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Supersonic inlet buzz in a rectangular, mixed-compression inlet has been simulated on a 20 x 10° points mesh
using the delayed detached-eddy simulation method, a version of detached-eddy simulation that ensures the attached
boundary layers are treated using Reynolds-averaged Navier—Stokes equations. The results are compared with
experimental data obtained during a previous campaign of wind-tunnel experiments. The comparison of unsteady
data is performed thanks to phase averages, Fourier transforms, and wavelet transforms. The buzz observed at
Mach 1.8, which occurred at a frequency of 18 Hz, is well reproduced. The shock oscillations, as well as the different
flow features experimentally observed, are present in the simulation. The buzz frequency, as well as higher
frequencies existing in the experimental pressure signals, are correctly predicted. The data issued from the
simulation (time history of pressure fluctuations, pseudo-Schlieren, and three-dimensional visualizations) allow a
better investigation of the inlet flowfield during buzz and a detailed description and physical analysis of this
phenomenon. A description and an explanation of the mechanism at the origin of secondary oscillations that occur at
a higher frequency during buzz are proposed. The crucial role of acoustic waves moving through the duct is shown.

Nomenclature

inlet capture area, m?

constant of detached-eddy simulation,

dimensionless

speed of sound, m/s

distance to closest wall, m

length scale of DES97, m

= length scale of delayed detached-eddy
simulation, m

= frequency, Hz

function of delayed detached-eddy simulation,

dimensionless

inlet height, m

Mach number, dimensionless

pressure, Pa

time, s

streamwise flow velocity, m/s

wavelet transform of signal x(7); if x(¢) is in

pascal, |W.(t, f)|?, WV,(t, f) isin Pa? - s7! .

Hz™!

coordinates, m

coordinates in wall units, dimensionless

cell sizes in local coordinate system, m

maximum cell size = max(A,, A, A,), m

pseudoeddy viscosity, m?*-s~!

eddy viscosity, m? - 57!

molecular viscosity, m?
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I. Introduction

NLET buzz is a phenomenon of self-sustained shock oscillations
that may appear in almost every type of supersonic inlets, and
which results in high-amplitude variations of the inlet mass flow and
pressure. It generally arises when the entering mass flow is reduced
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below a given value, the so-called buzz limit. Inlet buzz can lead to
thrust loss, engine surge, or even cause structural damages to the
aircraft; this violent and dangerous phenomenon is therefore highly
undesirable. Buzz holds an important place in the conception of an
inlet, and more generally of the propulsion of a supersonic aircraft,
because it imposes the lower limit of air mass flow passing through
the engine. The ability to know with precision the buzz limit of an
inlet is therefore important; otherwise, one would have to take very
large security margins when operating the engine to avoid buzz and,
consequently, needlessly restrict the possibilities of the engine.
Today, the only way to get an accurate knowledge of the buzz limit of
an inlet is a long and costly campaign of wind-tunnel tests. It would
be of great interest to have a reliable numerical method capable of
precisely predicting the buzz limit.

Inlet buzz was first observed and described by Oswatitsch [1] in
1944. Experimental [2—7], analytical [§—10], and numerical [11-13]
studies have been carried out since, to get a better understanding of
this phenomenon and to avoid or delay its onset.

On the experimental and theoretical side, some progress has been
made in the understanding of the physical mechanisms that trigger
the instability. It is now well established that buzz is triggered by a
shear layer, issued from the intersection point of normal and oblique
shocks, entering the cowl lip [2] (Ferri criterion), and/or a shock-
induced separation developing on the compression surface, which
obstructs the inlet [3] (Dailey criterion). Theoretical models of the
phenomenon have been developed [8,9], but this kind of linear
analyses, based on highly idealized models and fluid flows, fail to
give a precise representation of this complex phenomenon. Although
several approximate methods have been proposed, it is today still
impossible to precisely predict the onset of inlet buzz.

We presented in [14] the first results of an experimental study that
was conducted in ONERA supersonic wind tunnel S3MA on a
rectangular, mixed-compression inlet model. The purpose was to
build a database and to improve the knowledge of buzz. Two kinds of
shock oscillations were observed. They were called “little buzz” and
“big buzz”, following Fisher et al. [5], and they occurred at
frequencies, respectively, around 120 and 18 Hz. Little buzz is
thought to be due to an acoustic resonance phenomenon excited by
the presence of a shear layer under the cowl lip, whereas big buzz
seems to be triggered by a boundary-layer separation on the
compression ramps. Signal processing analyses of unsteady pressure
recordings showed that the big buzz frequency was already present in
the flow before the onset of large-amplitude shock oscillations,
which suggested that the underlying mechanism of big buzz,
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probably linked to acoustics, already exists before buzz starts [14]. A
detailed analysis of the experimental data obtained at Mach numbers
1.8 and 2 has been carried on using advanced signal processing tools
such as wavelet transform. It is presented in [15], as well as a method
to predict buzz onset online thanks to change detection algorithms.

On the numerical side, to the author’s knowledge, Newsome [11]
conducted the first Navier—Stokes computations. Other attempts to
simulate buzz thanks to Euler or Reynolds-averaged Navier—Stokes
(RANS) simulations have been made, by Lu and Jain [12] and
Fujiwara et al. [13] for instance. They proved that a numerical model
as simple as Euler manages to reproduce qualitatively the
phenomenon. However, several experimental studies [3,5,16] have
shown the crucial role of flow features such as shock-boundary layer
interaction, massively separated areas, and three-dimensional flows
in the occurrence of buzz. Classical Euler or RANS numerical
methods could therefore be insufficient to provide an accurate,
quantitative simulation of buzz, and the use of advanced methods
such as hybrid RANS/LES (large-eddy simulation) approaches
could turn out to be necessary.

In the present study, the buzz at Mach 1.8 was simulated thanks to
the detached-eddy simulation (DES) method. This method often
meets the problem of “modeled stress depletion,” which occurs when
boundary layers are treated in LES mode. To address this problem,
we used here the delayed DES (DDES) approach, which is designed
to automatically detect attached boundary layers and ensures they are
treated in RANS mode [16]. This method is particularly adapted to
the simulation of buzz, because this phenomenon implies large-
amplitude motion of separated regions whose location is not fixed by
the geometry.

The objective of the current study is threefold: 1) to assess the
capability of DDES to simulate big buzz, 2) to compare numerical
results with the available experimental data, and 3) to investigate the
unsteady aerodynamic field not accessible by the experiment to get a
better knowledge of buzz flow and of the physical causes of the
phenomenon.

II. Experimental Data

Experiments were conducted in ONERA supersonic wind-tunnel
S3MA (Modane, France) on a rectangular, mixed-compression inlet
model (Fig. 1). The design Mach number, i.e., the Mach number in
which the ramp shocks hit the lip, is two. The external compression,
which represents 85% of the total compression, is achieved by three
ramps inclined by 5.5, 11.18, and 17.11 deg to the freestream flow
direction. The internal compression (15% of the total compression) is
achieved by a convergent. The vertical height of the cowl lip above
the ramp tip is 100 mm, and the inlet width is constant equal to
100 mm. The inlet capture areais A, = 0.01 m?. The diffuser length
is 535 mm. Its final section is square (100 x 100 mm?).
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Fig. 1 Inlet model.

To control the entering mass flow, the exit section of the duct is a
sonic throat, which can be throttled by a butterfly valve. The total
length of the duct, between the cowl lip and the exit sonic throat, is
1861 mm.

Sidewall windows allow one to view the flow and the shocks
inside the inlet thanks to Schlieren pictures and videos
(500 frames/s). The model is equipped with a lot of pressure
sensors: on the upstream part of the model, 30.

Kulite sensors measured the unsteady static pressures on the
compression ramps, on one sidewall, and under the cowl lip. At the
diffuser end, four rakes with five total pressure sensors each, six static
pressure sensors, and two Kulites allow estimating of the pressure
recovery of the inlet. The mass flow is measured by a sonic throat
mass flow meter.

The model can be equipped or not with a boundary-layer bleed in
the vicinity of the inlet throat.

Only the main results at Mach 1.8 are presented here, focusing on
the results without bleed. A more detailed description of the
experimental study can be found in [14].

At this Mach number, the Reynolds number based on the inlet
height (0.1 m) is 2.9 x 10°. The flow regime before buzz is
subcritical, i.e., there is an external shock located on the compression
ramps, and the flow entering the inlet is subsonic.

When the mass flow decreases, the shock moves upstream along
the ramps until buzz begins. Buzz start is thought to be triggered by a
separation at the foot of the normal shock, on the compression ramps
[14]. The shock then begins to oscillate; it moves upstream to the
ramp tip (and a separated zone develops on the ramps), then moves
back downstream, and an internal shock appears inside the inlet (at
this time, the situation is similar to the supercritical regime, although
the throttling has not changed). This internal shock moves back and
forth inside the duct, travels back upstream, and disappears when
merging with the external shock. These shock motions are cyclic and
periodical, at a characteristic frequency around 18 Hz.

Sketches on Fig. 2 describe these shock motions. Fig. 3 shows the
corresponding Schlieren pictures taken during a buzz cycle, on
which they can be seen.

Figure 4 shows the pressure signals recorded by several sensors
located, respectively, on the ramp tip (K18), under the cowl lip
(K14), and in the diffuser (PS33) during buzz. A buzz cycle clearly
appears on these records; the subcritical and supercritical phases can
be seen. During the subcritical phase, sensor K18 is located in a
supersonic area (low and constant pressure), whereas the sensors
located inside the inlet are in a subsonic region. During the
supercritical phase, the flow under the cowl lip is supersonic (sensor
K14). Secondary oscillations that occur at a frequency around
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Fig. 2 Shock motions during a buzz cycle.
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Fig. 3 Schlieren pictures taken during a buzz cycle.
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Fig. 4 Pressure records during big buzz (M = 1.8).

200 Hz can be seen when the normal shock is at its most upstream
location, on the ramp tip. These oscillations were already observed
by Dailey [3]. Their mechanism will be detailed in a subsequent
section.

III. Numerical Method

A. General Description

All computations presented in the present paper have been
conducted using the FLU3M solver, developed by ONERA. This
code solves the Navier—Stokes equations on multiblock structured
grids. The computational domain is divided by blocks, composed of
hexahedral cells. The time integration is carried out by means of the
second-order-accurate backward scheme of Gear. Roe’s flux-
difference splitting is employed for the advective fluxes, MUSCL
approach extends the spatial accuracy to the third order (third-order
upwind biased), and is combined with Jameson’s sensor to satisfy
total variation diminishing (TVD) conditions on shocks. Further

details concerning the numerical method and implementation of
turbulence models can be found in [17,18].

This numerical strategy has already been used to perform large-
eddy simulation of the flow around a low-pressure turbine blade [19],
as well as over a cavity at high Reynolds number [20]. It has also been
successfully used to compute zonal detached-eddy simulation
(ZDES) of transonic buffet over a supercritical airfoil [21] and of an
unsteady axisymmetric separating—reattaching flow [22], to perform
direct numerical simulation (DNS) and LES of active separation
control by a synthetic jet [23], and to compute hybrid RANS/LES of a
supersonic base flow [24].

B. Delayed Detached-Eddy Simulation

Detached-eddy simulation is a hybrid RANS/LES approach that
was originally proposed by Spalart et al. in 1997 [25]. Their
motivation was to combine the best features of a RANS approach
with the best features of LES; the RANS approach predicts the
attached flows quite well with a low computational cost, whereas
LES has a high-computational cost but can predict the separated
flows more accurately. DES was designed to treat the boundary
layers using a RANS model and to apply an LES treatment to
separated regions.

The original DES model (named DES97 in the following) was
based on the Spalart—Allmaras (SA) RANS model which solves a
one-equation turbulence model for the eddy viscosity v. This model
is provided with a destruction term for the eddy viscosity that
contains d, the distance to the closest wall. This term, when balanced
with the production term, adjusts the eddy viscosity to scale with
local deformation rate S producing an eddy viscosity given by

b Sd? M)

The idea suggested by Spalart et al. [25] was to modify the
destruction term so that the RANS model is reduced to an LES
subgrid-scale one in the detached flows. They proposed to replace d
with a new length, 3D5597:

d pesy7 = min(d, CpgsA) 2)

where Cpgg is a constant equal to 0.65 and A = max(A,, A,, A,)
is the cell characteristic size. The use of the maximum cell size for A
is physically justified as it controls which wavelengths can be
resolved and the eddy-viscosity level. In the attached boundary layer,
due to the grid anisotropy (A,,~A, > A,) typical of this flow
region, in accordance with Eq. (2), dpgse; = d, and the model
reduces to the standard SA RANS model. Otherwise, once a field
point is far enough from walls (d > CpgsA), the length scale of the
model performs as a subgrid-scale version of the SA model.

A major issue in the use of this approach is the existence of a “gray
area” between the RANS and LES regions, whose location depends
on grid spacing. In the natural use of DES, the grid spacing should
make this area be located outside of the boundary layers, which will
then be treated in RANS. With a very fine grid, on the other hand, the
LES mode of DES will be activated everywhere in the flow,
including boundary layers, which is nothing to worry about because
the grid is fine enough to support LES treatment of the boundary
layer.

Problems arise in the intermediate case: ambiguous grids can lead
the gray area to be located inside the boundary layer, where these
grids are not fine enough to support resolved velocity fluctuations,
i.e., “LES content.” This causes, in the part of the boundary layer that
is unfortunately treated in LES mode, a drop in the eddy viscosity and
therefore in the modeled Reynold stress without any sizeable
resolved stress to restore the balance. This phenomenon is referred to
as modeled stress depletion (MSD). The depleted stresses decrease
the skin-friction coefficient and this can possibly result in premature
boundary layer separation or “grid-induced separation” (GIS), as
described in [26] (see also discussion in [27], pp. 267-275).

To avoid this, a solution can be zonal DES, in which RANS mode
is explicitly imposed in selected regions, where an attached boundary
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layer is expected [21,28]. However, in the case of inlet buzz,
separated areas move with large amplitude so that the selected
regions would be totally different from one phase of a buzz cycle to
the other. This method cannot therefore be used here.

A more adapted solution to the present case is delayed detached-
eddy simulation [16]. This method is designed to “shield” the
boundary layer, i.e., to automatically preserve RANS mode inside it.
Ithas been successfully tested on different flows: in aboundary layer,
on a single and multi-element airfoil, a cylinder, and a backward-
facing step [16]. These tests demonstrated that RANS function is
maintained in thick boundary layers, without preventing LES
function after massive separation.

The formulation of DDES uses the quantity

v, +V
VU U, i d?

where v, is the kinematic eddy viscosity, v is the molecular
kinematic viscosity, U, ; is the velocity gradients, « is the Karman
constant, and d is the distance to the wall. This parameter r, is equal
to one in a logarithmic layer, and falls to zero at the edge of the
boundary layer. It is used in the function

3)

rqg =

4 =1—tanh[(8r,)’] “)

which is equal to zero in the boundary layer and one elsewhere.
Whereas in DES97, the length scale is as in Eq. (2), in DDES, this
length scale is redefined:

d=d— fymax(0,d — CpgsA) 5)

In the boundary layers (f, = 0), dis equal to d (like in RANS),

and elsewhere (f; =1), d is like in DES97. This ensures that
boundary layers are fully treated in RANS mode.

C. Grid

As well as in LES, the grid generation in DES is a key issue,
because the grid spacing controls which wavelengths can be
resolved, as well as the eddy-viscosity levels. In the present case, we
have to simulate an internal flow featuring four boundary layers (on
the lower, upper, and side walls). Each one of these boundary layers
has to be finely meshed.

The grid is divided into 48 blocks. Its geometry is shown in Fig. 5.
Twenty-two blocks are used to mesh the internal flow (i.e., the
streamtube entering the inlet), and 26 to mesh the external flow,
which allowed us to apply the far-field conditions. The mesh is
particularly refined over the compression ramps and in the inlet

Side wall —|

Compression —
ramps

Fig. 5 Geometry of the grid.

----- Contours of Mach number (fine grid)
Contours of Mach number (very fine grid)

Fig. 6 Contours of Mach number on fine grid (10 x 10° points) and
very fine grid (20 x 10° points).

section, which are the crucial zones for buzz; around half of the points
are located there. A zoom on the mesh at the walls in this area can be
seen in Fig. 5.

The whole length of the duct and the exit section are meshed (the
butterfly valve is replaced in the simulation by a sonic throat with a
circular section). This part of the grid exists to comply with the
acoustic lengths of the model, but the mesh in this area is much
coarser, in particular in the streamwise direction.

Grid convergence for hybrid RANS/LES simulations is a complex
issue. Indeed, in LES mode there is no possible grid convergence in a
RANS sense, because the mesh size impacts the ratio between
modeled and resolved turbulence; which is why we checked grid
convergence in RANS.

A RANS computation was performed on two grids containing,
respectively, 10 million and 20 million points, both with the same
exit throat section for which the inlet flow is subcritical and stable.
The Mach number contours in the symmetry plane of the inlet
obtained for both grids are compared in Fig. 6. The differences
between the results yielded from the two grids are small, and the
location of the normal shock on the compression ramp, in particular,
is the same. The grid convergence in RANS is therefore achieved.

The grid that was used for DDES calculations, and which is
described in the following, is the very fine grid (20 million points).
This grid was designed to fulfill DES requirements. The mesh of the
symmetry plane of the inlet and of the lower wall for this latter grid is
plotted in Fig. 7 (every other point is shown in each direction).

T

[
i

Fig. 7 Mesh of the symmetry plane of the inlet (top) and of the lower
wall (bottom) for the very fine grid. Every other point is shown.



122 TRAPIER, DECK, AND DUVEAU

35

—=——  Side wall
----0---- Lower wall

30

25

LU L L L L L L L L B |

00 L x|||||1|1 L IIIILIII? L lllllllle M
10 10 10 10

vz
Fig. 8 Profile of boundary layers in wall units on the side and lower
walls, for the very fine grid.

The captured streamtube (whose dimensions are 0.1 m x 0.1 m)
is meshed using 174 cells in the vertical direction and 152 cells in the
spanwise direction. In both directions, 60 of these cells are located in
the boundary layers. Figure 8 shows the velocity profiles in the
boundary layers, in wall units, on the lower wall (compression
ramps), and on the side wall. On the compression ramps as well as on
both sidewalls, the boundary layer contains around 30 points (the
values of y* and zT, respectively, are at worst between one and two at
the first point off the wall). Over the compression ramps, the grid
extensions in the streamwise direction Ax and in the spanwise
direction Az were chosen to have Ax = Az, following Spalart’s
recommendations for DES grids [29]. The highest values of these
grid extensions are 1 mm (x* and z* are composed of between 50 in
the vicinity of the ramp tip to, at worst, 600 in the center of the third
ramp).

u (mis) Cowl lip

Compression
ramps

u (mis)

400
250
100

D. Computational Description

A global time step is used for all computations. The time step for
unsteady calculations is 5 us, which results in Courant—Friedrich—
Levy (CFL) numbers based on maximum acoustic velocity u + ¢
(where ¢ denotes the local speed of sound) comprising between 1 and
5 in the flow and at most 15 in the boundary layers (even if much
higher values are reached, very locally, in the smallest cells around
the ramp tip). All unsteady simulations have been performed with
five Newton inner iterations (see Péchier et al. [17] for further
details), and the temporal accuracy was checked during the
convergence process of the inner iterations (a drop of the residue
values of at least one order is reached).

The CPU cost per cell and per inner iteration is around 0.5 us. The
simulations were performed on two processors of a NEC-SX8
computer. To make possible an accurate signal processing analysis,
ten buzz cycles were simulated. The total CPU cost of the calculation
was approximately 1600 h.

Unsteady RANS calculations were also performed on the 20
million point grid, for comparison with DDES results (as shown
later).

The procedure that is used to trigger buzz is the following: the
simulation is initialized with a flow given by a steady RANS
calculation, with an exit sonic throat section large enough to ensure
that the external shock is stable. Then the throat section is reduced at
the beginning of the unsteady DDES simulation. This reduction
generates a compression wave that travels upstream in the duct.
When this wave finally meets the external shock, buzz starts after a
transient phase of shock displacement. The real unsteady calculation
begins and the time-averaging process is turned on. The statistics
were collected during six buzz cycles.

E. Behavior of DDES

Figure 9a shows the contour of velocity u in the upstream part of
the inlet, during the phase of buzz where the flow on the ramps is
attached. The corresponding contour of function f, is also shown.
On the right of the figure are plotted different variables and functions
used by the DDES. Figure 9b shows the equivalent contours and
plots during the phase where the flow is separated.

Fig. 9 DDES behavior when the flow is a) attached and b) separated. Inlet height 4 is 0.1 m, u, is the eddy viscosity, and p is the molecular viscosity.
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One can check that in both cases the function f, is zero in the
boundary layers (and so d is equal to d, the RANS mode is preserved)
and one elsewhere (and so d = Cpgg A, the LES mode is used). The
function f,; shows to be robust, because it behaves adequately for
both flows (one is attached and the other is fully separated).

On the plots on the right it can be noticed that the maximum of
1,/ 1 is reached inside the RANS zone (i.e., where f,; = 0), which
means that the boundary layer is correctly “shielded.” In the
separated case (plot on the bottom), for instance, the gray area of
DDES is located around d/h = 0.06, above the maximum of u,/ .
In classical DES97, the gray area would have rather been located at
d/h =0.015, inside of the boundary layer, which would have
possibly conducted to modeled-stress depletion.

The behavior of DDES shown here is quite satisfactory.

IV. Simulation of Buzz

Figure 10 describes the evolution of the flow during a buzz cycle.
To evidence the coherent structures of the flow, the Q criterion [30]
has been used

1
0= ) (SijSij - QijQij) (©6)
where S and 2 denote, respectively, the strain and rotation tensor.
White surfaces on the figure are isosurfaces of Q =8 and gray
surfaces are isosurfaces of Mach number 1 (which allows
visualization of the shocks). Black lines are isocontours of Mach
number in the symmetry plane of the inlet.

On the first frame, one can see the oblique shocks induced by the
ramps (isocontours of Mach number, black lines), as well as the
external normal shock. On this frame, the flow remains fully
attached. On the second frame, the normal shock is expelled
upstream and the separation at its foot appears, at first, not on the

compression ramps, but on the sidewalls, and in particular in the
corners. Then this separation grows. When the shock reaches the
ramp tip, the flow above the ramps and in the inlet section is totally
separated (third and fourth frames). Then the separation vanishes, the
shock moves downstream (fifth frame), and a supersonic area
appears inside the diffuser (sixth frame). Note the occurrence of
large-scale hairpin structures over the compression ramps on this
frame. The flow then becomes like in supercritical operation (seventh
and eighth frames). The internal shock progressively moves
upstream (ninth frame) until the flow becomes subcritical again, like
in the first frame; a new cycle begins.

Detailed description and analysis of the flow during a buzz cycle,
based on the data obtained from this simulation, are given in a
subsequent section.

A. Comparison with Experimental Data
1. Pressure Signals and Spectra

Time history of pressure fluctuations corresponding to the location
of sensor PS33, located in the diffuser (see Fig. 4) is shown in Fig. 11.
The signal from the DDES simulation is compared with the
experiment, and to a URANS signal (unsteady Reynolds-averaged
Navier—Stokes simulation performed on the same grid).

The calculated signals agree well with the experimental ones, the
three main phases that have been previously described (subcritical
phase, secondary oscillations, and supercritical phase; see Fig. 4) are
visible, the duration of the cycle and the pressure levels are correct.
However, the amplitude of the secondary oscillations is too low in the
URANS signal, whereas it is correct in the DDES one. The origin of
these higher frequencies will be discussed in the following.

The spectra of the pressure records from sensor PS33 (experiment
and calculations) during buzz are shown in Fig. 12a. These spectra
are obtained with an autoregressive approach based on Burg’s
method [31]. The levels agree well for the low frequencies.

Fig. 10 Evolution of the flow during a buzz cycle.
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Fig. 11 Comparison of big buzz pressure from experiment, URANS
and DDES simulations.

This spectrum displays a peak at 18 Hz (for the experiment, and at
17 Hz for the DDES simulation) which corresponds to the
characteristic frequency of buzz. [On the spectra of the records from
sensor K18, which is located on the first ramp (Fig. 12b), another
important peak appears at 38 Hz. This peak, as well as the next one
around 75 Hz, is a harmonic of the main frequency 18 Hz due to the
fact that the signal is not sinusoidal.] One can notice that the large-
scale self-sustained motion of the shock is well reproduced by both
URANS and DDES.

At high frequencies, however, the level of the spectrum from
URANS simulation is too low. The level from the DDES one agrees
well with the experiment. This difference is even clearer on the
spectra of the records from sensor K18. This is due to the fact that
high frequencies correspond to turbulence, which is modeled in
URANS, whereas it is resolved in DDES. These results indicate that
there is a spectral gap between the unsteadiness of the mean field and
turbulence at higher frequencies, because only the first one is
correctly reproduced by URANS.

2. Mean and RMS Pressures

Table 1 shows the calculated and experimentally measured mean
pressures and root mean squared (rms) pressures recorded during
buzz at sensor K9, which is located in the diffuser.

\ —— DDES
\ - - ~URANS

—— Experiment []

PSD (Pa%/Hz)

1 2

10
Frequency (Hz)

a)
Fig. 12

Table 1 Mean and RMS pressures at sensor K9
(simulation and experiment)

Mean pressure RMS pressure

Simulation 1.50 x 10° Pa 3.51 x 10* Pa
Experiment 1.63 x 10° Pa 3.29 x 10* Pa
Error —7.9% +6.7%

The calculated mean pressures are lower than the experimental
ones, whereas the rms pressures are higher. The probable explanation
of this difference is detailed next.

Figure 13 plots the calculated and measured rms pressure profiles
during buzz on the lower wall, side wall, and upper wall of the inlet.

These profiles show high values of the rms pressures in the
upstream part of the inlet, where the shock motion occurs, in
particular over the compression ramps and in the most upstream part
of the diffuser. An intermediate zone of relatively low values exists,
approximately between the abscissas x =0.1 m and 0.2 m; it
corresponds to the zone that always remains subsonic, because it is
located between the external shock and the sonic line during the
supercritical phases (see Figs. 2d and 2e). More downstream in the
diffuser, in the area never reached by the internal shock, the rms
pressures are also lower. This evolution of rms pressures along the
inlet is correctly reproduced by the simulation. However, the rms
pressures are overestimated by the simulation almost everywhere in
the inlet. The error remains small in the upstream zone of the inlet; it
gets higher in the downstream part of the diffuser.

Because buzz is a periodical phenomenon, the results of the
simulation as well as the experimental data can be phase averaged.
The procedure consists in dividing each period (i.e., each buzz cycle)
into a certain number of phases, then averaging the data over these
phases (Fig. 14).

The phase-averaged data allow comparing the pressure levels at
different phases of a buzz cycle separately, instead of comparing the
global average like in Table 1. The pressure records from the
experiment and the simulated flowfields have been averaged on 12
phases (see Fig. 14). Phases 1-5 crudely correspond to the phase of
secondary oscillations of the buzz cycle, phases 6 and 7 correspond
to the supercritical phase, and phases 8—12 correspond to the
subcritical phase (cf. Fig. 4).

Figure 15 shows the phase-averaged pressure fields in the
symmetry plane of the inlet, issued from the simulation, during three
different phases of a buzz cycle: phase 3 (secondary oscillations), 6
(supercritical), and 10 (subcritical). On this figure, the black lines
mark the contour of Mach number M =1, which indicates
approximately the average position of normal shocks during each

107+ —— Experiment ]
——DDES
- - —-URANS

10° 10
Frequency (Hz)
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Comparison of big buzz pressure spectra from experiment, URANS and DDES: a) sensor PS33, b) sensor K18.
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Fig. 13 rms pressures at the walls (simulation and experiment).

phase. The circles on the lower wall indicate the location of the
experimental sensors. Figure 16 details the average pressures from
simulation and experiment during these three phases, all along the
lower wall of the inlet.

It can be noticed that the error on the average pressures changes
from one phase to the other. During the supercritical phase, there is
almost no error, except for the most downstream sensor. During the
subcritical phase, the pressures are underestimated by the simulation
in subsonic flow regions. The error is the greatest during the
secondary oscillation phase.

These nonnegligible errors on mean pressures as well as on rms
pressures can be explained by the following fact: in the experiment,
the sonic exit throat is throttled by a butterfly valve, and we do not
know precisely its section. Therefore, the section of the sonic throat
in the simulation is likely to be different. This has an impact on the
mass flow and on the internal pressure, which may explain the
difference between the measured and calculated pressures, as well as
the slight difference in the buzz frequency that was previously
mentioned. Indeed, this frequency is linked to acoustics, and the
section of the sonic throat influences the internal Mach number, and
so the velocity of the acoustic waves propagation inside the duct.

This hypothesis is confirmed by the following observation: it can
be seen from Figs. 15 and 16 that the sensors where the error on
pressures is observed are the ones that are located in the most
downstream subsonic zone, i.e., the area where the flow is influenced
by the exit section. The simulated pressures in the supersonic zones
(and in the most upstream subsonic zone, during the supercritical
phase), which are not influenced by the exit sonic throat, are very
close to the experimental ones.
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Fig. 15 Simulated phase-averaged pressure fields at different phases of
buzz cycle: phases 3 (secondary oscillations), 6 (supercritical), and 10
(subcritical).
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Fig. 16 Phase-averaged pressures (simulation and experiment) at the
lower wall at the same phases as in Fig. 15.

3. Wavelet Transforms

Spectra such as the ones shown in Fig. 12 allow comparing the
global frequency content of the different signals. However, it can be
seen on the signals (Fig. 11) that this content is not constant, but
changes with time. The spectra based on the Fourier transform do not
take this evolution into account. This is why an accurate comparison
should be done using time-frequency representations, which plot the

x10
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|

Phase-averaged pressure (Pa)

P
T
pmm—-
e ——————

1 2 3 4 5 6 7 8 9 10 " 12
Phase number

Fig. 14 Procedure to compute phase average: each period is divided into 12 phases over which the data is averaged.
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energy content of the signal against time and frequency. Among the
family of time-frequency methods, the wavelet transform has proven
to be efficient in investigating the buzz phenomenon [15].

A wavelet is a function () with zero mean and finite energy. We
are using here the so-called Gabor wavelet, defined as

€7t2/202 e*limn

1
(1) = N @)

2mo

where o and n are two parameters allowing one to control,
respectively, the time dispersion and the frequency of the wavelet.
The wavelet transform Wx(z, s) of a signal x(7) is defined as

Wx(z,s) = /_:o x(1) %1//* (t : T) dt

The asterisk (*) stands for the complex conjugate; s is a scale factor,
which can be linked to a frequency f = n/s; Wx is complex. The plot
of its squared modulus |Wx(z, f)|?, called scalogram, is a time-
frequency representation of the signal x(#). It represents an energy
density (its unit is Pa? - Hz™! - s71).

The reader interested in the theoretical aspects of this method can
refer to [32-34].

Figure 17 shows the time-frequency representation (or
scalograms) of DDES (left) and experimental (right) signals,
obtained by wavelet transform. The wavelet parameters o = 0.1 and
n = 15 have been retained here, for they provide a good compromise
between time and frequency resolutions [15].

The two plots of Fig. 17 have the same appearance. On both plots,
the buzz frequency is clearly visible as a regular, thin, horizontal line
at 18 Hz. The secondary oscillations also appear under the form of
“spots” at higher frequencies, which are regularly distributed in time.
It can be seen that the frequency of these oscillations is variable from
one cycle to another, and so is their amplitude. They even almost do
not exist during certain cycles (the third simulated cycle and the fifth
experimental cycle, for instance).

The main differences between DDES and the experiment are the
buzz oscillations amplitude, which is higher in the DDES signal, and
the secondary oscillations frequency, which is in general lower in the
DDES signal.

®)

x10

- DDES
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Finally, the comparison between experimental and simulated data
shows a difference between the levels of mean pressures and rms
pressures, which can be explained by a probable difference in the exit
sonic throat section. However, a detailed analysis of the experimental
and simulated results show that all physical phenomena that were
experimentally observed are present and correctly reproduced by the
simulation. A physical analysis of buzz, based on the data issued
from the numerical simulation, is therefore possible.

B. Study of the Shear Layer

An important feature of the flow during the subcritical phase and
the secondary oscillations is a shear layer located over the ramps.
This shear layer develops between the separated area appearing on
the ramps during these phases and the high-speed flow passing over
it. It plays in particular a major role in the mechanism of the
secondary oscillations, as will be explained in the next section.
Figure 18a shows this shear layer (numerical Schlieren picture), and
Fig. 18b shows the corresponding velocity profiles at different
abscissas.

The vorticity thickness of a shear layer is defined as:

U,-U_
“ " max(3U/dy) ©)
bl
where U, and U_ are the upper and lower velocities (respectively,
upon and below the shear layer).
For the four profiles of Fig. 18, this definition gives the following:
8, =3,3,6,and 12 mm.
The following semi-empirical formula [35] allows one to crudely
estimate the frequency range of the Kelvin—Helmoltz instability:

U, -U_

Fren 0.135 ="

(10)

For the first profile of Fig. 18 (x = 0.03), one obtains
Sx_n = 15,900 Hz

Figure 19 shows the spectrum of the simulated pressure signal
issued from sensor K18 located on the compression ramp, during the
phase in which the shear layer exists. It shows a wide peak around
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Fig. 17 Wavelet transform of pressure signals from DDES and experiment.
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Fig. 18 Velocity profiles over the compression ramps at ¢ = 0.0755 s.

16 KHz, which indicates the existence of Kelvin—Helmoltz

instability in the shear layer, in this area.

It has also to be noticed that this shear layer is not two-dimensional
but shows undulations in the spanwise direction, as can be seen in
Fig. 20. In this figure, the shear layer is materialized by the isosurface
of velocity 170 m/s.

~16000 Hz

C. Description of Buzz Flow and Physical Analysis

We now get interested in one particular simulated buzz cycle,
which will be described in detail.

Visualization such as the one plotted in Fig. 21 gives a general
vision of the evolution of the flow in the whole inlet during a buzz
cycle. It plots the static pressure p, taken at the central line of the inlet
(indicated by the dotted line, in the sketch of the inlet on the top of the

Spectrum of the simulated pressure signal at sensor K18 (first

? 10° 10
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Fig. 21 Contour of pressure against space and time, during a buzz
cycle.

Fig. 20 Spanwise undulations of the shear layer.
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figure), against space (the abscissa x, horizontal axis), and time
(vertical axis).

This plot allows one to see most of the flow features:

1) The trajectory of the normal shocks, which are materialized on
the figure by the contour of M = 1 (white line). This contour also
shows the location of the sonic throat.

2) The acoustic waves moving through the duct, and reflecting on
the sonic throat. In this drawing, the lines with arrowheads represent
the trajectory of acoustic waves moving downstream and upstream,
respectively, with velocities ¢ + u and ¢ — u (where c is the local
speed of sound).

3) The separated and turbulent flow on the compression ramps also
appears, approximately from ¢ = 0.05 to t = 0.08 s.

The three phases of the buzz cycle already described in Fig. 4
(subcritical phase, secondary oscillations, and supercritical phase)
are also visible on these plots.

Subcritical phase

In the following, we will successively describe the development of
these three phases. Figure 22 shows the calculated flow (Schlieren
pictures and streamlines) at each time  mentioned in this description.

1. Subcritical Phase

At time t = 0.045 s, the normal shock is on the compression
ramps and is pushed upstream by a high internal pressure. At
t = 0.054 s, it reaches the first compression ramp. Because the flow
over this ramp has crossed only one oblique shock, its Mach number
is higher than over the second ramp, and the normal shock gets
stronger. A separated area begins to develop at its foot.

Attt = 0.0585 s, the separated area has grown; the normal shock is
replaced by an oblique shock, which is generated by this separated
area. The flow just behind it is supersonic; it becomes subsonic while
passing through a series of shocklets. Between this high-velocity

t=0.1

Fig. 22 Numerical Schlieren pictures and streamlines during a big buzz cycle.
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Fig. 23 Isosurface of phase-averaged velocity u = —1 m/s during
subcritical phase, in one half of the inlet.

flow and the low-velocity flow that exists in the separated area, a
shear layer appears. At the same time, the inlet section of the diffuser
is widely obstructed by the separated flow.

Figure 23 shows the boundary of the separated flow area during
this phase (isosurface of the phase-averaged velocity u = —1 m/s
during phase 10, see Fig. 14). It shows that the two separated
areas, i.e., the one at the shock foot and the one in the diffuser, are
in fact one; although the flow is partially attached on the compression
ramps, it is fully separated in the corners and on the sidewalls.
The reverse flow in this area feeds the separation on the first ramp;
that is the reason why this latter separated area is growing during this
phase.

Around 7 =0.061 s, the shock reaches the ramp tip. Kelvin—
Helmotz instability develops in the shear layer (see details in the
previous section). The two separated areas have merged and they
obstruct almost entirely the inlet section. The entering mass flow is
almost zero and, behind this obstruction, the pressure falls. This low-
pressure zone is then propagated downstream in the diffuser by an
expansion wave which is visible in Figs. 21 and 24 (it is indicated by
adotted line on the latter). This marks the beginning of the secondary
oscillations.

2. Secondary Oscillations

The secondary oscillations occur approximately between =
0.063 and r=0.078 s. Their frequency (which is not exactly
constant) is around 200 Hz. They cause a shock motion which is
visible in Fig. 21 (white line). Acoustic waves propagating in the
diffuser, which are also visible in Fig. 21, are emitted during this
phase.

Figure 24 shows the plot of u against space and time, taken from a
line located close to the lower wall (dotted line), during the secondary
oscillations phase.

The dark areas indicate a reverse flow (# < 0). It can be seen on
this figure that, during the oscillations, the flow on the ramps was
most of the time separated, but periodically reattached. These
attached zones (which appear in light gray on Fig. 24) were then
carried downstream at the flow velocity (which is materialized by the
white lines with arrowheads).

The mechanism of these oscillations (summed up by the sketch in
Fig. 25) is as follows:

Fromt = 0.061 sto0.063 s, the separated area is still growing, fed
by the reverse flow from the diffuser. It pushes upstream and
straightens up the shock, which gets detached at a very short distance,
around 0.1 mm, upstream the ramp tip (Fig. 25a). The incident flow
on the ramps is now horizontal and subsonic, and so there is no shock
and no separation generated on them. The separated area which
existed on the ramps is convected downstream, and it is replaced by
an attached flow. Then, because there is no separated area on the
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Fig. 24 Plot of u against space and time, during secondary oscillations.
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Fig. 25 Mechanism of the secondary oscillations.

ramps, the shock moves downstream again. The total time during
which it remains detached is around 3.10™ s.

At 1 =0.0645 s, the shock is back on the ramps, and a new
separation begins to develop at its foot (Fig. 25b). At t = 0.066 s, it
has given birth to a new separated area on the ramps, with a “lambda”
shock interaction, and a new shear layer (Fig. 25¢). At the same time,
the old separated area is swallowed by the inlet, which is not
obstructed any more. The incoming mass flow increases, and so does
the pressure in the diffuser. This high-pressure zone is propagated
downstream in the diffuser by a compression wave (visible in
Fig. 21). The new separated area continues to grow until it occupies
all compression ramps (+ = 0.067 s, Fig. 25d). The oblique shock,
which was formerly the upstream branch of the lambda, moves
upstream to the ramp tip. The situation is identical to the one
observed at r = 0.0645 s. A new cycle of secondary oscillations
begins.
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Actually, the mechanism of these oscillations is very close to the
pulsations observed on unsteady spiked body flows [36-38]. The
ramps would play the role of the spike, and the body would be the
obstructed inlet section.

A second cycle takes place between t = (0.067 and 0.0725 s,
during which another expansion wave and another compression
wave are emitted. Atz = 0.076 s, while a third cycle is taking place,
the expansion wave which was emitted at t =0.06 s and was
reflected on the sonic throat (see Figs. 21 and 24) comes back to the
inlet section. The downstream pressure falls, and the separation in the
inlet disappears. The normal shock starts moving downstream. At
t =0.082 s, it passes on the second compression ramp. There is no
more separation at its foot. At the same time, a supersonic zone and
an internal shock appear inside the diffuser. The inlet is in
supercritical operation.

3. Supercritical Phase

The internal shock reaches its most downstream position, around
x = 0.8 m, almost immediately. Then it is pushed upstream by
pressure waves coming from downstream. These waves are issued
from the reflection of the compression waves emitted during the
secondary oscillations on the sonic throat (see Fig. 21). At
t = 0.09 s, the shock is at x = 0.4 m. Inside the duct, between the
inlet section and the shock, the flow is supersonic and fully attached.
The URANS and DDES simulations give identical results during this
phase. The inlet mass flow is high.

As the internal pressure increases, the shock moves upstream
(t+=10.95 s) until it gets expelled and merges with the external
normal shock. The latter is then pushed and starts to move upstream
(t =0.1 s). The flow is subcritical again. A new buzz cycle begins.

V. Conclusions

A DDES (delayed detached-eddy simulation) of supersonic inlet
buzz at Mach number 1.8 has been conducted on a 20 million points
grid. It has been compared with experimental data (pressure records
and Schlieren visualizations) obtained during wind-tunnel tests on a
mixed-compression, rectangular inlet model. At this Mach number,
the experimental data indicated that the buzz was linked to a
separation on the compression ramps (Dailey criterion).

The DDES approach gives very satisfactory results. The
comparison shows a good agreement between experimental and
calculated results. All features of buzz flow that had been
experimentally observed are present and well reproduced in the
simulation: the motion of the normal shock, the large separation that
appears on the compression ramps and obstructs the inlet, the
secondary oscillations of pressure that occur when the normal shock
reaches the ramp tip.

The simulation provided a large amount of information about the
inlet flow and its evolution during buzz, in particular about parts of
the flow which were not accessible to experimental measures. This
data allowed a detailed description and physical analysis of buzz
flow. It has been observed in particular that the separation does not
appear on the compression ramps, but rather in the corners and on the
sidewalls. A description and an explanation of the mechanism at the
origin of the secondary oscillations have been proposed.

DDES appears to be an appropriate approach for the study of
complex flows, possibly on industrial configurations, with separated
regions whose location is not fixed by the geometry. Further analysis
is to be carried on. The ability of the numerical simulation to
accurately predict the buzz onset, and in particular the value of the
captured mass flow when buzz starts, still has to be evaluated.
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