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resulting in a significantly different cavity flow. Large tur-
bulent sweep and ejection events in the wake flow suppress 
the typical shear layer and sporadic near wall sweep events 
generate coherent vortices at the upstream edge.

1  Introduction

Open cavities have the ability to exchange mass and 
momentum with the external flow. Under perpendicu-
lar incident flow, they are often also called shear-driven 
cavities. In a shear-driven cavity the interface is defined 
by a mixing layer between the cavity flow and the exter-
nal boundary layer flow, in contrast to the lid-driven cav-
ity, where the top is a closed moving surface. This shear 
layer is governed through complex dynamical phenomena, 
arising through flow instabilities that are influenced by the 
external flow and through feedback mechanisms between 
the impinging flow on the downstream edge, the cavity 
flow and the shear layer flow.

Shear-driven cavities have been initially researched 
for their relevance in aeronautics, where drag and vibra-
tions were the primary interest, for example in panel gaps, 
wheel wells or weapon bays. The experimental wind tunnel 
research by Roshko (1955), Rossiter and Britain (1964), 
and Sarohia (1975) have explored the existence of reso-
nance in the shear layer, generated through acoustic and 
hydrodynamic feedback. This phenomenon of self-sus-
tained oscillations can occur when a shear layer impinges 
on a downstream obstacle, such as present in a cavity under 
certain conditions (Rockwell 1977; Rockwell and Nau-
dascher 1978; Knisely and Rockwell 1982). Based on the 
area of research, the flow conditions for these studies are 
therefore usually for thin laminar or turbulent boundary 
layers at high Reynolds Numbers or high Mach numbers.

Abstract   An experimental setup was developed to per-
form wind tunnel measurements on a unit-ratio, 2D open 
cavity under perpendicular incident flow. The open cavity 
is characterized by a mixing layer at the cavity top, that 
divides the flow field into a boundary layer flow and a cav-
ity flow. Instead of precisely replicating a specific type of 
inflow, such as a turbulent flat plate boundary layer or an 
atmospheric boundary layer, the setup is capable of simu-
lating a wide range of inflow profiles. This is achieved by 
using triangular spires as upstream turbulence generators, 
which can modify the otherwise laminar inflow boundary 
layer to be moderately turbulent and stationary, or heav-
ily turbulent and intermittent. Measurements were per-
formed by means of time-resolved stereo PIV. The cav-
ity shear layer is analyzed in detail using flow statistics, 
spectral analysis, and space–time plots. The ability of the 
setup to generate typical cavity flow cases is demonstrated 
for characteristic inflow boundary layers, laminar and tur-
bulent. Each case is associated with a distinct shear layer 
flow phenomena, self-sustained oscillations for the former 
and Kelvin–Helmholtz instabilities for the latter. Addition-
ally, large spires generate a highly turbulent wake flow, 
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Besides aerospace and transportation, a strong interest 
in the cavity geometry was also shown in atmospheric sci-
ences, especially in the field of pollutant dispersion (e.g., 
Johnson et al. 1973; Nicholson 1975) and thermal model-
ling. (e.g., Nunez and Oke 1977). The space in between two 
elongated buildings can be idealized as the so called Street 
Canyon. Under perfectly perpendicular flow conditions, 
the cavity top is the only way the street level can exchange 
air, and therefore pollutant and heat, with the flow aloft. 
Based on wind tunnel measurements conducted by Hussain 
and Lee (1980) and Oke (1988) identified different flow 
regimes based on the aspect ratio of the cavity, that range 
from skimming flow for a deep canyon (high aspect ratio) 
to isolated roughness flow for a very wide canyon (low 
aspect ratio). The upstream flow for street canyon measure-
ments is usually defined as a thick turbulent atmospheric or 
urban boundary layer profile. Under these conditions, the 
cavity shear layer shows properties of a free shear layer, 
such as vortex formation through a Kelvin–Helmholtz-type 
instability (e.g., Chang et al. 2006; Bian et al. 2010; Saliz-
zoni et al. 2011).

In recent years, wind tunnel experiments have made sig-
nificant contributions to the understanding of cavity-type 
shear flows. Specifically, imaging measurement techniques 
such as particle image velocimetry (PIV) (as conducted by, 
e.g., Ashcroft and Zhang 2005; Kang et al. 2008 or Haiger-
moser et  al. 2008) in combination with analytical flow 
modelling (e.g., Chatellier et al. 2004) or advanced analysis 
tools such as modal analysis (e.g., Basley et  al. 2010) or 
POD (e.g., Kang and Sung 2009; Kellnerová et  al. 2012) 
showed the complexity of the shear layer, and its depend-
ence on the upstream boundary layer.

The specific area of research that investigates a cavity-
type flow, as described earlier, usually dictates the type and 
shape of the upstream flow profile. Therefore, wind tunnel 
tests often have the specific goal of investigating a flow 
phenomena (such as the before mentioned self-sustained 
oscillations or Kelvin–Helmholtz instabilities) typical to 
that specific type of inflow.

In this work, we describe an experimental setup for a 
unity aspect ratio cavity, that has the capability to subject 
the cavity to a wide range of turbulent inflow conditions, 
but still remain capable to reproduce the different known 
cavity flow phenomena. The wind tunnel tests were per-
formed in the ETH/Empa atmospheric boundary layer wind 
tunnel. Time-averaged and time-resolved measurements 
were conducted by means of stereo PIV. Measurements 
were performed on a vertical plane parallel to the flow, 
imaging simultaneously the flow just upstream of the cavity 
(inlet boundary layer flow), the cavity flow itself and the 
flow downstream of the cavity.

This paper details the observations made for three cavity 
flow cases having different specific upstream wall bounded 

flows: a laminar boundary layer, a moderately turbulent 
boundary layer and a strongly turbulent wake flow. The 
laminar boundary layer is used to validate the experimen-
tal setup by a comparison of the observed flow phenom-
ena with previously investigated cavity flows from litera-
ture. The specific moderately turbulent boundary layer is 
used to show that the selected type of turbulence genera-
tors upstream of the cavity results in shear layer dynamics 
similar to ones observed in existing literature of turbulent 
cavity flows. For the third flow, a specific type of a thick, 
strongly turbulent wake flow, no comparable measurement 
was found in literature.

In Sect. 2, we describe the experimental facilities, model 
setup and data evaluation in detail. This includes the PIV 
data acquisition, vector processing and uncertainty analy-
sis. In Sect. 3, selected results of the performed measure-
ments of the cavity flow and the shear layer are presented 
and compared, followed by an analysis and discussion of 
each case in Sect. 4.

2 � Experimental setup

2.1 � Experimental facility and measurement system

Measurements were conducted at the ETH/Empa atmos-
pheric boundary layer wind tunnel, a closed circuit 
“Göttingen”-type boundary layer wind tunnel. The test 
section is closed and 10.4 m long, 1.9 m wide and 1.3 m 
high. The fan has a nominal power of 110  kW and is 
capable to generate free stream velocities from 0.5 up to 
25  m/s in the test section. Flow seeding is provided by a 
system that generates 1 µm aerosol particles (DEHS). 
A stepper-motor-driven traversing system is installed in 
the last 2.6  m of the test section, allowing a probe to be 
moved within a 2.3  m ×  0.3  m ×  1.6  m volume with a 
step size of 1/100th  mm. The linear positioning elements 
Rose+Krieger DuoLine Z 50 are used for all axes and fea-
ture a timing belt driven guide table with a repetition accu-
racy of 0.05 mm and a positioning accuracy of 0.1/300 mm. 
Induction switches allow to perform a reference drive to 
reliably set the origin of the traverse system. The traverse 
system is also used to define an absolute coordinate sys-
tem in the test section, allowing for repeatable wind tunnel 
model placement and accurate PIV laser sheet alignment.

The principal measurement system used is a time-
resolved stereoscopic PIV system from LaVision and 
is composed of two 12-bit CMOS cameras and a dual-
cavity Nd:YLF laser with a wavelength of 527  nm and a 
maximum energy per pulse of 30 mJ (at 1 kHz repetition 
rate and a pulse duration of 150 ns). The cameras have a 
maximum resolution of 2016 × 2016 pixels at a recording 
frequency of up to 640 Hz. The 36 GB of memory allow 
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storage of 3155 double-frame images at full resolution. The 
two cameras were mounted at opposite sides of the wind 
tunnel test section, perpendicular to the flow and tilted 
down at an angle of 33◦ from the horizontal (Fig. 1a). The 
optics consisted of 135  mm F2.0 Canon objectives on a 
Scheimpflug mount. The light sheet, generated by a cylin-
drical lens above the wind tunnel, was vertically aligned 
with the test section center-plane.

Additionally, a Dantec hot wire system in combination 
with the traverse was used to sample large field turbulent 
flow statistics. The probe used was a Dantec 55P16 min-
iature single wire probe with a 1.25-mm long and 5-µm 
diameter platinum-plated tungsten wire. Velocity signals 
were acquired using the a MiniCTA single channel hot wire 
bridge with analog voltage output and a National Instru-
ments NI USB-9162 A/D converter with a 10-kHz sample 
rate. Calibration of the probe was performed using a Dantec 
StreamLine Pro Automatic Calibrator to get a fifth-order 
calibration polynomial. A correction of the measured volt-
age signal was performed to account for temperature differ-
ence between the calibration temperature and the measure-
ment temperature, prior to the conversion to velocity.

2.2 � Model geometry

A split floor was installed in the downstream part of the 
test section, raised 31.5  cm above the wind tunnel floor 
(Fig.  1b). This is well above the wind tunnel boundary 
layer, which measures around 15 cm in height. The experi-
mental setup is composed of four main sections: adjustable 
inlet flap, inlet fetch, cavity and outlet plane. The inlet flap 
can be deflected downwards, to prevent flow separation due 
to the increased blockage of the cavity model. The inlet 
flaps are manufactured from wire-erosion cut aluminum 
and have a slightly rough finish. The inlet plate, cavity and 
outlet plate are manufactured from phenolic coated birch 

plywood and have a smooth finish. The cavity height is 
Hc = 100 mm and the cavity length (width of gap between 
upstream and downstream edge) measures Lc = 101.4 mm. 
This results in an aspect ratio of Hc/Lc = 0.99 ≈ 1. The 
complete model is 1.8  m wide, leaving a 5-cm gap on 
each side between the model and the wind tunnel wall. To 
minimize the influence of the wind tunnel walls, the cav-
ity ends are closed, using thin 500-mm-long end caps. They 
extend 440 mm from the wind tunnel floor to well above 
the cavity, as indicated in Fig. 1a. A 200-mm-wide center 
section of the cavity has the horizontal surfaces (inlet, floor 
and outlet) equipped with flush mounted, aluminum coated 
front surface mirrors. The mirrors have a reflectivity above 
94 %, reducing unwanted diffusion of laser light and there-
fore enabling near-surface measurements. This is especially 
important for stereo PIV, due to the angled camera setup. 
The model is supported by 3-mm-thin sheet metal struts. 
To reduce aerodynamic drag from the protruding cavity 
on the lower side of the model, and therefore to increase 
flow-through, a fairing made from Polystyrene foam and a 
flexible wooden plate was installed. Spires can be mounted 
downstream of the inlet flap, at a position x = −608 mm 
upstream of the cavity. They have a triangular shape and 
resemble Irwin-type spires (Irwin 1981).

2.3 � Cases and PIV measurements

The cavity flow fields were measured for three different 
conditions. The case names defined in Table 1 will be used 
throughout the paper.

For the case ThinBL, a boundary layer was developed 
naturally by the inlet fetch. For the two cases 5m and 15w, 
additional turbulence was generated by spires with height 
5 and 15 cm respectively. The width to height ratio of the 
15 cm spire is double the value of the 5 cm spire, leading 
to the notion w for wide and m for medium. For the 5m and 

Fig. 1   a Wind tunnel cross section showing camera arrangement and imaging plane and b model of the 2D cavity with split floor showing the 
approach flow, laser sheet and PIV field of view (dashed rectangle). The cavity end caps are omitted for clarity
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15w spires, flow statistics of the wake flow and developing 
boundary layer were measured with the hot wire probe, on 
a vertical plane at the center line and a horizontal plane at 
half spire height. The spire geometry and the resulting flow 
fields are presented in Fig. 2.

For each case, two image sequences were recorded with 
the PIV system at a wind tunnel fan speed of 100 rpm. Each 

sequence consists of 3155 double-frame stereo images 
with 2016 × 2016 pixel resolution. The first sequence was 
recorded at 10 Hz, to provide data of the average flow field, 
the second sequence at 600 Hz. A separation time of 300 µ
s between the two frames of each double-frame image pair 
was found to give adequate particle shift values.

The PIV measurements are made available online 
(Immer 2015).

The average free stream velocity above the cavity was 
calculated from time-averaged measurements and was 
found to be U∞ = 3.14 m/s for the cases ThinBL and 5m 
and 3.36 m/s for the case 15w with a relative SD of 0.96 %. 
With an air temperature of 22.3  ±  1.5  ◦C and standard 
atmospheric conditions at 440  m altitude, the Reynolds 
number with respect to the cavity height Hc, for the cases 
ThinBL and 5m was calculated to be Re = 19,260 ± 175.

Table 1   Definition of measurement cases and properties of the turbu-
lence generating spires

Case Spire height (mm) Spire width (mm) Blockage (%)

ThinBL – – 0

5m 50 7.7 15.4

15w 150 46.2 30.8

Fig. 2   Hot wire measurements for the flow fields generated by the 
spires 5m (left column) and 15w (right column). The spire geometry 
is shown in the top row, with the coordinate system on the centerline 
of the wind tunnel. The second and third row shows measurements 

on a centerline streamwise plane of the mean velocity U and SD σ 
respectively. The dashed rectangle shows the location of the PIV field 
of view. The bottom row shows σ on a horizontal plane at y = 0.5 H
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2.4 � PIV vector processing and velocity post processing

Image acquisition and PIV vector processing were per-
formed with the software DaVis 8 from LaVision GmbH. 
Stereo-PIV vector processing was performed on CPUs 
using a multi-pass approach and a final interrogation win-
dow of 24 pixels, with a 50  % window overlap. This 
resulted in a window size of dx = dy = 1.574 mm, giving 
60 × 60 three-component velocity vectors inside the cavity. 
Postprocessing and data evaluation was conducted using 
custom written Python 2.7 code, utilizing the Numpy,1 
Scipy2 and the in-house developed pyFlowStat3 module.

The measured instantaneous velocity Ui with i = (x, y, z) 
is decomposed into the mean velocity Ui and the fluctuat-
ing velocity ui. The average flow field Ux,Uy,Uz and the 
Reynolds stress tensor Rij = uiuj were computed from the 
3155 samples in the 10 Hz time-averaged data. The aver-
aged velocity vector for one location was only considered 
valid if a valid PIV vector existed at that location for all 
acquired samples. No additional smoothing or interpolation 
of gaps was performed.

Velocity gradients ∂Ux

∂x
, ∂Ux

∂y
,
∂Uy

∂x
,
∂Uy

∂y
 were determined 

using central differences at the interior and first differences 
at the boundaries. The out-of-plane vorticity was calculated 
as ωz =

∂Uy

∂x
− ∂Ux

∂y
. The vortex identification criteria Q 

(Hunt et al. 1988) was computed based on the two-dimen-
sional velocity gradient tensor, since the out-of-plane gradi-
ent was not available:

This still allows to identify vortex cores, even if their axis 
of rotation is not perpendicular to the x–y plane.

Integral time scales Tx, Ty and Tz were estimated from 
the autocorrelation of the respective velocity component. 
Autocorrelations were calculated using an FFT-based pro-
cedure, and the timescale calculated subsequently by fitting 
an exponential function of the form ρ(τ) = e−

τ
T with lag τ 

and integral time scale T. Integral length scales are derived 

1  http://www.numpy.org/.
2  http://www.scipy.org/.
3  https://github.com/ETH-BuildingPhysics/pyFlowStat.

(1)Q2D =
1

2

(

2
∂Ux

∂y

∂Uy

∂x
−

∂Ux

∂x

2

−
∂Uy

∂y

2
)

.

by multiplying the time scale with the local mean velocity 
magnitude, implicitly assuming Taylors hypothesis of fro-
zen turbulence.

Turbulent kinetic energy (TKE) is defined as 
TKE = 1

2
(u2x + u2y + u2z ). Production of TKE is derived 

from the Reynolds-averaged Navier–Stokes (RANS) equa-
tion and reads in Einstein summation notation:

with ∂Ui

∂x3
= 0 (assuming two-dimensional flow, i.e., no out-

of-plane gradients).

2.5 � Measurement uncertainty

Three main areas of uncertainty have been identified that 
lead to errors or uncertainty: design of the experiment, PIV 
measurement uncertainty and statistical uncertainty.

Unwanted flow effects due to the experimental setup 
were reduced by careful design. Gaps and small steps 
between the model parts were sealed using tape, special 
care was taken upstream of the measurement area. End 
caps on the cavity reduced wall effects.

PIV uncertainty has been reduced by performing the 
measurements according to best practice. The laser light 
sheet was geometrically aligned with the wind tunnel cen-
terline, and the camera angles set to 33◦ according to (LaV-
ision 2011b). The initial camera calibration was performed 
prior to installing the model in the tunnel with a precision 
milled 20 × 20 cm two-level calibration plate. The camera 
and lens parameters were calculated by fitting a pinhole 
model to the calibration images. DaVis reports the SD of 
the fit to be 0.15 pixel. The registration error was reduced 
by using a stereo-PIV self-calibration procedure (Wieneke 
2005). No peak locking was evident for either the cavity 
or the boundary layer flow, suggesting adequate particle 
image size (LaVision 2011a). To assess the measurement 
uncertainty, the sensitivity coefficients ci for PIV equation 
U = α(�X

�t
) where calculated. The procedure described 

in ITTC (2008) was adapted. Table 2 presents the results, 
where α relates to the camera calibration, �X to the pixel 
displacement, �t to the timing accuracy of the laser. �X 
was determined using the correlation statistics method 
(Wieneke 2014) as implemented in the Davis Software. 
The estimated overall PIV uncertainty is well below 1 %.

(2)P
2D
TKE = −uiuj

∂Ui

∂xj

Table 2   Velocity uncertainty Parameter Error sources uc ci ciuc (m/s)

α Calibration 6.456E−07 m/px 24,515.4 px/s 0.01582

�X Image displacement 0.03 px 0.4269 m/px/s 0.01281

�t Image interval 3.002E−07 s −10,466.7 m/s2 −0.00314

Combined 0.0206 m/s (0.66 %)

http://www.numpy.org/
http://www.scipy.org/
https://github.com/ETH-BuildingPhysics/pyFlowStat
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Statistical uncertainty was assessed according to the 
procedure described in Nobach and Tropea (2007) assum-
ing a normal distribution. The SD of the estimated mean 
for the three velocity components can be calculated by 
using the standard error of the mean, SEUi

=
√
Rii/neff  

where Rii is a diagonal component of the Reynolds stress 
tensor, and neff the effective sample size. The effective 
sample size is estimated using neff = min(nsamples, t/2Txx) 
with Txx being the largest integral time scale and nsamples 
the number of recorded samples. To estimate the error of 
the Reynolds stress, the SD of the estimator is calculated 
using σRii =

√
Var(Rii) = Rii

√
2/(neff − 1). The relative 

error therefore only depends on the sample size. With 3155 
effective samples, this corresponds to 2.5 %.

3 � Results

Results are presented in dimensionless form when appli-
cable. For the length scale, the cavity height Hc is used 
and for the velocity scale, the free stream velocity U∞ is 
used. For the cases thinBL and 5m, U∞ was measured to be 
3.14 m/s. For the case 15w, hot wire measurements showed 
a small increase by 7%, due to a small influence due to the 
presence of the spires, resulting in U∞ = 3.36  m/s. From 
these scales, the time scales are calculated as τ = Hc/U∞ 
and result in τ = 0.0318 s for the cases thinBL and 5m and 
τ = 0.0298 s s for the case 15w.

3.1 � Inlet flow and cavity flow field

Inlet flow profiles upstream of the cavity are presented in 
dimensionless form in Fig.  3, showing the resulting val-
ues for the normalized streamwise velocity Ux, normal-
ized TKE and normalized shear stress uxuy. The profiles 
are computed from the time-averaged PIV measurements 
and horizontally averaged between x/Hc = −0.4 and 
x/Hc = −0.2. The origin of PIV coordinate system is on 
the upstream cavity edge (Fig.  4). The boundary layer 
thickness corresponds with the spire height. A clear dif-
ference in magnitude of normalized TKE characterizes the 
degree of turbulence for the three cases. The case thinBL 
shows virtually no normalized TKE, and the small amount 
visible close to the wall is accounted to reflection artifacts. 
The moderately turbulent case 5m shows almost constant 
normalized shear stress up to y/Hc = 0.3. The normalized 
velocity profile for the case 15w shows that this case does 
not represent a developed boundary layer. The CTA meas-
urements (Fig. 2) confirm that the flow is still developing 
at the cavity location. Additionally, Fig.  3 also shows an 
estimate of the streamwise normalized integral length scale 
for Ux. Lxx/Hc is relatively constant below y/Hc = 0.5 
and averages to 0.42 for the 15w case, which is about 2.6 
times larger compared to the case 5m (Lxx/Hc = 0.16). The 
length scale is still smaller than the cavity length.

The cavity flow fields are presented in Fig.4. All three 
cases show a clockwise rotating main vortex within the 

Fig. 3   Inlet flow profiles at x/Hc = −0.3, showing normalized mean velocity, normalized turbulent kinetic energy, normalized shear stress and 
normalized integral length scale. Markers are shown for every fifth datapoint
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cavity, and a horizontal flow above the cavity. The flow 
impinges on the downstream edge and is entrained into the 
cavity. Small corner vortices are formed in the bottom cor-
ners and in the top upstream corner. The cavity vortex is 
contained within the cavity by a dividing streamline, start-
ing at the detachment point at the upstream edge and end-
ing in the stagnation point at the downstream edge. The 
dividing streamline is horizontal and flat, except for the 
case 15w, where the streamline slightly curves above the 
top. The velocity snapshot shows the structure of the turbu-
lent flow in the cavity.

Profiles for the main flow statistics are presented on lines 
through the cavity center (xc/Hc = 0.5, yc/Hc = −0.5) in 
Figs. 5 and 6. The vertical profiles in Fig. 5a clearly show 
large gradients of normalized Ux for the cases ThinBL and 
5m, with an infliction point just above the cavity top. An 
infliction point is an necessary condition for flow instabil-
ity. The location of the infliction point corresponds to the 
point of maximum normalized TKE and normalized shear 
stress. The case 15w shows a shallow gradient and no clear 
peak of either normalized TKE or shear stress. The hori-
zontal profile of normalized mean vertical velocity Uy in 
Fig.  5b provides information about the main cavity vor-
tex. For both the cases ThinBL and 5m, higher normalized 
velocities are visible on the right side wall. Consequently, 
due to conservation of mass, the vortex center (intersection 
of normalized Uy with x/Hc = 0.5) is offset to the right. 
The case 15w shows a flatter velocity profile. From the nor-
malized Uy it can also be seen that the average (normalized) 
rotation speed of the cavity vortex is the highest for the case 
5m, followed by the case ThinBL and 15w. All cases show 
an increased peak-like normalized TKE and shear stress on 

the right wall. The case ThinBL shows a narrow and shear 
peak of normalized shear stress, but the lowest normalized 
TKE. The normalized shear stress of case 15w shows only 
a small broad peak, however this case features the highest 
normalized TKE. The profiles of the three diagonal compo-
nents of the normalized Reynolds stress tensor (u2x, u

2
y and 

u2z, being the three terms of the TKE equation) are shown in 
Fig. 6. Notable is the high contribution of the out-of-plane 
normalized Reynolds stress u2z to the normalized TKE on 
the right wall, especially for the case 15w.

3.2 � Shear layer

Besides the flow profiles, field plots of the turbulent sta-
tistics (e.g., normalized TKE and normalized shear stress) 
show the connection of the cavity flow to the shear layer 
(Fig. 7). All three cases show some normalized TKE inside 
the cavity, meaning that the cavity flow is always turbu-
lent. The case 15w shows the highest normalized TKE 
both inside the cavity and in the boundary layer above. 
Compared to the other cases, normalized TKE is also the 
most uniformly distributed in the cavity. The distribution of 
normalized TKE at the cavity top (around y/Hc = 0) is sig-
nificantly different for each case. The case ThinBL shows a 
large amount of normalized TKE toward the downstream 
edge, 5m features high normalized TKE over the entire 
top, linearly growing in height and the case 15w shows a 
vertical gradient of normalized TKE from the cavity to the 
boundary layer. This gradient is quite pronounced at the 
upstream edge and low at the downstream edge. Especially 
for the cases 5m and 15w, TKE is also visible at the down-
stream cavity wall. The production of normalized TKE, 

Fig. 4   Cavity flow field for the cases ThinBL, 5m and 15w, with streamlines of the mean flow field, and a snapshot of the normalized velocity 
magnitude (background)
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PTKE, shows a similar picture, with most of the production 
concentrated in the second half along the cavity top for the 
case ThinBL, but opposite for the case 5m. The case 15w 
shows only weak production at the upstream edge.

Defining a turbulent shear layer through a clearly 
increased shear stress −uxuy along the cavity top accom-
panied by production of normalized TKE, the case 5m fits 
that description. Also the case ThinBL shows the existence 
of a shear layer, even if less homogeneous over the full cav-
ity length. For the case 15w, there is neither a clear increase 
in normalized shear stress nor an increase in normalized 
PTKE.

The power spectral density Φ of the horizontal and ver-
tical velocity signal, Ux(t) and Uy(t) has been determined 
from the time-resolved PIV measurements. The results 
are shown in Figs. 8 and 9, for the horizontal and vertical 
velocity respectively, at 5 locations along the cavity top (as 
indicated in Fig. 7 by the diamonds). Further explanations 
to the velocity spectra are made in the next section.

The resolved PIV measurements, together with the 
measured time-averaged flow field, allow to plot spatiotem-
poral evolution of fluctuating velocity components along a 
specific line. This has been made for a line along the cavity 
top for each case and is presented in Fig. 10a, b, for nor-
malized ux(t) and normalized uy(t) respectively. From the 

5 seconds of acquired data, only the first 1.3  s are shown 
here.

4 � Discussion

This section highlights and discusses some interesting and 
unique properties of each of the three cavity flows. The 
cavity flow field statistics, the spectral properties of the 
shear layer, and the spatiotemporal evolution of the flow 
have been presented in Sect. 3.

4.1 � ThinBL

For the case ThinBL only the inlet fetch has been used to gen-
erate a boundary layer, without adding turbulence generating 
spires. The cavity inlet profile (Fig. 3) therefore shows a thin 
boundary layer and no visible normalized TKE. A further 
investigation into the shape of the boundary profile (Fig. 11) 
suggests that the profile is laminar and not turbulent. This is 
also supported by the Reynolds number Rex ≈ 165,000 (at 
a distance x = 0.86  m behind the inlet flap) which is below 
the critical Rex for a flat boundary layer (Rexcrit ≈ 500,000). 
The flow inside the cavity however is turbulent, as can be 
seen from the level of normalized TKE measured by the 

(a) (b)

Fig. 5   Profiles of normalized mean velocity, normalized TKE and normalized shear stress uxuy for the cases ThinBL, 5m and 15w through the 
cavity center for a a vertical line at x/Hc = 0.5 and b a horizontal line at y/Hc = −0.5
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averaged flow statistics (Fig. 5). A particular strong area of 
normalized TKE and normalized shear stress is observed in 
the last half of the shear layer (Fig. 7). This coincides with 
a very large production of normalized TKE. The spectra of 
horizontal (Fig. 8) and vertical velocity (Fig. 9) reveal clear 
peaks, with a fundamental frequency and several harmonics. 
The power spectral density (and also number of harmonics) 
grows with downstream distance, consistent with the growth 
of normalized TKE. It should be noted, that the harmonics 
are magnitudes smaller than the fundamental frequency. The 
velocity fields (Supplementary Movie 1) show the initial 
wavelike disturbances to roll-up into large vortices that are 
mostly two-dimensional with only small, occasional out-of 
plane velocity. The shear layer, with its distinct vortex shed-
ding, is analyzed in more detail.

With a momentum thickness of θ = 1.18 mm, the ratio 
of the cavity length to the momentum thickness (L/θ) is 85. 
This value falls into the range between 80 and 160 where 
Gharib and Roshko (1987) measured self-sustained shear 
layer oscillations for a laminar upstream boundary layer. 
When the vortex shedding is self-oscillating, a mode of 
m = 2 according to the semiempirical model proposed by 
Rossiter and Britain (1964) is expected (Eq. 3):

(3)f = Uc/L(m − γ )

where f is the fundamental frequency, Uc being the convec-
tive velocity and γ an empirical parameter given as 0.25. To 
get f and Uc from PIV, the equation of a spatially growing 
wave (Eq. 4) was fitted to the space–time data of vertical 
velocity at y/Hc = 0.02 (Fig.  12b) using a Nelder–Mead 
donwhill simplex algorithm. 2000 PIV snapshots were used 
(corresponding to about 100 periods).

From the fitted wavenumber k and angular frequency ω, 
the frequency is calculated as f = ω/(2π) and the convec-
tive velocity as Uc = ω/k. This method of simultaneously 
extracting the frequency and the wavelength has proved to 
be far more robust than a combination of spectral analysis 
for the frequency and lagged two-point auto-correlation 
for the convective velocity. The result from the fitting are 
Uc = 1.78 m/s and f = 31.5 Hz. Together with Eq. 4, the 
cavity oscillation mode results in m = 2.04, relating the 
shear layer vortex shedding to self-sustained oscillations.

In addition to the fundamental frequency, the shear 
layer also exhibits low frequency disturbances. These dis-
turbances are clearly visible in Fig.  10a as large areas of 
increased or decreased in horizontal velocity. Since the 
space–time representation of the horizontal velocity fluc-
tuations is highly sensitive to a vertical displacement, we 

(4)uy(x, t) = a+ beβx cos(kx − ωt)

(a) (b)

Fig. 6   Profiles of normalized Reynolds stress components u2x , u2y  and u2z  for the cases ThinBL, 5m and 15w through the cavity center for a a ver-
tical line at x/Hc = 0.5 and b a horizontal line at y/Hc = −0.5
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Fig. 7   Normalized turbulent kinetic energy (TKE), production of normalized TKE and normalized shear stress for the three cases ThinBL (top), 
5m (middle) and 15w (bottom). White diamond markers show the location of point probes used for spectral analysis
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assume this is due to a low frequency flapping. To assess 
that this is not caused by external disturbances, horizontal 
space–time plots at different heights are extracted (Fig. 12). 
At y/Hc = 0.08 above the cavity top, no disturbances can 
be observed upstream of the cavity, indicating that these 
disturbances are not present in the approach flow. When 
comparing the vertical fluctuations at y/Hc = −0.04 and 
the horizontal fluctuations at y/Hc = 0.02, a correlation 
can be observed, consistent with a low frequency flapping. 
This low frequency flapping of the shear layer has been 
observed in previous measurements and was studied in 
detail by Basley et al. (2013) and Liu and Katz (2013).

4.2 � 5m

By placing 5-cm-tall spires (Hs = 0.5Hc) upstream of the 
cavity, a turbulent boundary layer is generated with a mod-
erate level of turbulence intensity (2 %) and a momentum 
thickness of θ = 7.76  mm. The cavity is located suffi-
ciently far downstream of the spires, that the geometrical 

pattern of the spires is not visible in the average flow field 
(Fig.  2). The boundary layer is therefore composed of a 
decaying spire wake flow and a growing internal boundary 
layer generated by the inlet fetch. The flow profile is close 
to a power law profile (Fig. 13). Together with the TKE and 
shear stress profiles reported in Fig.  3, the experimental 
setup is therefore capable of simulating a turbulent bound-
ary layer.

The analysis of the average flow field shows a clear 
increase in normalized TKE in the shear layer (Fig.  7), 
and the thickness increases linearly with downstream dis-
tance. The production of normalized TKE is concentrated 
in the first half of the shear layer, with a maximum at 
x/Hc = 0.2 . To elucidate this peak, the contribution of each 
term in the TKE production equation (Eq. 2) is compared. 
The term uxuy

∂ux
∂y

 is found to be dominant, and is shown 
in Fig. 14. The high velocity gradient at the beginning of 
the shear layer and the rising normalized shear stress cul-
minate to a peak and then fall to an almost constant level up 
to where the downstream cavity edge becomes influential. 

Fig. 8   Power spectral density of the horizontal (streamwise) velocity component Ux for three cases ThinBL (left), 5m (middle) and 15w (right), 
evaluated at different horizontal locations along the cavity top

Fig. 9   Power spectral density of the vertical velocity component Uy for three cases ThinBL (left), 5m (middle) and 15w (right), evaluated at dif-
ferent horizontal locations along the cavity top



	 Exp Fluids (2016) 57:101

1 3

101  Page 12 of 18

The characteristics are similar to what can be found for a 
backward-facing step (Kostas et al. 2002). The shear layer 
velocity spectra (shown in Figs. 8 and 9) show an increase 
in power spectral density Φ with increasing distance, most 
notably for the vertical velocity between x/Hc = 0.1 and 
x/Hc = 0.3 and less pronounced up to x/Hc = 0.7. Com-
pared to the case ThinBL, no clear peak that would corre-
spond to a fundamental frequency is visible. To show the 
growth in spectral power, noise removal had to be applied 
by using Welch’s Method (Welch 1967) when generating 
the spectra. This however also removes sharp peaks. For 
single point spectra with no smoothing, it is difficult to dis-
tinguish peaks from noise, therefore a spatial spectrogram 

was computed. From the spatial persistence, it’s possible to 
identify spectral peaks that originate from shear layer flow 
structures. Figure 15 shows clearly that characteristic fre-
quencies exist. The largest peak is observed at 30.81  Hz. 
The associated Φ grows until the position reaches about 
0.8 x/Hc downstream. After that, the peak at 29.1  Hz 
becomes dominant. It appears, that the turbulent kinetic 
energy is transferred between the frequencies. This could 
be due to a vortex pairing and breakup, and/or interaction 
with boundary layer coherent structures.

An example of such complex vortex interaction, pair-
ing and breakup is shown in the snapshots in Fig. 16 or in 
Supplementary Movie 2. In addition, Fig. 16 visualizes the 

(a) (b)

Fig. 10   Space–time plots of fluctuating normalized velocity ux (a) and normalized uy (b) in the shear layer at y/Hc = 0.02
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out-of-plane normalized velocity component uz, showing 
that the vortices in the shear layer, other than in the case 
ThinBL, are not predominantly two-dimensional, but inter-
act with the three-dimensional structures of the boundary 

layer. Besides the constant shedding of new coherent struc-
tures in the shear layer, and their interaction with each 
other and the external flow, no other repeating pattern can 
be observed when looking at more snapshots. This lack of a 
single dominant periodicity can also be seen in the space–
time plots (Fig. 10).

Fig. 11   Inlet profile of case ThinBL in comparison with the Blasius 
solution for a laminar boundary layer and the power law of a turbu-
lent boundary layer, normalized by the boundary layer thickness and 
the free stream velocity

(a) (b)

Fig. 12   Space–time plots of fluctuating velocity ux (a) and uy (b) in the shear layer at three locations (y/Hc = 0.08, y/Hc = 0.02, y/Hc = −0.04)  
for the case ThinBL

Fig. 13   Inlet profile of case 5m compared to a fit with a power law, 
normalized by the boundary layer thickness and the free stream 
velocity
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The momentum thickness was determined by integrat-
ing the boundary layer profile. With a momentum thick-
ness of θ = 7.76 mm the ratio L/θ is equal to 13. This is 
well below the range where self-sustained oscillations are 
expected to occur. This, together with the absence of a 
clear fundamental frequency, means possibly that the main 
mechanism for vortex formation is the natural Kelvin–
Helmholtz instability of the shear layer, but disturbed by 
the turbulent structures of the external flow.

4.3 � 15w

The third case features a turbulent upstream wake flow with 
15  % turbulence intensity, generated by 15-cm-tall spires 
(Hs = 1.5Hc), with a width of 4.6 cm at the base. The hot 
wire measurements (Fig. 2) show a large wake behind the 
spires. The horizontal plane measured suggests, that the 
spire wakes of multiple neighboring spires join together 
to form a larger wake. This is presumably due to the large 
blockage (≈30 %) of the spires, making them act in parts 
like a barrier where flow is pushed over the top and not pre-
dominantly act like turbulence generators.

The location of the cavity is downstream of the main 
wake zone of the spires. With the spire wake reattachment 
length xr measuring around 0.3m, this places the cavity 
roughly twice xr downstream. This results in a cavity inlet 
flow with distinctive events of large disturbance. This can 
be seen especially well in Fig.  10b, where large events 
of negative vertical velocity are observed, for example at 
t/τ = 26.

If we consider an event to be a bulk motion of fluid 
into or out of the cavity, a high momentum but infrequent 
event would not appear in, e.g., the autocorrelation function 
(used to determine the integral time scale), or the spectral 

Fig. 14   Spatial evolution of PTKE along the cavity top (y/Hc = 0.02),  
together with the dominant term and its components. Each value is 
normalized by its maximum

(a) (b)

Fig. 15   Shear layer power spectral density Φ of uy for the case 5m showing a the spatial evolution in the shear layer and b the magnitude of the 
spatial average
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analysis shown in Figs. 8 and 9. In order to find and clas-
sify events, the quadrant method has been applied. How-
ever, instead of using uncorrelated PIV snapshots to com-
pute the histogram of the four quadrants, the normalized 
shear stress uxuy was computed from spatiotemporal veloc-
ity fluctuations (Fig. 10), spatially averaged over the cavity 
top and subsequently decomposed into the four quadrants. 
The resulting time evolution is shown in Fig.  17 and in 
Supplementary Movie 3.

It is immediately apparent, that sweep events dominate the 
shear layer. Within this measurement period, two very strong 
sweep events are detected, around t/τ = 27 and t/τ = 115 . 
Ejection events also occur, and are similar in magnitude as 
the smaller, more numerous sweep events. Further insights 
into these events can be gained by plotting the spatiotem-
poral evolution of sweep/ejections overlaid with the vortex 
criteria Q in the shear layer. In the left panel in Fig. 18, we 
observe that Q is usually associated with sweep. The slope 
of structures relates to the velocity at which these structures 
are convected through the shear layer. We look at four events 
(as defined in Fig.  18). The sweep event A and D show a 
higher Uc than event C. The two events A and B seem to be 

associated with large-scale, high velocity vortical structures 
in the wake flow, presumably generated by the interaction of 
the spire wake with the high velocity free stream flow. Event 
C in contrast features smaller structures, resembling more 
the structures of a turbulent boundary layer. While the sweep 
in event A and C is mostly convected over the cavity, event D 
shows a penetration of high momentum fluid into the cavity. 
This area of high momentum also contains numerous small 
coherent structures, that are transported into the cavity. Addi-
tionally, new vortical structures form at the interface of the 
sweep and the low momentum cavity fluid.

A distinct mechanism of vortex formation can be 
observed for all sweep events (A, C and D): high momen-
tum fluid passes over the upstream corner of the cavity, 
separates at the edge and due to the high velocity gradient 
sheds a vortex with the axis parallel to the cavity edge. This 
is supported by the correlation of a sweep at the leading 
edge, and the subsequently detected vortex (left panel in 
Fig.  18). This vortex shedding mechanism shows up as a 
production of TKE, as visible in Fig. 7. It is believed, that 
this is also responsible for the peaks in the power spectral 
density at x/Hc = 0.1 and x/Hc = 0.3 (Figs. 8 and 9).

Fig. 16   Sequential snapshots of the case 5m, showing instantaneous fluctuation velocity (vectors), normalized out-of-plane velocity uz (color) 
and vortex cores obtained from Q2D (black)

Fig. 17   Temporal evolution of the spatially averaged normalized shear stress uxuy along the cavity top at y/Hc = 0.02. Colored lines show the 
contribution of the 4 quadrants, and the colored ares show the difference in magnitude of sweep and ejection
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The observed, distinct events of flow entrainment 
(sweeps) and flushing (ejections), pose difficulties for 
RANS modellers since these flows are not predominantly 
described by classical shear layer statistics. Time-resolved 
PIV in combination with scalar transport, such as PIV–
LIF (light induced fluorescence) or quantitative light sheet 
(QLS) enables to perform flushing events measurements 
and compute ensemble averages. The main challenge for 
time-resolved numerical simulations (e.g., large eddy 
simulation) is to efficiently provide highly turbulent and 

intermittent inflow conditions, such as generated in these 
measurements.

5 � Summary

Time-resolved and time-averaged stereo-PIV measure-
ments have been performed on a 2D unit aspect ratio 
shear-driven cavity. Cavity flow experiments are usually 
conducted for a specific type of inflow condition. In our 

Fig. 18   Space–time representation (left) and snapshots (right) 
of sweep (red) and ejection (blue) events in the shear layer at 
y/Hc = 0.02, overlaid by the vortex cores obtained from Q2D (black). 

Vectors are instantaneous fluctuation velocity. The snapshots repre-
sent four selected events, from top to bottom sweep (a), ejection (b), 
sweep (c), sweep (d)
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experiment, a split-floor design was used in combination 
with or without turbulence generating spires to successfully 
generate different inflow boundary layers, from laminar to 
highly turbulent, developed and developing.

The experimental setup was capable of producing two 
typical cavity flows. The case with the thin boundary layer 
shows the expected self-sustained oscillations at a distinct 
frequency. A thicker, more turbulent boundary layer shows 
classical shear layer growth and vortex shedding through 
Kelvin–Helmholtz type instabilities. Even tough self-sus-
tained oscillations can occur when the upstream boundary 
layer is turbulent and thicker, our measurements showed no 
clear indications that resonance phenomena are present. The 
third case features highly turbulent and intermittent inflow 
conditions, for which no comparable measurements exist in 
current literature. The case can be interpreted as a street can-
yon located in the wake of a larger upstream obstacle (build-
ing or topography). Instead of vortex formation in the shear 
layer, as observed with the moderately turbulent inflow, vor-
tex shedding can be observed at the upstream corner, due 
to upstream edge flow detachment caused by strong sweep 
events. The main observations made from the three specific 
flows are summarized as follows:

•	 The mean flow topology (streamlines) is similar for each 
case, showing a large main vortex, two corner vortices at 
the floor and a vortex at the upstream corner. This sug-
gests that for this experiment the cavity geometry (aspect 
ratio) determines the vortex pattern.

•	 A clear shear layer spanning the cavity top, defined 
through shear stress and production of TKE, was 
observed when the upstream boundary layer was laminar 
or moderately turbulent. With strong turbulence, no clear 
shear layer TKE production was visible.

•	 Coherent structures at the cavity top are produced in 
each case, however the production location and mecha-
nism is significantly different (self-sustained oscillations 
versus Kelvin–Helmholtz vortices versus upstream edge 
vortex shedding).

•	 Not only relying on statistical analysis based on mean 
flow quantities and spectral analysis, revealed transient 
events such as the strong sweep events observed for the 
case 15w.

Even though the investigated turbulent boundary layer and 
turbulent wake flow are quite specific, the measurements 
have shown the differences of the shear layer when large-
scale turbulence and disturbances exist in the upstream 
flow. It is therefore expected, that the exchange of scalars 
such as pollutant and heat in and out of the cavity is gov-
erned significantly by these large-scale events, instead of 
the shear layer dynamics. This is posing unique problems 
for RANS and LES modellers.
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