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OOONO00W Time-resolved Particle Image Velocimetry has been ap-
plied to a rectangular 2-dimensional shallow open cavity having a
length to height ratio L/H = 4, at very low Mach number. Besides the
statistical description of the flow, emphasis is given to the unsteady be-
havior of the flow. The mean and the fluctuating pressure are deduced
resolving Navier Stokes equations, using the PIV measurements to
compute the inertia and viscous terms. The unsteady load acting on the
cavity walls is analyzed by computing the time resolved cavity drag. A
flapping-like quasi-periodic motion characterized by a Strouhal number
of Sty = 0.085, based on the cavity height, has been identified and at-
tributed to alternate inflow and outflow from the cavity.
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OI00000000 1 flusso in una cavita rettangolare bidimensionale aven-
te il rapporto lunghezza-altezza uguale a 4, a basso numero
di Reynolds, ¢ stato studiato utilizzando la “Particle Image Veloci-
metry” (PIV), risolta nel tempo. Oltre alla descrizione del comporta-
mento statistico del flusso, particolare attenzione é stata rivolta agli
aspetti non stazionari del moto. I valori medi e fluttuanti della pressio-
ne sono stati dedotti risolvendo l’equazione di Navier Stokes, utilizzan-
do i valori misurati delle forze di inerzia e delle forze viscose. Inoltre, il
carico aerodinamico fluttuante che si esercita sulla cavita é stato valu-
tato applicando il teorema della quantita di moto. Una quasi
periodica oscillazione, caratterizzata da un numero di Strouhal, valuta-
to sull’altezza della cavita, uguale a quattro, é stata identificata ed
attribuita al moto alternato di flusso entrante ed uscente dalla
cavita.
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Nomenclature
f = frequency
U, = external flow speed
M = Mach number
coy = speed of sound
C, = pressure coefficient
Cp = drag coefficient
D = drag
Tw = skin friction on cavity bottom
H = cavity height
L = cavity length
T = time correlation delay
U = instantaneous flow speed in x-direction
V = instantaneous flow speed in y-direction

u’ = instantaneous fluctuating component of flow speed in x-direction
= instantaneous fluctuating component of flow speed in y-direction
= Dboundary layer thickness

momentum thickness

= displacement thickness

*
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1. Introduction

Cavity flows are of high interest in engineering applications, such as
wheel wells, fuel vents or train windows. In these applications the cavity is a
considerable noise source and, especially at high Reynolds numbers, it can
lead to high structural loads. From an engineering point of view it is there-
fore necessary to understand such flows and successively find the way to
control them.

Further, cavity flows offer a broad range of fluid-mechanical phenomena,
like an unsteady shear layer flow starting on the leading edge, vortex shed-
ding, recirculation zones, instability and 3-dimensional effects. These phe-
nomena can be studied simultaneously using such a simple geometry.

Most of the research was carried out with 2-dimensional rectangular cavi-
ties. The first study which gave a major contribution to the classification of
flows in a rectangular cavity was the study of Rossiter (1964) [1]. He identi-
fied an acoustic feedback mechanism for certain cavities and flow regimes.
This feedback mechanism can be described as follows: A vortex is shed
from the cavity’s leading edge and convected downstream until it impinges
on the forward facing step, causing an acoustic pressure wave, which travels
upstream leading to instabilities in the shear layer and to the shedding of an-
other vortex. Rossiter developed an empirical formula to describe the result-
ing oscillation modes, which is based on previous studies on edge tones (e.g.
Powel (1953) [2], Powel (1961) [3]:

U,(mO0)

fDl(MDl/D)

(1
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to observe the full flow field and to follow the flow structures in their devel-
opment in time. Moreover, information about the mean and the fluctuating
pressure are deduced resolving Navier Stokes equations using the PIV meas-
urements to compute the inertia and viscous terms. The unsteady load acting
on the cavity wall is analyzed by computing the time resolved cavity drag.

The present experimental technique, coupled with an aeroacoustic model
(e.g. Lightill model), may furnish also information about the sound waves
that are irradiated from the cavity.

2. Experimental Setup

The PIV time-resolved experiments were carried out in a vertical water
tunnel, having a test section of 145x100 mm®. In Fig. 2 the cavity model

used for the tests is showed. The freestream velocity in the experiments was
U.=0.33 m/s.

\ * Flow Quantity Value
i 14 mm
ll'lw_ il 1.7 mm
oy & 2.2 mm
Ry 530
| Re, 3100
|] Uy 0.33m/s
+H 1.4
ol AT, H -3 1A |y
Figure 1: Cavity model. Table 1: Incoming boundary layer characteristics.

l

O T A R A R
0 T 0
00 A
8 0 o
(0000I0000mo0oT

000000000000 Dbobooooi hooo Loot omon booomobon Lot o doooooo oo
000001 0000 oI D000] 0o io0t boboohooOo InCoon 0o 0hoioooaD oo iond Cooooooa
O 0 0 A o
0
00 A A A



TIME RESOLVED VELOCITY AND PRESSURE IN A CAVITY FLOW 67

The PIV setup consisted of a continuous Spectra-Physics Argon laser
with a maximal emitted beam power of 6W, illuminating the longitudinal
cavity symmetry plane with a laser light sheet 0.5 mm thick. The images
were acquired using a Dantec MKIII CMOS camera with a resolution of
1280x1024 pixels and a maximum recording rate of 1000 fps at full resolu-
tion, which was also the acquisition rate used in the experiment. The camera
has an internal memory of 4GB, which limited the acquisition time for the
mentioned acquisition rate to 3.2 seconds giving 3200 images at single expo-
sure. Statistical independent measurements were performed recording only
each 100" and 101" image, thus an effective acquisition rate of 10Hz was
performed for the statistical analysis. The number of acquired image pairs
for the statistics was 1000. The field of view covered the whole cavity and
the complete boundary layer until the region of undisturbed flow outside of
the boundary layer.

Silicon Carbide particles with a nominal diameter of 2 pm were used to
seed the flow with an obtained seeding density of approximately 0.04 parti-
cles per pixel. The image size of the particles was about 3 pixels, the mean
particle displacement from one frame to the following frame was approxi-
mately 10 pixels in the outer flow and about 4 pixels inside the cavity.

The images were cross-correlated to obtain the velocity field using a mul-
tigrid algorithm with an initial interrogation window size of 128x128 pixels
and a final interrogation window size of 32x32 pixels with a 50% overlap,
applying sub-pixel refinement. Hence, each vector represents the mean ve-
locity in a spatial area of 0.5x0.5 mm®.

3. Statistical Analysis

In this section the statistical results of the measurements are presented in
order to give a complete characterization of the flow.

Fig. 2 displays the mean velocity vector field in the x-direction. In Fig. 3
the streamlines of the mean velocity field are plotted.

The fluctuating part of the flow is represented by considering the normal-
ised Reynolds stresses 0'0'/0and 0'0'/0.7 (Fig. 5a, 5b), where u’ and v’
are the longitudinal and wall normal fluctuating components of the velocity,
respectively. It is observed that these stresses are strongest in the middle of
the cavity mouth (x/H = 2.5 , y/H = 0), which is where the flow from the
main recirculation region re-impinges into the shear layer coming from the
leading edge. This implies that the shear layer is not developing undisturbed,
but periodically interacts with the recirculating flow ejected from the cavity.

The shear layer instabilities downstream the leading edge are the reasons
for the flow to become unsteady, leading to pressure fluctuations mainly at
the forward facing step, which are the important sources for the generation
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of acoustic waves (Larsson et al.’, 2004). The shear layer can be visualized

with the spatial correlation of the fluctuating velocity O as shown in the
Figures 11a, b, ¢ for different reference points x..¢/H, y../H along the cavity
mouth.
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Figure 2: Mean velocity field. Figure 3: Mean velocity streamlines.
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Figure 4: FFP inside the cavity.
L] a i
- -
L i =
1 T T T i T T
% & i [ H i & i i
@ u'u'/U,2 Vv /U2

Figure 5: Reynolds stresses.
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Figure 6: Spatial correlation function.

0
The correlation function p .. in Fig. 6a is elongated in the stream-wise

direction and narrow in the direction normal to the wall, reflecting the scale
of the shear layer, which starts to develop from the leading edge. Moving the

reference position of the correlation function p .. downstream, its shape be-

comes more and more circular, showing the continuous growth of the shear
layer (Ukeiley L., Murray N., 2005 [10]). Estimating the shear layer thick-

ness in Fig. 6¢ by considering a value of p .. = 0.1, it is seen that the di-

mension of the shear layer does not reach the dimension of the cavity height
at the front facing step and therefore the wake mode is not expected here.

N

The knowledge of the instantaneous pressure field is of great interest for
several applications; it allows to better understand the aeroacoustic mecha-
nisms of the cavity and the unsteady loads acting on the walls and the way
to control them.

The innovation proposed by this article consists in computing the pres-
sure field starting directly from experimental PIV data.

The Navier-Stokes equations for an incompressible flow

P |0u,, Ou], Ou
o, o Yy, T

do not explicitly establish a relation among the variables of interest (e.g. ve-
locity and pressure), but they give only a relation among their rates of
change. Consequently, once the velocity field is known, the direct computa-
tion of the pressure field is not possible, but an intermediate integration step
is needed. By substituting directly the PIV data in the equations it is possible
to get the pressure gradient and then, integrating along suitable paths, to
compute the pressure. Note that all these operations have to be chosen in or-
der to not increase the intrinsic experimental error of the PIV data. For this
reason, before starting with the derivation process, it is convenient to apply a
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Gaussian space and time filter to the raw data in order to exclude random
fluctuations due to the measurement errors.

A crucial issue of the pressure derivation process consists in the computa-
tion of the velocity derivatives, because they are very sensible to each data
imperfection and moreover they require a good grid refinement. The filtering
process performed on the original PIV data should strongly reduce the first
problem, but unfortunately, the second one depends on the experimental
limitations. With the in hand experimental facility the best available grid
resolution in the present data is of 32x32 pixels, that corresg)onds to cell of
5.10 * x5.10 *m’ on atotal image of4.1.10 > x4.1.10 ~ m’.

Several kinds of derivatives schemes (both Finite Difference and Com-
pact Schemes) were tested in order to improve the efficiency of the deriva-
tion process, for details see reference [12].

The next step, the spatial integration, has been performed using a second
order quadrature rule, i.e. the trapezoidal one.

Another important issue in the present procedure is the choice of suitable
integration paths. The pressure gradient is a conservative field, then every
path will give the same result. Nevertheless, the use of the numerical inte-
gration and the treatment of experimental data yields an error that can be
greater or smaller in function of the used paths. It follows the necessity to
identify the paths that reduce this error.

Once several tests were performed, the main characteristics of the inte-
gration method suitable to achieve our aim was identified as:

short paths that avoid propagation of numerical and experimental error;

high number of passage in each grid point allowing to make an average
among the different computed values in order to get a further error reduc-
tion.

The method proposed in this work is based on these two simple concepts
and can be schematized in the following steps:

1. Reference value

If only the gradient of a quantity is known, the corresponding scalar
quantity can be computed with respect to a reference value. In the case of the
cavity flow the reference point is initially set near the top left corner of the
PIV image, far from the wall in a region possibly not involved in the pres-
sure change due to the cavity presence (see Fig. 7). Note that the reference
value is the starting point for the different integration paths.

2. Scanning row by row

The first two types of paths (see Fig. 8) have the aim to scanner the whole
image of the pressure gradient field, moving row by row, from left to right
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(this choice is induced by the reference point position). Let us consider a ge-
neric grid point (i,j), in which the pressure values, just computed, is p;, and
compute the pressure value in (i+1,j). The process consists, first, in the ap-
plication of the trapezoidal quadrature rule between these two points and
then to its application between (i,j) and (i,j-1), (i,j-1) and (i+1,j-1) and finally
(it1,-1) and (i+1,j) points. Moreover at each step the pressure values com-
puted are averaged with the ones previously found and this mean value is
used for the following integration.

Starting Point:

y

YMH

2
XH

Figure 7: Integration field.

{i)) (i*1.J)

i)

* riﬂ.j--l;.

Figure 8: Sketch of the first and second types of paths.
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3. Scanning column by column

The integration paths (see Fig. 9) scan now the whole pressure gradient
field moving column by column, from the top to the bottom (this choice is
again induced by the reference point position). Let us consider a generic grid
point (1,j), in which the pressure values, just computed, is p;j), the pressure in
(i,j-1) is computed following a scheme easily derived by the one explained
above and illustrated in Fig. 9.

4. Application of the previous paths inverting the sense

Once the whole instant flow field is scanned twice all the previous paths
are repeated changing the direction of the arrows, i.e. from right to left and
from bottom to top.

(i) fi+1.)

(i+1.j1)

Figure 9: Sketch of the third and fourth types of paths.

5. Iteration of the steps just described

This step is fundamental to avoid the problems related to the position of
the starting point. Because a multi-starting point approach is not possible
(the reference value must be unique), the computation of the whole pressure
field is repeated (following the first four steps) using each time a different
reference point, placed on the top of the image, i=2,4,...xmax-2.
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0 3

The final instantaneous pressure field is then computed making an aver-
age on a great number of paths for each point (about 500). In the generic
point [ the pressure value is computed as follows:

0-z2@-0)

Where [ is the index of the different starting points.

In order to validate quantitatively the procedure, the described algorithms
were applied to test cases were the velocity and the pressure fields are
known by analytical solution. The Results, shown in Asteggianolz, 2007, are
satisfactory.

In Figg. 10, 11a and 11b the instant, the mean and the standard deviation
pressures are respectively shown. The comparison between the position of
the vortices in the shear layer, detected by the A vortex detection method,
and the low pressure zones observed in Fig. 10 confirms also the goodness
of the computed instantaneous pressure field. In most of the images like the
ones in Fig. 10 four or sometimes five vortices have been detected. They
travel at the mean velocity of 0.55 U, and sometimes are entrained into the
main cavity recirculating zone, sometimes are ejected out of the cavity.
Fig.11a shows the time mean pressure field obtained averaging instant pres-
sure distributions. It shows a good quantitative agreement with the results
obtained by applying the described integration methodology to the Reynolds
averaged Navier-Stokes equation (Asteggiano'?, 2007). A large low pressure
zone can be identified in the second half of the cavity; in agreement with the
mean velocity field (see Fig. 3b), that shows in that area a large recirculation
zone.

The unsteady load acting on the cavity walls may be analyzed by observ-
ing the time history of the cavity instant drag. This may be computed di-
rectly from the velocity field applying the momentum theorem to the flow
inside the cavity or by integrating the pressure distribution along the wall
(obtained from the procedure previously described), ignoring the negligible
contribution of the skin friction on the bottom wall.

D= _L]E(—pUV+yaa—;]jdA= jmpdA— jmpdA+ jmrwdA

p—

DU D2
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t=1236 ms t=1251 ms

Figure 10: Iso-lines of vortex detection overlapped to instantaneous pressure field.
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Figure 11: Time averaged and standard deviation pressure coefficient.
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Figure 12: Integration lines.
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W

Figure 13: Drag coefficient calculated trough momentum theorem and through forces
acting on the cavity wall.

i

Figure 14: Time cross-correlation function.
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Besides the statistical characterization of the flow in the cavity, the inter-
est was focused on the unsteady aspect of the flow motion.

From the instant PIV flow fields, trains of clockwise vortices are ob-
served, which are shed from the leading edge. These vortices are seen in part
to be convected directly out of the cavity and in part to be embedded in the
large clockwise recirculation zone.

Time histories of the instant drag acting on the cavity walls were com-
puted applying the momentum theorem to the flow inside the cavity and in-
tegrating the calculated instant pressures on the cavity walls (ignoring skin
friction on the bottom wall). From the time history of the cavity drag coeffi-
cient Cp, in which peaks of positive and even negative values are observed, a
low frequency corresponding to Sty = 0.085 has been observed. This un-
steady behaviour has been attributed to a flapping motion consisting in
quasi periodic inflow and outflow from the cavity.

Finally, time-resolved PIV has proved to be appropriate to study the as-
pects of unsteady motions, also related to fluid dynamic phenomena that can
originate acoustic emissions.

As a future perspective, the instant pressure distribution, evaluated from
PIV by means of the Navier-Stokes equation, will be applied to individuate
acoustic sources in the cavity to be included in an acoustic model to observe
the sound emission and propagation.
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