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On the Vortex Dynamic of Shear-Driven
Deep Cavity Flows with Asymmetrical Walls

D. Cornu, L. Keirsbulck, R. Chovet, C. Chovet, M. Lippert,

F. Kerhervé, R. Mathis and F. Aloui

Abstract The influence of the wall asymmetry on the flow dynamics, in

two-dimensional rectangular deep cavities, is studied experimentally by combin-

ing wall-pressure and Piv measurements. Main cavity flow statistics [2] have been

analyzed and they have shown that the flow features are strongly affected by the

asymmetry. An emphasis is given concerning the behavior of the shear-layer oscilla-

tions that are compared to the analytical deep-cavity model prediction proposed by

Block (Noise response of cavities of varying dimensions at subsonic speeds. Tech-

nical Report D-8351. NASA Technical Note, 1976 [4]). The results show that, by

adjusting the convection velocity, the model seems to be still able to predict the

cavity self-sustained oscillations in the case of the asymmetric cavities. Stochastic

estimation of the cavity flows demonstrates that convective structures are involved

downstream of the cavity along the wall and highlights the physical nature of the

pressure-producing flow structures.

1 Introduction

Models for understanding the unsteady features of cavity flows present a great inter-

est for the design of large amounts of engineering applications. These models may

be used to guide designs and also to enhance the feedback control performance [8].

Cavity flows are known to be potential sources of significant vibrations and other

kinds of perturbations. For high subsonic Reynolds numbers, the most common

mechanism of self-sustaining oscillations is the one referred to Rossiter’s feedback

mechanism [6]. Cavity flows are also generally classified according to their length-

to-depth (L/H ) and length-to-width (L/W ) ratios [3] and can be qualified as deep
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Fig. 1 Generic scheme of

the cavities

if L/H < 1 and two-dimensional if L/W < 1. In literature, the cavity configuration

examined is usually rectangular and symmetrical i.e. with the upstream wall-height

equal to the downstream one. However, the asymmetrical cavity flow represents

the geometry of numerous engineering applications such as the railway equipments

encountered over the roof of many kinds of trains (Fig. 1). Such configurations are,

to our knowledge, poorly described in the literature (only [1] refers to asymmet-

ric cavity configurations). Although the classical Rossiter’s mechanism seems to be

very insensitive to geometrical variations due to the robustness of the self-sustained

feedback mechanism, there is no information provided concerning the limitation of

this model. In addition, very deep cavity configurations are also poorly documented,

and the behavior of the shear layer oscillations in particular cases of deeper cavity

is not clearly established up-to-now. In order to complete the knowledge regarding

the canonical configuration (shallow and symmetrical) and also to prevent highly

undesirable effects, the present paper studies two different asymmetrical cavity con-

figurations and focuses on the interaction of the shear layer downstream of the cavity.

The three main objectives discussed here are (i) to study the self-sustaining cav-

ity flow oscillations, (ii) to analyze the relationship between the vortical structures

and the wall-fluctuating pressure, (iii) to characterize their evolution downstream

the reattachment and inside the cavity. To this aim, simultaneous Piv and wall-

pressure measurements have been carried out inside and downstream the cavity. The

first section of this paper presents the experimental setup and the data acquisition,

the following sections deal with the wall-pressure and flow statistics, the cavity

flow oscillations and the dynamical flow behavior induced by the two asymmetrical

cavity flows.
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2 Experimental Setup

2.1 Facility and Flow Configuration

All the experiments for this investigation were conducted in the close-loops sub-

sonic wind tunnel facility of the Lamih at the University of Valenciennes and

Hainaut-Cambresis. The wind tunnel has a 6.25:1 contraction upstream of a 2 m

wide by 2 m high by 10 m long test section. The case of asymmetrical cavity flows

as illustrated in Fig. 2 is here examined. Henceforth, we used the cavity depth H

(186 mm) and the upstream quantity U∞ as the respective length and velocity scales

references. The length L of the cavity was 120 mm corresponding to a Reynolds

number of ReL = 2.4 × 105. The different studied cases are detailed in Table 1.

They include positive (I), neutral (II) and negative (III) asymmetrical configura-

tions, with a length-to-width ratio of L/W = 0.06 and a length-to-height ratio of

L/H = 0.6452. Regarding the cavity flow classification, the present configuration

corresponds to a “two-dimensional deep cavity”. For this study, the free-stream veloc-

ity was set to 30 m/s, resulting in a Reynolds number based on the cavity height of

ReH = 5.58 × 106 and corresponding to a Mach number of 0.088. For the flow

field illustration, a Cartesian coordinate system was chosen whose streamwise ori-

gin was located at the cavity trailing edges. For all the configurations considered, the

incoming boundary layer is turbulent with a thickness δ = 21 mm, corresponding to

a Reynolds number of Reδ = 6.3 × 105.
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Fig. 2 Vector plots of the mean-velocity magnitude (‖U‖ /U∞—lower colorbar scale) and the

mean-spanwise vorticity (Ω+
z = Ωz .H/U∞—upper colorbar scale). Cases I (left) and III (right).

Vector lengths are normalized in order to enhance the visibility of the flow feature inside the cavity

Table 1 Mean-cavity flow parameters

Cases d (mm) d/H(%) Symbols

(I) +20 +10.75 •

(II) 0 0.00 �

(III) −20 −10.75 �
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2.2 Instrumentation and Data Acquisition

The various cavity flow configurations were examined in details thanks to simulta-

neous low-speed Piv and time-resolved pressure measurements. Two cameras were

used to survey the flow inside the cavity and downstream of the trailing edge in order

to examine the unsteady vortices induced by the cavity shear-layer. The Piv system

included high-resolution Powerview cameras with full resolution of 2048 × 2048

pixels, micro Nikkor 50 mm lenses and a light sheet provided by a double-pulsed

Nd- Yag laser (Quantel Bslt220) operating at 532 nm which is able to produce

220 mJ per pulse. For each flow case, 2000 pairs of images are acquired with a frame

rate of 7 Hz. The processing consisted of one pass with 32 × 32 pixels integration

windows followed by a 16 × 16 pixels integration windows and 50% overlap. Survey

of the wall-pressure is effected thanks to 23 flush mounted differential Kulite Xcq-

080 sensors with pressure range of 350mBar, located before, inside and after the

cavity. The distance between two sensors is constant and equal to 20 mm (≈0.1H ).

The pressure readings were synchronized with the Piv measurements using a Ttl

signal triggered by a Q-switch of the first laser cavity. Pressure signals are first low-

pass filtered at 5kHz and a 12 bit a/d converter from a Dewesoft Sirius- 8STG M

plus acquisition system is used to acquire the filtered signals at a sampling frequency

of 10kHz. The static pressures were also taken using pressure taps located at the same

positions than that of the fluctuating sensors, and 18 additional taps stations were

installed in the continuity of the downstream wall with the same spacing in order to

obtain complementary information about the full recovery of the flow downstream

of the cavity.

3 Effect of the Cavity Asymmetry on the Main Flow

Features

3.1 Flow Statistics

Averaged Piv results are first analyzed in order to establish the main flow features and

to evaluate the effect of the asymmetrical configuration upon the mean flow. For the

case I, the turbulent boundary layer at the leading edge forming a shear-layer, impacts

upon the cavity trailing edge and leads to the formation of a separation area onto

the downstream wall. Due to local acceleration at the trailing edge, strong negative

values of mean-spanwise vorticity (Ω+
z < 20) are observed in the separation area.

Moreover, high activity of vorticity is also manifest inside the cavity along the trailing

side wall. This particular behavior will be discussed later. Concerning the case III,

a different physical mechanism is at play. Looking at the mean-velocity magnitude

distribution, the shear layer region is found to extend far downstream from the cavity

trailing edge with a reattachment about 0.5H downstream (near sensor 23) (Fig. 3).
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Fig. 3 Premultiplied and normalized psd of wall-pressure fluctuations (a) and (b) the black dashed

line shows the first and the second modes from the Block’s prediction with regard to the aspect ratio

(κ = 0.57)

In this case, the shear layer do not impact on the trailing edge. The concentration

of substantial negative vorticity within the flow field is confined to the shear layer

and especially near the leading edge of the cavity. At this location, the shear layer is

very thin and the vorticity is the highest. The previously discussed vortical activity

on the trailing side wall of the cavity can be detailed by the time history of the

synchronous fluctuating pressure measurements for the two cases. For the case I, the

footprint of the convected vortical structure involved close to the trailing side wall of

the cavity (sensors 12–18) can be observed. But in the case III, we can not observe

any interaction between the shear-layer and the flow inside the cavity. Results show

no variation of the spatial pressure footprint on the leading side wall of the cavity.

However strong fluctuations on the other side of the cavity are observed in the case

I [5], compared to the other case, where any activity occurred. Downstream of the

leading edge, in both cases, unsteady activity due to the separation phenomenon is

also observed.

Mean and rms-values of the pressure coefficient defined along the cavity walls

and obtained thanks to the static tap sensors are reported in Fig. 4 as:

C p = (p − pre f )/(1/2ρU 2
∞) (with reference taken at the end of the test section)

The mean-pressure distribution shows different behaviors; a classical cavity pres-

sure profile with no significant variation is observed for the reference case II (without

asymmetrical walls), a strong pressure lost occurs at the trailing edge for the case I

due to the upstream flow impact previously discussed, and for the case III, a pressure

increasing is clearly observed in the downstream wall region of the cavity. The rms-

pressure coefficient, C p rms = p′
rms/(1/2ρU 2

∞), which essentially gives information

on the unsteadiness of the flow examined, shows, only in the region of the trailing

edge, significant activities for case I. Impact of shear-layer with the trailing side wall

generates a separation area, thus produces an increasingly strong wall-pressure foot-
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Fig. 4 Mean- and rms-pressure spatial distribution for all the studied cases. Cavity side1 denotes

the leading side wall of the cavity and the cavity side2 refers to the other side. Grey lines represent

C p (refers to the left axis) and black lines represent C p rms (refers to the right axis)

print. The rms-pressure coefficient reaches a maximum level in the vicinity where

the flow reattaches (L R) as encountered in separated flows [10]. For case III, the

wall pressure fluctuations are predominantly associated with footprints of growing

shear-layer convective vortical structures moving closer to the wall.

4 Concluding Remarks

This paper is focused on adjusting linear models of cavity oscillations that are useful

for feedback control purposes in the case of asymmetric cavity walls. Two typical

behaviors based on different flow physics have been observed for case I and for

case III. Like to the standard shear-driven deep cavity flow, a feedback mechanism

between the shear layer instabilities and acoustic [9] forcing is observed in the stud-

ied asymmetrical configurations. For both cases, the classical Block’s model is able

to predict the cavity self-sustain oscillations by adjusting the convection velocity,

although the flow dynamics are quite different. The case III shows classical shear-

layer configuration with associated instability mechanism of shedding, function of

the wall variation d , observed downstream the cavity trailing edge. The case I associ-

ated to a raise of the downstream cavity wall exhibits a more complex flow feature, a

separate area is observed and interacts with shear-layer vortices that involves down-

stream of the cavity along the wall. This interaction could be a source of strong

non-linear pressure-producing flow structures phenomena highlighted thanks to the

stochastic analysis of the flow fields.
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