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Abstract

The structure of an unsteady flow past a rectangular,
open cavity is investigated using numerical simulations.
Particular attention is drawn to the three-dimensional
geometry effects, and to the turbulent state of the in-
coming boundary layer. The consequences on noise gen-
eration are studied. Two-dimensional DNS allows a re-
construction of the feedback loop giving rise to the self-
sustained oscillations, but DNS is restricted to thick lam-
inar upstream boundary layers. Cavity flows with higher
Reynolds numbers are computed by 3-D Large Eddy
Simulations, based on high order algorithms, by consid-
ering that the interactions of coherent structures with
the downstream edge are predominant in such flows. The
three-dimensional structure of the recirculating zone is
illustrated and its influence on the shear layer dynamics
is shown . In the same way as the incoming turbulence
level, these modulations induce jittering of vortex-corner
interactions, a decrease in feedback coherence, and thus
a reduction of the radiated noise.

1. Introduction

Flow past an open cavity is known to give rise to self-
sustained coherent oscillations of the impinging shear
layer, as well as intense associated noise radiation. It has
been studied by numerous investigators in the past be-
cause of its practical interest and because of the diversity
of the theoretical questions involved. The self-sustained
oscillations arise from a feedback loop consisting of the
following chain of events : impingement of vortical per-
turbations on the downstream corner, generation of pres-
sure disturbances (both acoustic and aerodynamic), in-
fluence from the impingement region on the receptive
region of the shear layer located at the upstream corner,
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conversion of this influence into new fluctuations, ampli-
fication of the vortical perturbations with convection by
the shear layer resulting in a new impingement, closing
the loop.

This complex phenomenon is often greatly simplified
to build lumped models such as the Rossiter formula® :
the free shear layer is viewed as two-dimensional, and
the recirculating flow is neglected. These approxima-
tions have provided insight into the principal oscillation
frequencies. In this kind of semi-empirical model, a good
deal of significance is attached to the highly localized
vortices. However, experimental observations for fully
turbulent cases have not always indicated their presence.
Although, for the purpose of predicting the frequencies
of discrete tones, the details of these physical processes
may not be extremely crucial, their knowledge is of im-
portance to noise suppression efforts.

The three-dimensional features of cavity flows have
received relatively less attention. The streamwise vor-
tices in the shear layer, side walls effects on the shear
layer and in the cavity, or Taylor-Gortler type instabil-
ities arising from the strong curvature of the recirculat-
ing flow can provide different sources of three-dimensio-
nalities. The spanwise structure of the free shear layer
along the mouth of a cavity has been visualized by Rock-
well and Knisely? using the hydrogen bubble technique
and reveals the interaction of secondary (longitudinal)
and primary (Kelvin-Helmholtz) vorticity. The large-
scale recirculation vortex between the shear layer and the
walls of the cavity is felt to influence this three dimen-
sionality. The existence of this zone can alter the average
trajectory of the incident vortices, and may modulate
the corresponding vortex-corner interaction. In the 2-D
numerical study of Pereira and Sousa,® the modulations
seem to occur at the upstream region of the separated
layer due to recirculation unsteadiness. In the early ex-
periments of Maull and East* and Kistler and Tan,® the
flow inside the cavity is organized in cellular streamwise
structures. The studies of driven-cavity flow® also in-
dicate that the spanwise aspect ratio has a significant
effect upon the mean eddy structure inside the cavity.
Kuo and Huang” have investigated the effects of either
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a positively or a negatively sloped bottom of the cavity,
and show how the modified recirculating flow perturbs
the unstable shear layer. The recirculation can also play
an important role in the appearance of low-frequency
modulations in the vortex-corner interaction patterns.®

The overall purpose of this study is to examine the
three-dimensional features of the cavity flow, and to mea-
sure the influence of the recirculating flow on the mech-
anism producing self-sustained oscillations. Computa-
tional Aeroacoustics is used to probe these effects, and
to provide detailed insight into the relation between vor-
tex interaction and induced sound field. The first part
of this paper describes the computational modelling for
aeroacoustic simulations. In the second part, we present
the two-dimensional direct computation of a rectangular
cavity with a relatively thick incoming boundary layer.
In the third part, the effects of the spanwise width on
the oscillating flow are adressed. The repercussion of
the laminar or turbulent state of the boundary layer in-
flow on the radiated sound-field is discussed in the last
section.

2. Computational modelling

2.1 Governing equations
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Figure 1: Sketch of the flow domain and coordinate
system.

A schematic view of the flow domain is shown in fig-
ure 1. The origin of the coordinate system is located at
the middle of the upstream corner. The governing equa-
tions are the unsteady compressible three-dimensional
Navier-Stokes equations. They are expressed in a conser-
vative form in the cartesian coordinate system of figure
1. In Large Eddy Simulation, only the large-scale struc-
tures are computed explicitely, and the small scales are
modelled. The governing equations are obtained after
spatial filtering, denoted by a bar. The velocity compo-
nents are decomposed into a resolved part, u; = pu;/p,
using Favre averaging, and an unresolved part, u;. The
resulting system solved in the present study is :
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where ¢, is the specific heat at constant volume. The
quantities p, p, U; are the density, pressure, and velocity
components. For a perfect gas, the total energy per mass
unit € is :

e=p/l(y=1pl+ (@® +uz" +a3°)/2, and F=rpT,
where T is the temperature, r the gas constant, and v
the ratio of specific heats. The viscous stress tensor 7i;
is modelled as a Newtonian fluid 75; = 2uS;;, where p is
the dynamic molecular viscosity, and S;; the deviatoric
part of the resolved deformation stress tensor :

ou; 2

1 (0w, 0m 2, 0w
o 2 ij 61‘1 3 ”895;@

The heat flux component g; models thermal conduction
in the flow with Fourier’s law ¢; = —(ucp/0)(9T/0x;),
where o is the Prandtl number, and ¢, the specific heat
at constant pressure.

The effects of the fine scales are present in system (1)
through the subgrid scale stress tensor 7;; and the sub-
grid scale heat flux Q;. We use the simple closure model
of Smagorinsky, with C's = 0.18. In presence of solid
walls, an empirical law has to be introduced to describe
the scale reduction that occurs near the walls. This is
implemented via a simple exponential van Driest damp-
ing.

The Smagorinsky model is only used for the fully tur-
bulent simulation, and no model is applied for the ini-
tially laminar cases because it cannot describe the turbu-
lent transition. Nevertheless, the moderate value taken
by the turbulent viscosity p: in the computations and
the combination of a fine grid resolution with high order
algorithms allows the description of the small scales up
to the grid cut-off wave number.

2.2 Algorithm and boundary conditions

Algorithm

The governing equations (1) are integrated in time
using an explicit low-storage six-step Runge-Kutta sche-
me, optimized in the wave number space, for the convec-
tive terms. Because of their slower time evolution, the
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viscous terms are integrated in the last substep without
affecting the global accuracy. The gradients are solved
on the rectangular nonuniform grid by using optimized
finite difference coefficients for an eleven-point stencil for
the convective fluxes, and 4" order finite differences for
the viscous and heat fluxes. As part of the algorithm, a
selective damping term built on an eleven-point stencil
is incorporated in each direction to eliminate numerical
oscillations originating from regions with large gradients
and/or from the boundary treatment. The coefficients
of the Runge-Kutta, of the finite differences and of the
damping schemes are given in Bogey and Bailly.®

Solid walls

On all solid boundaries, the no-slip conditions u; =
uz = ug = 0 are imposed, with dp/On = 0, where n
is the direction normal to the rigid surface. The wall
temperature is calculated by using the adiabatic condi-
tion. For the sharp corners formed by the intersection of
planar cavity surfaces, the variables are determined by
using the interior scheme, thereby avoiding any ambigu-
ity regarding the normal direction.

Radiation conditions

At the upstream and upper boundaries, the radia-
tion boundary conditions of Tam and Dong,'® using a
far-field solution of the linearized Euler equations, are
applied. At the outflow, we combine the outflow bound-
ary conditions of Tam and Dong, where the far-field solu-
tion is modified to allow the exit of vortical and entropic
disturbances, with a sponge zone to dissipate vortical
structures. This sponge zone uses grid stretching and a
progressively applied Laplacian filter.

Lateral boundaries

The treatment of the lateral boundaries raises seri-
ous problems for an aeroacoustic simulation. The most
common choice in CFD calculations is the use of either
periodic, symmetric conditions, or slip walls. They are
precluded for an acoustic calculation because they reflect
acoustic waves. Therefore we modelize the two sidewalls
like other rigid wall conditions. The lateral boundaries
above the cavity are then free boundaries, where the non-
reflecting condition combined with a sponge zone is used.

Method of generating inflow turbulence

To create the unsteady, stochastic inflow condition
for spatial turbulent simulations, we use Random Fourier
Modes (RFM), following the construction of the SNGR
model.'’ The turbulent inlet field is generated by the
sum of N independent RFM, with amplitudes 4, deter-
mined from the turbulent kinetic energy spectrum. The
fluctuating velocity field is then expressed as a Fourier
series :

N
u'(x,t) = Z Up cO8(Kn.(x — Uot) + wnt + ¥n)an
n=1

where ¥y, ky, a, are random variables with given prob-
ability density functions. An unfrozen turbulent field

3

is obtained by incorporating the convection velocity ug
and the pulsation w,, accounting for the temporal evo-
lution of the perturbations. In the present turbulent
simulation, we have taken N = 200 RFM and w, is de-
duced from the Heisenberg time, w, = 27u’k,. This
stochastic velocity field is multiplied by the vertical pro-
files of rms velocities from Spalart’s'? temporal DNS at
Res, = 1410. This procedure gives the correct vertical
distributions but has two drawbacks. First, the incom-
pressibility condition is no longer ensured and the excita-
tion becomes noisy. This spurious radiation is however
sufficiently weak compared to cavity noise. Second, it
cannot provide the phase relationship between individ-
ual Fourier modes, and turbulence decays downstream
of the inlet plane until the near wall cycle of turbulence
production has been established. Nevertheless, the tem-
poral evolution through Heisenberg’s time allows a very
quick by-pass transition to turbulence.

2.3 Simulation parameters

Flow configurations

The five simulations performed are summarized in
tables 1 and 2. For the initially laminar inflow configu-
rations, ui, (z2) corresponds to a third order polynomial
expression of the Blasius profile, and no forcing is ap-
plied. For the initially turbulent simulation, the mean
profile at the inlet is obtained from Spalart’s temporal
boundary layer simulation at Res, = 1410, to which in-
flow turbulence, generated by the method described in
§2.2, is superimposed. The freestream air temperature
is Teo, and the static pressure p~ is taken as 1 atm.

Run Aspect ratio Régime Model
L/D L/W
2Dr2TH 2 - lam. DNS
3Dr1N 1 1.28 lam. no model
3Dr1W 1 0.5 lam. no model
3Dr3L 3 0.78 lam. no model
3Dr3T 3 0.78 turb. SM

Table 1: Recapitulative table of the simulations pre-
sented. The simulation names are built as follows : di-
mension (2D or 3D) - longitudinal aspect ratio (r..) -
main characteristic (TH : thick, L : laminar or T : tur-
bulent upstream boundary layer, N : narrow or W : wide
spanwise dimension W). SM = Smagorinsky model.

Numerical specifications

The computational mesh is nonuniform and carte-
sian, refined near the walls. The number of grid points in
each direction and the size of the computational domain
are given in table 3. For explicit time marching schemes,
the time step must satisfy the CFL stability criterion.
For the turbulent run 3Dr3T, At = 1. X Axa,,, /Cec =
5.8 x 1078 s, and a large number of time iterations are
needed. The 2-D computation lasts 4 hours on a Nec
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Run Mach Rep Res,, H T
2Dr2TH 0.7 41000 1664 2.6 298.15
3Dr1N 0.6 28700 270 2.2 320.26
3Dr1wW 0.6 28700 270 2.2 320.26
3Dr3L 0.8 48600 990 2.3 320.26
3Dr3T 0.8 48600 2250 1.9 320.26

Table 2: Flow parameters. H is the shape factor,
H = 0, /6%. The thicknesses (suffix R) are evaluated
at the upstream edge of the cavity when the mean flow
is converged.

SX-5. Runs 3Dr1N and 3Dr1W require 11 and 14 hours
respectively. The two other 3-D computations 3Dr3L
and 3Dr3T last 40 hours for 5.4 million grid-points (CPU
time of 0.6 us per grid point and per iteration). These
latter simulations match two configurations of Karam-
cheti’s experiments.*?

Ni;No; N3 Ny;No; N3 Li. La. Ls
o cavity outside ’ prbr D
9Dr2TH  147:161~  501;440- 12:8.5:-
3DrIN  41:33:41 12113271 5.8:3.1:1.4
3DrIW  41:33:81  121;132:109  5.8:3.1:2.7
3Dr3L 8771123 235;130;151  12.8.7.85.2
3Dr3T  87:71;123  235:130:151 12.8:7.8:5.2

Table 3: Numerical parameters.

3. Bidimensional simulation of thick upstream
boundary layer

Figure 2: Snapshot of vorticity contours (16 contours
between wD/Usx = —10.5 and 1.36: ( ) negative
contours, ( ) positive contours).

We start with run 2Dr2TH (L/D = 2, M=0.7), where
the incoming boundary layer is relatively thick (L/dg, =~
50). Figure 2 shows a snapshot of isovorticity contours :
Kelvin-Helmholtz eddies are shed from the leading edge
separation. Substantial severing is observed as they im-
pinge the downstream edge. The lower portion of the
impinging vortex is swept downwards along the down-
stream vertical face of the cavity, and flow separation
from the wall is rapidly induced, producing vorticity
of opposite sign. In the 2-D simulations, this vortic-
ity wraps around the clockwise-rotating large-scale re-

4

circulation, arising from the clipped part of the incident
vortices. It is first confined between the walls and the
main recirculation, producing a reverse wall jet on the
front face and on the bottom of the cavity. This wall
jet induces a counter-rotating recirculation zone in the
upstream half of the cavity. The two principal recircu-
lations are clearly distinguishable in the streamline pat-
terns of figure 3.

1

-1 2 3 4

1
xllD
Figure 3: Streamlines of the mean flow 2Dr2TH.

The mean velocity profiles uo, (z2) change from a
boundary layer profile to a shear layer profile with a weak
rate of widening of the momentum thickness, ddg/dz1 ~
0.006. The same value is reported in Sarohia'* measure-
ments for a L/dg, = 52.5 configuration. In the cavity,
there are marked discrepancies between measured and
computed mean profiles. Given the two-dimensional na-
ture of the simulation, the cause seems to be that the
flow in the cavity is turbulent.

0 1
x,/D

Figure 4: Longitudinal velocity fluctuations urms (top),
and vertical velocity fluctuations vyms (bottom) for the
2Dr2TH run. Profiles made every L/30 between z1 = 0
and 1 = L.

The intensity of fluctuations, defined as :

V<u?> V< u? >

_ — .

Urms = VUrms =
Uso

where <> denote the time average, are plotted in figure
4. The urms profiles rapidly show the appearance of a
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double peak. For forced shear layers,'® or for cavities

with a large ratio L/59,16 the double peak appears pro-
gressively. The profiles are considerably affected by the
high levels taken by the recirculating flow. The maxi-
mum amplitude %rms = 0.16 is coherent with previous
experimental results of Sarohia'* for laminar flow. The
vertical velocity fluctuations show a bell-shaped distri-
bution all along the shear layer with the same order of
intensity as the horizontal ones, v,ms = 0.14. The exper-
iments of Oster and Wygnanski,'® for forced mixing lay-
ers, underline a reinforcement of the vertical component
and a decrease of intensities in the spanwise direction, in
comparison with the unperturbed flow. This suggests a
bidimensionalisation of the flow, which can explain why
the vertical intensities are not overestimated in the 2-D
simulations.

The Strouhal number based on the momentum thick-
ness is Stg = 0.014, near the value 0.017 for the most
unstable frequency of a hyperbolic-tangent velocity pro-
file in the linear stability analysis. The initial vortex-
formation frequency f, is seen to match the forcing fre-
quency fo. The level of the fundamental fo suppresses
the growth of the subharmonic fo/2, and vortex pairings
are delayed. A row of well-aligned vortices is generated
and interacts with the downstream edge. The absence of
pairing events is in accordance with the weak growth rate
of the shear layer. The acoustic results are presented in
an earlier paper,'” and indicate that the acoustic emis-
sion is directly linked to the impingement process.

Even if the global behaviour conforms to measure-
ments in this configuration with a relatively thick in-
coming boundary layer, some limitations inherent to the
bidimensional approach are noticeable. The fact that the
vorticity of opposite sign arising from the corner inter-
action surrounds the principal recirculation produces an
inverse cascade of energy toward this large-scale eddy.
This phenomenon becomes critical when the incident
boundary layer is thin (L/dg, > 70). The large recir-
culating eddy can detach from the cavity bottom under
the influence of the counter-rotating vortex. This pair of
vortices is then violently ejected, overshadowing the role
of the smaller eddies of the shear layer. This new régime
is sometimes called the wake mode'® because of the drag
increase. Vortex stretching, necessarily 3-D, significantly
modifies the mixing between the clipped part of the shear
layer and the induced counter-rotating vortex, and pre-
vents untimely transition to the wake mode.®

4. Effect of the width on cavity flow and its
radiated field

4.1 Topology of flow structures

We now deal with the 3-D simulations 3Dr1IN and
3Dr1W, where solely the width W is varied. Figures 5
and 6 show perspective views of the Q-criterion. The
vorticity field for the 3Dr1N computation, depicted in
figure 5, displays a typical view of cavity flow. Coherent

i 05 ><3ID

(d) ><1ID
Figure 5: Run 3DrlN; Perspective views of the Q-

criterion at four instants during one cycle of oscillations,
T =1/fs (mode n = 3).
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spanwise rolls are convected downstream. The vortex-
formation frequency f, corresponds to the fs compo-
nent noted hereafter. The influence of the end walls is
visible and induces a stretching of the primary vortices,
producing a warping of the axis of the primary vortices
across the entire flow. Moreover, streamwise vorticity
can be seen in the mature evolution between two adja-
cent rolls, and is associated to a Taylor-Gortler instabil-
ity. The core of a primary structure just before impinge-
ment (the last roll in figure 5 (a) for example) becomes
increasingly three dimensional and severe distorsion is
visible as it impinges in figure 5 (b). These observations
are conform to the top views of Rockwell and Knisely?
for a low-speed cavity flow in water. The complexity of
the possible interaction patterns between the streamwise
and spanwise vorticities, and different forms of pairing
events are addressed in recent 3-D spatial simulations of
mixing layers.?°

In the wide cavity case (figure 6), a quasi-two-dimen-
sional pairing (localized just upstream of the front wall)
is distinguishable. A Kelvin-Helmholtz roll is slowed
when it arrives on the impingement corner, and the pre-
ceding vortex is caught in its strain field. They begin to
rotate around each other in figure 6 (b). Their interac-
tion takes the form of a braid of two merging entwisted
vortices in figure 6 (c), which resembles the helical pair-
ing as defined by Chandrsuda et al.?! This new double-
sized vortex is immediately clipped into two parts in the
impingement process; one part is directed downwards in
the cavity, and the other is evacuated in the reattached
boundary layer. Thinner streamwise vortices (with, in
fact, an inclinaison of 45°) are generated in the regions
between two rolls, from the large curvature of the trail
of the vortices. Other less coherent streamwise vorticity
can be identified in the lower part of the shear layer, and
originates from the interface with the recirculation zone.
This vorticity perturbs the rolling-up of the new vortices
at the upstream corner. The new roll in figure 6 (a)(b)
originating from the leading edge is very distorted and
elongated in the streamwise direction. The next one,
shedded in figure 6 (c¢) is more two-dimensional but is
also severely elongated. The two vortices begin to inter-
act in figure 6 (d) in a process close to a tearing event,
induced by the recirculating flow.

4.2 Turbulence intensities

The fluctuation levels for the simulations 3Dr1N and
3Dr1W are higher than those of the 2-D thick configura-
tion. The double peak distribution, characteristic of the
presence of well-aligned vortices in the thick shear layer,
are now replaced by a narrow peak at the location of
the shear layer, which enlarges further downstream (fig-
ure 7). The jittering effect has smeared the peaks into a
single-peak profile. The random merging visible on vor-
ticity snapshots also explains this single peak. The most
striking result is the considerable reduction of the fluc-
tuations inside the cavity. This can be explained by the
deeper aspect ratio, and the thinner incoming bound-

6

Figure 6: Run 3Dr1W; Perspective views of the Q-
criterion at four instants during one cycle of oscillations,
T =1/fs (mode n = 2.5).
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ary layer relatively to the depth (D/§p ~ 110 versus
25 in the 2Dr2TH simulation). The size of the clipped
portions of vortices swept in the cavity is then strongly
reduced. Moreover, the inspection of the flow inside the
cavity does not reveal a well-defined recirculation eddy
but rather a turbulent mixing and a cascade of energy
towards smaller scales.

Figure 7: Rms fluctuating velocity statistics for 3Dr1N
simulation. Profiles made every L/30 between z1 = 0
and x1 = L.

Only the longitudinal evolutions for the narrow case
3Dr1IN have been reproduced in figure 7 because the
shape of fluctuating velocities for the wider cavity flow
shows exactly the same characteristics. A quantitative
comparison is provided in figure 8, and the maxima of
each velocity component are reported in table 4. Upms
and vrms have similar amplitudes around 20% of the
freestream velocity, which is in good agreement with the
measurements of Forestier'® for a L/D = 0.58 cavity at
M=0.8. The levels are slightly higher for the 3Dr1W
case, because of the stronger coherence of the oscilla-
tions. The spanwise fluctuation levels are considerably
weaker, around 9%, showing a clear bidimensionalisation
of the flow like in the Oster and Wygnanski'® experimen-
tal study.

Velocity fluctuations spectra along the shear layer
show the coexistence of several tonal components. The
five principal values of the frequencies are given in the
dimensionless form of Strouhal numbers, St= fL/U,
in table 5. They compare well with those obtained with
Rossiter’s formula! for both cases, and can then be con-
sidered as the admissible frequencies : each feedback-

7

| Urms Urms Wrms d59/d$1 |

2Dr2TH 0.16 0.14 - 0.006
3Dr1N 0.20 0.18 0.09 0.04
3Dr1W 0.22 0.22 0.09 0.04
3Dr3L 0.35 030 0.28 0.03
3Dr3T 0.27 0.25 0.26 0.03

Forestier™® 023 0.23 - 0.035-0.07

ng?flzl;l Y020 03 - 0.02

Table 4: Maximal values of rms velocity fluctuations
and estimation of spreading rates.

1 1 1

0.5 0.5 0.5

S0 S0 S0

-0.5 -0.5 -0.5
_10 ur?ﬁéluoo'z _10 vr%éluoo'z o wrr(r)isl/UO o

Figure 8: Comparison of rms velocity profiles at the
location 1 = 2L /3 for the 3Dr1N (-e-) and 3Dr1W (-o-)
simulations.

tone satisfies a given phase difference over length L.

In order to investigate the streamwise evolution of
the periodic components, velocity fluctuations have been
recorded along the shear layer, every L/20 on the line
joining the two corners of the cavity. The spectra are
calculated over around ten cycles of the lower frequency
f1, and are averaged over 7 spanwise locations. The peak
of each component at a given streamwise station, desig-
nated as (Urms)n,, is depicted in figure 9 for the narrow
cavity and in figure 10 for the wide one. In the narrow
case, the streamwise fluctuations are dominated by the
first frequency fi, which peaks near x1/L = 0.3. The
second predominant frequency is f2, showing two longi-
tudinal maxima. The vertical velocity indicates the co-
existence of the five frequencies, which develop linearly,
saturate further downstream at xz1/L ~ 0.7, and then
sink. The f5 frequency reaches a first peak near z1/L =
0.5. f1 follows the the shape for the corresponding evo-
lution of urms with a considerably lower amplitude (3%
versus 14%). The spanwise velocity (not represented) is
also characterized by a multiple frequency content but
the levels are weaker, around 1%. The streamwise spec-
tral component development for the wide case is radically
different. The feature they share is the presence of sev-
eral simultaneous tones, close to those of the narrower
case (see table 5). The main difference is the greater
emergence of the third frequency f3 in the three veloc-
ity components. In the streamwise fluctuating velocity
plot (figure 10), fs dominates, and peaks at z1/L = 0.6,
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Sty Stz Sts Sty Sts |
3Dr1IN 0.32 0.66 0.93 1.25 1.55
3Dr1W 0.34 0.52 0.85 1.19 1.71
Rossiter  0.32 0.74 0.95 1.17 1.59
(n=1) (n=2) (n=25) (n=3) (n=4)

Table 5: First five cavity tones calculated (the stronger
peaks are in bold), compared with the results of
Rossiter’s formula.'

where the pairing event previously described for this con-
figuration takes place. The vertical velocity spectra are
also dominated by the third tone which shows a high
amplitude comparable with ums, about 15%. The lev-
els of the spanwise components are as weak as the narrow
cavity flow, but indicate a pronounced f3 frequency.
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Figure 9: Streamwise evolution of spectral peaks along
the line z2 = 0 for the 3DrlN run : o, Sty; O, Sto; A,
St3; *, St4; Oy Sts.

The low frequency component f; described for the
3DrlN simulation is attributable to modulations of the
vortex-corner interaction by the large-scale (i.e. low fre-
quency) recirculating flow inside the cavity. Long-time
examination suggests the likelihood of cycling between
the patterns of interaction, like in Rockwell and Knisely
experiments.?? This low-frequency component is not a
direct consequence of coalescence of adjacent vortices,
but can be associated with the first phases of the vortex-
vortex interaction leading to coalescence. The presence
of the edge precludes the mature phases of pairing. In
the wide cavity simulation 3Dr1W, the recirculation zone

8

is more steady because the end-walls effects are reduced,
which favours a well-defined interaction pattern. The
flow is quasi-two-dimensional, and dominated by the th-
ird frequency f3. The self-selection process of the feed-
back frequency is optimized with an early pairing event
just upstream of the impingement corner. These results
illustrate that, in addition to the feedback effect, the
upstream moving part of the recirculation flow plays an
important role in changing the oscillation characteristics
of the shear layer.

0.2
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~Z 01}
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Figure 10: Streamwise evolution of spectral peaks along
the line 2 = 0 for the 3Dr1W run : o, Stq; O, Sta; A,
Sts; *, Sta; ¢, Sts.

4.4 Acoustic field

The spectra of figure 11 show that the first three
peaks have the same value for the two computations;
they correspond to the dominant frequencies f1, f3 and
fa in the velocity spectra (in bold in table 5). However,
their respective amplitudes are different : f1 and fs are
predominant for the narrow case, whereas the wider one
indicates a pronounced f3 component. In this case, sev-
eral harmonics are noticeable arising from the nonlinear
distorsion. The frequency jump is clearly identifiable on
the pressure fields of figure 12.

The spectra of figure 11 show a reduction in terms
of sound pressure level over the entire spectra as a result
of the smaller cavity width. A reduction of 15 dB is
observed from the quasi 2-D (3Dr1W run, L/W = 0.5) to
the 3-D (3DrlN run, L/W = 1.28) configurations. The
reduction in levels is present at all recording locations.
These results conform to the measurements of Mendoza
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Figure 11: From top to bottom, pressure histories ver-
sus time for the 3Dr1N and 3Dr1W runs, and compari-

son of spectra of pressure fluctuations at z1/D = —0.97
and x2/D = 1.46 versus the Strouhal number : (——),
3DrIN run and (— — —), 3Dr1W run.

and Ahuja,?® and indicate that the spanwise coherence
of the feedback-instability wave is lower for the narrow
cavity (L/W > 1) than for the wider one (L/W < 1).
The loss of coherence is produced by the unsteadiness of
the recirculating flow in the narrower cavity.

2 2

eay OxlfD 1 2 pag Oxwa 1 2

Figure 12: Pressure fields for the run 3Dr1N (on the
left), and run 3Dr1W (on the right). Levels between
-2000 and 2000 Pa.

5. Laminar and turbulent boundary layers
ahead of a L/D = 3 cavity

5.1 Vorticity field

As shown by the snapshots of vorticity of figures 13
and 14, a large-scale vortex emerges from the turbulent
background. This vortex is actually made up of a num-
ber of small-scales vortices. The centers of the coher-
ent structures for the turbulent inflow are below those
found for the laminar inflow, in agreement with the ob-
servations of Demetz and Farabee.?* A further study of

9

the flow structures indicates that the clusters of small
scales are clipped as they impinge on the corner and
travel down along the vertical surface, then upstream
along the cavity floor, resulting in a wall jet-like flow.?®

The interaction between streamwise vorticity and pri-
mary spanwise rolls enhances the mixing, and was postu-
lated as the basis of the energy cascade towards smaller
scales. Mushroom-shaped ejections are exhibited in the
cross section of figure 14, as in the visualizations of
Bernal and Roshko.?® This is characteristic of stream-
wise vortices. Their tendency to move away in the radial
direction is associated with curvature of the streamwise
vortices imposed by the primary spanwise rolls.

Figure 13: Snapshot of vorticity modulus |w|| in run
3Dr3L. From top to bottom, side view at z3 = 0, top
view at x2 = 0.06D, and cross section at x1 = 3.9D.

5.2 Turbulence intensities

Rms fluctuating velocity profiles are given in figure
15 for the initially laminar case. The single peak distri-
butions are similar to those found in figure 7, but they
are enlarged by the randomness of small-scales. They
can even encompass all the cavity depth further down-
stream, illustrating the relationship between the shear
layer and the recirculating flow within the cavity. Their
amplitude is greatly enhanced (about 30 %), and the
most striking change concerns the development of the
spanwise fluctuations, which reach the same amplitude
as the two other components. The cavity flow is now
highly turbulent and three dimensional. The compari-
son of the laminar and turbulent simulations in figure 16
reveals that the levels are slightly higher for the laminar
case (see maximum values in table 4). In this case the in-
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Figure 14: Snapshot of vorticity modulus |w]| in run

3Dr3T. From top to bottom, side view at xs = 0, top
view at x2 = 0.06D, and cross section at x1 = 3.9D.

tensity of u,ms reaches a maximum soon after the leading
edge. It eventually stabilizes further downstream around
an asymptotic value due to small-scale transition. The
intensity of the fluctuation peak for the turbulent in-
coming boundary layer relaxes monotonically to approx-
imately the same value as in the laminar boundary-layer
case, but there is no overshoot.

5.3 Collective interaction

Figure 17 displays the early development of the shear
layer. The initial shedding frequency is around Sty =
0.017, which is close to the most unstable frequency pre-
dicted by the linear theory of stability. Further down-
stream the flow contains larger structures (i.e. lower
frequency components). This frequency drop is associ-
ated with the successive or simultaneous coalescence of
a number of vortices, referred to as collective interac-
tion by Ho et Nosseir.2” The low-frequency component
(due to the upstream acoustic waves) forces the shear
layer to undulate, and the vortices, shedded at the ini-
tial instability frequency, are displaced laterally. Owing
to their induced field, the vortices are drawn together
and coalesce into a large vortex (see figure 17). The
passage frequency of the resulting coherent structure is
then equal to the forcing frequency. This phenomenon
participates in the selection of a single frequency, charac-
teristic of flow with self-sustained oscillations. The nec-
essary condition for this interaction is a high-amplitude
low-frequency excitation, provided here by the intense
acoustic field. The two principal consequences are the

Figure 15: Rms fluctuating velocities statistics for
3Dr3L simulation. Profiles made every L/30 between
1 =0and z1 = L.

1 1 1
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—1 -1 -1
0 01 02 0 01 02 0 01 0.2
urms/U vrms/U wrms/U

Figure 16: Comparison of rms velocity profiles at the
location z1 = 2L/3 for the 3Dr3T (-e-) and 3Dr3L (-o-)
simulations.

Figure 17: Zoom of velocity field around the upstream
corner of the cavity for the turbulent simulation.

American Institute of Aeronautics and Astronautics



drop in passage frequency and a high spreading rate for
the shear layer.

5.4 Acoustic field

The acoustic spectra for the turbulent and laminar
cases are depicted in figure 18, and the predominance of
the Strouhal number St=0.75 is observed in both cases.
The acoustic level is reduced by 5 dB in the initially
turbulent simulation 3Dr3T. This trend is conform to
Karamcheti’s results.'® The latter noted a slightly lower
frequency St=0.68 for the turbulent upstream boundary
layer, and the intermittency with a low-frequency com-
ponent St=0.33, which are not reproduced in our sim-
ulations. This is certainly attributable to the narrower
width of the cavity investigated in the present simula-
tion. Moreover, the role of the turbulence model, incor-
porated solely in the initially turbulent simulation, can
be questionned and requires further validations.

160
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Figure 18: Spectra of pressure fluctuations at z1/D =
—1.04 and z2/D = 4.64 versus the Strouhal number : (
— — — ), 3Dr3L run and ( ), 3Dr3T run.

The pressure fields of figure 19 clearly illustrate the
higher amplitude of the acoustic waves for the 3Dr3L
simulation. The cross cuts show that sound waves are
more two-dimensional in this case, whereas the fully tur-
bulent cavity generates three-dimensional nonuniformi-
ties indicating a less coherent behaviour of the oscilla-
tions. The more coherent case leads to the appearance
of important higher harmonics in the radiated field (see
figure 18), as previously noted for the 3Dr1W simulation.

6. Conclusion

The principal observation in this study concerns the
influence of the recirculating flow path modification on
the self-excited oscillations within the cavity. In the
2-D simulations, it can lead to a wake mode régime,
dominated by the ejection of a large recirculating eddy.
For a highly three-dimensional case (3Dr1N run with
L/W > 1), the oscillations are subject to jittering, e.g.
irregularities in the vortex-impingement pattern. The
comparison between runs 2Dr2TH with L/§y = 50 and
3Dr1N with L/§p = 110 shows that jitter becomes im-
portant for cavities with a longer impingement length

11
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Figure 19: Pressure fields for the run 3Dr3L (top), and

run 3Dr3T (bottom). Longitudinal views in the z3 =0

plane are presented on the right and cross views at 1 =

2.9D on the left. Levels between -3000 and 3000 Pa.

(relative to the shear layer thickness). This phenomenon
tends to reduce the coherence of the self-sustained os-
cillations. Another effect which contributes to decrease
the amplitude of the fluctuations is the turbulent state
of the incoming boundary layer. These losses in coher-
ence affect the strength of the upstream influence, and
consequently the amplitude of the acoustic emission.

The strong unsteadiness of the recirculating flow can
be associated to the possible vortex coalescence. It has
often been said that the cavity shear layer does not
present any vortex coalescence. This is not always true,
and the 3Dr1W simulation show a quasi-two-dimensional
pairing, although this fusion is less identifiable than vor-
tex pairing in free mixing layers. The coalescence is now
very deterministic and more diffuse in the whole process
of shear layer growth. Another illustration is the fusion
of two, three, four or more vortices after the upstream
corner. This collective interaction depends on the level
of forcing, and chiefly on the ratio L/§g. Whether or not
such coalescence occurs has important consequences for
the frequency, scale, and vorticity concentrations of the
vortices impinging on the downstream edge, as well as
the magnitude of the resulting radiated noise.

Lastly, another important issue is the multiple fre-
quency content of the spectra in the 3Dr1N and 3Dr1W
simulations, with frequencies both higher and lower than
the fundamental oscillation frequency. Vortex coales-
cence and wave selection associated with the finite cavity
length can give rise to these various components. Non-
linear distorsions of the fundamental produce strong har-
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monics in the acoustic spectra of highly organized cavity
flows. The absence of other modes in the 2Dr2TH run
is linked to the relatively thick incoming boundary layer
rather than to the bidimensional approach. Its stiffness
precludes substantial modulations and leads to a single
dominant mode. On the contrary, 3-D simulations with
a thin incident boundary layer are sensitive to jittering
effect by the recirculation and show a multiple frequency
content.
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