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Abstract

Numerical studies on the interaction of nacelle and airfoil shock dynamics are performed. To keep the computational
cost at an acceptable level, first 2D investigations on the interaction of nacelle and airfoil are performed that cover basic
dynamic phenomena of this configuration. The transonic flow around the OAT15A airfoil is computed at buffet conditions,
i.e., freestream Mach number Ma_, = 0.73, chord-based freestream Reynolds number Re, =2 - 10°, and angle of attack
a = 3.5° using wall-modeled LES. Two configurations are considered, one which includes a generic 2D ultra-high bypass
ratio (UHBR) engine nacelle geometry and one without an engine, which is denoted the baseline case. In addition to the
airfoil shock, the flow field of the nacelle configuration is characterized by a shock wave on the upper part of the nacelle.
Furthermore, the introduction of the UHBR-engine nacelle leads to a reduced effective angle of attack and Mach number in
the flow to the airfoil. The changes in the topology of the flow to the airfoil caused by the nacelle lead to a reduced strength
of the airfoil shock and a less developed buffet, which resembles the behavior close to the stability limit. The reduced shock
dynamics yields lower pressure fluctuations at the airfoil trailing edge. A frequency analysis of time series data from the
airfoil shock location shows a reduction of the buffet frequency for the nacelle configuration. Further investigations of the
flow field dynamics using sparsity-promoting dynamic mode decomposition reveal a mutual mode between the airfoil shock
and the nacelle shock. The existence of this mode has consequences for future investigations of nacelle airfoil interaction
in transonic flow.
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Indices

! Perturbed quantity

00 Freestream

nac Related to the nacelle
oat Related to the airfoil
[| Wall-parallel

+ Inner units

w At the wall

wm Wall-model

Abbreviations

CFL Courant-Friedrichs—Lewy

CTU Convective time unit

DMD Dynamic mode decomposition

SP-DMD  Sparsity-promoting dynamic mode
decomposition

FFT Fast Fourier transform

LES Large-eddy simulation

MILES Monotone integrated large-eddy simulation

UHBR Ultra-high bypass ratio

WM-LES Wall-modeled large-eddy simulation

1 Introduction

In transonic flow on wings of transport aircraft, a local
supersonic region is formed that is terminated by a shock
wave. The buffet phenomenon is characterized by a self-
sustained large-scale oscillation of this shock wave at low
frequencies in the range of Sr ~ O(1072) — O(10~") where
Sr = uf—° is the non-dimensional frequency denoted as Strou-

hal number. The spatial oscillation of the shock wave leads
to periodically alternating forces on the wing structure. The
structural response to those dynamic loads, generally
referred to as buffeting, have detrimental effects on the struc-
tural integrity and overall flight safety. Therefore, it defines
a strict boundary to an aircraft’s flight envelope. Economical
and ecological challenges require aviation to make ever more
efficient use of the available resources. A thorough knowl-
edge of the aeroelastic behavior of aircraft is crucial in the
endeavor to further reduce structural weight and optimize
fuel consumption. Therefore, a comprehensive understand-
ing of the buffet phenomenon is substantially important in
the design process of future aircraft.

Although the buffet phenomenon has been intensively
investigated for decades a comprehensive description of the
underlying mechanisms is still subject to debate. The most
widely accepted model explaining the self-sustained nature
of the low-frequency shock oscillation has been introduced
by Lee [1]. The proposed mechanism is based on a closed
feedback loop between the shock wave and the trailing edge
flow. The interaction of the incoming boundary layer with
the shock wave leads to the generation of vortices which
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convect downstream and eventually pass over the trailing
edge. The transition from a wall-bounded flow to a free-
shear layer causes the generation of pressure waves which
propagate back upstream. The pressure waves interact with
the shock wave and push the shock upstream leading to a
thickening and ultimately a separation of the boundary layer
downstream of the shock. The separation of the boundary
layer mitigates or massively reduces the local wall-shear
stress near the trailing edge flow. Thus, also the generation
of pressure waves at the trailing edge is attenuated due to
the decreased Lamb vector, i.e., the outer product of vor-
ticity and the velocity vectors, and the shock moves back
downstream closing the feedback loop. Good agreement
with the buffet model proposed by Lee was found, among
others, by Deck [2], Xiao et al. [3], Hartmann et al. [4-6]
and Feldhusen-Hoffmann et al. [7, 8]. Lee’s model was fur-
ther developed by Hartmann et al. [6], who proposed that
the relevant interaction region of the shock wave and the
pressure waves originating from the trailing edge is at the
upper part of the shock wave instead of the shock foot. This
formulation led to a significantly better agreement between
the predicted and the measured buffet frequency.

In the pursuit to design ever more efficient aircraft, engine
development is clearly moving toward larger and larger
bypass ratios, so-called ultra-high bypass ratio (UHBR) tur-
bofan engines. The large diameter of such engines requires
them to be mounted closely under the wing to ensure suffi-
cient ground clearance without having to massively redesign
the landing gear much more generously. As a result, the flow
around the wing is significantly affected by the engine flow.
In transonic flight, shock waves with all their detrimental
effects, i.e., shock-induced separation, shock unsteadiness,
and total pressure loss, can occur on the engine nacelle
[9-11]. The buffet phenomenon is, however, highly sensitive
to the upstream flow conditions, which are strongly altered
by an upstream shock wave. Furthermore, the shear layer
developing on the engine nacelle merges into the boundary
layer on the pressure side of the airfoil. As a result, also the
flow in the vicinity of the trailing edge is influenced by the
integration of UHBR engines. Since the trailing edge flow
is a central element to trigger shock wave oscillations [1, 6],
the quality of the buffet phenomenon can be significantly
affected.

In recent years, the buffet phenomenon has been studied
extensively [1-8, 12, 13]. Yet, little is known about the inter-
action of engine induced flow disturbances and the involved
dynamics. A recent experimental study by Spinner and Rud-
nik [11] investigates the phenomenon of shock buffet on the
lower surface of the wing, which occurs at negative angles of
attack due to the integration of the UHBR. To the best of the
authors’ knowledge, studies on the impact of engine nacelle
integration on the buffet phenomenon on the upper wing sur-
face do not exist in the archival literature. Yet, engine nacelle
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integration is an important aspect of the aerodynamic design
of commercial aircraft. This means it is of great interest to
complement the current knowledge by the effect of engine-
induced flow disturbances on the buffet phenomenon.

In this paper, first 2D studies are made to better under-
stand the interaction between engine-induced upstream dis-
turbances of the flow field and the buffet phenomenon on the
suction side of the airfoil. Using wall-modeled large-eddy
simulations (WM-LES) the flow field around the OAT15A
airfoil with a generic UHBR-engine nacelle geometry and
a baseline configuration without the nacelle is computed
at buffet conditions. To allow the analysis of the upstream
shock and the free-shear layer interacting with the airfoil
boundary layer at reasonable computational cost the nacelle
is modeled as a 2D-periodic flow-through nacelle. The flow-
through nacelle essentially reduces the engine nacelle to
a hollow body. The pylon has not been considered due to
the inherently three-dimensional nature of the vortex pair
emerging from the junction of the pylon to the nacelle. This
means that the interaction of the nacelle and the airfoil shock
is investigated without any flow phenomena generated by the
pylon. Therefore, the current study is to be understood as a
preliminary investigation focusing on the impact a geomet-
ric perturbation located upstream of the airfoil has on the
flow structure of the airfoil and the resulting shock dynam-
ics. Sparsity-promoting dynamic mode decomposition (SP-
DMD) is used to extract dynamic features from the flow field
and associate them with physical phenomena.

The paper is organized as follows. In Sect. 2, the simu-
lation framework and the numerical methods are briefly
presented. In particular, the wall-modeling approach is dis-
cussed in Sect. 2.1 and the SP-DMD algorithm is introduced
in Sect. 2.2. The computational setup including the numeri-
cal mesh and the mesh refinement strategy is discussed in
Sect. 3. The results are presented in Sect. 4 with Sect. 4.1
focusing on direct insights from the WM-LES. The results
obtained performing SP-DMD on the simulation data are
discussed in Sect. 4.2. Finally, conclusions are drawn in
Sect. 5.

2 Numerical methods

All simulations are performed using the Cartesian solver
of the m-AIA framework which was formerly denoted
zonal flow solver (ZFS) [14]. The governing equations are
the compressible, unsteady Navier—Stokes equations. The
equations are spatially filtered and solved on an unstruc-
tured, hierarchical Cartesian mesh using the finite-volume
method. The advective upstream splitting method (AUSM)
is used for the convective fluxes. A central difference scheme
is employed for the discretization of the viscous fluxes. For
the temporal integration, a second-order accurate 5-stage

Runge—Kutta method is used. Small-scale turbulence is
accounted for by the approach of monotone integrated LES
(MILES) [15] such that no additional turbulence model is
necessary [16]. Boundaries of embedded bodies are realized
using a cut-cell method [17]. Further details on the numeri-
cal methods used by the m-AIA simulation framework are
given in Meinke et al. and Schneiders et al. [16, 17].

2.1 Wall-stress model

Traditional wall-resolved LES of boundary layer flows are
restricted by the resolution of the viscous sublayer which
requires extremely small cells at high Reynolds numbers.
This results in a large amount of mesh cells and thus in a
enormous demands on the available computer hardware that
often cannot be fulfilled. At the same time, the computa-
tional time step is restricted by the CFL condition and vis-
cous stability leading to a very slow progress of the simula-
tion in terms of convective time units CTU = c/u,, making
wall-resolved LES of high Reynolds number flows compu-
tationally very expensive. Wall-modeling approaches are a
convenient method to circumvent the massive constraints on
mesh resolution for traditional LES of boundary layer flows
while maintaining a high spatial and temporal resolution.
Omitting the resolution of the viscous sublayer and only
resolving large-scale structures in the boundary layer WM-
LES enables not only a significant reduction in the total
number of cells but does also allow a substantially larger
computational time step. Thereby, LES of dynamic phenom-
ena at low Strouhal numbers Sr = ]LZ such as the buffet phe-

o

nomenon can be performed even at high Reynolds numbers
with reasonable computational effort. The applicability of
such a wall-stress model to buffet flows has been demon-
strated by Fukushima and Kawai [19].

In this study, an analytical wall-stress model is used to
compute the wall-shear stress based on flow information
obtained from the outer boundary layer. The function is an
implicit single equation expression for the law of the wall
introduced by Spalding [20]:

4 n
yr=ut + e—KB{eKm _ 2 (KZ;) } M

n=0

with ut = ?, yt= }%, and u, = y/7,,/p,,- The subscript
(+); denotes Tprojection onto the wall-tangential plane. The
von Karman constant « is set to 0.4 and B is 5.0. Equation 1
is evaluated at a sampling distance y = h,,, normal to the
surface which is illustrated in Fig. 1. The implicit expression
is solved iteratively for u, using Newton’s method. To apply
the wall-shear stress to the boundary surface an additional
correction loop within the viscous flux computation is
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[ Wall Model ]

Fig. 1 Graphic representation of the wall-model mechanism, by cour-
tesy of Liirkens et al. [18]

performed adding an artificial viscosity u,,, such that the
wall-shear stress given by

ouy )
—+ _— =

(/’l luwm) an Twm
is imposed. To prevent an obvious misapplication of the
model in regions of separated flow the velocity gradient at
the wall is checked for duj/on < 0. If flow separation is
detected, the application of the wall-stress model is omitted
by setting y,,,,, = 0.

2.2 Dynamic mode decomposition

The dynamic mode decomposition [21] is a data-driven tech-
nique that allows the decomposition of a given data field
q(x,t) into a series representation of spatio-temporal modes
¢,,. Every mode is characterized by an individual, complex
frequency 4,, and amplitude a,. The resulting series repre-
sentation of the data field reads

g(x,t) = z a,et' ¢, (x). 3)

n

For these modes, characteristic dynamic phenomena of dis-
tinct frequencies can be determined and analyzed in detail.
The buffet phenomenon is typically restricted to narrow
frequency bands such that DMD can be an effective tool
for the in-depth analysis of the isolated dynamics and the
underlying physical mechanisms, which is reflected by its
frequent use in the literature [8, 22-25]. In general, a DMD
performed on a set of N snapshots results in N — 1 modes,
which are given as complex conjugate pairs. For a large
number of snapshots this results in an inconveniently large
number of modes to assess. The sparsity-promoting DMD
algorithm proposed by Jovanovi¢ et al. [26] addresses this
problem by introducing a penalty term g ZnNz_ll |a,| into the
minimization problem determining the modes, which reads
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N-1

minimize [[VY ™ = ®D,V,, |7 + 8 ) la,|. 4)
a n=1

Here, VZIV ~!is the discrete snapshot sequence and ® contains

the dynamic modes given in matrix form by

Vitt=Ds o], ®@=[dnds b))

The matrix D, = diag(a) is the diagonal matrix of all opti-
mized amplitudes a,. The Vandermonde matrix V ,,; con-

tains the so-called Ritz eigenvalues p, = e**" and reads
| 7 R ,u]lv -1
V — 1 ,Ll2 //2\]1
and — | . : . . (6)
N-1
1 py-y Hn_1

When solving the minimization problem given by expres-
sion 4, increasing values of the penalty parameter f imply
a stronger penalization of non-zero amplitudes, and thus
result in an overall lower number of non-zero amplitude
modes. More details on the SP-DMD algorithm are given in
Jovanovi€ et al. [26]. The application of SP-DMD to tran-
sonic buffet is thoroughly discussed in Feldhusen-Hoffmann
et al. [8].

3 Computational setup

In the following, the computational setup of the nacelle con-
figuration is presented. The baseline and the nacelle con-
figuration both feature the OAT15A airfoil, the geometry of
which was provided by courtesy of and upon request from
ONERA. Note that except for the integration of the nacelle
geometry the baseline configuration, i.e., no engine is taken
into account, and the UHBR-airfoil configuration, and the
corresponding mesh refinement both setups are identical
and, therefore, no further differentiation is made unless oth-
erwise necessary. A setup with only mild flow separation
while still providing low-frequency shock oscillations is con-
sidered. Based on the work by Fukushima and Kawai [19],
Jacquin et al. [13] and Deck [2], the angle of attack was set
to @ = 3.5° and the freestream Mach number to Ma_, = 0.73.
In agreement with the associated experimental campaign
by Schauerte and Schreyer [27], the chord-based Reynolds
number was set to Re, = 2 - 10°.

For the nacelle, a generic configuration based on a
NACA 0012 airfoil was generated. The outer geometry
of the nacelle geometry with respect to the local chord
length is roughly based on the UHBR flow-through nacelle
by Spinner and Rudnik [10], which was designed for the
Airbus XRF-1 research model. That is, the inlet and the
outlet diameter were set to d,,. = 0.45¢ and the nacelle
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length to/,,. = 0.75¢. The nacelle trailing edge is located at
(x,¥) = (0c, —0.075¢) with respect to the airfoil leading edge.

The grid dimensions in the x-, y-, and z-coordinate direc-
tions L, X Ly X L, = 25.4¢ x 24.9¢ x 0.05¢, which proved to
be sufficient for comparable flows by Zauner and Sandham
[28] and Moise et al. [29]. Figure 3 shows the mean pressure
in the farfield at a distance of R = 11c¢ around the center of
the airfoil at (x, y) = (0.5¢, 0.0c). The deviations from p_, are
minimal. Note that the spanwise extent of the domain is still
possibly too small to accommodate for the full development
of large 3D structures. Since both cases—with and without
nacelle—are subject to almost identical farfield conditions,
the results are expected to be comparable as far as the quali-
tative variations of the distributions are concerned.

The grid is locally refined within the boundary layer sat-
isfying the mesh requirements for WM-LES proposed by

outflow plane

nflow plane

(a) Computational mesh of the nacelle
configuration on the coarsest level.

Kawai and Larsson [30], i.e., at least 20 cells are located
within the boundary layer at x_,, = 0.2c and x,,. = 0.2c.
Since the acoustics in the vicinity of the trailing edge is a
key element of established buffet models, additional a-priori
refinement is applied on the suction side of the airfoil and in
the wake region of the airfoil and the nacelle. The Cartesian
mesh of the nacelle configuration on the coarsest refinement
level is shown in Fig. 2a. Regions of additional mesh refine-
ment are highlighted by a color distribution in Fig. 2b. The
local cell length is given by

1 wl
w = Lo (5 (N
where IVl is the cell refinement level and L is the mesh base

length, which in this case corresponds to the longest mesh

L o | | _

12 13 14 15 16 17
cell refinement level

(b) Regions of grid refinement around the
OAT15A airfoil and the nacelle.

Fig.2 Overview of the computational mesh of the nacelle configuration, by courtesy of Liirkens et al. [18]

90 o /v

180°

270°

180°

270°

Fig. 3 Farfield mean pressure conditions for the baseline configuration (left) and the nacelle configuration (right)
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dimension of L, = 25.4¢. The resulting number of Cartesian
cells for both configurations is given in Table 1.

The wall-model is applied to all solid wall boundaries.
Following the requirements proposed by Kawai and Lars-
son [30] the evaluation distance 4,,, of the wall-model is set
to a distance of approximately three cell lengths from the
wall. A characteristic outflow boundary condition is used
for the main outflow plane to suppress spurious reflections.
Standard in- and outflow boundary conditions with sponge
layers are applied to the remaining in- and outflow planes
in the x- and y-direction. Periodicity is applied to spanwise
boundaries, which is a great simplification of the in gen-
eral highly three-dimensional flow field around the engine
nacelle. This, however, allows the study of the effect of the
upstream shock wave and the free-shear layer introduced
by the nacelle geometry onto the buffet phenomenon while
keeping the total number of grid points at a manageable
level. At the nacelle inlet, a standard outflow boundary con-
dition is applied. For the engine outlet, a 1/7th power law
velocity profile is prescribed while maintaining mass con-
servation with the engine inlet. Hence, the setup represents
a simple flow-through nacelle.

To enforce a controlled transition of the boundary layer
into a turbulent state, the tripping method by Schlatter and
Orlii [31] is employed at x/c = 0.07 on both sides of the
airfoil.

4 Results

For both setups, data were collected for about 70 convective
time units CTU = c/u,, which means the lower resolution
limit is Sr,,;, =~ 0.014. Spanwise averaged surface data of
the OAT15A airfoil and the nacelle were sampled at a sam-
pling interval of 4.1 - 1073 CTU at every 1% of the airfoil’s

Table 1 Mesh size of the baseline configuration without nacelle and
the configuration including the nacelle

Baseline With nacelle

Number of cells 0.73 - 10° 1.24-10°

Fig.4 Instantaneous contours
of the Q-criterion colored by the
local Mach number. Shocks are
visualized by contours of the
pressure gradient

(a) Baseline configuration

@ Springer

chord length. In addition, wall normal velocity and pressure
profiles were determined at every 5% of the airfoil’s chord
length at the same sampling interval of 4.1 - 1073 CTU.
According to the Nyquist—Shannon theorem, the highest
resolvable frequency is at half the sampling frequency, such
that Sr,,,,. = 122. For the analysis of the shock dynamics
with DMD, volumetric data of the flow field were collected
at a sampling interval of 0.1025 CTU such that the DMD is
able to capture dynamic phenomena up to Sr°YP = 4.87.

max

4.1 General flow field

In Fig. 4, instantaneous contours of the Q-criterion [32]
and the pressure gradient are given for both configura-
tions illustrating the turbulent boundary layer on the airfoil
and the nacelle as well as the shock waves on the airfoil
and the nacelle. It is obvious that the wake on the upper
part of the nacelle merges with the boundary layer on
the airfoil suction side. In Fig. 5a, the airfoil’s mean and
instantaneous pressure coefficients at the most upstream
and most downstream shock position are shown for both
configurations. This is complemented by the mean pres-
sure coefficient on the nacelle upper part given in Fig. Sc.
It is remarkable that the modeling of the engine nacelle
as a flow-through nacelle affects the pressure side only
marginally. It is, however, obvious that the integration of
the nacelle leads to a significantly weaker shock and an
upstream displacement of the mean shock location on the
suction side. The mean shock position is determined at
approximately x, = 0.53 for the baseline configuration and
x, = 0.47 for the configuration including the nacelle. Con-
sidering the most upstream and most downstream shock
locations, the nacelle configuration exhibits a noticeably
lower amplitude in the shock dynamics compared to the
baseline configuration. This finding is supported by the
time-resolved pressure signal at the mean shock posi-
tion shown in Fig. 6a. After a transient phase the base-
line configuration is characterized by a stable—almost
harmonic—oscillation. The pressure signal of the nacelle
configuration, however, exhibits highly variable dynam-
ics of noticeably lower amplitude. The frequency spectra
of these pressure signals are shown in Fig. 7a and b. The

(b) Nacelle configuration
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(a) Airfoil mean pressure coefficient.
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(c) Nacelle mean pressure coefficient.
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(b) Airfoil mean skin friction coefficient.
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(d) Nacelle mean skin friction coefficient.

Fig.5 Mean pressure and skin-friction coefficients on airfoil and nacelle upper part

-0.6
E LJV/ \ /M i
F-10 wa
-1.2
—— with nacelle at x =0.53¢
-14 baseline at x =0.47¢c

30 40 50 60 70 80 90
tICTU]

100 110

(a) Time history of the surface pressure
at the mean shock position for both con-
figurations.

Fig.6 Time series data at the mean shock position

consistent low-frequency shock oscillation of the baseline
configuration is evidenced in a clear peak at Sr = 0.072.
The spectrum of the nacelle configuration, however, is
characterized by a much more broadband peak in the range
of 0.03 < Sr < 0.04 with the expected lower amplitude.

0.20

0.15

0.10

0.05

0.00

R(AT)

—0.05

—-0.10

-0.15

-0.20

—60 —40 -20 0 20 40 60

AT[CTU]

(b) Correlation coefficient of the low-pass
filtered pressure signal at the mean shock
position on nacelle and airfoil.

An additional peak at Sr = 2.0 is prominent, which is not
observed in the baseline configuration. For the nacelle
configuration, the correlation coefficient between the pres-
sure signal at the nacelle shock position and the airfoil
shock position was computed according to
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Fig.7 FFT of the pressure signal at the mean shock position for both configurations. The red line indicates the lower resolution limit

Stim = 0.014

min

[c9)

RAT) =) VAL AT).
(e D)o (e (1))

®)

—00

Its distribution is given in Fig. 6b. The quantity c,, corre-
sponds to the part of ¢, fluctuating around its mean and ¢
denotes the standard deviation. We find maximum positive
correlation at a time lag of Az = —20 CTU which suggests
the nacelle shock is affected by the dynamics of the airfoil
shock.

The ¢, plot on the nacelle in Fig. 5d shows a flow separa-
tion in the shock impingement region. Note the oscillating ¢,
distribution upstream of the separation region and downstream
of the shock. We associate this with the wall-model which
implies an attached and quasi-steady turbulent boundary layer
flow in a region of flow transition. This is supported by the
skin-friction coefficient on the airfoil (Fig. 5b) downstream of
the tripping region showing similar behavior for x/c < 0.35.
Since these fluctuations in the ¢, and ¢, distributions smooth

Ac[?]
20
|
- 10
5
0
L —5
—10
~15
—20

(a) Flow angle deviation Aa. Black lines
show iso-contours at Ao = —3.5°.

out upstream of the shock region, we assume no massive
effects on the shock dynamics.

To understand this alteration to the shock dynamics, the
disturbance of the flow onto the airfoil due to the integration
of the engine nacelle will be considered next. In Fig. 8a, the
deviation of the local flow angle of the nacelle configuration
from the baseline configuration given by

u
Aa = arctan ( :)
V / base

) — arctan <
V / nac

®

is shown. It is evident that immediately upstream of the air-
foil the flow is deflected to smaller angles of attack by the
contour of the engine nacelle. In Fig. 8b, the deviation of
the local Mach number of the nacelle configuration from the
baseline configuration defined by

)haSe

o= (o).~

|a]

\rp/p

|u]

\rp/p

(10)

AMa

%

0.6
- 0.4
0.2
0.0
—0.2
—0.4
—0.6
—0.8

(b) Mach number deviation AMa. Black
lines show iso-contours at AMa = —0.1.

Fig. 8 Deviation of the flow field of the nacelle configuration from the baseline configuration
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is shown. As a consequence of the shock and the boundary
layer on the upper part of the nacelle, the Mach number of
the flow onto the airfoil is significantly reduced.

The buffet phenomenon is, however, highly sensitive to
the angle of attack and the Mach number. Considering the
numerical and experimental studies on the OAT15A airfoil
at comparable conditions [2, 13, 27], it is reasonable that the
reduction of the angle of attack and the Mach number due
to the integration of the engine nacelle results in a shift of
the dynamics from fully developed buffet to pre-developed
buffet. Furthermore, the Mach number in the free-shear
layer downstream of the trailing edge is evidently affected
by the integration of the nacelle (Fig. 8b). As already seen
in Fig.4b, the wake flow from the upper part of the nacelle
interacts with the boundary layer on the pressure side of
the airfoil leading to a reduced local Mach number. On the
suction side, the weaker shock wave leads to a reduced flow
deceleration and to a weaker boundary layer separation and
thus, to a higher local Mach number.

Contours of p/ of both configurations are depicted in
Fig. 9a and b. The more upstream mean shock position and
the lower amplitude of the shock oscillation indicated by
Fig. 5a are confirmed. In addition, the pressure fluctuations
of the nacelle configuration are massively reduced. There-
fore, the integration of the engine nacelle cannot merely be
considered as a perturbation of the global flow topology, but
also has a notable impact on the acoustics between trailing
edge and shock wave. The shock-induced separation on the
suction side and the noise generated by the trailing edge
shear flow, however, are essential to established buffet mod-
els [1, 6]. This means the alteration of the shock dynamics
due to the integration of the nacelle does have an important
impact on the overall aerodynamics of the system.

4.2 DMD analysis

To further analyze the dynamics and investigate the underly-
ing physical mechanisms with respect to established buffet
models, SP-DMD was performed on data of the pressure

Proms
0.25

[,
0.15

0.1

[0.05
0.0

(a) baseline configuration

Fig.9 Contours of p’

rms

and the streamwise velocity field. The penalty parameter f
of the SP-DMD algorithm was varied to obtain only the most
relevant modes. The performance loss defined by
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loss — N
IVille

- 100% (11)

gives the relative deviation of the reconstructed field from
the original snapshot sequence and allows the evaluation of
the quality of the flow field reconstruction from the selected
modes. More details on the SP-DMD algorithm are given
in Jovanovié et al. and Feldhusen-Hoffmann et al. [8, 26].
Performing SP-DMD on the pressure field data of the
baseline configuration with f = 31257.44 leaves only one
relevant mode at a frequency of Sr = 0.072 which agrees
well with the peak found in the FFT results of the surface
pressure signal at the mean shock position given in Fig. 7a.
The resulting DMD spectrum is given in Fig. 13a. Since the
mode selected by the SP-DMD is on the unity circle, we
can expect this mode to be stable. Contours of the mode’s
amplitude are given in Fig. 10a. They clearly show the asso-
ciation with the shock buffet. The performance loss at the
given fis 1.7% such that in return 98.3% of the dynamics of
the pressure field can be reconstructed using only this mode
and its complex conjugate. Lowering the penalty parameter
p merely introduces upper or lower harmonics of the buffet
frequency into the DMD spectrum. From that, it is obvious
that the dynamics of the pressure field is solely dominated by
the buffet mode. The corresponding mode of the streamwise
velocity field at the same frequency of Sr = 0.072 is given
in Fig. 10b. Apart from the shock movement, this mode also
reveals the periodic thickening and shrinking of the bound-
ary layer past the shock wave, which is essential for estab-
lished buffet models [1, 6]. It is remarkable that there are
two regions of changing sign in the vicinity of the trailing
edge. These regions coincide with the peaks in the pressure
fluctuations shown in Fig. 9a. The change of sign in the
streamwise velocity mode implies a temporal variation of
the local shear rate. Fluctuations in the local shear rate are,
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Fig. 10 Buffet modes at Sr = 0.072 of the pressure and the streamwise velocity fields of the baseline configuration

however, part of the driving acoustic source term in free-
shear flows, which is the perturbed Lamb vector given by

12)

where @ is the vorticity vector [33]. One can conclude that
the origin of the pressure fluctuations in the vicinity of the
trailing edge is due to acoustic perturbations which agrees
well with the established buffet models [1, 6]. It should also
be noted that both the pressure and velocity modes have a
Ritz eigenvalue of close to 1 such that the transient compo-
nent of these modes is negligible.

Performing SP-DMD on the pressure field data of the
nacelle configuration with g = 24770.98 leaves a single
remaining mode at a frequency of Sr =2.01. A peak at
this very frequency was already found in the FFT results
in Fig. 7b. The real parts of the corresponding pressure and
streamwise velocity modes are shown in Fig. 11a and b.
It is obvious that this dynamic feature is restricted almost
completely to the flow on the upper surface of the nacelle
and can be associated with the shock-induced variation of
the boundary layer on the nacelle and the subsequent vortex
generation. The order of magnitude of the frequency gener-
ally agrees well with the findings of Moise et al. [34] who

L'=(wxu)

x 10 74

(a) pressure mode

investigated the effect of boundary layer tripping on the buf-
fet characteristics. The vortices passing over the trailing edge
of the nacelle primarily convect along the pressure side of
the airfoil and are subject to substantial dissipation. On the
suction side, these structures are only poorly established. In
particular, the shock wave on the airfoil suction side exhibits
no considerable dynamic features and appears to be negligi-
bly affected at this frequency.

Lowering the penalty parameter to f = 12328.57 includes
the low-frequency mode at Sr = 0.043 which agrees well
with the plateau-like low-frequency region in Fig. 7b. The
resulting DMD spectrum is given in Fig. 13b. Again, all
modes selected by the SP-DMD are on the unity circle and
therefore stable. The real part of the corresponding pressure
mode is given in Fig. 12a. The corresponding streamwise
velocity mode is detected at a slightly higher frequency of
Sr = 0.047 and is shown in Fig. 12b. It is remarkable that
both the nacelle and the airfoil shock display dynamic fea-
tures at the respective frequency which agrees well with
the correlation coefficient given in Fig. 6b. The spatial
amplitude of the shock motion, however, is clearly smaller
compared to the buffet found for the baseline configuration.
Considering the flow field disturbances by the nacelle geom-
etry discussed in Sect. 4.1, this supports the suggestion that
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Fig. 11 Modes of the shock wave/boundary layer interaction at Sr = 2.01 of the pressure and the streamwise velocity fields of the nacelle con-
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Fig. 12 Buffet modes of the pressure field at Sr = 0.043 and the streamwise velocity field at Sr = 0.047 of the nacelle configuration
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the nacelle suppresses developed buffet at the given flow
parameters and a pre-developed state of buffet is observed.
The shared dynamic features, however, suggest that a cou-
pling mechanism between the dynamics of the nacelle shock
and the airfoil shock exists. Note that similar to the base-
line configuration, the streamwise velocity mode exhibits a
periodic behavior of the nacelle boundary layer downstream
of the shock. The wake flow of the nacelle merges into the
boundary layer on the airfoil pressure side, such that eventu-
ally also the trailing edge flow of the airfoil is affected by
the shock dynamics on the nacelle. Thereby, a connection
between the dynamics of the nacelle shock and the mecha-
nisms of existing buffet models [1, 6] can be expected. Yet,
as discussed in Sect. 4.1 the acoustic field at the airfoil trail-
ing edge is considerably weaker for the nacelle configuration
such that determining the exact mechanism will require fur-
ther scrutiny including detailed investigation of the acoustic
source terms in the vicinity of the trailing edge.

5 Conclusion

WM-LES of the OAT15A complemented by a generic 2D
nacelle geometry and a corresponding baseline configura-
tion without the nacelle have been performed. The baseline
case exhibits a well-developed low-frequency shock oscil-
lation at S = 0.072. Investigation of the pressure fluctua-
tions in the vicinity of the trailing edge and the flow field
dynamics extracted by means of SP-DMD agree well with
established buffet models. The nacelle configuration is char-
acterized by a system of two shocks, one on the upper part
of the engine nacelle and one on the airfoil suction side.
Both shocks are subject to a low-frequency oscillation at
the same frequency of Sr = 0.043 which, however, has a
smaller spatial amplitude than the buffet found for baseline
configuration. The occurrence of a shared dynamic mode
of the nacelle and the airfoil shock suggests the existence
of a coupling mechanism, the exact determination of which
requires further investigation. The analysis of the pressure
field reveals a considerable attenuation of the pressure fluc-
tuation in the vicinity of the trailing edge. Comparison of the
mean flow fields of both configurations shows a significant
disturbance of the flow conditions onto the airfoil. That is,
both Mach number and local angle of attack are reduced by
the introduction of the nacelle. The buffet phenomenon is,
however, highly sensitive to variations of angle of attack
and Mach number. Considering the mitigated and irregular
shock dynamics, it is, therefore, stated that the altered flow
conditions lead to a shift from fully developed buffet to pre-
developed buffet.

The reduction of the UHBR nacelle to a 2D-periodic
geometry allowed a first study of the dynamic impact a geo-
metric perturbation upstream of the airfoil has on the overall

@ Springer

flow topology of the airfoil and the occurring shock oscilla-
tions which define the buffet phenomenon. The existence of
a mutual mode between nacelle shock and airfoil shock has
consequences for future 3D investigations of nacelle airfoil
interaction in transonic flow.
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