = 120kPa.

Figure 1 — NASA Common Research Model

3. Computational Framework

3.1 Python Fluid-Structure Interaction (PyFSlI)

PyFSl is an in-house CFD-based aeroelastic code developed at RMIT University for the simulation
of static and dynamic coupled fluid—structure interaction problems. The framework, as presented in
Fig. |2 brings together a range of structural, aerodynamic, gust-response, external-load, and control-
load modeling capabilities within @ common aeroelastic simulation environment. It supports fully
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nonlinear time-marching CFD-based aeroelastic simulations (presently using ANSYS Fluent), as well
as CFD-based time-domain and frequency-domain aerodynamic linearization, and CFD-based non-
linear reduced-order modeling capability. In addition, PyFSI can treat gust response problems using
either CFD-based or reduced-order aerodynamic models, as well as basic open-loop control inputs.
On the structural side, the framework is formulated to couple with general finite-element models,
allowing a range of element types and structural discretizations to be used. Methods like fictitious
masses and residual vectors are available to correct for localized distortions in modal structural mod-
els, e.g., for modeling discrete nonlinear structural mechanisms.
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Figure 2 — PyFSl suite of solvers.

3.2 Aeroelastic Equation of Motion

In PyFSI, the structural displacement can be represented in generalized modal coordinates by ap-
proximating the physical displacement field as a linear combination of retained mode shapes, v ~ ®&,
where ® contains the selected structural modes and & contains the corresponding generalized modal
amplitudes. In these coordinates, PyFSI solves the aeroelastic equation of motion as

GME+GKE+Q =0, (1)

where GM and GK are the generalized mass and stiffness matrices, and Q is the generalized
aerodynamic force vector. In the present work, @ is obtained directly from the CFD surface loads
and projected onto the structural modal basis. Only the static aeroelastic solution is considered in
this paper, such that the acceleration term is zero.

3.3 Computational Fluid Dynamics

The 3D URANS equations for the transient flowfields are solved via a coupled pressure-based solver
with implicit second-order spatial discretization for all flow variables, second-order temporal dis-
cretization, and Rhie-Chow: distance-based flux interpolation. All simulations were performed us-
ing the Stress-w formulation of the Reynolds-stress turbulence model (RSM-SO model), containing
seven additional transport equations: six for the independent Reynolds-stress components and one
for the specific dissipation rate, w. Boundary layer tripping is not considered. A dual time-stepping
scheme is used with second-order implicit temporal discretization. A non-dimensional time-step of
AT = t(u./cref) = 5 x 1073 is used, where u.. is the freestream velocity. Twenty sub-iterations per
timestep are considered and all residuals reduce to ~ 1 x 1076 —1 x 10~ 7. The transient simulation is
restarted from a converged steady-state run. Committee supplied grids for DPW8 are used which are
generated in Pointwise and available for download ﬂ While spatial convergence studies are ongoing,

Thttps:/aiaa-dpw.larc.nasa.gov/grids.html
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two grids have been used in this paper, denoted by Grid L1-L2, both with an average non-dimensional
first cell height of y* < 1.

(a) Grid L1: ~21M cells (b) Grid L2: ~ 51M cells

Figure 3 — Computational grids for the NASA CRM

3.4 Computational Structural Dynamics

The structural representation is a simplified stick/shell model of the half-span CRM, with shell ele-
ments for the wing and horizontal tail and a reduced beam representation of the fuselage. The model
is not intended to reproduce the full detailed airframe structure directly; instead, it provides a compact
skeleton onto which the mode shapes are mapped. In the aeroelastic solver, the structural motion is
then represented in generalized modal coordinates, with physical displacements recovered from the
modal basis.

A selection of the CRM wind tunnel model mode shapes, mapped onto the stick/shell model, are
shown in Fig [4] While they cannot really be interpreted as a standard modal sequence of aircraft
modes, for instance, the first mode is a sting mode and characterized by rigid rotation of the fuselage,
while the wing torsion mode does not appear until mode 10, the model remains highly useful for the
development and testing of CFD-based aeroelastic codes.

Mode 1, 22.0 Hz Mode 2, 52.0 Hz

Mode 5, 198.1 Hz Mode 10, 583.8 Hz

Figure 4 — Mode shapes for the NASA CRM JAXA wind tunnel model.
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4. Results

All results consider M.. = 0.85, ap = 4.71°, Re, = 2.22 x 10%, and py = 120,kPa. In the experimental
campaign, buffet was found to be fully developed at this condition. It is important to note that the buffet
simulations presented here are performed using the undeformed jig shape. Although the computed
static aeroelastic shape is not significantly different from the jig shape, even small changes in the wing
shape may be important given the sensitivity of transonic buffet to the mean flow state. Therefore, a
more rigorous comparison with the experiment would require simulations about the computed static
aeroelastic shape.

Before examining the results, it is worth noting that many variants of the SST k — @ turbulence model
were also tested, including the one-equation intermittency transition model; however, none displayed
any noteworthy unsteadiness. This steady behavior was found to be relatively insensitive to the SST
variant considered.

In contrast, the RSM-SO model was the only closure tested that produced sustained buffet-like un-
steadiness. However, the quality of the resulting mean flow was strongly case dependent. For the
lower-Reynolds-number cases (which were also statically deformed), the RSM-SO solutions exhib-
ited buffet, but with excessive wing separation. This was particularly evident at the higher angle of
attack, where the separated region was significantly larger than expected. For the higher-Reynolds-
number jig-shape case, the RSM-SO solution produced buffet while maintaining a more reasonable
mean separated-flow topology. However, this case has not yet been repeated using the statically
deformed geometry, for which the spanwise distribution of local angle of attack will differ.

Table 1 — Summary of turbulence-model behaviour for selected CRM buffet cases.

Case Mach o [] Re, CAD SST ko RSM-SO
1 0.85 4.84 1.515M static def. no buffet buffet; overly separated
2 0.85 5.89 1.515M staticdef. no buffet buffet; significantly overly separated
3 0.85 4.71 2.270M jig no buffet buffet; good mean separation

Hybrid RANS—LES models, such as Stress-Blended Eddy Simulation (SBES), are presently being
investigated and are showing promise.

4.1 Forces and Moments

Figure[5]presents the computed aerodynamic coefficient histories for the RSM—-SO simulation on Grid
L1. Following the initial transient, the forces develop a sustained periodic response, consistent with
a self-excited buffet cycle, with drag clearly exhibiting higher harmonic behavior. The corresponding
time-averaged coefficients are shown in Figure [6| The predicted mean lift and pitching moment
are in reasonable agreement with the experimental data at ay = 4.71°, indicating that the RSM-
SO model captures the global aerodynamic loading at this condition. The larger discrepancy in the
pitching moment is expected, since it is more sensitive to small differences in the pressure distribution,
particularly those associated with shock position and separation extent.
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Figure 5 — Time histories of lift, drag and moment coefficients (Grid L1).
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Figure 6 — Time averaged lift and moment coefficients (Grid L1).

4.2 Surface Pressure

The sectional pressure distributions are shown in Figure At both spanwise stations, the RSM—
SO simulations reproduce the main features of the measured mean and RMS pressure distributions,
including the strong upper-surface shock, the subsequent pressure recovery, the magnitude of the
RMS pressure peak, and the approximate extent of the shock excursion. The main differences be-
tween the two grids occur in the shock region. Grid L1 generally predicts a slightly broader and
more downstream-shifted pressure recovery, particularly in the RMS distributions, where the peak
unsteadiness is displaced aft relative to the experimental data. Grid L2 gives a sharper shock and
a more upstream-localized RMS peak, which is generally closer to the measured shock-excursion
region. This is most evident at 1 = 0.5, where the L2 RMS peak aligns more closely with the exper-
imental peak, while the L1 peak is shifted downstream. At n = 0.6, both grids capture the dominant
RMS peak, although L2 again predicts a stronger and more localized response. The L2 result is
included to show the trend, although this simulation is not yet fully complete and should therefore be
interpreted as preliminary.

The corresponding upper-surface RMS pressure contours are shown in Figure (81 The experiment
shows a distinct band of high pressure fluctuation associated with shock motion, extending over the
outboard portion of the wing. The RSM-SO simulations reproduce this dominant shock-unsteadiness
band and its general spanwise orientation. However, the computed contours are smoother and more

6
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coherent than the experimental field, which contains a more irregular distribution of fluctuation inten-
sity. Grid L2 produces a stronger and more sharply defined RMS band than Grid L1, consistent with
the sectional cuts. Overall, the comparison indicates that the RSM-SO model captures the primary
shock-motion signature of the buffet, although discrepancies remain in the detailed amplitude and

downstream distribution of the pressure fluctuations.

Section E: =0.5 Section F: #=0.6

MEAN Cp

RMS Cp

®  Exp. (kulite) —— RSM-SO: Grid L1
——- Exp. (UPSP) —— RSM-SO: Grid L2

Figure 7 — Sectional pressure coefficient distributions.

n=0.95

1=0.2

Experiment RSM-SO: L1 RSM-SO: L2

Figure 8 — RMS surface pressure contours on the wing upper surface.

4.3 Spectra
Figure [9] shows the pressure spectra at selected upper-surface locations, corresponding to Kulite
location on the experimental model. The CFD-based spectra exhibit a clear dominant peak at ap-
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proximately 330 Hz, consistent with the periodic shock motion observed in the force histories. At
the upstream locations, x/c =~ 0.3, which are closer to the shock oscillations, the spectral energy is
stronger. Downstream, the spectral energy is reduced and more broadly distributed, indicating that
the strongest coherent unsteadiness is associated with the shock excursion.

The experimental spectrum shown at 1 = 0.6 is not taken at the exact same chordwise location as the
CFD probe, although it is sufficiently close to provide a useful comparison. The experiment displays
a broader-band spectral bump centered at approximately 700 Hz, whereas the present RSM-SO
simulation produces a more periodic response at a lower dominant frequency. Therefore, while the
simulation captures the presence of shock-related unsteadiness with good prediction of statistic like
mean and RMS, the predicted spectral character and dominant frequency are not in close agreement
with the experiment.
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Figure 9 — Power spectral density of instantaneous pressure coefficient at four stations on the wing
upper surface.

4.4 Static Aeroelastic Response

The static aeroelastic response was computed using a steady-state RSM-SO simulation coupled to
the structural model through PyFSI. The resulting deformation is shown in Figure[10, where the wing
exhibits an upward tip displacement of approximately 11 mm. This is in good agreement with the
value of approximately 10 mm provided by JAXA for this condition.

The agreement in static tip deflection provides an important verification of the coupled CFD-CSD
setup and indicates that the mean aerodynamic loading is being transferred to the structural model
with reasonable accuracy. Although the resulting static deformation is not large relative to the overall
wing geometry, it may still be important for buffet prediction because transonic buffet is highly sensitive
to small changes in the mean shock location, separation extent, and local effective angle of attack.
This static aeroelastic shape therefore provides the basis for the next stage of the study, in which the
buffet simulations will be repeated on the deformed configuration and fully coupled three-dimensional
aeroelastic buffet simulations will be performed.



TRANSONIC BUFFET AND STATIC AEROELASTIC RESPONSE OF THE NASA CRM

11mm

z-disp (M)
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 0.0m1

__ ‘ I : i - TI——

Figure 10 — Computed static aeroelastic deformation of the CRM wing using the steady-state
RSM-SO solution.

5. Conclusion

This paper presents URANS simulations of transonic shock buffet on the NASA CRM using the RSM—
SO turbulence model. For the fully developed buffet condition considered, the RSM-SO closure
is able to produce a sustained unsteady response, whereas the SST k—w® variants tested do not
generate comparable buffet behavior. Overall, the results of the RSM-SO model are encouraging,
with the predicted mean aerodynamic loads in reasonable agreement with the experimental data.
That said, the buffet simulations are still to be run on the statically deformed model. Furthermore,
generalization and consistency across operating conditions remains a challenge and requires further
assessment. A static aeroelastic simulation is also conducted using PyFSI, and the predicted wing-
tip displacement is in good agreement with the value specified by JAXA. This provides a useful basis
for the next stage of the work, in which buffet simulations are repeated on the static aeroelastic shape
and fully coupled three-dimensional dynamic aeroelastic buffet simulations are performed.
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