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Abstract The interaction between a laminar bound-
ary layer and an open cavity is investigated experi-
mentally for medium range Reynolds numbers. Flow
visualizations are carried out for three different
observation directions in order to understand the spa-
tial development of dynamical structures. In particular,
synchronized visualizations in two parallel planes pic-
ture the transverse development of the flow. The study
is conducted by changing the cavity aspect ratio, the
Reynolds number and therefore the flow patterns in-
side the cavity. The issue is to emphasize the 3-D
development of the flow. In particular, we show that
the dynamical structures are not due to secondary
shear layer instabilities.

Nomenclature

A plate length upstream of the cavity

B plate length downstream of the cavity
D wind tunnel height

Go6 Gortler number

H cavity height
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k wave number

L cavity length

R aspect ratio

Te curvature radius

Re Reynolds number

S wind tunnel span

t time

U, convection velocity inside the cavity
U, external velocity

(x,y,z) Cartesian coordinates

A difference

0 boundary layer thickness inside the cavity
02 momentum thickness inside the cavity
A dimensionless coefficient

2 wavelength

v kinematics viscosity

1 Introduction

A boundary layer interacting with a cavity is a
benchmark case for environmental applications (air-
flow in a canyon street), aeronautics (landing gear
cavities, bomb holds), automobile aerodynamics
(interaction between the flow and an air inlet or an
opening roof...) or industrial applications (structural
discontinuities) where the velocity over a rectangular
cavity is relatively low. The dynamical behavior of the
vortices inside the cavity is unsteady and shows small
as well as large vortex structures and it can be thought
that it is mainly driven by the boundary shear layer. On
the one hand, full information has been provided on
the rectangular cavity configuration for high velocities
with compressible effect. On the other hand, very low
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velocity and Stokes flows in the Reynolds number
range 50-1,600 were studied for the removal of a
contaminated fluid inside the cavity (Fang et al. 1999).
However, the dynamics of the boundary between the
external flow and the cavity behaves in a different way
for moderate Reynolds numbers (1,150-10,670), and
few publications are available in that case. For this
Reynolds number range the interaction between a
turbulent boundary layer and a cavity was explored
with particle image velocimetry measurements in water
tunnel (Lin and Rockwell 2001) for a maximum Rey-
nolds number of 11,000, and for a Reynolds number of
10,000 with a horizontal top plate above the end of the
cavity (Kuo and Chang 1998). A local periodic exci-
tation was applied at the beginning of the cavity to
understand its coupling with the shear layer dynamics
(Kuo and Jeng 2003). The flow developing in a series of
canyon streets has been investigated recently (Chang
and Meroney 2003a, b; Dezso-Weidinger 2003).

General features of the dynamics can be depicted as
follows. Viscous diffusion between the external and
cavity flow generates a region with steep gradients of
streamwise velocity concentrating most of the vorticity
(Huerre and Rossi 1998). This organized vorticity is
impinging on the downstream cavity wall, creating an
acoustic feedback loop for high velocity configurations
(Rockwell 1983). Many studies concerning the sound
generation of the interaction between a flow and a
cavity have been conducted (Rockwell and Nauda-
scher 1978; Komerath et al. 1987; Howe 2003). The first
model of the radiated acoustic waves was established
on experimental results for Mach numbers greater than
0.4 (Rossiter 1964). An improved analytical model of
the discrete frequency oscillations was established over
the Mach number range 0.8 < M < 3, without empirical
constants (Bilanin and Covert 1973). It was suggested
that the simultaneous excitation of two or more dis-
crete frequencies which are not harmonics corresponds
to the simultaneous participation of two or more vor-
tex sheet displacement modes. A simple analytical
model, where no vortex shedding is observed, describes
the features of pressure fluctuations (Heller and Bliss
1975). A mathematical model based on the coupling of
the shear layer instabilities with the acoustic feedback
was developed considering the shear layer thickness
(Tam and Block 1978).

One of the first experimental descriptions devoted
to the mixing layer over a deep cavity for a com-
pressible subsonic flow has been investigated by
Forestier et al. (2003), where coherent vortices were
established in the shear layer. The acoustic tones due
to the feedback mechanism were consistent with the
Rossiter formulation. A large-eddy simulation was
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conducted for the same configuration, with a time-
frequency analysis showing a temporal modulation of
the Rossiter mode levels, resulting in a special form of
intermittency with competitive energy exchanges be-
tween modes (Larchevéque et al. 2004). A mode
beating phenomenon has been reported for a super-
sonic flow (Kegerise et al. 2004). In that case, it is
known that acoustic waves couple to the hydrodynamic
field so as to close the feedback loop. Direct numerical
simulations showed a transition from a shear-layer
mode for shorter cavities and lower Mach numbers, to
a wake mode, for longer cavities and higher Mach
numbers (Rowley et al. 2002). Pressure fluctuations
were also measured in the transonic regime (Chung
2001). Schlieren images and acoustic pressure mea-
surements have been obtained for a supersonic flow
over a cavity with length to height ratio varying in the
range 0.25-6.25 (Umesh Chandra and Chakravarthy
2005).

The moderate Reynolds number range was investi-
gated recently with acoustic and velocity measure-
ments (Chatellier et al. 2004). A linearized stability
analysis has modelled the interface of the cavity with a
vorticity layer. For the same velocity range, the influ-
ence of the upstream laminar or turbulent boundary
layer was studied (Grace et al. 2004). Flow oscillations
on an axisymmetric cavity drag were studied for low
velocities inside a water tunnel (Gharib and Roshko
1987). The cavity height is found to have little influence
on the oscillations as far as it is not the same order in
magnitude as the upstream boundary layer thickness
(Sarohia 1977).

For the same Reynolds number range, flow
dynamics studies have been achieved on lid-driven
cavities: the difference with the present case is the
absence of a freely developing shear layer. Ghia et al.
(1982) used a multi-grid method to simulate the flow
inside a square lid-driven cavity, where a main vortex is
developing along the whole length. Visualizations have
been conducted by Koseff and Street (1984) with dye
emission, with tiny particle seeding (Migeon 2002;
Migeon et al. 2003) and comparisons with numerical
simulations were carried out for the same measure-
ments (Guermond et al. 2002).

This short analysis of the flow in an open cavity
reveals the diversity of the approaches. A synthesis is
obviously not yet of topicality. The present study re-
lates to an aspect not well documented in the litera-
ture, that of transverse instabilities. The 3-D features
of the flow are not responsible for the strong frequency
modes, which is the reason why this approach has not
been much studied. However, at moderate flow rates,
transverse modulation of the swirl, strongly conditions
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the exchanges between the cavity and the main flow.
The present study focuses on flow visualizations on
moderate Reynolds number range varying the length
over height ratio of the shear-layer driven cavity. The
aim is to address the following issues:

e Give the flow morphology with cavity aspect ratio
and Reynolds number.

Track the 2-D or 3-D spatial nature of the flow.
Provide the time development of the flow features.
Analyze whether the 3-D flow development in the
cavity is caused by secondary shear layer instabil-

ities.

2 Experimental set-up and apparatus

The airflow is generated by a centrifugal fan placed
upstream of a settling chamber (Fig. 1a). The seeding
particle injection is achieved by the fan inlet. An axial
duct terminated with honeycomb and a contraction
drives the flow toward the experimental facility, which
consists of a test section containing a flat plate begin-
ning with an elliptical leading edge, in order to fix the
boundary layer origin. The length of the plate is
A =300 mm providing an established laminar bound-

Fig. 1 Experimental set-up:
a wind tunnel, b test section
dimensions for R = 2 and
coordinate system

a)
settling chamber

ary layer. To reduce light wall reflections, the whole
test section is made of antireflection glass 2 mm in
thickness. The cavity height is fixed to H = 50 mm and
its span is § = 300 mm (Fig. 1b), the cavity ends in the
span direction are the wind tunnel vertical walls. The
cavity aspect ratio R = L/H (length over height) is
studied from 0.5 to 2 by step of 0.5 by moving the glass
pieces consisting in the downstream wall of the cavity
and the downstream plate which has a length
B =370 mm. At the wind tunnel outlet, the flow is
rejected inside the experimental room. The Reynolds
number, determined with the cavity length L and the
upstream boundary layer external velocity U,, varies
from 1,150 to 10,670, corresponding to external veloc-
ities from 0.69 to 1.60 m/s. The external velocity is
measured with laser Doppler velocimetry 102 mm up-
stream the cavity and 25.5 mm above the flat plate.
This point of measurement is in the external flow suf-
ficiently upstream of the cavity to avoid any pertur-
bation from the instability developing above the cavity.
The origin of the coordinate system is set at the up-
stream edge of the cavity at mid span, the x axis is the
flow direction, the y axis is normal to the upstream wall
where the boundary layer develops and the z axis is
along the cavity span. It has been checked that the test

contraction

]
flow direction / o
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section wall, located at D = 75 mm above the cavity,
has no influence on the shear layer developing on the
cavity. The thickness of the boundary layer developing
on this wall is less than 10 mm and has no influence on
the external flow along the longitudinal and spanwise
directions. It has been shown for backward facing step
flows that the influence of the upper wall affects the
flow from 10 cavity heights downstream of the begin-
ning of the step. The cavity under investigation is not a
shallow cavity (L/D > 5), where the shear layer tends
to attach the cavity floor (Geveci et al. 2003). However,
in that configuration, the development and propaga-
tion of the large-scale vortices appear to be relatively
unaffected by confinement effects. In the present study,
it will be even more so given the maximum aspect ratio
of 2.

Hereafter, the expressions “‘upstream” and ‘“‘down-
stream’’ will refer to the external velocity direction. As
smoke is used, the observed structures are emission
lines of fluid injection inside the cavity and not the
streamlines themselves. However, the flow injection
inside the cavity gives information on the flow
dynamics and the developing structures. Flow visual-
izations are carried out in different observation direc-
tions. The first configuration consists of two parallel
planes (Fig. 2a). The light source is a 5 W argon-ion
laser tuned to the blue (488 nm) and green (514.5 nm)
wavelengths. The laser beams provide, by passing
through cylindrical lenses, laser sheets which thickness

Fig. 2 Visualization planes: a)
a two parallel vertical planes,
b horizontal plane and

¢ transverse plane -

synchronization

b) u]
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continuous laser Ar™*
5W 488 nmand 514.5 nm

blue filter Mgreen filter

is 0.25 mm. The blue laser sheet is settled in the middle
of the span of the cavity (z = 0), the green one being
moved along the span (z = 30 mm). A light trap is
placed under the test section to remove any light
scattering by the floor. The image recording system
consists of two synchronized 8-bit cameras with
1,032 x 778 pixels and a frequency of 20 Hz. In order
to make out only one wavelength by camera, two pass-
band filters of appropriate frequencies are placed in
front of the cameras. The magnification is the same for
the two cameras, each one having a complete view of
inside the cavity. Flow seeding is provided by a fog
created with a low density smoke generator Starway
Puffer One.

The second configuration visualizes a horizontal
plane inside the cavity and uses the same system, with
only one camera and the blue laser wavelength
(Fig. 2b). The laser sheet position is counted from the
upstream flat plate (y = —15 mm).

The third configuration provides observation in a
transverse plane from downstream (Fig. 2¢). The laser
position x is taken from the upstream cavity edge, and
set to the middle of cavity length (x = L/2).

The repeatability of flow visualizations has been
checked by recording different image series with dif-
ferent wind tunnel runs, and by testing different smoke
injections. The following section will present the flow
dynamics in the three observation planes for each
cavity aspect ratio considered. The external flow is

8 bit cameras
1032 x 778 pixels

1032 x 778 pixels

8 bit camera c)
X
flow : ¥
4 /o
7 8 bit camera
Vv 1032 x 778 pixels

continuous laser Ar*”
5W 488 nm
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established and uniformly seeded with smoke when the
images are recorded. Note that if the observation time
is too long, there is a saturation of the cavity with
smoke and no dynamical flow structure can be identi-
fied anymore.

3 Results
3.1 Aspect ratio R =2

In the following figures, the view observed in the blue
laser sheet, which is fixed in the middle span of the
cavity (z = 0), is always presented on the left while the
view observed in the green laser sheet (z = 30 mm) is
on the right. The external flow direction is from left to
right.

The best parameter to compare different flows could
be the Reynolds number. However, the two space
scales of the cavity (L and H) make the reduction of
the flow properties impossible. Therefore, to provide a
good understanding of the flow development with the
velocity and aspect ratio, we have chosen to set a
velocity and to vary the aspect ratio. Hereafter, the
external velocity and Reynolds number are both pro-
vided in each figure caption.

Figure 3a shows the cavity flow for U, = 0.69 m/s
where the development and the oscillations of the
shear layer are clearly identified by the boundary be-
tween the external flow, with a high smoke density and
light levels, and the cavity flow with low smoke density
and dark levels. The interaction between the shear
layer and the downstream cavity edge leads to seeding
injection inside the cavity that is not continuous, be-
cause of the shear layer oscillations. Note that the
smoke pattern of the shear layer interaction with the
downstream edge is similar in the two observation
planes, which is evidence that this phenomenon could
be 2-D. The seeding is advected inside the cavity as a
mushroom like pattern. This pattern comes from the
injection of the external flow inside the cavity. It
originates from the shear layer oscillation near the
downstream edge of the cavity and is similar to a jet
pulsed flow. These successive patterns are advected
inside a main vortex, which is filling the downstream
part of the cavity. This vortex is developing in time and
space, as it can be seen comparing its axial dimension
between the middle cross-plane at z = 0 (Fig. 3a, left)
and the plane situated at z = 30 mm (Fig. 3a, right) at
the same time. The observation of the time records
leads to the following comments. The vortex longitu-
dinal modulation induces deformations of the patterns,
which keep their coherence inside the vortex motion

on a complete cycle. The interaction of the main vortex
with the upstream part of the fluid inside the cavity
creates a secondary counter-rotating vortex, which
dimension is confined between the main vortex and the
upstream cavity edge. This structure is highly time-
dependant regarding the main vortex extension. The
rotation of the two eddies generates an induced flow
between them, confined by the cavity upstream wall
and the shear layer. This induced flow has nowhere to
develop except in the spanwise direction, leading to a
transverse flow. Spanwise flows may exist inside the
vortices cores, but are not clearly identified because of
the lack of seeding.

Figure 3b is the same view of the flow for
U. = 1.21 m/s. The same dynamics is found, but for this
time and z = 30 mm (Fig. 3b, right), the main vortex
extension reaches the upstream edge, while the sec-
ondary vortex is limited to the bottom of the upstream
edge. However, the seeding patterns are still well de-
fined. A small counter-rotating secondary vortex is also
identified at the bottom of the downstream wall corner.

Figure 3c presents the flow for U, = 1.60 m/s with
the same dynamics. Comparing this visualization with
what is obtained for lower velocities (the right and left
image in Fig. 3a, b, taken for the same time), note the
fast smoke diffusion inside the cavity, reflected as a fog,
caused by a higher turbulence level.

The axial extension of the main vortex fluctuates,
leading to an alternated occupation of the upstream
half of the cavity by the main or the secondary vortex.
The fact that for two values of U, and z = 0 (Fig. 3a, b,
left) the main vortex takes up the downstream half of
the cavity is fortuitous. Following in time this alter-
nated occupation reveals that the spanwise modulation
of these two vortices is not stationary.

In the top view plane shown in Fig. 4, the external
flow is coming from the bottom of the figure. Figure 4
depicts the flow for U. =121 m/s and y = -15 mm
below the flat plate inside the cavity, for four succes-
sive times. The image centering shows the whole cavity
span. The two vertical white lines are the vertical
visualization planes for z = 0 and z = 30 mm. The al-
most uniform white smoke strip at the downstream
edge existing for time 7y + 0.1 s (Fig. 4) is the smoke
injection inside the cavity which confirms that it is
mainly 2-D, except maybe near the span edges of the
wind tunnel. The seeded parts of the cavity show pat-
terns moving towards the top of the image (in the
external flow direction), for the upper two third of the
image, corresponding to the motion of the upper part
of the main vortex. The spanwise modulation of this
vortex is strongly time-dependant providing the pres-
ence of an unsteady flow inside the whole cavity. In the
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Fig. 3 Visualization in two
parallel vertical planes (left:
z =0, right: z = 30 mm) for
the same time and R = 2.

a U, = 0.69 m/s (Re = 4,600),
b U, = 1.21 m/s (Re = 8,070)
¢ U, = 1.60 m/s (Re = 10,670)

flow direction

lower third of the image, smoke clusters are moving to
the bottom, which indicates the motion of the sec-
ondary vortex. Destabilized pairs of unsteady counter-
rotating vortices are also identified. In addition there is
a spanwise flow near the upstream edge, resulting in
the interaction of the fluid motion induced by the two
vortices which is confined by the cavity edge and the
shear layer, and forced to a lateral motion. As a result,
the cavity flow looks fully 3-D.

For visualizations in the transverse plane, located in
the middle of the cavity length (Fig. 5), the external
flow is orthogonal to the figure pointing toward the
reader. The view in this transverse plane shows the
whole cavity span. The central white strip is a shadow
zone where there is a reflection of the inner cavity flow:
it is caused by the flow observation through the
downstream flat glass plate, and has been removed in
the image for clarity. First, we can notice, in the upper
part of the image, the uniform smoke density of the
laminar external flow, with the pattern of the honey-
comb that is placed upstream of the wind tunnel con-
traction. The top and the bottom of the cavity are
seeded while there is little smoke in the center: this
corresponds to the main vortex motion. The lace-like
pattern of the seeded regions indicates the deformation
of the smoke lines injected uniformly along the span,
caused by the main vortex motion inside the cavity. It
reveals the main vortex motion of the 3-D flow
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development. These spanwise structures in the lower
part of Fig. 4 might also be thought as Gortler-like
vortices, but they are very unsteady and it is difficult to
measure a wavelength. Moreover these structures are
rapidly and repeatedly destroyed by the relatively high
turbulence level inside the cavity.

Figure 6 sketches the flow dynamical structures for
R = 2, with the external flow, the shear layer boundary
which interacts with the downstream edge, the main
vortex with a counter-rotating corner vortex, the sec-
ondary vortex, the flow induced by the vortices inter-
action and the resulting spanwise flow. In the central
part of the span, the development of the shear layer
and its interaction with the downstream wall are mostly
2-D but the flow is destabilized inside the cavity and
gets 3-D features.

3.2 Aspect ratio R = 1.5

Similar analysis is achieved for aspect ratio R = 1.5.
Figure 7a depicts, for U, = 0.69 m/s the shear layer
injection inside the cavity with smoke volutes advected
inside the main vortex. Note for this velocity the very
low smoke diffusion inside the cavity resulting in well
defined marks for the injection patterns, which is an
evidence of a lower turbulence level than for R = 2.
The 3-D character of the fluid motion is observed by
the differences between the two planes. The same flow
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Fig. 4 Visualization in a horizontal plane for R =2,
U. =121 m/s (Re = 8,070) and y = —15 mm. a Time ¢, b time
to + 0.05 s, ¢ time 1, + 0.1 s, d time #, + 0.15 s

structure is found as for R = 2 with a main downstream
vortex and a second counter-rotating upstream vortex.
This secondary vortex is smaller than for R = 2 and is
limited to the lower part of the cavity as it can be seen
in the plane of visualization for z = 30 mm (Fig. 7, left)
while the main vortex extension reaches, in the central
plane (z = 0 mm), the upstream cavity wall. The
mushroom-like patterns are less marked than for
R =2, this may be due to a lower momentum of flow
injection inside the cavity.

Fig. 5 Visualization in a
transverse plane for R = 2,
U, = 1.21 m/s (Re = 8,070)
and x = L/2

Fig. 6 Sketch of the cavity flow dynamics for R = 2

Figure 7b is the same view for U, = 1.21 m/s. The
same dynamics is found, but the smoke diffusion inside
the main vortex is stronger and the volutes of seeding
injection inside the cavity cannot be identified. Note at
this particular time the secondary vortex extension
limited to a corner in the central plane (Fig. 7b, left),
while it is spreading in height in the second plane
(Fig. 7b, right).

A similar behavior is observed for U, = 1.60 m/s
(Fig. 7c).

The flow visualizations in the horizontal plane are
shown in Fig. 8, where the two white lines are the
vertical visualization planes for z = 0 and z = 30 mm.
The pairs of counter-rotating vortices are steadier than
for R =2 and are aligned along the upstream cavity
wall. Flattened features are also present near the
downstream cavity wall with the same spanwise peri-
odicity. The central part of the flow is marked by a
transverse flow from the span ends toward the cen-
terline. The increase of the external velocity acts only
on smoke diffusion and on the stability of the vortices.

Figure 9 is a sketch of the flow for R = 1.5, very
similar to the vortices morphology found for R = 2.

3.3 Aspect ratio R =1

For R =1 the flow is only driven by one main vortex,
spreading along the cavity length and height and in-
duced by the shear layer oscillations which are lower
than for the aspect ratios previously exposed
(Fig. 10a). Two corner vortices are present at the
bottom of the cavity as previously observed in a lid-
driven cavity for a similar range of Reynolds numbers
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Fig. 7 Visualization in two

parallel vertical planes (left:
z =0, right: z = 30 mm) for
the same time and R = 1.5

a U, = 0.69 m/s (Re = 3,450)
b U, = 1.21 m/s (Re = 6,050)
¢ U, = 1.60 m/s (Re = 8,000)

Fig. 8 Visualization in a
horizontal plane for R = 1.5
and y = -15 mm.

a U. = 0.69 m/s (Re = 3,450)

b U. = 1.21 m/s (Re = 6,050).

¢ U, = 1.60 m/s (Re = 8,000)

(Koseff and Street 1984). It appears that the upstream
corner vortex is the development, for R = 1, of the
secondary vortex existing for R =2 and 1.5. As the
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main vortex, containing most of the flow energy,
occupies the entire cavity length, there is no room for
the counter-rotating eddy to develop, except in a
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external flow
shear layer
induced flow
spanwise flow |®
\ main vortex
secondary vortex C corner vortex

Fig. 9 Sketch of the cavity flow dynamics for R = 1.5

corner. Whatever the velocity is, the 3-D seems to be
comparable (Fig. 10a—c). Moreover, the spanwise
development in those two planes is not observable. The
stretching is stronger with higher velocities as it can be
seen by the alteration of the injection pattern into a
sliced pattern.

Fig. 10 Visualization in two
parallel vertical planes (left:
z =0, right: z = 30 mm) for
the same time and R = 1.

a U, = 0.69 m/s (Re = 2,300)
b U. = 1.21 m/s (Re = 4,030).
¢ U, = 1.60 m/s (Re = 5,330)

flow direction

The views of the flow inside a horizontal plane are
shown in Fig. 11. The white lines are the vertical
visualization planes for z=0 and z=30mm
(Fig. 11a—c). Note for U, = 0.69 m/s (Fig. 11) that
there is no undulated streamline flow pattern as it was
found inside a square lid-driven cavity for almost the
same Reynolds number (Migeon 2002). For
U, 2 1.21 m/s, mushroom-like counter-rotating cells
are observed at the bottom of the cavity near the up-
stream wall (Fig. 11b, c). Their transverse positioning
in pairs is suggesting a development of Gortler vorti-
ces. Their origin can be related to the flow curvature
induced by the main cavity vortex, which spreads over
the entire cavity length and height. There is another
structure, symmetric to each mushroom-like structure,
located at the downstream cavity wall which can be
understood as the same pattern, structured into a

L ]
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Fig. 11 Visualization in a
horizontal plane for R = 1
and y = -15 mm.

a U. = 0.69 m/s (Re = 2,300).
b U, = 1.21 m/s (Re = 4,030).
¢ U, = 1.60 m/s (Re = 5,330)

closed loop around the main vortex that would be cut
by the laser plane. Note that the downstream part of
the structure is much more flattened because of the
shear layer injection inside the cavity. These vortices
are not identified for velocity below U, = 1.21 m/s. The
inner part of the cavity shows a spanwise flow, coming
from the cavity sides toward the centerline. The view in
a transverse plane (Fig. 12) also exhibits these mush-
room-like vortex patterns.

Figure 13 is a sketch of the flow for R = 1. The
secondary vortex is nothing else but a corner vortex
limited to the upstream wall bottom. Gortler-like
vortices are present and the turbulence level is similar
to what was observed on the tracer lines diffusion for
R =15. As the shear layer oscillations have little
influence, the cavity flow is much similar to a lid-driven
cavity flow (Koseff and Street 1984; Migeon 2002).
Section 4 will come back to a deeper discussion of the
Gortler-like vortices properties.

3.4 Aspect ratio R = 0.5

The flow dynamics drastically changes for R = 0.5. The
seeding of the cavity by the external flow is very low
and the injection volutes keep their consistence inside

Fig. 12 Visualization in a
transverse plane for R =1,
U. = 1.21 m/s (Re = 4,030)
and x = L/2
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flow direction

the cavity. The flow is purely laminar as there is no
diffusion of the flow patterns. For U, = 0.69 m/s
(Fig. 14a), there is a vortex in the upper half of the
cavity and no lower vortex is identified. This may be
due to the absence of seeding or to the presence of a
spanwise flow developing in the lower cavity half. For
higher velocities (Fig. 14b, c), two counter-rotating
vortices are developing along the cavity height. In fact,
the lower vortex is seeded by the shear layer injection,
and develops a spiraling pattern, while the upper vor-
tex seeding is mainly provided by smoke diffusion. A
spanwise flow may exist inside the vortices cores but is
not clearly identified because of the lack of seeding.

The two white lines are the vertical visualization
planes for z = 0 and z = 30 mm (Fig. 15). There is no
more Gortler vortices generation (Figs. 15 and 16) but
a slow diffusive-type spanwise motion. In the lower
part of the cavity (Fig. 16), the span modulation of the
smoke lines shows the transverse oscillation of the
lower cavity vortex, and the associated core spanwise
flow.

Figure 17 sketches the flow for R = 0.5. For the low
velocities, there is a vortex limited to the upper half of
the height, with no lower vortex or a spanwise flow
below. For the higher velocities, there is a stack of two
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external flow
shear layer

|
vortex

corner vortices

Fig. 13 Sketch of the cavity flow dynamics for R = 1

flow direction

Fig. 14 Visualization in two parallel vertical planes (left: z = 0,
right: z = 30 mm) for the same time and R = 0.5. a U, = 0.69 m/s
(Re =1,150). b U.=121m/s (Re=2,020). ¢ U, =1.60 m/s
(Re = 2,670)

counter-rotating vortices. This behavior is alike the
flow inside a lid-driven cavity, with no much influence
of the shear layer dynamics.

4 Gortler vortices

The longitudinal vortices developing on a concave wall
are subject to a linear stability mechanism as suggested
by H. Gortler in Gottingen in 1940. The transverse
positioning in pairs of the counter-rotating mushroom-
like cells observed at the bottom of the cavity near the
upstream wall for R = 1 and 1.5 (Figs. 11b, c and 8) is
suggesting a development of Gortler-like vortices. In
the present case, the flow curvature is caused by the
main vortex. That hypothesis is consistent with quan-
titative results on the spanwise primary instability
(Swearingen 1987). The Gortler number, defined from
the curvature radius r., the kinematics viscosity of the
fluid v and the velocity inside the cavity U, developing
away from the boundary layer of momentum thickness
0, 1s:

Go — Uc52 (@) 1/2-

A% Fc

The dimensionless coefficient 4 is built from the
transverse wavelength 4, measured as the distance
between a pair of two vortices:

A U.r. <&>3/2
A \r.

The wave number k is defined as:

k=—.

A
It is associated with the wavelength /. to get a
dimensionless wave number kd,. This is leading to
the Gortler number expression:

A

(2n)*? (k32)™".

Go =

For R =1 the orders of magnitude can be estimated
from flow visualizations. The wavelength / is the dis-
tance between two pairs of structures measured in
Fig. 11b, U, is an estimate of the main vortex convec-
tion velocity inside the cavity and ¢ is an estimate of
the boundary layer thickness inside the cavity deter-
mined from the displacement of a smoke mark in two
successive images in a vertical plane, and r. is the ra-
dius of curvature of the main vortex. The kinematics
viscosity for the air is v = 15 x 10 m?/s. The flow in-
side the cavity is laminar, the maximum Reynolds
number calculated with the velocity U, is 370, and,
from the Blasius theory, the momentum thickness J, is
calculated from the relationship J, = 6/7.4 with § the
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Fig. 15 Visualization in a
horizontal plane for R = 0.5,
U. = 1.21 m/s (Re = 2,020)
and y = -15 mm

Fig. 16 Visualization in a
transverse plane for R = 0.5,
U, = 1.21 m/s (Re = 2,020)
and x = L/2

boundary layer thickness inside the cavity obtained
from views in parallel planes. The measured data are
presented in Table 1. Reporting the Gortler number
versus the dimensionless wave number ko, on the
stability diagram (Fig. 18) we observe a good agree-
ment between our estimates and previous measure-
ments. The experimental points, for a particular
measurement, establish lines of constant slope 3/2,
along which the non-dimensional wavelength is con-
stant. Comparison is made with the neutral stability
curves of Floryan and Saric (1982) and Hall (1983).
Note that the present investigation has been obtained
for much smaller curvature radii and velocities than the
other ones (Tani 1962; Bippes 1972; Winoto and Crane
1980).

Now let us discuss some features of the Gortler-like
vortices, postponing a more detailed analysis of their
properties to a further work. First of all, it must be
noticed that such longitudinal vortices are the most
robust when only one main vortex exists within the
cavity. Indeed, as soon as the secondary vortex ap-
pears, the Gortler-like vortices are stretched and dis-
locate. This is suggesting that the cavity aspect ratio
range of their existence should be narrow around
R = 1. For R = 2, the spanwise structures in the lower

Fig. 17 Sketch of the cavity a)
flow dynamics for R = 0.5.
a for U, = 0.69 m/s

(Re = 1,150), b for

U. = 1.21 m/s (Re = 2,020)
and U, = 1.60 m/s

external flow

part of Fig. 4 must be thought as Gortler-like vortices,
but they are very unsteady and it is difficult to measure
a wavelength. Moreover these structures are continu-
ously destroyed by the relatively high turbulence level
inside the cavity.

Another interesting feature lays in the fact that the
Gortler-like vortices raw, as seen in Figs. 11b, ¢ and 12,
is not stationary. To quantify their dynamical proper-
ties, we have plotted in Figs. 20 and 21, space-time
diagrams of the pattern. Space-time diagrams are
made by stacking over each other in Fig. 20b-d
(respectively, in Fig. 21b-d) the single white line
plotted in Fig. 20a (respectively, in Fig. 21a), at dif-
ferent successive times. These images are recorded in
time with the set-up detailed in Fig. 2b. Time delay
between two such lines is 50 ms. Total recording time
along the vertical axis is 25 s. Time is passing from the
bottom to the top, while the horizontal axis is the
transverse z direction. The gray level in the diagrams
corresponds to intensity variations along the extracted
horizontal line. On such diagrams, vertical lines are
associated to stationary events, while oblique lines are
associated to traveling patterns. If oblique lines
are moreover straight lines, it means that the pattern is
traveling at a constant velocity ¢ = A y/A t. Figure 20

(Re = 2,670)

¢
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Table 1 Parameters for the calculation of the Gortler number and the dimensionless wave number for R = 1

U, (m/s) 4 (1072 m) U, (m/s) re (1072 m) 5 (1072 m) d, (107 m) G (-) A () ko, ()
1.21 2.95 0.1 2.5 1.5 2.03 3.85 214 0.456
1.6 2.6 0.105 2.5 1.5 2.03 4.04 186 0.517
2.09 2.2 0.11 2.5 1.5 2.03 4.23 151 0.611

exhibits the space-time behavior of the Gortler vorti-
ces raw located upstream inside the cavity and Fig. 21
the raw located downstream inside the cavity. In each
one of these figures, the space-time diagrams are
plotted for three different external velocities (b
U.=089m/s, ¢ 121 m/s and d 1.595 m/s). The
observation of these space-time diagrams leads to the
following comments:

1. The Gortler vortices are not stationary as soon as
they appear, for U, > 0.89 m/s (Fig. 20b—d). There
is a drifting symmetry with respect to the center-
line. The left part of the raw is drifting to the left
(left side of Fig. 20c), the right part is drifting to
the right (right side of Fig. 20c). As a consequence,
there appears a source-like singularity in the vortex
raw, where there is a collision between a domain of
left-traveling vortices to the left, and a domain of
right-traveling vortices to the right. There, two
adjacent vortices drift into two different directions
(left vortex to the left, right vortex to the right)
emptying an area in between which a new pair of

vortices can nucleate. Let us remark that although
source-like singularities exist with well-defined
properties in the frame of non-linear traveling
waves (Van Hecke et al. 1999; Pastur et al. 2003),
the term “‘source’ should be considered here in a
very general context. Indeed, the ‘“‘source” ob-
served here seems to be induced by a secondary
side flow symmetrical with respect to the center-
line. This side flow, turned from the centerline
toward the sides of the cavity, is expected to be
forced by the inner spanwise flow coming from the
cavity sides toward the centerline (Fig. 19), as
previously reported (Migeon 2002).

2. The vortices drift over space with an increasing
velocity with respect to their distance to the cen-
terline. Such an increase of the velocity seems
however not to be related to an increasing vortex
amplitude, since on the very right side of the pic-
ture the vortices are evanescent and still drifting
with the highest velocity. Drifting velocities reach a
maximum value ¢y ~ 8.5 mm s

Fig. 18 Gortler number 100.0 T T T T T T71 T T
versus the dimensionless I~ Re.(m) Ug(ms™ I
wave-number for previous — 0O 5 3 ]
studies and present | © 5 7 214 _
measurements at R = 1 4o > Tani (1962) 5 13 4=18% 650 210
v 10 1
- © 10 16 —
&  Bippes (1972)
® Winoto & Crane
100 +  Swearingen(1987) T
— 1{‘\( present study —
- -
Go
1.0 Hall (1983) n
Floryan & Saric (1982) |
0.1 1 ) S I | L1 11 { | 11
0.01 0.1 1.0 10.0
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external flow

Fig. 19 Sketch of the flow dynamics and Gortler-like vortices
motion for R =1

3. Finally, when comparing the space-time diagrams
obtained in the upstream (Fig. 20) and the down-
stream (Fig. 21) parts of the cavity, both patterns
appear to be amazingly similar for U, > 0.89 m s,
Such a strong correlation may not be due to
chance. It instead confirms the annular shape of
the Gortler-like vortices. It moreover indicates
how strong and coherent their shape remains over
space against any perturbation that the incoming
flow may produce, although, from Figs. 20a or 21a,
it is obvious that the downstream part of the
Gortler vortices is strongly flattened compared
with its upstream part.

For R = 1, before any increase of U, the wind tunnel
velocity was first brought to very high values so as to
blow the smoke out of the cavity. It is strongly believed
that such an operation may destroy the Gortler raw.
Moreover after varying the aspect ratio (R = 1.25,
Fig. 22), we recover a very similar space-time pattern
of the Gortler raw. Therefore the reproducibility of the
raw slowly drifting dynamics strongly suggests the
existence of a secondary flow, symmetrical with respect
to the centerline. In particular, a fruitful comparison

could be done with the flow characteristics of Gortler-
like vortices observed behind a backward facing step
(Beaudoin et al. 2004).

5 Conclusion

Visualizations of the flow inside a rectangular cavity
with aspect ratio varying between 0.5 and 2 have been
conducted for 1,150 < Re < 10,670. Three-dimensional
spanwise structures are developing. The analysis of
visualization time course of the flow shows that 3-D
developments are not caused by shear layer secondary
instabilities, as the latter remains rather a 2-D phe-
nomenon. The study of the cavity flow with aspect ratio
and Reynolds number has shown three morphological
behaviors. For this range, the Reynolds number has
little influence on that global flow morphology.

For R =2, the flow is driven by the interaction be-
tween the shear-layer and the downstream wall. The
injection inside the cavity is a rather 2-D phenomenon,
creating a strongly unsteady main vortex in the
downstream half of the cavity. A counter-rotating
secondary vortex is size-modulated near the bottom
upstream wall, and an induced flow is due to the mo-
tion of the two vortices, which is evolving in a spanwise
flow. The presence of a secondary vortex in the up-
stream part of the cavity, linked with the unsteadiness
of the main vortex, is opposing to the birth of the
Gortler instabilities or is perturbating them.

The same global features are found for R = 1.5 with
a lower turbulence level.

t(s)
t(s)

Fig. 20 a Visualizationfor R = 1, U. = 1.21 m/sand y = =15 mm
with the upstream white line used for the making of space—time
diagrams. b Space-time diagram for U, = 0.89 m/s (Re = 2,970).
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Fig. 21 a Visualizationfor R = 1, U, = 1.21 m/s and y = =15 mm
with the downstream white line used for the making of space—
time diagrams. b Space-time diagram for U, = 0.89 m/s

For R =1, the main vortex occupies the entire
length of the cavity, and the secondary upstream vortex
is reduced to a corner vortex. The main vortex
boundary is time-evolving, as one can see in Fig. 10b
with a small core associated with a large periphery for
z=0 and a larger core associated with a smaller
periphery for z = 30 mm. There is also counter-flow
acting in the core of the main vortex, from the cavity
sides toward the symmetry plane, providing a seeding
inside the cavity. The Gortler-like vortices migrate
from the flow center of symmetry toward the cavity

Z (mm)

Fig. 22 Space-time diagram for R =125 and U, =1.21 m/s
(Re = 5,042)

Z (mm)

t(s)

0
-150 -100 -50 ] 50 100 150
z (mm)

o 50 100 150

(Re =2,970). ¢ Space-time diagram for U, = 1.21 m/s (Re =
4,030). d Space-time diagram for U, = 1.6 m/s (Re = 5,330)

span sides. This motion is likely due to the spanwise
flow acting in the periphery of the main vortex, from
the center to the cavity sides (Migeon 2002).

For R = 0.5, there are two superimposed vortices,
with a very low velocity and a purely laminar flow in-
side the cavity.

The Gortler-like vortices range of existence and
dynamics will be further discussed in a forthcoming

paper.
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