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Abstract
A study of transonic buffet on the NASA Common Research Model at flight Reynolds numbers is presented. The ability of 
two different hybrid RANS/LES models as well as the URANS approach for resolving three-dimensional buffet motion was 
evaluated by means of spectral analysis. Automated Zonal DES and URANS simulations show similar results in terms of 
buffet frequency and spanwise propagation of buffet cells, whereas the Delayed Detached Eddy Simulation results indicate a 
strong interaction between flow separation and shock motion. The extracted characteristic frequencies which are associated 
with transonic buffet are located in a range of Sr = 0.2–0.65 for URANS and AZDES and are therefore in accordance with 
findings from related recent research. Furthermore, the simulation time series were investigated and a structure of spanwise 
moving buffet cells with varying convection speed and wavelength could be observed.
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1  Introduction

Safety and efficiency improvements play a major role in 
the development of modern transport aircraft. Since cruise 
flight in the transonic regime is the primary part of a typi-
cal flight connection, the investigation of the aerodynamics 
in this phase is of special interest. This requires a better 
understanding of the flow effects determining its bounda-
ries. The accurate prediction of aerodynamic phenomena 
that occur under these conditions remains a challenging task 
due to the occurrence of locally supersonic flow above the 
upper surface of the wing and the associated shocks and 
shock–boundary layer interaction. If the Mach number or the 
angle of attack are increased, these phenomena can result in 
transonic buffet, a complex unsteady shock motion coupled 

with shock-induced flow separation. Transonic buffet can 
lead to dynamic loads on the airplane structure, which 
causes a demand of improving its prediction. Furthermore, 
shock-induced flow separation results in an unsteady turbu-
lent wake, which can interact with the aircraft’s tailplane 
and induces fluctuating loads [12]. Because of the complex 
turbulent motion in the wake, scale resolving simulation 
methods are necessary to ensure a proper reproduction of 
flow physics in this area [19]. In addition, the knowledge 
of the influence of these conditions on the location of flow 
separation is essential for the prediction of the turbulent 
wake’s propagation and development. As a consequence, it 
is imperative to validate the prediction of the phenomena in 
the vicinity of the wing surface with these methods, before 
moving on to studies on the flow physics and interactions 
in the wake.

1.1 � Studies and physics of the buffet phenomenon

While transonic buffet on airfoils has been a well researched 
phenomenon in the last decades, giving rise to different 
approaches for its underlying physical mechanisms, e.g. [3, 
17], an increasing number of studies on swept wings has been 
carried out in recent years to investigate buffet on more real-
istic configurations. These studies led to the conclusion that 
transonic buffet on three-dimensional configurations repre-
sents an even more complex phenomenon due to interaction 
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with three-dimensional flow separation and spanwise flow 
effects. Iovnovich and Raveh [13] investigated the influence 
of sweep angle on the buffet phenomenon for generic wings 
by means of CFD. Their work comprises wings of finite and 
infinite aspect ratio. The latter were modeled with a zeroth-
order extrapolation boundary condition. They observed that 
the propagation of pressure disturbances in spanwise direc-
tion becomes dominant with increasing sweep angle. These 
pressure disturbances occur at the rear part of the shock in 
the area of the wing root and propagate toward the wing 
tip. The resulting shock–boundary layer-interaction leads to 
local shock oscillations, which move to the wing tip as so-
called buffet-cells. This mechanism reveals higher buffet fre-
quencies in comparison to two-dimensional buffet, which are 
attributed to an increased cross-flow with increasing sweep 
angle. However, the origin of the pressure fluctuations in the 
area of the wing root remains open. Another buffet model 
was proposed by Crouch et al. [4], who performed a global 
stability analysis based on URANS simulations of swept and 
unswept wings. They postulate that buffet on swept wings 
is associated with a global flow instability, but with a dif-
ferent primary instability mode than on two-dimensional 
or unswept wings, which agrees with the observed higher 
characteristic frequencies. For high-speed stall on airplane 
configurations, experimental studies were published for the 
NASA Common Research Model (CRM) [33] at low Reyn-
olds numbers [15, 29] and at the AVERT model [5], which 
characterize the three-dimensional buffet phenomenon and 
describe the spanwise propagation of the observed buffet 
cells. Koike et al. [15] have established a classification of 
the shock oscillation on the CRM for three different angles 
of attack. This and earlier studies suggest that in contrast 
to the two-dimensional phenomenon at airfoils, transonic 
buffet at wings is accompanied by a broadband pressure fluc-
tuation. Paladini et al. [21] evaluated various experimental 
investigations on 3D buffet and derived case-independent 
characteristic Strouhal numbers and spanwise convection 
velocities. This study also remarks that, in contrast to 2D 
buffet, fundamentally different physical mechanisms prevail 
and that the characteristic frequency ranges are wider than in 
the 2D case. Timme [31] investigated the buffet instability 
mechanisms at the CRM by means of global modal analy-
sis of RANS simulations. He concluded that buffet onset is 
connected with one single unstable oscillatory eigenmode. 
Moreover, additional unstable oscillatory modes beyond buf-
fet onset agree well with the frequency range of transonic 
buffet, which is observed in recent research. A recent review 
of investigations on transonic buffet by Giannelis et al. [9] 
concluded that a general model for the description of tran-
sonic buffet has not yet been attained.

While the previous studies focus on the simulation of 
transonic buffet by means of URANS approaches, Sartor 
et al. [23] applied the hybrid RANS/LES model Delayed 

Detached Eddy Simulation (DDES) for buffet conditions on 
an airplane configuration. The simulation results showed a 
good agreement between the statistics of the surface pressure 
distribution and the underlying experiments. They concluded 
that the unsteady RANS approach is able to reproduce the 
major flow phenomena associated with transonic buffet. In 
addition, the DDES method showed advantages regarding 
the reproduction of flow physics and agreement with experi-
ments. Ishida et al. [14] were also able to qualitatively repro-
duce transonic buffet at the CRM using a Zonal Detached 
Eddy Simulation (ZDES) method at low Reynolds numbers, 
whereas no quantitative agreement with the measured data 
could be achieved. Hashimoto et al. [10] improved these 
results by means of an additional wall model and were able 
to observe 3D buffet.

Several studies on the simulation setup for the investiga-
tion of transonic buffet on the CRM at flight Reynolds num-
bers have been made in recent years. Illi et al. [12] identified 
two principal issues of linear eddy viscosity based URANS 
simulations: an excessive, unphysical corner separation in 
the wing-body junction affecting the buffet motion and the 
excessive dissipation of turbulent structures in the separated 
wake of the CRM. As Togiti et al. [32] showed, the cor-
ner flow separation can be prevented using Reynolds stress 
transport models. They also observed a significant reduction 
of the corner flow separation by applying eddy viscosity 
models in combination with the quadratic constitutive rela-
tion (QCR) [25], which improves the prediction of Reyn-
olds stress anisotropy. The wake dissipation issue can be 
tackled with hybrid RANS/LES models that allows further 
investigation of the turbulent wake downstream from areas 
with shock-induced flow separation. For this reason Lutz 
et al. [19] employed a first version of the hybrid RANS/LES 
model Automated Zonal DES (AZDES) coupled to the SSG/
LRR-� Reynolds stress model to simulate the shock-induced 
separated wake behind the CRM and achieved encouraging 
results. The present study focuses on the capability of dif-
ferent simulation approaches to reproduce three-dimensional 
transonic buffet. The first sections of the paper introduce and 
compare the applied hybrid RANS/LES models and present 
the numerical setup. Subsequently, spectral analyses of the 
pressure coefficient on the wing surface are discussed. In the 
last part, a study of the spanwise propagation and properties 
of the observed buffet cells is presented.

2 � Hybrid RANS/LES‑modeling

While the main buffet phenomena can be captured by 
URANS, as Crouch et al. [4], Thiery and Coustols [30] or 
Sartor et al. [23] demonstrated, these methods are unsuitable 
for the further investigation of the phenomena in the turbu-
lent wake due to excessive dissipation of turbulent motion. 
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On the other hand, the computational cost of fully resolved 
or wall resolved LES for an aircraft configuration at flight 
Reynolds numbers is too high, even for current supercom-
puters. However, the conditions on the separation location 
of the turbulent wake as well as a proper reproduction of 
wake turbulence are both essential to successfully per-
form simulations and investigations on the entire airplane. 
Hence, hybrid RANS/LES models such as the Detached 
Eddy Simulation (DES) are an appropriate way to tackle 
this problem. These methods combine low computational 
cost in the vicinity of the wing surface (RANS mode) with 
scale resolving behavior in regions of separated flow and tur-
bulent motion (LES mode). The popularity and use of such 
methods has led to numerous modifications of the original 
DES model to mitigate the dependency of RANS/LES areas 
on mesh resolution. The Delayed Detached Eddy simulation 
(DDES) [27], for example, considers local flow quantities 
to shield the boundary layer so that LES mode is only acti-
vated in areas of detached flow and thus reduces problems 
such as grid-induced flow separation (GIS). This function 
is implemented by introducing a delay parameter fd in the 
length scale formulation

where CDES is a constant of order 1 and � is the chosen filter 
width model. Hybrid RANS/LES models have been used in 
the high-speed stall of transport aircraft configurations for 
low Reynolds numbers [14, 23]. Furthermore, their appli-
cation was successfully tested on the CRM in low-speed 
stall conditions at high angles of attack [34]. Despite the 
mentioned improvements, grid-induced flow separation 
is still an issue that concerns smooth geometries without 
a clearly defined separation point. Too fine grid resolution 
may cause a collapse of the shielding in the boundary layer 
area and lead to an incursion of the LES region into parts 
of the boundary layer as well as to premature flow separa-
tion [1]. Schulte am Hülse [11] showed that DDES is capa-
ble of resolving the separated wake of the OAT15A airfoil. 
However, he pointed out that shock motion and position are 
strongly influenced by the hybrid model, the grid resolu-
tion and other computational parameters. Grids with a too 
fine resolution cause the shock to remain in a far upstream 
position. Consequently, massive separation occurs and buffet 
cannot be reproduced. These observations are in agreement 
with those of Garnier and Deck [8], who described a con-
nection of the periodic shock motion behavior with the LES 
filter width.

2.1 � Automated zonal DES (AZDES) approach

As a consequence of the issues of conventional hybrid 
RANS/LES approaches described in the previous section, 

(1)LDDES = LRANS − fd ⋅max
(

0, LRANS − CDES�
)

,

the AZDES method was proposed by Schulte am Hülse [11] 
and first prototype applications were shown at the CRM [19]. 
The aim of this method is to extend the shielding of the 
attached boundary layer and consequently treat the shock 
and boundary layer region in RANS mode. The resolution 
of separated flow and the turbulent wake in LES mode ena-
bles further investigations of the flow phenomena in these 
regions. This scale resolving behavior is realized by acti-
vating the DDES model outside of the pre-defined RANS 
areas. The main difference to Deck’s [6] ZDES model is the 
zone derivation based on an evaluation of solution-based 
quantities of a precursor URANS simulation. Consequently, 
regions of separated flow can be treated in DDES mode inde-
pendently of the zonal DES parameters that relate to the wall 
distance. The extend of this area can be influenced by the 
user. Similar to ZDES, a blending function fa separates the 
zones of RANS behavior, where fa = 0 , and DDES behav-
ior, where fa = 1 . Based on two user-defined, wall distance 
dependent parameters dRANS and dDES as well as on areas of 
separated flow, the RANS/LES interface is determined in 
three steps. In order to enable early switching from RANS 
mode to DDES mode in areas of separated flow, fa is initially 
defined by a user-defined threshold value Lc of the turbulent 
RANS length scale Lt . The distribution of Lt in the flow field 
is cumulated in a precursor URANS simulation of the same 
flow conditions. This intends to introduce an estimate of the 
overall extent of the separation region into the zone deriva-
tion and influences fa as described in Eq. 2.

Subsequently, f Lca  can be modified by dRANS . Close to the 
wall , i.e. when the wall distance d < dRANS , the value of 
fa follows

Finally, the parameter dDES defines a wall distance, above 
which resolved content is allowed independently of the 
state of flow separation. This parameter modifies f Lca  where 
d > dDES with

A schematic representation of all parameters is illustrated 
in Fig. 1. Areas with fa = 0 (red) are treated in RANS mode 
whereas fa = 1 (white) allows LES mode by activating the 
DDES model. Based on parametric studies at the OAT15A 
airfoil and the CRM, values of dRANS∕MAC = 0% and 
dDES∕MAC = 6% are considered to be case-independent and 
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independent of the turbulence model. The value of Lc∕MAC 
is selected so that the DDES area has only a minor influence 
on the buffet behaviour determined by the URANS mode. 
However, since the buffet characteristics are sensitive to this 
parameter, it should be verified for new flow cases and tur-
bulence models. It is assumed that Lc∕MAC = 7% , which 
is used in this work, can be used as a reference value for 
simulations of aircraft configurations with the SA turbulence 
model. For a more reliable statement towards the generality 
of all three parameters the testing of the AZDES model on 
other aircraft configurations is part of future research.

3 � Computational setup

In the context of the European ESWIRP project, the flow 
around the CRM under transonic conditions was measured 
in a wind tunnel campaign at the European Transonic Wind 
Tunnel (ETW) in Cologne, Germany [18]. The simulations 
in the present work replicate this test campaign’s inflow con-
ditions to ensure comparability and enable future validation 
of simulation data. However, the wind tunnel support system 
is not considered. The results in the following section were 
obtained using a hybrid grid that represents a half model of 
the CRM. The wind tunnel model’s scale of 2.7% leads to a 

mean aerodynamic chord (MAC) of 0.189 m. The grid, as 
shown in Fig. 2, consists of near-wall prisms and hexahedral 
elements with a proper boundary layer resolution and y+ < 1 
on the fuselage and wing surfaces. The majority of the upper 
surface of the wing is discretized using quadrilateral ele-
ments, which are kept as isotropic as practically possible. 
Additionally, a block of near-isotropic hexahedra above the 
boundary layer mesh of the wing’s suction side is embedded 
in the grid. The cell size of this block was chosen accord-
ing to a local convective CFL (Courant–Friedrichs–Levy) 
number of 1 following the guidelines of [28]. This ensures 
a sufficient spatial resolution of the shock and the separated 
flow area for the use of hybrid RANS/LES models. During 
the wind tunnel campaign, the aeroelastic deformation of the 
CRM geometry was measured using stereo pattern tracking 
(SPT). For the present flow conditions, a maximum twist of 
2◦ and an upward bending of 30 mm were observed near the 
wingtip. This results in a change of the local angle of attack. 
Therefore, the impact of these deformations on the local 
pressure distribution, the shock position and transonic buffet 
is expected to be significant. Consequently, the measure-
ment data of the wing’s twist and bending distribution was 
incorporated in the CFD geometry by means of a static mesh 
deformation. A more thorough description of the deforma-
tion mechanism is provided in [19]. The farfield of the grid 
with a radius of 50 times the model length is filled up with 
tetrahedra, which leads to an overall number of grid points 
of around 36 × 106.

Table 1 lists the flow conditions of the simulations. 
Due to the cryogenic conditions, nitrogen with the suther-
land parameters listed in Table 2 is used as working fluid. 
According to Schulte am Hülse [11], Timme [31] and Sug-
ioka et al. [29] transonic buffet can be expected for these 
values.

All simulations in this paper were performed using the 
TAU flow solver by DLR [24]. TAU is a finite volume solver 
using unstructured grids via a cell-vertex dual grid approach. 
Second-order accuracy in space is achieved by a central dif-
ferencing scheme for the convective terms. TAU’s matrix 
type artificial dissipation is chosen to reduce the numerical 
dissipation of small scale structures. More specifically, a 

Fig. 1   Sketch of fa distribution around an airfoil and the relevant 
AZDES parameters

Fig. 2   Outer layer of the CRM boundary layer mesh, hexahedra: 
blue, prisms: green, hexahedral mesh on the wing surface: red, slice 
through the wing mesh at � = 0.6

Table 1   Flow conditions and geometric parameters

Ma∞ Re∞ p
0

T
0

MAC �

0.85 30 × 106 303 kPa 115 K 0.189144 m 5◦

Table 2   Gas constant and sutherland parameters for nitrogen

R C T
0

�
0

296.8 J

kg K
111.0 K 300.55 K 17.81 × 10−6
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ratio between matrix and scalar dissipation of 80/20 and a 
fourth-order dissipation coefficient of 1/256 were chosen. 
This represents the dissipation settings that come closest to 
the recommendation for hybrid RANS/LES simulations in 
the DLR TAU-code user guide [7] and still allow a numeri-
cally stable solution for all simulations. The skew symmetric 
scheme proposed by Kok [16] and a first-order Roe scheme 
are applied for the discretization of the meanflow fluxes and 
the turbulence fluxes, respectively. Time integration is real-
ized with an implicit backward Euler scheme. A lower-upper 
symmetric Gauss–Seidel scheme is used as a linear solver. 
The dual time-stepping scheme is applied for all unsteady 
simulations and enables second-order accuracy in time. The 
physical time step size of 6.67 × 10−6 s represents 150 time 
steps per convective time unit t∞ = MAC∕u∞ , the number of 
inner iterations was set to 100. A CFL number of the implicit 
pseudo time steps of two is chosen. Acceleration of conver-
gence was realized with a 3 v multigrid cycle. Two turbu-
lence models were employed: the Spalart–Allmaras (SA) 
model [26], specifically the version without trip-term ft and 
turbulence suppression term ft2 , and the SSG/LRR-� Reyn-
olds stress model [2]. The QCR extension [25] was activated 
for the SA model. Initial steady-state computations with a 
ramp-up of the angle of attack until � = 5◦ were performed 
to gain a proper starting point for the unsteady simulations. 
The AZDES mode requires a precursor URANS simulation, 
which was run over 80 convective times related to the MAC 
in order to get a representative distribution of the turbulent 
length scale. The �max filter, based on the maximum edge 
length of the grid cells, is used for the hybrid RANS/LES 
simulations.

4 � Results and discussion

In the following section, the results of URANS, AZDES and 
DDES simulations will be compared to assess the different 
models’ capabilities of resolving the shock motion on the 
wing’s suction side. As already indicated in the previous 
section, a study of buffet onset criteria at the CRM [11] sug-
gested that, at the underlying inflow conditions, buffet sets in 
at 𝛼 > 3.7◦ . �� ∶ ��  Furthermore, investigations at lower 
Reynolds numbers of Timme [31] and Sugioka [29] also 
predict buffet onset in the range of � ≈ 3.7◦ . These studies 
comprise a range of Reynolds numbers from 1.5 × 106 to 
30 × 106 . A fully turbulent boundary layer is assumed in 
all studies. This indicates a minor influence of the Reyn-
olds number on the onset of transonic buffet under the con-
dition of a turbulent boundary layer in the shock region. 
Therefore, it is expected that buffet motion occurs at the 
current flow conditions and the investigated angle of attack. 
An evaluation of the turbulence models shows that simula-
tions with the SSG/LRR-�-Reynolds stress model for inflow 

conditions according to Table 1 lead to a static shock posi-
tion without buffet motion. The SA turbulence model with 
QCR-extension developed an unsteady motion of spanwise 
convecting buffet cells. The different behavior with regard 
to buffet motion can be attributed to different levels of eddy 
viscosity. The SA model yields significantly lower values 
of eddy viscosity near the wing surface and in the region 
of separated flow compared to the RSM. This may lead to a 
damping of the shock oscillation in case of the latter, which 
finally leads to a static shock position. This dependency of 
the ability to resolve transonic buffet on the eddy viscosity 
level was also observed by Sartor et al. [23]. The differences 
in the shock unsteadiness between the SA model and the 
SSG/LRR-RSM can be seen in Fig. 3 by means of the root 
mean square of the surface pressure coefficient, shown on 
the wing’s suction side. Due to these findings, the present 
work focuses on simulations with the SA turbulence model 
to capture the unsteady phenomena.

4.1 � Comparison of hybrid RANS/LES models

To obtain a better understanding of the properties of the two-
hybrid RANS/LES approaches concerning 3D buffet, we 
analyze the distribution of RANS/LES zones on the CRM 
wing. As described in Sect. 2.1, it is the distribution of the 
turbulent length scale from a URANS simulation, combined 
with three user-adjustable parameters, that determines the 
AZDES model’s distribution of zones with RANS and DES 
behavior. In contrast to DDES, this interface stays constant 
over the simulation time and does not change depending 
on the local flow conditions. Figure 4 visualizes the turbu-
lent RANS length scale Lt in a slice at � = 0.6 . The chosen 
threshold Lc∕MAC = 7% , which is used for the AZDES 
zone interface definition in this work, is plotted in blue.

Fig. 3   RMS of the pressure coefficient, URANS simulations with the 
SSG/LRR-�-RSM and the SA turbulence model, blanking of areas 
cp, RMS < 5 × 10−4
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Based on this value, Fig. 5a shows the RANS zone 
distribution in several slices at the CRM wing. A hybrid 
mode value of 0 represents RANS behavior, a value of 1 
DES behavior of the hybrid model. Time-averaged surface 
pressure contours are shown as a reference. In comparison, 
Fig. 5b shows the respective RANS area distribution of the 
DDES simulation. It can be seen that the AZDES approach 
and the chosen settings lead to a thicker RANS area 
around the wing surface, shielding the attached boundary 
layer from resolved turbulence. At the same time, the LES 
region approaches the wing surface in areas of separated 
flow, which is detected via an increased value of Lt , see 
Fig. 4.

In this flow case, the area of flow separation is located 
approximately between � = 0.4 and � = 0.7 . Due to these 
observations, AZDES is expected to have a RANS like 
behavior in the vicinity of the wing, with only minor inter-
action between the resolved turbulence and the shock. In 
contrast to this, DDES leads to a thin RANS layer, particu-
larly after the shock, which suggests a stronger impact of 
resolved LES content on the boundary layer and the shock. 
Figure 6 shows a slice of the mean pressure coefficient at 
� = 0.603 of URANS, AZDES and DDES simulations, 
as well as experimental data from ETW wind tunnel tests 
of the ESWIRP project [18]. All three computations show 
reasonable agreement with the experiment in the shock 
region. However, an accurate validation of the shock posi-
tion is difficult due to the coarse spacing of pressure taps 
in this area. Out of all three approaches, DDES yields the 
most upstream and URANS the most downstream shock 

position. AZDES and URANS predict the mean surface 
pressure in all parts of this slice in good accordance with 
the wind tunnel results, whereas DDES underestimates the 
pressure level and its chordwise gradient in the rear part 
of the wing’s suction side.

4.2 � Spectral analysis results

Since no unsteady experimental data was gathered during the 
ESWIRP measurement campaign, unsteady measurements of 
Koike et al. [15] are consulted. These data were gathered at 
an 80% scale CRM wing, a slightly lower angle of attack of 
4.84◦ and a lower Reynolds number of Re = 1.515 × 106 . 
Since the Reynolds number differs by a factor of 20 and 
there is a discrepancy in the angle of attack, the measure-
ment data can only be used to enable an approximate, quali-
tative comparison of unsteady phenomena. Figure 7 shows 
the root mean square values of the pressure coefficient on a 
slice through the wing at � = 0.6 . This slice corresponds 
to the position investigated by Ohmichi et al. [20] as well 
as one spanwise position of the unsteady pressure meas-
urements by Koike et al. [15]. The experimental data was 

Fig. 4   Distribution of the turbulent length scale on the CRM wing at 
� = 0.6 and AZDES cutoff value Lc∕MAC = 7% in red

Fig. 5   Mean pressure coeffi-
cient and slices representing the 
RANS zone distribution (red) 
of AZDES and DDES on the 
wing suction side, SA+QCR, 
M = 0.85,Re = 30 × 106, � = 5◦

Fig. 6   Mean pressure coefficient at a slice of � = 0.603 , URANS, 
DDES, AZDES, Experimental data from the ESWIRP project  [18] 
M = 0.85,Re = 30 × 106, � = 5◦
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included as “Koike Exp.” in the figure. URANS shows the 
most downstream position of the peak of pressure fluctua-
tions at x∕c = 0.3 , whereas AZDES and DDES lead to an 
upstream shift to x∕c = 0.26 and x∕c = 0.22 , respectively. 
The magnitude of the pressure fluctuations increases from 
URANS over AZDES to DDES. All three simulations yield 
a higher level of pressure fluctuations than the experiment. 
DDES leads to an overall higher fluctuation level in the 
rear half of the wing, whereas AZDES shows only a small 
increase in pressure fluctuations near the trailing edge in 
comparison to URANS. These results suggest a varying 
influence of resolved turbulence on the wing surface. How-
ever, DDES lies closest to the experimental data of Koike 
et al. [15] in the rear half of the wing. In contrast, the fluc-
tuation peak of the URANS lies closest to the experimental 
data, which reveal the maximum pressure fluctuations at 
x∕c = 0.31 . Koike et al. observed a downstream shift of the 
shock position and an increase in pressure fluctuations with 
increasing Reynolds number. Therefore, the higher RMS 
values of cp in the simulations of this study can be consid-
ered reasonable. These findings lead also to the conclusion 
that the farthest downstream shock position predicted by 
URANS is closest to reality. All three simulations predict the 
peak pressure fluctuation further downstream than Ohmichi 
et al.’s ZDES results [20]. Overall, AZDES shows results 
that are closer to URANS, as it was expected by investigat-
ing the RANS zone distribution.

In the following, three points at this spanwise position 
of the wing are investigated in more detail. The first point 
at x∕c = max(cp, RMS) represents the maximum of the pres-
sure fluctuations for each simulation approach. Point 2 and 
3 correspond to x∕c = 0.36 and x∕c = 0.77 , which were 
investigated by Koike et al. [15] and Ohmichi et al. [20], 
respectively. To identify characteristic Strouhal numbers that 
correspond to buffet motion and other unsteady phenomena 

on the wing’s suction side, we analyze a spectral analysis of 
the pressure fluctuations.

The time interval includes 15000 physical timesteps 
of the computation representing 100 convective times, 
whereas the surface solution was sampled at every tenth 
timestep for the spectral analysis. The power spectral 
density (PSD) of the pressure coefficient was calculated 
with Welch’s method and divided into two segments to 
obtain accurate spectra in the relevant frequency range. 
The available spectral resolution is limited by the num-
ber of samples per segment to �Sr = 0.022 which does 
not allow statistically converged low-frequency analysis 
below a value of approximately Sr = 0.1. Results in that 
frequency range can still indicate trends but have to be 
verified in future work. Since the buffet phenomenon’s 
characteristic frequency range is expected to be above this 
value, the resolution is satisfying for the analyses carried 
out in the present paper. For future investigations of low-
frequency effects, a longer time series will be required, 
which significantly increases the computational effort. The 
Strouhal range of 0.2–0.6 in which recent literature locates 
three dimensional transonic buffet is highlighted in grey 
in the following figures.

Figure 8 shows the PSD of the pressure coefficient at the 
maxima of cp fluctuations for URANS, AZDES and DDES 
simulations. These points (Point 1) were chosen to directly 
compare the three computational approaches in an area 
where shock oscillations can be expected in all three cases. 
DDES reveals a higher level of PSD in the range of Sr = 
0.1–0.12. This result is statistically not converged but hints 
at a peak level in that area.

Fig. 7   RMS of the pressure coefficient at a slice of � = 0.6 on the 
wing’s suction side, M = 0.85,Re = 30 × 106, � = 5◦ , experimental 
data from Koike et al. [15] Fig. 8   Spectra of the pressure coeffi-

cient obtained with the Welch method, 
� = 0.6, x∕c = max(cp, RMS),M = 0.85,Re = 30 × 106, � = 5◦ . The Sr 
range attributed to transonic buffet in recent research is highlighted 
in grey
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No distinctive other frequencies can be observed for this 
simulation. AZDES shows a broadband elevation of PSD 
level in between Sr = 0.2 and 0.55. URANS yields Sr = 
0.25–0.65 as a dominant frequency range. Overall, AZDES 
and URANS show a similar distribution of frequencies that 
agree well with the highlighted range, whereas DDES pre-
dicts lower peak frequencies.

Figure 9 illustrates the surface pressure spectrum at a 
chordwise position of x∕c = 0.36 (Point 2). DDES yields 
a dominant frequency range of Sr = 0.09–0.4, AZDES and 
URANS show high PSD levels for Sr = 0.2–0.55. Over-
all, the spectra in Figs. 8 and 9 show the most significant 
pressure fluctuations in URANS and AZDES to be in the 
same frequency range as described in recent research [20]. 
DDES peaks in a lower frequency range as the other two 
approaches.

The surface pressure spectra of the three simulations at 
x∕c = 0.77 (Point 3) that represents a point in the area of 
separated flow in Fig. 10 indicate the same tendency of a 
high fluctuation level at lower frequencies for DDES. This 
peak is located between Sr = 0.094 and Sr = 0.15 whereas 
AZDES and URANS yield peaks in the area of Sr = 0.2 
and 0.33. DDES shows a higher fluctuation level across the 
entire frequency range, while AZDES and URANS predict a 
more significant spectral decay in the high frequency range. 
This behavior suggests the presence of resolved turbulence 
in the area of separated flow for DDES, whereas AZDES 
shows an URANS like behavior. Overall, the spectra in the 
area of separated flow show increased fluctuation levels in 
the same characteristic frequency range attributed to tran-
sonic buffet. This suggests, that buffet motion affects the 
development and characteristics of wake turbulence.

In addition to the mid-wing position at � = 0.6 , the 
wing’s suction side in the shock area near the fuselage and 
at the outboard wing section were examined. As already 
indicated by the RMS value of the pressure coefficient 
in Fig. 3, only minor fluctuations can be observed in the 
inboard shock region and the shock in this area stays at 
a steady position. The investigation of the shock motion 
at � = 0.95 , which is located outboard of the separation 
zone near the wing tip, reveals a movement of the whole 
shock front parallel to the leading edge. Figure 11 shows 
the observed most upstream (red) and downstream (black) 
shock positions of the AZDES simulation in this area by 
means of a contour line representing cp = − 0.73 . Figure 12 
illustrates the spectra of the surface pressure coefficient at 
� = 0.95 and a local chord of x∕c = max(cp, RMS) (Point 4). 
The spectra of URANS and AZDES reveal no elevated 
amplitudes in the range of Sr = 0.3–0.6 that could be con-
nected to the motion of buffet cells as in the previously 
analyzed positions. Conversely, higher levels of the PSD 
at frequencies of Sr = 0.2 and below for the URANS and 
AZDES simulations hint at low-frequency fluctuations. 
This could be connected to the described shock motion in 
the outer part of the wing. DDES shows a peak between 
Sr = 0.3 and Sr = 0.4 but no regular shock movement can 
be observed in this area of the wing.

In comparison to URANS and AZDES, DDES shows a 
higher fluctuation level at frequencies in the range of Sr = 
0.1–0.4. Furthermore, DDES shows higher levels of PSD 
for the whole frequency range up to high frequencies in the 
area of flow separation. Investigation of the time-resolved 
shock movement shows that DDES does not produce a peri-
odic movement of buffet cells. Contrarily, a more chaotic, 

Fig. 9   Spectra of the pressure coefficient obtained with the Welch 
method, � = 0.6, x∕c = 0.36,M = 0.85,Re = 30 × 106, � = 5◦ . The 
Sr range attributed to transonic buffet in recent research is highlighted 
in grey

Fig. 10   Spectra of the pressure coefficient obtained with the 
Welch method, � = 0.6, x∕c = 0.77 , URANS, DDES, AZDES, 
M = 0.85,Re = 30 × 106, � = 5◦ . The Sr range attributed to transonic 
buffet in recent research is highlighted in grey
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irregular movement of the shock can be observed. This 
behavior might be due to interactions between the separated 
flow and the shock, since a large portion of the separated 
flow region is treated in LES mode, as already demonstrated 
in Fig. 5b. On the contrary, AZDES and URANS predict a 
similar range of dominant Strouhal numbers Sr = 0.2–0.65 
at the observed points at � = 0.6.

Among others, Crouch et al.  [4], Plante et al. [22] and 
Dandois et al. [5] describe a connection between the wing 
sweep and the dominant Sr number range of transonic 
buffet. They observed that the Strouhal number increases 
with increasing sweep angle. This effect must be consid-
ered when comparing the CRM with a sweep angle of 35◦ 
to other wings and aircraft configurations. In agreement 
with those findings the range of Sr observed in this work 

is slightly above that of wings with smaller sweep angles. 
Sartor et al. [23] localized the buffet phenomenon for a wing 
body configuration with a sweep angle of 25◦ in a frequency 
range of 150–300 Hz, which corresponds to a Sr range of 
0.16–0.32. Paladini et al. [21] connected transonic buffet 
on several wings with a sweep angle of 30◦ with local pres-
sure variations at Sr = 0.2–0.3. Despite this agreement, 
other geometric parameters such as taper and twist can also 
influence the buffet behaviour. The comparison with other 
investigations on the CRM allows a more specific insight 
into the influence of flow conditions on the buffet phenom-
enon. Ohmichi et al. [20] linked the three-dimensional tran-
sonic buffet on the CRM wing with Strouhal numbers Sr = 
0.2–0.6. The experimental investigation of Koike et al. [15] 
revealed a shock wave oscillation in the region of Sr = 0.3 . 
Furthermore, Timme [31] observed a band of eigenvalues 
with reduced decay rate at the CRM for Sr ≈ 0.3–0.7. Those 
results are consistent with the Strouhal numbers associated 
with buffet in this paper. The investigated Reynolds numbers 
of 1.5 × 10−6 and 5 × 10−6 , respectively are in all three cases 
significantly lower than in the present case. Nevertheless, a 
similar frequency range for transonic buffet is obtained in 
all investigations. This suggests that the characteristic buffet 
Strouhal number range only shows minor dependency on 
the Reynolds number and a qualitative comparison of these 
publications with results of the present work is justifiable. 
The simulations in the present work do not reproduce the 
low-frequency peak of Sr = 0.06 in the pressure spectrum at 
x∕c = 0.36 , which was detected by Ohmichi et al. [20]. This 
might also be due to an insufficient frequency resolution of 
the spectral analysis and the lack of statistically converged 
data in the low-frequency range. Consequently, no reliable 
comparison with these data in that frequency range is pos-
sible and has to be part of future work. A more detailed 
analysis of the spanwise moving buffet cells is subject of 
Sect. 4.3.

Fig. 11   Contours of instan-
taneous pressure coefficient 
for the AZDES simulation 
and most upstream (red) and 
downstream (black) shock 
position in the outer wing area 
M = 0.85,Re = 30 × 106, � = 5◦

Fig. 12   Spectra of the pressure coefficient obtained with the Welch 
method, � = 0.95, x∕c = max(cp, RMS) , URANS, DDES, AZDES, 
M = 0.85,Re = 30 × 106, � = 5◦ . The Sr range attributed to transonic 
buffet in recent research is highlighted in grey
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4.3 � Analysis of shock motion

Figure  13 shows a series of time snapshots with 
�t∕t∞ = 0.36 × 10−3 of the area on the wing’s suction side 
where the most distinct buffet movement can be observed. 
These snapshots are representative for the observed buffet 
behavior. The wavelengths and velocities obtained in this 
section are extracted from this time interval and represent a 
good indication for the phenomenon. On the left hand side, 
the instantaneous pressure coefficient of the AZDES simula-
tion at t1 is shown. The grey shaded square region represents 
the area of buffet cell motion which is focused on in the 
other subfigures. The first snapshot t1 shows the shape of 
two buffet cells convecting in spanwise direction with wave-
lengths of �1∕MAC = 0.252 and �2∕MAC = 0.296 by means 
of a contour line representing cp = − 0.73 . A set of these 
periodic cells is followed by a single buffet cell with approx-
imately twice the wavelength �3∕MAC = 0.59 ≈ 2�1 in the 
second snapshot at t = t1 + �t . The shape from the previous 
snapshot is indicated as a dashed line for reference. Finally, 
the third snapshot t = t1 + 2�t reveals a return to smaller 
wavelengths �4∕MAC = 0.294 and �5∕MAC = 0.285 and a 
similar flow pattern as in the first snapshot can be observed. 
The spanwise propagation velocity was estimated by the 
movement of single buffet cells, following the motion of one 
local spatial maximum of the pressure isoline over several 
time steps. The position is highlighted by a green dot in each 
snapshot. This was carried out for several successive buffet 
cells at different times in the signal, resulting in a propaga-
tion velocity that lies at u∕u∞ ≈ 0.24 in the inner region and 
increases in the spanwise direction up to u∕u∞ ≈ 0.28.

In contrast to the two-dimensional case, where a periodic 
shock motion characterizes transonic buffet, the observed 
three-dimensional buffet shows a variation in length and 
velocity of the buffet cells in time and in space. That obser-
vation agrees with Iovnovich et al.’s   [13] findings that 
the buffet structure at finite swept wings is less regular 

than in infinite-swept cases. Timme et al. [31] observed a 
non-dimensional phase speed of 0.26–0.32 on the CRM 
at an angle of attack of 3.75◦ and a Re number of 5 × 106 . 
Despite the differences in the flow conditions, there is a 
fairly well agreement of the phase velocities. Even though 
Paladini et al. [21] investigated different wings with a 5 
degrees lower sweep angle of 30◦ , the convection velocity 
of (0.245 ± 0.015)U∞ determined in their work shows also 
good agreement with the values at the CRM in this investi-
gation. The slightly higher convection speed might be due 
to the higher sweep angle, as indicated by Plante et al.  [22]. 
However, the discrepancy may also be due to other geomet-
ric parameters such as taper and twist. The variations in 
wavelength and convection velocity also provide a possible 
explanation for the observed broadband frequency range 
connected to transonic buffet in the spectral analysis.

The spanwise extent of the buffet cells in this work, 
measured as the distance between crests of the cp isoline, 
comprises a range between �∕MAC = 0.25 and 0.59. This 
is lower than the wavelengths obtained by Paladini et al., 
which lie in a range of �∕MAC = 0.6 and 1.3. However, this 
wavelength strongly depends on the wing geometry.

5 � Conclusions

In the present paper, URANS, DDES and AZDES simu-
lations of transonic buffet on the CRM at flight Reynolds 
numbers with M = 0.85, � = 5◦ and Re = 30 × 106 were 
performed. The focus was on the investigation of three-
dimensional transonic buffet, and the selection of a proper 
hybrid RANS/LES simulation approach for this complex 
phenomenon. Turbulence model studies showed that simu-
lations with the SSG/LRR-�-Reynolds stress model result in 
a steady shock position. Therefore, the SA turbulence model 
with QCR extension was chosen for the presented simula-
tions. The overall aim was to obtain reliable predictions for 

Fig. 13   Contours of instantaneous pressure coefficient for the AZDES simulation and spatial distribution and propagation of buffet cells, with 
time steps of �t∕t∞ = 0.36 × 10−3 , lines of cp = − 0.73 , dashed line: previous snapshot, M = 0.85,Re = 30 × 106, � = 5◦
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the separation location of the turbulent wake, which create 
a solid base for future investigations of wake turbulence. 
URANS and AZDES show good agreement with both the 
experimentally observed Strouhal numbers from wind tunnel 
studies and numerical predictions published in recent stud-
ies. Furthermore, a good agreement in convection velocity 
and the spanwise propagation of buffet cells with estima-
tions from literature can be observed. In addition to that, a 
growth of the wavelength and convection velocity toward 
the outboard part of the wing is detected. DDES leads to a 
shift toward lower frequencies and does not show the char-
acteristic spanwise convection of buffet cells. This is due to 
the strong interaction between the area of separated flow, 
which is treated in scale resolving mode in the DDES case, 
and the shock motion. As a consequence, AZDES is better 
suited for the reproduction of the experimentally observed 
frequency range of three-dimensional transonic buffet on 
the CRM than DDES.To achieve this advantage, however, 
AZDES requires a proper selection of the described zonal 
RANS/LES parameters.
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