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ABSTRACT : The interaction between a laminar boundary layer and a rectangular cross-
sectional cavity is studied with tracer injection visualizations and particle image velocimetry (PIV) 
in different planes of observation. Flow dynamics inside the cavity is driven by the shear layer, 
developing above the cavity, and a main vortex, developing along the whole cavity span. 
Secondary vortices are also present for some cavity geometries. 3D flow morphology is 
confirmed by tracer injection and PIV velocity streamlines. Transverse flows show low-velocity 
loops from the cavity centerline towards the lateral sides. For some Reynolds numbers and 
geometries, pairs of counter-rotating vortices are appearing, superimposed to the transverse 
flow. They are identified on both tracer injection visualizations and PIV measurements. The 
investigation of a wide range of parameters gives the thresholds for the appearance and 
disappearance of such centrifugal instabilities which are resulting from the imbalance between 
centrifugal forces and radial pressure gradient inside the main cavity vortex. The PIV field leads 
to the measurement of the momentum thickness and advection velocity inside the cavity, 
allowing a representation in a stability diagram. 
 
 

1 General Introduction 
Flow over open cavity is a benchmark case for numerous industrial issues with structural 
discontinuities. A complete bibliographical analysis of this type of flow for compressible and 
incompressible conditions is available [1]. This experimental study reports the flow developments 
inside a parallelepipedic cavity of variable shape and dimensions. That flow is generated by the 
interaction between a laminar boundary layer and a cavity which creates self-sustained oscillations. The 
Reynolds number built on the external flow velocity and the cavity length is between 860 and 32 300, 
and the Mach number is lower than 0.01 so the flow is considered incompressible. The aim is the 
understanding of the 3D flow morphology varying the Reynolds number and the cavity shape. Flow 
visualizations and PIV measurements are obtained in different laser planes in order to get the 
dynamical structures. The main flow morphology and 3D developments are described with respect to 
cavity geometry and Reynolds number. The existence of eddy instabilities of the type of Görtler 
vortices [2,3] is identified for some cases. Thresholds and features of these instabilities are determined 
from measurements. 
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2 Experimental set-up and apparatus 
The airflow is generated by a centrifugal fan placed upstream of a settling chamber (Figure 1-a). The 
seeding particle injection is achieved at the fan inlet. An axial duct terminated with honeycomb and a 
contraction drives the flow towards the experimental facility, which consists of a test section containing 
a flat plate beginning 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 boundary layer at the cavity 
upstream edge. To reduce light wall reflections, the whole test section is made of antireflection glass 
2 mm in thickness. The cavity height is varied between H = 25 mm and H = 150 mm. Its span 
S = 300 mm is constant because the cavity ends in this direction are the wind tunnel vertical walls 
(Figure 1-b). In addition to the Reynolds number, two other dimensionless numbers are defined: the 
span ratio as F = S / H (span over height) studied from 2 to 12 and the cavity aspect ratio R = L / H 
(length over height) from 0.25 to 2.5. This latter ratio can be changed continuously 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 Ue, varies from 860 to 32 300, corresponding to external velocities from 0.57 to 3.68 m·s−1. 
The external velocity is measured with laser Doppler velocimetry 102 mm upstream of the cavity and 
25.5 mm above the flat plate. This point of measurement is in the external flow sufficiently upstream of 
the cavity to avoid any perturbation from the instability developing above the cavity. The origin of the 
coordinate system is set at the upstream 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 section upper wall, located at D = 75 mm above the 
cavity, has no influence on the shear layer developing on the cavity and, as a consequence, no influence 
on the flow. 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 beginning of the step. The cavity under investigation is not a shallow cavity 
(L / H > 5), where the shear layer tends to attach the cavity floor. However, in that configuration, the 
development and propagation 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 
2.5. 
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Figure 1: Experimental set-up: a) wind tunnel, b) test section dimensions and coordinate system. 

Hereafter, the expressions “upstream” and “downstream” will refer to the external velocity direction. 
Flow visualizations by tracer injection are carried out with fog obtained with a low density smoke 
generator. As a result, 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. The light source is a 5 W argon-ion laser tuned to the 
blue wavelength (488 nm). The laser beam provides, by passing through a cylindrical lens, a sheet 
whose thickness is 0.25 mm. The image recording system consists of a 10-bit camera with 1 032×778 
pixels and a frequency of 20 Hz. The repeatability of flow visualizations has been checked by 
recording different image series with different wind tunnel runs, and by testing different smoke 
injections. The external flow is 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 pattern can be identified anymore. PIV measurements are carried out with a 
pulsed YAG laser emitting in the 532 nm wavelength a sheet with a maximum thickness of 0.25 mm. 
The camera used for image recording is the same as for flow visualizations. The velocity fields are 
processed through a technique that uses an optical flow algorithm with dynamical programming, which 
provides high resolution fields (1 vector per pixel) particularly accurate for regions of high velocity 
gradients as shear layers. The corresponding velocity resolution is 1 / 32th pixel or a relative velocity 
accuracy of 0.15 % [4]. Hereafter, results are shown for two observation planes: a (x,y) plane providing 
information on the main flow morphology, and a (x,z) plane, providing information on the secondary 
instabilities (Figure 2). In each configuration, the camera has a complete view of the cavity length or 
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span. For the first observation direction, the (x,y) plane is set at cavity midspan. For the second 
observation direction, the (x,z) plane is set to a relative vertical position y* = y / H = − 0.3. 

laser 

camera 

 
Figure 2: Visualization inside a) a (x,y) plane or b) a (x,z) plane inside the cavity. 

3 Cavity flow morphology 
The velocity gradient produced by the interaction between the external flow and the cavity generates a 
shear layer characterized by the development of an oscillating wave. For the Reynolds number range 
under investigation, the starting point of the oscillations is not generally the upstream edge of the cavity 
[5]. In addition, there is no emission of vortices from this edge, contrary to what happens for higher 
Reynolds numbers, for instance in compressible flows [6]. According to the aspect ratio and for F = 6, 
different flow morphologies can develop inside the cavity, driven by one or several vortices. For R = 2 
the flow exhibits a main clockwise vortex, located in the downstream part of the cavity and spreading 
over 2 L / 3 (Figure 3). A secondary counter-rotating vortex is unevenly present in the upstream part of 
the cavity. For R = 1.5, the flow morphology is similar with a lower extension of the main vortex and 
secondary vortex, the latter being limited to the bottom of the cavity. For R = 1, only the clockwise 
vortex remains, with two small corner vortices. For R = 0.5, the clockwise vortex vertical extension is 
reduced to H / 2 while a counter-rotating vortex with very low velocity is present in the bottom of the 
cavity. This morphology is confirmed by the streamlines of the velocity field (Figure 4). For these PIV 
measurements, a judicious choice of the measurement parameters allows a good description of both the 
external and cavity flows, while the maximum velocities inside the cavity are 1 / 10th of the external 
velocity. Note that the aspect ratio is the only controlling parameter and that the Reynolds number has 
no influence at all on that vortex morphology. It has just an influence on their stability. The three-
dimensional character of the cavity flow has been recognized in previous studies [1,2,3,7,8]. The span 
confinement of the cavity induces recirculating flows, as it can be seen in a (x,z) plane in Figure 5, 
forming four recirculation cells. These transverse flows show low-velocity loops from the cavity 
centerline towards the lateral sides. That flow superimposes with the spanwise vortex dynamics 
previously described. 

flow 
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y 
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Figure 3: Flow visualizations for a) R = 2, b) 1.5, c) 1 and d) 0.5, F = 6 and Re between 5 933 and 
1 483. 

a) b) 

c) d) 

Figure 4: Flow streamlines for a) R = 2, b) 1.5, c) 1 and d) 0.5, F = 6 and Re between 5 933 and 1 483. 
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Figure 5: Sketch of transverse flow. 

4 Development of centrifugal instabilities 
This part is focusing on the particular cases where centrifugal flow instabilities of Görtler type are 
superimposed with the flow morphology depicted in the previous section. They have been identified in 
separated flow [2,9]. Their existence and properties are discussed in relation with the Reynolds 
number, aspect ratio and span ratio. If the Reynolds number is high enough, a spanwise row of counter-
rotating pairs appears near the upstream and downstream walls (Figure 6 and Figure 7). In fact, these 
pairs of instabilities form a succession of loops inscribed inside the cavity (x,y) planes. For some cases, 
single pairs are also identified, generally near the upstream edge of the cavity where there is no 
interaction between the main vortex and the shear layer oscillations (Figure 8) but they do not show a 
loop-like shape. It seems that the key mechanisms of the instabilities birth are a large enough advection 
velocity, generated by the main spanwise vortex, and a large enough curvature radius. Their destruction 
is linked to the flow transition to turbulence above a limiting velocity. Configurations with no 
instability are present, generally where the advection velocity is not sufficient to destabilize the wall 
boundary layers. 

 
Figure 6: Flow visualization of counter-rotating instabilities for R = 1, F = 6 and Re = 4 233. 

 
Figure 7: Flow visualization of counter-rotating instabilities for R = 1.5, F = 6 and Re = 4 450. 
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Figure 8: Flow visualization of counter-rotating instabilities for R = 0,5, F = 3 et Re = 7 500. 

These instabilities are also identified on PIV measurements (Figure 9) despite the high velocity 
component perpendicular to the plane of measurement. The instabilities rows are identified in the y 
component of the vorticity field showing high positive and negative levels near the upstream and 
downstream cavity edges (Figure 10). A careful examination of this figure proves the annular shape of 
these centrifugal instabilities in the (x,y) plane, with the extension of the blue and yellow regions along 
the x direction. 

 
Figure 9: PIV measurement of counter-rotating instabilities for R = 1.5, F = 6 and Re = 4 450. 

 
Figure 10: Y-component of the vorticity of the velocity field for R = 1.5, F = 6 and Re = 4 450. 

It must be noticed that such pairs of instability vortices are the most robust when only one main vortex 
exists within the cavity. Indeed, as soon as the secondary vortex appears, the Görtler-like vortices are 
stretched and dislocate. This is suggesting that the cavity aspect ratio range for their existence should 
be around R = 1. For larger aspect ratios, the structures are also present but the key mechanism of their 
existence domain is a combination of geometry (R and F) and Re. An extensive study has been 
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conducted varying the external flow velocity, cavity length and height, and, as a consequence, Re, R 
and F. Figure 11 shows the domain of existence of centrifugal instabilities, as functions of Reynolds 
number and aspect ratio, for different span ratios. The region where these instabilities are present in the 
plane (R, Re) is forming a compact domain, which tends to prove the existence of limiting thresholds 
for their birth and vanish. For some cases and small values of the span ratio (F = 3 and 2), instead of a 
row of vortices there is a single Görtler vortex near the upstream cavity edge. For these configurations, 
the vortex does not form a loop inside the cavity. 

 
Figure 11: Existence diagram of centrifugal instabilities a) F = 12, b) F = 6, c) F = 3 et d) F = 2. 

Figure 12 show the number of Görtler vortices present simultaneously inside the measurement plane, 
for configuration exhibiting rows of these instabilities. For each span and aspect ratio, we note an 
increase followed by a decrease of the pairs of vortices number versus the Reynolds number. This is the 
proof that the appearance-vanish cycle is a continuous phenomenon driven by the external velocity Ue. 
The geometry is also important since there is an aspect ratio for which the vortices number reaches a 
maximum. We can notice in Figure 12-a and Figure 12-b that this maximum number of pairs of 
vortices is found for R = 1. This can be understood as the presence of a main circular vortex inside the 
cavity, which provides a best radius of curvature with respect to wall confinement. There is a drop of 
the number of vortices for F = 3 (Figure 12-c). The same comment is done for F = 0.5 with a lower 
number of vortices (Figure 12-d). That decrease in the number of vortices inside the cavity with span 
ratio shows that the lateral flow confinement could be opposed to the development of centrifugal 
instabilities. 
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Figure 12: Number of centrifugal instabilities a) F = 12, b) F = 6, c) F = 3 et d) F = 2. 

The flow curvature caused by the main vortex is thought to be the key mechanism of the development 
of centrifugal instabilities. That hypothesis is consistent with quantitative results on the spanwise 
primary instability [10]. The Görtler number, defined with the curvature radius rc, the kinematics 
viscosity of the fluid ν = 15×10−6 m2⋅s−1 and the velocity inside the cavity Uc developing away from the 
boundary layer of momentum thickness δ2 is: 
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The Görtler number actually compares the local curvature of the flow with the viscosity effects. The 
wave number k is defined as: 

λ
π2

=k  (2) 

where the wavelength λ is the distance between two pairs of counter-rotating patterns. In the present 
case, Uc, δ2 and k are obtained from PIV measurements in a (x,y) plane (Figure 4). When the Görtler 
number is high enough, the curvature effects dominates the viscosity effects and the flow is unstable, 
leading to centrifugal instabilities. Reporting the Görtler number versus the dimensionless wave 
number k δ2 on the stability diagram (Figure 13) we observe a good agreement between our estimates 
and previous measurements [11,12,13]. Comparison is made with the neutral stability curve [14] and 
all the measurement points are on the left of this curve, corresponding to the instable region. 
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Figure 13: Stability diagram of centrifugal instabilities. 

5 Conclusion 
The interaction between a laminar boundary layer flow and a cavity of variable dimensions is studied 
for a range of medium Reynolds numbers with tracer emission visualization and PIV. The flow 
morphology is driven by a shear layer which induces one or several cavity vortices according to the 
geometry. The main vortex is, for a limited range of Reynolds number and geometrical parameters, the 
generating mechanism of secondary centrifugal instabilities. They form a row of pairs of counter-
rotating vortices with an annular shape inscribed inside the cavity cross-section. For some cases, single 
pairs of Görtler vortices are also present. It seems that the key mechanisms of the instability birth are a 
large enough advection velocity, generated by the main spanwise vortex, and a large enough curvature 
radius. Such pairs of instability vortices are the most robust when only one main vortex exists within 
the cavity. The domain of existence of centrifugal instabilities has been established, proving the 
existence of limiting thresholds for their birth and vanish. A perspective to this work is the 
implementation of stereoscopic PIV in order to measure the third velocity component, which is 
expected to be dominant in the Görtler vortex core. 
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