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Transonic Buffet Simulation using Harmonic Balance Method

Andrea Petrocchi∗ and George N. Barakos†

CFD Laboratory, School of Engineering, University of Glasgow, Glasgow, G128QQ, Scotland, UK

In the present work, the application of the harmonic balance method for transonic buffet
around a supercritical airfoil is presented. The use of this technique aims to be an alternative to
unsteady computational fluid dynamics simulations that are expensive for complex flow cases.
The technique was applied in conjunction with a partially-averaged Navier-Stokes approach,
which proved to be beneficial in buffet prediction compared to unsteady Reynolds-averaged
Navier-Stokes equations. The ability of the harmonic balance method to reproduce the results
of the time marching simulation was also investigated. Particular attention was paid to the
efficiency of the method and the ability to reduce CPU cost with respect to time marching
simulations without under-resolving the flow physics. Grid size and number of harmonics used
in the computations were the main parameters of investigation.

Nomenclature

�! = lift coefficient !/(0.5d*2
∞2)

� = transformation matrix
5: = unresolved-to-total ratio of turbulent kinetic energy
5n = unresolved-to-total ratio of turbulent dissipation
5l = unresolved-to-total ratio of turbulent frequency
�1, = SST model blending function
�imp = Jacobian matrix
: = turbulent kinetic energy [m2 s−2]
M∞ = Mach number
#� = number of harmonics
#) = number of sub-intervals in a period of oscillation
%: = turbulent kinetic energy production term [kgm−1s−3]
R = flow residual vector
Re2 = chord-based Reynolds number d*∞2/`
C = time [s]
) = period of oscillation [s]
*8 = flow velocity components [m s−1]
+8, 9 ,: = cell volume
G8 = spatial coordinates [m]
W = flow variable vector
U = angle of attack [deg]
n = turbulent dissipation [m2s−3]
` = molecular dynamic viscosity [kgm−1s−1]
`C = eddy viscosity [kgm−1s−1]
aC = kinematic eddy viscosity [m2s−1]
l = turbulent specific dissipation [s−1]
Ω = fundamental flow frequency [s−1]
d = density [kgm3]
g = pseudo time
V∗, V, W, f: , fl = SST model constants

∗PhD Student, CFD Laboratory, James Watt School of Engineering, Email: Andrea.Petrocchi@glasgow.ac.uk.
†Professor, CFD Laboratory, James Watt School of Engineering, Email: George.Barakos@glasgow.ac.uk, MAIAA (Corresponding Author).

1



I. Introduction
Transonic buffet is a self-sustained shock oscillation occurring at transonic conditions on airfoils and swept wings.

This phenomenon has drawn the attention of researchers since the middle of the past century because of its detrimental
effect in terms of structural integrity and flight controllability of aircraft. A number of researchers tried to shed light
on the mechanism generating and driving the shock oscillations (see [1–3], among the others). While the acoustic
feedback mechanism proposed by Lee [1] is still the most accredited explanation, other authors believe that buffet is
the product of a global instability mechanism [3]. Still, the causes of this phenomenon remain unclear. Therefore,
over the last decades, computational fluid dynamics (CFD) has been extensively used to investigate transonic buffet
flows. The prediction of this phenomenon is challenging and predictions are not consistently accurate. A number of
authors investigated the ability of unsteady Reynolds-averaged Navier-Stokes (URANS) simulations to predict the
buffet for both two-dimensional [4, 5] and three-dimensional cases [6, 7]. So far, there is no consensus on the topic.
Therefore, an increasing number of authors have started adopting hybrid RANS/LES approaches to analyze this category
of flows [8–10]. Scale-resolving simulations were found to represent the flow physics with higher accuracy and to
show significant improvements in the prediction of buffet. The main drawback of these methods is the considerably
higher CPU costs stemming from the fine spatiotemporal discretization required. This raises the need for a reliable but
affordable method to predict the buffet onset that can be repeated at several flight conditions.

In this view, engineering criteria have been proposed for the buffet boundary estimation, based on the results of
experimental investigations [11, 12]. These criteria are based on some physically meaningful indicators, like the trailing
edge pressure and the slope �! − U slope, and have been used in conjunction with CFD simulations [13]. So far, the use
of such criteria is limited to steady computations and their accuracy is strongly dependent on the adopted turbulence
model. It is believed that the use of time marching simulations (TMS) can improve the prediction of the buffet onset, in
spite of the large CPU cost associated with them.

In this work, the harmonic balance method is applied to a transonic buffet flow case. Although this method has
found extensive applicability within rotor flows [14] and turbomachinery research [15], its application to transonic
buffet flows is novel. The use of this technique for periodic flows allows for a significant reduction of the CPU cost
without compromising the accuracy in the prediction of the oscillatory behavior of the flow. The goal is to show the
applicability of this method to buffet flow cases.

The paper is structured as follows: the computational model adopted is described in sec. II, while sec. III is devoted
to the application of the harmonic balance technique; sec. IV is allocated to the discussion and the conclusions.

II. Numerical Method

A. Computational Model for Fluid Flow
Numerical simulations have been performed using the Helicopter Multi-Block (HMB3) [16] flow solver, a three-

dimensional, fully implicit code for the solution of the Navier-Stokes equations. The Navier-Stokes equations are
discretized using a cell-centered finite volume approach. The computational domain is divided into a finite number of
non-overlapping control volumes, and the governing equations are applied to each cell in turn. Also, the Navier-Stokes
equations are re-written in a curvilinear co-ordinate system which simplifies the formulation of the discretized terms
since body-conforming grids are adopted here. The spatial discretization of the equations leads to a set of ordinary
differential equations in time,

d
dC
(W8 9:+8 9: ) = −R8 9: (W), (1)

where W and R are the vectors of cell conserved variables and residuals respectively and + is the cell volume. The
convective terms are discretized using Osher’s upwind scheme. A monotone upstream-centered scheme for conservation
laws (MUSCL) variable extrapolation is used to provide second-order accuracy with the Van Albada limiter to prevent
spurious oscillations around shock waves. The solver offers several one-, two-, three-, and four-equation turbulence
models. In addition, LES, DES, delayed DES (DDES), improved DDES (IDDES), SAS and PANS methods are also
available.

B. PANS formulation
The partially-averaged Navier-Stokes (PANS) formulation [17] is a bridging model between RANS and DNS. This

method is based on a RANS paradigm, where the blending is obtained by means of the user-prescribed unresolved-to-total
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ratios of turbulent kinetic energy 5: and dissipation 5n , bounded between 0 and 1, acting on the turbulence closure
equations. Their definitions read:

5: =
:D

:
, 5n =

nD

n
, (2)

where the D subscripts stand for unresolved and the quantities at the denominator are the total ones. The PANS method
was initially derived for the k-n closure and then extended to the k-l model and to the Menter SST model [18]. In the
k-l based formulations the parameter 5n is replaced by the unresolved-to-total turbulence frequency 5l through the
following relation: 5l = lD/l = 5n / 5: . These formulations inherit from the parent RANS models an eddy viscosity
based on a Boussinesq approximation, that is reduced with respect to the RANS case because of the effects of the
5: parameter: since only a fraction of the turbulent kinetic energy is modelled, the corresponding value of the eddy
viscosity is reduced. This gives the possibility for the turbulent structures to be resolved.

In this work, the SST-PANS formulation is adopted. It reads:

m (d:)
mC

+
m

(
d* 9 :

)
mG 9

= %: − V∗d:l +
m

mG 9

[(
` + `Cf:

5l

5:

)
m:

mG 9

]
, (3)

m (dl)
mC

+
m

(
d* 9l

)
mG 9

=
W

aC
%: − V′dl2 + m

mG 9

[(
` + `Cfl

5l

5:

)
ml

mG 9

]
+ 2

5l

5:
(1 − �1)

dfl2
l

m:

mG 9

ml

mG 9
, (4)

where d is the density,* 9 is the flow velocity, ` is the dynamic molecular viscosity and `C is the turbulent viscosity.
Here, the turbulent kinetic energy : and frequency l are the modelled, or unresolved, fraction where the subscripts

were dropped for sake of simplicity. In the l-equation, V′ =
(
WV∗ − WV

∗

5l
+ V

5l

)
; �1 is SST the blending function [18]

while W, V, V∗, f: , fl are the classical coefficients, calculated as prescribed in reference [18]. The turbulent viscosity is
unchanged with respect to the standard SST model.

The 5n parameter is usually set to one, under the assumption that all dissipative scales are not resolved in the
computation. This approach is suitable for high Reynolds numbers for which there is a net separation between
energy-containing and dissipative scales [17]. The estimates adopted in this work are:

5: = �PANS

(
Δ

!C

)2/3
, (5)

5: =
1 + tanh(2c(Λ − 0.5))

2
, Λ =

1

1 +
(
!C

Δ

)4/3 , (6)

where !C =
√
:/(�`l) is the local turbulent length scale, and Δ is the local grid size. The constant �PANS is reduced

with respect to the value of 1/
√
�` prescribed for static estimates. Since the turbulent length scale is not based on total

quantities, like in the case of estimates based on preliminary RANS calculations, it is reduced and, in turn, 5: is overly
increased.

C. Harmonic Balance formulation
Here the harmonic balance formulation used in this work is described together with the implementation in HMB3

following the work of Woodgate and Barakos [14]. The harmonic balance method approximates the flow solution and
residual vector in eq. 1 with a Fourier expansion truncated to a specific number of harmonics #� , after assuming the
flow periodicity in time with frequency Ω. The two vectors are, therefore, written as:

, (C) =
#�∑

:=−#�
,̂:4

8:ΩC , '(C) =
#�∑

:=−#�
'̂:4

8:ΩC . (7)

Once the discrete Fourier transforms are substituted into eq. 1 and the orthogonality of the Fourier terms is used, an
equation for each wave number is obtained:

8Ω:+,̂: + '̂: = Ω�,̂: + '̂: = 0 , (8)
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where � is an #) × #) matrix and #) = 2#� + 1. Eq. 8 is solved following the pseudo-spectral approach of Hall et
al. [15], where the equation is transformed back into the time domain. The solution and the residual are split into #)
discrete, equally spaced sub-intervals over the period ) = 2c/Ω:

,ℎ1 =

©«
, (C0 + ΔC)
, (C0 + 2ΔC)

...

, (C0 + ))

ª®®®®®¬
, 'ℎ1 =

©«
'(C0 + ΔC)
'(C0 + 2ΔC)

...

'(C0 + ))

ª®®®®®¬
. (9)

By introducing a transformation matrix � , such that ,̂ = �,ℎ1 , '̂ = �'ℎ1 , eq. 8 can be recast as:

Ω��,ℎ1 + �'ℎ1 = 0 = Ω�−1��,ℎ1 + �−1�'ℎ1 = Ω�,ℎ1 + 'ℎ1 , (10)

where � = �−1�� is defined as:

�8 9 =
2
#)

#)∑
:=1

:sin (2c: ( 9 − 8)/#) ) . (11)

The harmonic balance equation is solved by applying pseudo-time marching, leading to:

d,ℎ1

dg
+Ω�,ℎ1 + 'ℎ1 = 0 . (12)

An implicit method is then used in conjunction with an implicit treatment of both the source term Ω�,ℎ1 and the
residual 'ℎ1 , written as follows:

Ω�,=+1
ℎ1 = Ω�,=

ℎ1 +Ω� (Δ,ℎ1) , 'ℎ1 (,=+1
ℎ1 ) = 'ℎ1 (,

=
ℎ1) +

m'

m,
Δ,ℎ1 , (13)

where Δ,ℎ1 = ,
=+1
ℎ1
−,=

ℎ1
. The harmonic balance equation is then recast in the form

,=+1
ℎ1
−,=+1

ℎ1

Δg
= −

[
Ω�,=+1

ℎ1 + 'ℎ1 (,
=+1
ℎ1 )

]
=
Δ,ℎ1

Δg
. (14)

The Jacobian matrix �Imp reads

�Imp =



m'

m,

����
C0+ΔC

Ω�12 . . . Ω�1#)

Ω�21
m'

m,

����
C0+2ΔC

...
. . .

Ω�#) 1 Ω�#) 2
m'

m,

����
C0+)


, (15)

and the linear system to be solved is then:[
+

Δg
+ �Imp

]
Δ,ℎ1 = −Ω�,=

ℎ1 − 'ℎ1 (,
=
ℎ1) . (16)

The system is solved using a Krylov subspace method with BILU factorization.

III. Results and Discussion

A. Experimental test case description
In the present study, the flow around the supercritical airfoil OAT15A is investigated, whichwas studied experimentally

by Jacquin et al. [2, 19] in the S3Ch wind tunnel at ONERA. The wing section has a chord of 2 = 0.23m and a span,
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coinciding with that of tunnel, of 0.78 m. The section has a thickness-to-chord ratio of C/2 = 0.123 and a trailing edge
thickness of 0.5% of the chord. The wing is mounted in a squared section wind tunnel having nominal dimensions of
0.78m × 0.78m × 2.2m. An adaptation technique based on a steady flow hypothesis was used at the lower and upper
walls to reproduce free-stream conditions, hence minimizing the interference of the facility on the airfoil. Measurements
were collected at free-stream Mach numbers in the range of 0.7-0.75, a chord-based Reynolds number of Re2 = 3 × 106

and angle of attack in the range of 1.36 - 3.9 degrees. The adoption of static pressure measurements and Kulite sensors
distributed in the vicinity of the mid-span section allowed for the detection of flow unsteadiness at an angle of attack
of 3.1 degrees, culminating in a self-sustained shock-induced oscillation at an angle of 3.5 degrees. For the case at
M = 0.73 and U = 3.5 degrees, a laser Doppler velocimetry (LDV) system was used to acquire velocity-field data and
compute statistics. At all other flow conditions, the pressure measurements are enriched with oil-flow and schlieren
visualizations.

In this work, the study is mainly focused on two flow conditions, with constant Mach number M = 0.73 and angles
of attack of U = 3.5 and 3.9 degrees, representative of fully-established buffet flows.

B. CFD grids and numerical setup

Fig. 1 Computational domain with coloured by boundary conditions. The symmetry plane at I/2 = 1.7 is not
coloured.

Two configurations were analyzed. The first one, corresponding to C3, M3, and F3 in table 1, is a reproduction
of half of the wind tunnel used in the experimental campaign (see fig. 1). The grids adopted for this configuration
are indicated as C3, M3, and F3 in table 1. The upper and lower walls were modelled as slip-walls, and the shape
was extracted from preliminary 2D RANS simulations to replicate the results of the adaptive technique used in the
experimental campaign.

The second configuration was used for 2D and 3D, spanwise periodic, computations. The airfoil is no longer
confined and free-stream values are applied at the far field, at 80c from the airfoil. The three grids used are named C2,
M2, and F2 in table 1 and consist of 46, 66 and 90 thousand cells in the airfoil plane, respectively. 2D simulations were
carried out on the same grids of table 1 with only one cell in the spanwise direction.

In both cases, at the airfoil trailing edge, the same first cell spacing was used in the normal and longitudinal directions
to adequately resolve the flow. At the solid sidewalls, the normal spacing is slightly finer than that on the airfoil because
of the ΔH+ < 1 constraint. The spacing on the slip walls is significantly coarser than on the viscous walls. For the
unsteady simulations, the convergence of the implicit scheme was based on the reduction of the flow field residual with
respect to the previous step. In particular, either 3 orders of magnitude of reduction or 150 inner iterations were reached
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Table 1 Main features of the different grids used for computations.

Grid # #08A 5 >8; #I ΔIF0;;/2 ΔI<0G/2 #H Δ=08A 5 >8;/2 ΔIF0;;B/2 #F0:4 ΔG)�/2 #C>C

C2 280 100 - 0.034 92 5 × 10−6 - 92 5 × 10−6 4.60 × 106

M2 352 150 - 0.023 112 5 × 10−6 - 104 5 × 10−6 9.90 × 106

F2 416 200 - 0.017 128 5 × 10−6 - 120 5 × 10−6 18.0 × 106

C3 405 76 2 × 10−6 0.033 102 5 × 10−6 5 × 10−3 86 5 × 10−6 ' 5.03 × 106

M3 500 100 2 × 10−6 0.025 114 5 × 10−6 5 × 10−3 120 5 × 10−6 ' 10 × 106

F3 510 164 2 × 10−6 0.015 128 5 × 10−6 5 × 10−3 150 5 × 10−6 ' 16.70 × 106
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Fig. 2 Pressure coefficient (left) and RMS (right) around the OAT15A at M∞ = 0.73, Rec = 3 × 106, and
different angles of attack. Experiments (symbols) of [2].

for each unsteady step.

C. 2D Study

Time-Marching Simulations
A preliminary study was conducted on a 2D unconfined configuration. In this case, a uniform 5: value of 0.7

was adopted for the PANS simulations on a 2D grid consisting of about 66 thousand cells (M2 in table 1) with a
non-dimensional timestep of 0.01. The adoption of PANS allowed for resolving the flow oscillations, while URANS
simulations with the SST model led to a steady-state solution even at angles of attack well beyond the buffet onset. A
previous grid and timestep sensitivity study was carried out to conclude that further refinements in the spatial and
temporal discretizations did not affect the predicted buffet frequency, mean values and amplitude of oscillation of
the aerodynamic coefficients. Overall, the distributions of the mean pressure and the root mean square were in good
agreement with the experiments at several angles of attack, both at pre- and post- buffet conditions (see fig. 5). Tab. 1
shows the comparison with the experiments in terms of Strouhal number associated with the main buffet frequency at
different Mach numbers and angles of attack. The agreement with the experiments is again good.

Harmonic Balance Simulations
Here, the results of the harmonic balance computations are presented for an U = 3.5 deg and "∞ = 0.73. The

simulation was initialized with 500 iterations of the steady solver at each snapshot. A pitching oscillation of 5 deg was
then imposed to initialise the harmonic balance computation and prevent it from leading to a steady solution. Following
this step, the airfoil was kept steady and the harmonic balance method was used up to convergence. The procedure was
similar to that used by Plante and Laurendeau [20] for a time-spectral method.

Fig. 3 shows the comparison between the lift coefficient obtained at different snapshots against the time marching
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Table 2 Table of time-marching computations performed for the OAT15A airfoil, Re2 = 3 × 106.

M∞ U Buffet St4G? St=D<
0.73 3.5 yes 0.066 0.067
0.72 3.5 yes 0.062 0.062
0.74 3.5 yes 0.074 0.071
0.73 3.1 yes 0.066 0.067
0.73 3.25 yes 0.066 0.067
0.73 3.9 yes 0.066 0.067

simulation. The comparison is good for increasing number of modes. Nevertheless, using of a small number of
harmonics did not capture all the phases of the shock motion. On the other side, the higher the number of modes, the
higher the CPU costs and the memory requirements. Tab. 3 shows the CPU cost comparison between the harmonic
balance computations with 1, 3, and 5 modes, and the time marching one. In all cases, simulations were run on 8
CPUs. The CPU time considered for this latter was that required to develop the shock oscillation and reach three almost
identical buffet periods. The CPU cost grows significantly with the number of modes but never exceeds that of the
PANS simulation. In all cases, the CPU time needed by the HB computations did not exceed that of the TMS.

t/t*

C
L

0 5 10 15

0.8

0.9

TMS

N
H
 = 1

N
H
 = 3

N
H
 = 5

N
H
 = 7

t/t*

C
D

0 5 10 15

0.03

0.04

Fig. 3 Lift (left) and drag (right) coefficients obtained with time marching simulations (TMS) and harmonic
balance (HB)with different number ofmodes for the flow around theOAT15A airfoil at Re2 = 3×106, M∞ = 0.73
and U = 3.5 deg.

Fig. 4 shows how the 2D buffet motion is well predicted by means of Mach contours and the direct comparison with
the TMS counterpart. The 7-mode computation, shown here, has a sufficient number of modes to describe buffet in all
its phases, putting into evidence the interaction between shock and boundary layer across a period of buffet. One period
includes the creation of the shock foot separation region, merging into one separated flow region from the shock foot
to the airfoil trailing edge, the upstream shock motion with a fully separated boundary layer, and the boundary layer
reattachment. The same flow characterization, although not shown here, was provided by simulations with a smaller
number of harmonics (#� = 3, 5).

Table 3 CPU time for the time marching and harmonic balance airfoil computations.

No. modes CPU time [h] Saving
TMS 16.98 -
1 1.59 91%
3 5.91 65%
5 11.56 32%
7 15.10 11%
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Fig. 4 Mach number contours for the flow around the OAT15A airfoil computed with TMS (left) and HB
(right) at different phases in a buffet period (Re2 = 3 × 106, M∞ = 0.73 and U = 3.5 deg). From top to bottom:
most downstream position, upstream moving shock, most upstream position, downstream moving shock. The
dashed, black lines represent the zero-longitudinal velocity isolines.

D. 3D results

1. Time-marching Simulations
The time marching simulation was repeated at the same flow conditions in the 3D configuration accounting for the

wind tunnel walls. For this case, PANS was used with a dynamic evaluation of the parameter 5: (see eqs. (5) and (6)).
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Several simulations were performed at U = 3.5 and 3.9 degrees, using different grids and time steps. Because some
details about the experiments are not known, the effect of some parameters was investigated to find the correct simulation
setup. In particular, the transition location and wind tunnel back pressure were varied. Moreover, the comparison
between the estimates of 5: introduced in the previous section is shown. Where not specified, the coarser grid of table 1
was used.

5: investigation. Here the different 5: distributions were compared. A previous study [21] revealed that the correct
value of �%�#( for the actual configuration and grid size is 0.5 when the estimate of Luo [22] (eq. (5)) is used. That
value reduced enough the eddy viscosity in the region around the trailing edge. The formation of two distinct separated
flow regions, one at the wing-wall junction and the other at the trailing edge, was seen. Fig. 5 shows the comparison
between the 5: distributions provided by the two estimates. The similar behavior obtained allowed concluding that
the model of Elmiligui et al. [23] (eq. (6)), at least for the present case, is a better option because it does not need the
calibration of any parameter. The model acted by lowering the level of eddy viscosity while it maintained values of �:
close to 1 in the boundary layer and the far field region, i.e. switching the formulation to RANS. The estimate in eq. (6)
also guarantees a slightly later transition from the RANS region in the boundary layer with respect to eq. (5). From now
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0.06

<U>/U
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f
k,1

f
k,2

(a) G/2 = 0.28

0 0.5 1 1.5
0
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0.04

0.06

(b) G/2 = 0.45

0 0.5 1 1.5
0
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0.06

(c) G/2 = 0.60

0 0.5 1 1.5
0

0.02

0.04

0.06

(d) G/2 = 0.75

Fig. 5 Instantaneous profiles of horizontal velocity, turbulent-to-molecular viscosity and 5: for the flow around
the OAT15A at Re2 = 3 × 106, M∞ = 0.73 and U = 3.5 deg. Current shock position is G/2 ' 0.5. In the plot
legend, 5:,1 and 5:,2 refer to the estimates of eqs. 5 and 6, respectively.

on, the estimate of eq. (6) was used.

Back pressure influence. The wind tunnel back pressure value also plays a role in the correct prediction of this
phenomenon, unlike unconfined configurations where the free stream is far away from the airfoil and the influence is
reduced. Since the exact value is not available from the experiments, we had to investigate the role of this parameter.
The adopted values of the back pressure were equal to and 99% of the inlet pressure, 1. The lower the back pressure the
larger the amplitude of oscillations. Moreover, because of the viscous sidewall, some losses are introduced and there is
a need for lower back pressure with respect to the inflow. The application of such correction resulted in an increase in
the shock oscillation amplitude over the wing section.

Transition to turbulence. Here the role of the laminar-to-turbulent transition of the boundary layer is investigated.
The transition was fixed by imposing `) /` = 0 at different streamwise locations, i.e. G/2 = 0.07, 0.25, and the results
were compared with the fully turbulent case. The first value selected corresponds to the actual location of the tripping
device in the experiments, while the second was chosen to account for eventual delays in the boundary layer transition to
turbulence. Fig. 6 shows the streamwise velocity component on the upper surface over time for the three cases. The
separation line is represented by the solid, black line. Although the average shock position moves downstream with a
later transition, when the transition is set to G/2 = 0.25, a second separated flow region arises in the laminar part of the
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boundary layer close to the leading edge of the airfoil. This reflects in a higher value of the pressure fluctuation in
the first part of the airfoil with respect to the other cases and an under-prediction of the �? on the suction side. The
transition location was fixed for subsequent computations to G/2 = 0.07 in agreement with the experimental tripping
location.

(a) Fully turbulent (b) GCA/2 = 0.07 (c) GCA/2 = 0.25

Fig. 6 Temporal evolution of the streamwise velocity component on the upper surface of the OAT15A airfoil at
I/2 = 1.6 for different transition locations. The solid, black line represents * = 0 isoline. Re2 = 3 × 106, M∞ =
0.73 and U = 3.5 deg.

Value of 5: clip. The effect of the inferior clip of the parameter 5: was also studied for different angles of attack. This
value is strongly related to the mesh resolution. Indeed, without clipping 5: , the risk of too low eddy viscosity in some
regions of the flow field is high, especially for coarse grids. Fig. 7 shows the pressure coefficient and RMS for two
different values of 5:,inf. A too low value of the clip, 0.4 in this case, results in a too upstream shock position with
respect to the experiments. The low level of eddy viscosity promotes boundary layer separation and raises the level of
flow unsteadiness at the TE. With the current mesh resolution, this level of eddy viscosity leads to wrong predictions of
the global flow features. Conversely, adopting the higher value of 0.6, the prediction is improved, at both angles of
attack. The comparison is, overall, good for both angles of attack, as shown in fig. 7.
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Fig. 7 Pressure coefficient and RMS around the OAT15A at M∞ = 0.73, Rec = 3 × 106 for different angles of
attack and clip of 5: .

Study on different resolutions. Here the role of the mesh was investigated. The Q-criterion isosurface in fig. 8 shows
that the approach captures the unsteadiness associated with the buffet and is able to predict structures with increasing
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resolution as the grid size increases. The finer grid was employed with a reduction of the time step to one-half of
the initial one. The spanwise discretization of the C3 anf M3 grids did not allow the resolution of smaller structures
associated with the turbulence in the separated region and the wake. Using the finer grid it was possible to predict large
vortical structures in the spanwise direction as shown in the experiments of Jacquin. et al. [2]. Therefore, the spanwise
discretization adopted in the coarse and medium grids is not enough to achieve the desired flow resolution. In this case,
although the boundary layer is separated from the shock foot to the leading edge, the structures generated under the
influence of the sidewall cannot propagate towards the center of the tunnel. The case is analogous to the computation of
Thiery and Coustols [24], where the flow oscillation was predicted and just a hint of flow three-dimensionality was
shown through friction lines. In that case, possibly because of the use of a RANS-like grid, large vortical cells could not
be established along the span. The buffet dynamics will be treated in further detail in the following.

(a) Grid C3 (b) Grid M3 (c) Grid F3

(d) Grid C3 (e) Grid M3 (f) Grid F3

Fig. 8 Iso surfaces of Q-Criterion at & = 0.1 for the confined configuration at different grid sizes. Top: most
downstream shock position; bottom: most upstream shock position. Re2 = 3 × 106, M∞ = 0.73 and U = 3.5 deg.

In all cases, the overall agreement with the experiments of �? and %'"( , shown in fig. 9 is satisfactory. The mean
shock position slightly moved upstream when a finer grid was used. The reason was mainly due to the non-uniform
shock front and the presence of the stall cells on the suction side. Moreover, the finer grid adopted at the trailing edge,
together with the smaller timestep, allowed for the resolution of smaller scales and an increase in the level of fluctuations.
This was also beneficial in terms of the mean pressure coefficient. A slight gap in terms of pressure coefficient is present
on both sides. This is possibly due to the lack of knowledge of the experimental setup and differences in the adaptive
wall shape between the experiments and the CFD simulations.

Flow topology and buffet dynamics. In the previous section, the average pressure coefficient and pressure RMS
were shown. Here, also the mean longitudinal component of the velocity and the RMS are shown in fig. 10 and fig. 11,
respectively. The statistics were computed over several buffet periods of the simulation on the F3 grid. The probes
were located at the same position as in the LDV measurements, i.e. around I/2 = 1.32, where I = 0 is the sidewall and
I/2 = 1.7 is the symmetry plane. The pressure gap shown in the previous section coincides with a gap in the velocity
outside of the boundary layer, particularly evident at G/2 = 0.4. The slightly shock most upstream position results in
a difference in the RMS peak at G/2 = 0.4, while the agreement is remarkable on the second part of the airfoil. At
G/2 = 0.28, since the fluctuations in the boundary layer are not resolved, the RMS is practically zero, unlike in the
experiments. Overall, very good agreement was found with the experiments.

The usage of PANS introduced benefits in the prediction of transonic buffet. The URANS simulation converged
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to a steady-state after some characteristic time units, while PANS was able to predict the buffet. In the former case,
the corner separation induced a spanwise flow deviation at the trailing edge that prevented the flow from separating.
Even if the flow separated at the shock foot, the separation region did not merge with the one at the trailing edge and
the buffet was inhibited. The main reasons can be found in an excessive flow separation at the corner, together with
a too high level of eddy viscosity given from the URANS in the post-shock region. Therefore, the presence of the
tunnel walls did not help the development of the self-sustained shock oscillation. Conversely, the PANS simulation
predicted a buffet flow that develops following a precise pattern. Approaching the most downstream position, the
flow is attached and the shock strength increases until the flow separates underneath; at the same time, trailing edge
separation occurs due to the reduced eddy viscosity. The two regions merge around the centerline inducing a flow
acceleration between the corner and central separated regions. The effect of this is the creation of a vortical structure at
the interface between the attached and separated boundary layer. When the flow is fully separated after the shock, this is
affected by the disturbances coming from the trailing edge, and the shock begins to move upstream. In parallel, the
aforementioned vortical structures propagate in the separated region and extend to the entire wingspan giving rise to
a separated region characterized by large stall cells, in agreement with what was observed in the experiments. This
reflects in a non-uniform shock front. Approaching the most upstream position, the shock strength decreases and the
flow reattaches completely so that a new period begins with the shock moving downstream.

The strong flow three-dimensionality is confirmed by the numerical schlieren visualizations in fig. 13. The
visualizations were obtained by averaging the density gradient magnitude in the spanwise direction and compared with
the experimental images in fig. 13. At the most downstream position, the shock front is straight for the greater part of
the span and slightly deflects near the sidewall. At this condition, the boundary layer is attached. On the other hand, at
the most upstream position, there is a large flow separation, and the shock front is not uniform. This is confirmed by the
wide region of high density gradient (the predominant component is in the longitudinal direction) in the right plots in
fig. 13.

2. Harmonic Balance Simulations
In the same way as in 2D computations, to initialize the 3D harmonic balance calculation, the solution must be

perturbed. Without using an overset grid method, the entire CFD domain is pitched to change the angle of attack
associated with each of the snapshots. If no slip wall conditions are applied from the beginning on the upper and lower
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walls, the effective angle of attack does not vary. Therefore, in the first instance, far-field conditions were applied on the
upper and lower walls. Then the wing was kept steady and boundary conditions were eventually applied.

The computations were conducted on an unconfined configuration with spanwise periodic boundary conditions
and the same spanwise extent of the experimental facility (!H = 3.42). Three grids were tested to mainly investigate
the effect of the spanwise discretization adopted. In this view, the spanwise grid spacing was kept the same as in the
3D cases. Also, the numbers of harmonics adopted were #� = 3, 5 and 7. The absence of solid walls resulted in a
2D behavior in all cases. Therefore, the results are similar to those of section III.C. Fig. 14, left plot, shows the mean
pressure coefficient distribution for the different cases. The mean is computed by taking the average over a limited
number of snapshots (see fig. 14, right plot). Therefore, the pressure coefficient distribution slightly varies from case to
case. Nevertheless, the results are insensitive to the grid size and the number of harmonics. The occurrence of 3D cells
on the airfoil upper surface in the spanwise direciton was not found in this case, confirming the importance of viscous
walls at the sides of the CFD domain. This is confirmed by fig. 14, right plot, putting into evidence the similarity
between the harmonic balance results and the 2D TMS more than the 3D TMS case. As in section III.C, accounting for
a number of harmonics equal or higher than 3 allows for an accurate representation of the shock motion.

13



Fig. 12 Surface friction lines at different phases of the buffet period.
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(a) Most downstream position (b) Most upstream position

(c) Most downstream position (d) Most upstream position

Fig. 13 Numerical (top) and experimental (bottom) schlieren visualizations. Pictures of the experiments taken
from [2].

IV. Conclusions and Ongoing Work
This work assessed the ability of the harmonic balance method to deal with transonic buffet. Hence, this technique

was applied for the transonic flow at high Reynolds number around the OAT15A airfoil in conjunction with a partially-
averaged Navier-Stokes formulation of the governing equations. This latter proved to be helpful in better resolving the
unsteady flow.

First, a study on a 2D unconfined configuration helped to assess the ability of the time marching simulation to
capture the self-sustained oscillations. The harmonic balance method applied to this case captured the buffet motion
at a reduced CPU cost. While an SST-URANS computation failed at reproducing the shock-induced oscillations, the
SST-based PANS approach gave better results. Therefore, the PANS approach was used even in the 3D computations.

The time marching simulations applied to the full configuration showed a 3D behavior under the influence of the
wind tunnel walls, in agreement with the experiments. Here, a separated flow region takes place at the sidewall and
large vortical structures are detected when the shock moves upstream. The effect of the tunnel back pressure, transition
locations, and the clip of the 5: parameter were also investigated.

Harmonic balance computations were then performed for an unconfined 3D configuration and showed that if a
sufficient number of modes is retained in the computation, the technique is able to accurately describe the shock
oscillation. A finer discretization, unlike for time-marching simulations, did not allow the prediction of buffet cells on
the suction side of the airfoil, underlining the importance of the viscous walls for the flow under analysis.

Future works will be devoted to improving the ability of the harmonic balance technique to deal with 3D buffet flows.
In particular, new strategies to initialize the harmonic balance computation will be tested. Moreover, the influence of
the spanwise extent of the CFD domain on the development of buffet cells will be investigated for both confined and
unconfined configurations.
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