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Abstract

Cavity flow induces strong flow oscillations, which increase noise, drag, vibration,
and structural fatigue. This type of flow impacts a wide range of low speed appli-
cations, such as aircraft wheel wells, ground transportations, and pipelines. The
objective of the current study is to examine the reverse flow interaction inside the
cavity, which has a significant impact on the cavity flow oscillations. The study
also investigates the impact of steady jets with different-configurations on the
time-average field and the oscillations of the cavity separated shear layer. The
purpose of the steady jets is suppressing the oscillations of the cavity separated
shear layer. The experiments were performed for an open cavity with L/D = 4
at Rey between 1.28 x 10 to 4.37 x 103. The steady jets were applied with differ-
ent: momentum fluxes (J = 0.11 kg/m.s%,0.44 kg/m.s*> and 0.96 kg/m.s?), slot
configurations (sharp edge and coanda), and blowing locations (blowing from the
cavity leading and trailing edges). The data were acquired using qualitative (sur-
face oil flow visualisation) and quantitative (hot-wire anemometry, laser Doppler
anemometry, particle image velocimetry, and pressure measurements) flow diag-
nostics techniques. The study found that a low-frequency instability dominates
the velocity spectra of the cavity separated shear layer. This instability decreases
with increasing Rey and is related to the reverse flow interaction. This interac-
tion takes place when the reverse flow influences the sensitive separation point of
the cavity separated shear layer. As a result, a large amplitude flapping wave is
generated and propagates downstream of the cavity separated shear. It was also
revealed that increasing J for the leading and trailing edges blowing enhances the
reverse flow interaction and increases the broadband level of the unsteady wall
pressure spectra. Thus, these types of jet blowing are not suitable for controlling
the oscillations of the cavity separated shear layer.
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Nomenclature

Roman Symbols

a Hot-wire overheat ratio

b Local half width of the jet [m]

bo Half width of the slot [m]

BFS Backward facing step

C Coanda slot
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CTA Constant temperature Anemometry
Cy Momentum coefficient

D Cavity depth [m]

DR Jet decay rate

f Frequency [Hz]
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HWA Hot-wire anemometry
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Chapter 1
Introduction

Flow over cavities induces strong flow oscillations, which substantially increase
noise, drag, vibration, and structural fatigue. This phenomenon impacts a wide
range of low speeds applications (M < 0.3), such as aircraft wheel wells, ground
transportations, and pipelines, as shown in Figure 1.1. Aircraft wheel wells are a
significant source of aerodynamic noise in airplanes during landing and take-off.
This issue has gained more research interests since 1970’s, due to the implementa-
tion of strict noise regulations of the aviation industry (Bliss and Hayden, 1976).
The future noise regulations will be even more strict. A new vision (Flightpath
2050), that was released by the Advisory Council for Aeronautics Research in Eu-
rope (ACARE), aims to reduce noise emissions from aircrafts by 65% (European
Union, 2011). Cavities are also widely encountered in ground transportations:
gaps between coaches in high-speed trains, door gaps, and windows in cars. The
noise generated from these cavities impact the comfort of the passengers. He
et al. (2014) found that the cavity-like gaps between the train coaches is an im-
portant source of noise in high-speed trains. In the context of pipelines, cavities
are still omnipresent: flow control devices and closed-side branches. The presence
of cavities in pipelines can cause severe noise and vibration problems, which lead
to the wear and failure of the fluid-handling devices (Ziada and Lafon, 2014).
Cavity flows have been investigated extensively during the past sixty years.
The vast majority of these studies have focused on two aspects: investigating the
cavity flow oscillations and formulating mathematical models for them, and sup-
pressing the cavity flow oscillations by active and passive flow control methods.
Between the 1960s and 1980s, the most famous theories for cavity flow oscilla-

tions were proposed. In 1964 Rossiter (1964) hypothesised that the cavity flow
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(a) Wheel wells in aircraft (Parkhi, 2009) (b) Door gaps and sunroofs in
vehicles (Parkhi, 2009)

(¢) Closed-side branches in pipelines (d) Inter-coach gaps in high speed
(German-pipe, 2017) trains (Skyscrapercity, 2017)

Figure 1.1: Some low speeds applications of cavity flow.

oscillations are excited by the acoustic feedback from the cavity trailing edge.
Based on this theory, the author formulated a semi-empirical equation to predict
the oscillation frequency at high flow speeds, which is currently referred to as
the “Rossiter equation”. Due to the limitations of this hypothesis, Heller et al.
(1971) and Tam and Block (1978) introduced some modifications to the theory
in 1971 and 1978, respectively. Another mechanism was introduced by Patricia
et al. (1975) in 1975, which is the standing wave mechanism. This mechanism
attributes the oscillations of the cavity flow to the stnading waves. Later, in 1979,
Rockwell and Knisely (1979) experimentally proved that the cavity oscillations
can be excited by the hydrodynamic feedback from the cavity trailing edge. In
2001, Lin and Rockwell (2001) observed sudden surges of reverse flow moving from
the cavity trailing edge towards the cavity leading edge. These sudden surges are,
at least, partially responsible for the amplitude and frequency modulations of the
cavity oscillations.

During the period between the 1970s and 1990s, various passive and active

control devices were implemented to suppress the cavity oscillations, such as
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double ramps at the cavity leading and trailing edges by Franke and Carr (1975)
in 1975, steady injection from the cavity floor by Sarohia and Massier (1976)
in 1977, a heating element upstream of the cavity by Gharib (1987) in 1987, a
piezoelectric actuator at the cavity leading edge by Cattafesta et al. (1997) in
1997. Most of these devices effectively suppressed the cavity oscillations. To
gain wider operational conditions as well as reducing the cost of electrical power
consumption, various feedback control systems have been introduced to the cavity
flow over the last 20 years. These systems were quite effective, however, due to
the inherent limitation of these systems, they are not able to suppress the cavity

oscillations completely (Rowley and Williams, 2006).

1 Aims and objectives of the study

The current study examines an open cavity flow with L/D = 4 at Rey between
1.28 x 10% and 4.37 x 103. The main objectives of this study are:

e Investigating the development and the impact of the reverse flow interaction
phenomenon on the cavity flow oscillations. This investigation is motivated

by the lack of information about this phenomenon in the literature.

e Quantifying the frequency of the reverse flow interaction phenomenon, and
examining the Reynolds number dependency of this phenomenon, which

have not been examined before in the literature.

e Investigating the impact of the leading and trailing edges blowing on the
time-averaged flow field and the cavity flow oscillations. Jet blowing from
cavity trailing edge is a novel cavity flow control technique, that has not
been applied before for cavity flows. The purpose of the steady jets is
suppressing the oscillations of the cavity separated shear layer. Steady
jets will be applied in the cavity flow at Rey = 1.28 x 103 with different:
momentum fluxes (J = 0.11 kg/m.s?,0.44 kg/m.s* and 0.96 kg/m.s*), slot
configurations (sharp edge and coanda), and blowing locations (blowing

from the cavity leading and trailing edges).

Qualitative (surface oil flow visualisation) and quantitative (hot wire anemom-
etry, laser Doppler anemometry, particle image velocimetry and pressure measure-

ments) techniques have been utilised to reach the above objectives.
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2 Thesis structure

Following this introduction the thesis is divided into the following sections:

Chapter 2 presents the state of the art research carried out on open cavity flow
and cavity flow control at low speeds. This chapter also provides a background

about shear flows.

Chapter 3 describes the experimental techniques and apparatus used in the

current investigation.

Chapter 4 provides the main characteristics of free stream flow, upstream

boundary layer and blowing jets at different Reynolds numbers.

Chapter 5 studies the time-averaged cavity flow field and the oscillations of
the cavity separated shear layer for the no-jet case at Reg = 1.28 x 103. The
chapter also examines the influence of increasing the Reynolds number to Rey =

4.37 x 10% on the oscillations of the cavity separated shear layer.

Chapter 6 investigates the impact of blowing from the cavity leading edge on
the time-averaged cavity flow field and the oscillations of the cavity separated
shear layer at Rey = 1.28 x 103. Two blowing jet cases will be examined: jets

from the sharp edge slot and jets from the coanda slot.

Chapter 7 examines the impact of blowing from the cavity trailing edge on
the time-averaged cavity flow field and the oscillations of the cavity separated
shear layer at Rey = 1.28 x 103. This chapter also compares these results with

the results of blowing from the cavity leading edge presented in Chapter 6.

Chapter 8 presents general conclusions of the current study along with rec-

ommendations for future work to be carried out.

Appendix A gives a basic description of the development of the turbulent
boundary layer along with the main characterising equations for the turbulent

boundary layer.

Appendix B provides the basics of shear flows which are related to the current
study, such as planar jets, opposing planar jets, the conada effect, and flow over

backward facing steps.
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Appendix C provides information about the statical quantities used to study
turbulence, for example, spatial and temporal correlations, and Reynolds shear

stresses.

Appendix D presents the calculations of the Stokes number for the seeding

particles used in the particle image velocimetry.

Appendix E shows additional figures for the convergence study of the particle

image velocimetry measurements.

Appendix F presents the uncertainty calculations of the particle image ve-

locimetry measurements.

Appendix G provides the calculations of the relative expanded uncertainty for
the hot wire anemometry (HWA).






Chapter 2
Literature Survey

This chapter reviews and discusses the experimental and computational studies
performed on rectangular, shallow open cavities at low-subsonic speeds (M <
0.3). It provides a review of the flow control methods applied to open cavity

flows.

1 The basics of the shear flows

Before examining the cavity flow, the basics of shear flows will be summarised in
this section. Shear flows possess velocity gradients across them due to the shear
force between their layers. There are two types of shear flows: bounded shear
flows such as boundary layers, and unbounded or free shear flows such as planar
jets. This section will focus on the most basic shear flow, which is the mixing
layer. Other forms of shear flows, that are relevant to the current study such as
turbulent boundary layer and planar jet, are examined in the Appendices A and
B.

1.1 Mixing layers

Mixing layer, as illustrated in Figure 2.1, is formed between two parallel streams
moving at different velocities (U; and Uy) or between moving stream and sta-
tionary fluid. As soon as the two streams meet at the end of a partition (such
as a splitter plate), a region of velocity discontinuity is formed between the two
streams. Further downstream, the velocity changes smoothly between the two

streams, due to the turbulent mixing (Dewan, 2011). According to D’Ovidio
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(1998), mixing layer can be used to approximate the initial region of a jet, the
near wake of a bluff body, the flow behind a backward facing step (BFS).

y

=, A

—
—

Figure 2.1: Formation of a mixing layer Schobeiri (2010).

Coherent structures in mixing layers

Generally, turbulence in mixing layers are driven by quasi-two-dimensional large
eddies called “coherent structures”. Fiedler (1987), defines coherent structures as
“spontaneously formed, non-stationary motional systems of correlated vorticity”.

According to the author, the main characteristics of coherent structures are:

e “Coherent structures in most cases are large scale, comparable to the lateral

flow dimension, and flow specific in shape and composition”,

e “Coherent structures are recurrent, having a characteristic life-span, typi-

cally of the average passage time of a structure”,

e “Coherent structures exhibit a high measure of organization in structure as

well as in dynamics although their appearance is at best quasi-periodic”,

e “Coherent structures similar to the corresponding structures in the laminar-

turbulent transition.”

The formation and development of coherent structures in mixing layers

The coherent structures are formed due to Kelvin-Helmholtz instability (K-H),
which occurs due to an inflection point in the velocity profile (D’Ovidio, 1998).
Similar to all flow instabilities, coherent structures undergo two stages of develop-
ment: (i) the stage of linear instability, and (ii) the stage of nonlinear interaction.

In the former stage, the flow is subjected to a spectrum of small disturbances, and
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only one particular instability is amplified more than the others until it dominates
the flow. When the dominant instability (the fundemnetal frequency) becomes
sufficiently large, it starts to interact with other instabilities (nonlinear inter-
action) (Kundu and Cohen, 2010). Winant and Browand (1974) examined the
linear and nonlinear interaction of the coherent structures in a turbulent mixing
layer at moderate Reynolds numbers (Rey = 8 to 150). In the linear instabil-
ity region, the authors observed the generation of small waves which eventually
roll into a periodic train of two-dimensional vortex structures. In the nonlinear
interaction region, the vortical structures interact with each other, due to the
growth of the sub-harmonic of the fundamental frequency. One example of this
interaction is “vortex pairing”, whereby two vortices roll around each other and
eventually amalgamate into a single, larger vortex, as shown in Figure 2.2. An-
other example for vortex interaction is “vortex tearing”, whereby the coherent
structure disintegrates as it moves to the vicinity of another coherent structure

or between two structures (Dimotakis and Brown, 1976).

The growth of mixing layers

As the two streams mix downstream, it entrains more fluid from the surrounding
and hence the width of the mixing increases. The width of the mixing layer can
be calculated using the vorticity thickness dé,, /dx, where the vorticity thickness
is defined as
U, — Uy
ay max
where {%—Z}mm is the local maximum velocity gradient across the mixing layer,
while Uy and U; are the velocity of the two streams (D’Ovidio, 1998).

U, Vortical cores

Fluid to be entrained

U,

Figure 2.2: Tne process of vortex pairing at moderate Reynolds numbers (Rey = 8 to
150) (Winant and Browand, 1974).
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The growth rate or the entrainment of the mixing layer is greatly affected by
the “mixing transition” of the coherent vortical structures. The mixing transi-
tion, which takes place beyond a critical Reynolds number (Re. ~ 2 x 10%), is
associated with a noticeable increase in the growth rate of the mixing layer due to
the formation of three-dimensional, small-scale structures superimposed on the
large coherent structures (Konrad, 1977). D’Ovidio and Coats (2013) performed
an experimental investigation on pre- and post-mixing transition at Reynolds
number in the order of magnitude of 10*. According to the study, in the stage of
pre-mixing transition, the mixing layer grows by vortex pairing, while the growth
in the post-mixing stage is driven by the constant growth rate of the coherent
vortical structures.

The growth rate of the mixing layer is also affected by the intermittency of
the coherent vortical structures. At Reynolds number in the order of magnitude
of 10%, D’Ovidio and Coats (2013) discoverd that there are periods of no coherent
structures within the mixing layer (unstructured mixing layer). During these
periods, entrainment and steady growth of the mixing layer significantly reduced.
The same behavior was observed by D’Ovidio (1998) at a Reynolds number in the
order of magnitude of 10* to 10°. According to the author, the intermittency of
the coherent structures is a possible cause for the inconsistency in the published

data for the mixing layer growth rates.

Section summary

The mixing layer is an example of shear flows. The mixing layer is formed due
to the mixing between two parallel streams moving at different velocities. The
velocity difference causes Kelvin-Helmholtz instability (K-H), which generates
small instability waves which eventually roll into coherent vortical structures.
The formed coherent structures interact with each other to form a larger vortex
(vortex pairing) or destroy each other (vortex tearing). Due to the mixing between
the two streams, the thickness of the mixing layer increases. The growth rate of
the mixing layer is greatly affected by the mixing transition and the intermittency

of the coherent vortical structures.
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2 Time-Averaged Open Cavity Flow

Flow over cavities is more complicated than mixing layers, as it involves flow
reattachment at the cavity trailing edge. Depending on the reattachment loca-
tion, cavities are categorised into three types: (i) open cavity, (ii) transitional
cavity, and (iii) closed cavity, as illustrated in Figure 2.3. The cavity is called
“open” when the cavity separated shear layer completely bridges the cavity and
reattaches downstream of the cavity trailing edge. The open cavity is further
classified into deep cavity L/D < 1, and shallow cavity L/D > 1, where L and
D are the cavity length and depth, respectively. As the ratio of cavity length to
depth ratio L/D increases, the cavity flow gradually moves to the “transitional
cavity” flow regime. In this regime, the cavity separated shear layer reattaches
between the cavity floor and the cavity trailing edge. When the L/D is large
enough, the cavity becomes “closed”. In a closed cavity, the separated shear
layer reattaches on the cavity floor and separates again upstream of the cavity
trailing edge due to the adverse pressure.

To determine the L/D ratios for the three regimes, Ng (2012) performed
an experimental study at at M =~ 0.03. The cavity was found: (i) open at
L/D < 6.5, (ii) transitional at 6.5 < L/D < 15, and (iii) closed at L/D > 15.

Separation Dividing N
Point Streamlines g Dividing
N~ _
Stagnation Separ.anon
Point Point
(a) Open cavity (b) Transitional cavity
Dividing

Streamlines

T

Separation Stagnation
Point — S~ ; Point
Impingement Separation
Point Point

(c) Close cavity

Figure 2.3: Sketches for: a) open cavity flow, b) transitional cavity flow, and c) close
cavity flow (reproduced from Tracy et al. (1993)).
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However, according to the author, these ratios may vary with Reynolds number
and Mach number. The following sections will only investigate flows over shallow

open cavities, as they are relevant to the current study.

2.1 Open cavity flow

A typical flow topology in a shallow open cavity is illustrated in Figure 2.4. Due
to momentum transfer, the cavity separated shear layer expands as it develop
downstream (Ashcroft and Zhang, 2005). Eventually, it impinges on the cavity
trailing edge. As a result, a portion of the separated shear layer flow deflects
back towards the cavity leading edge, forming a large recirculation vortex inside
the cavity (main recirculation vortex). Driven by the main recirculation vortex, a
weaker recirculation vortex (secondary vortex) is usually formed near the cavity
leading edge (Ukeiley and Murray, 2005).

Cavity separated shear layer

The flow in the cavity separated shear layer is predominantly streamwise. The
streamwise velocity profile of the separated layer undergoes a substantial change
at the cavity leading edge region. In this region, the shape of the profile changes
from a boundary layer-like profile to a hyperbolic profile (Gharib and Roshko,
1987). As the separated shear layer develops downstream, it expands and the
gradient of the velocity profile smears out, as illustrated in Figure 2.5.

The growth rate of the cavity separated shear layer, which is usually calculated
using the vorticity thickness or the momentum thickness, is a measure of the fluid

entrained by the cavity separated shear layer (Virendra Sarohia, 1975). According

Flow Direction
Separated Shear Layer >

Cavity Trailing Edge

Cavity Leading Edge

L / Cavity Floor

Figure 2.4: Typical flow topology in a shallow, open cavity.
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Figure 2.5: Typical development of the time-averaged streamwise velocity profile in a
shallow, open cavity. L/D = 3, M ~ 0.1 (Ashcroft and Zhang, 2005).

to Virendra Sarohia (1975), the entrainment of the cavity separated shear layer
is mainly due to the oscillations of this layer, which will be examined later in this
chapter. In their computational simulation at M = 0.25 and L/D = 2, Kourta
and Vitale (2008) reported four regions of growth rates along the cavity separated
shear layer: (i) the region of exponential growth near the cavity leading edge at
xz/L < 0.15, (ii) the region of linear growth at 0.15 T x/L < 0.5, (iii) the region
of saturated growth at 0.5 $ /L 5 0.95, and (iv) the region of a sudden growth
reduction at z/L Z 0.95.

The reported growth rate in the linear-growth region varies significantly be-
tween studies. Chatellier et al. (2004) reported a vorticity thickness growth rate
dd,, \ dx of approximately 0.128 at M = 0.09 and L/D = 1. At M ~ 0.1 and
L/D between 2 and 4, Ashcroft and Zhang (2005) reported a vorticity thickness
growth rate of approximately 0.143. On the other hand, at M ~ 0.2 and L/D =
5.16, Ukeiley and Murray (2005) found that the vorticity thickness growth rate
is 0.118. The discrepancy between these rates is also reported by Rodi (1975) for
a mixing layer. The author attributed this discrepancy to the following possible
reasons: (i) the dependency on free stream turbulence, (ii) the dependency on
initial conditions, and (iii) the sensitivity to outer flow field.

The turbulence quantities in the cavity separated shear layer have also been
examined by different studies. The fundamentals of turbulence quantities, such
as velocity fluctuation level, Reynolds stresses, temporal and spatial correlations,
are summarised in Appendix C. As the separated shear layer develops in the
streamwise direction, the level of velocity fluctuation increases substantially un-
til it reaches the peak value upstream of the cavity trailing edge (Al Haddabi
et al., 2016). According to the experimental studies of Al Haddabi et al. (2016)
and Ukeiley and Murray (2005), the peak location is close to z/L = 0.8. In the
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proximity of this location, Grace et al. (2004) and Ukeiley and Murray (2005)
found the peak of the Reynolds shear stress «'v". In the experiment of Ukeiley
and Murray (2005) (M ~ 0.2 and L/D = 5.16), the peak values of the stream-
wise and normal-to-wall velocity fluctuation levels were 25% and 15% of the free
stream velocity, respectively. On the other hand, the Reynolds shear stress was
approximately 1.5% of the square of the free stream velocity.

The spatial structures of the cavity separated shear layer turbulences have
been examined using two-point spatial correlation R;;. By performing R,,,, R,
and R,, correlations at different locations along the cavity separated shear layer,
Ukeiley and Murray (2005) observed an evolution of a spatial scale across the
separated layer at M ~ 0.2 and L/D = 5.16. These evolving spatial scales,
according to Ashcroft and Zhang (2005), indicate the size of the coherent vortical
structures which are the dominant turbulent structures in the cavity separated
shear layer. Consequently, an integral length scale [, = fooo R,.dy was proposed
by the authors to examine the growth rate of the coherent vortical structures, as
shown in Figure 2.6. The investigation showed that at M =~ 0.1 and L/D between
2 and 4, the structures’ size increases steadily and rapidly at the central portion of
the cavity. However, almost zero-growth rate was observed near the cavity leading
and trailing edge regions. The zero-growth rate at the leading edge region was
attributed to the insufficient resolution of the measurement technique, while the
zero-growth at the cavity trailing edge was linked to the structure-trailing edge

impingement that impedes any further growth.

The recirculation vortices

The centre, the size, and the strength of the recirculation vortices strongly depend
on the L/D ratio. At M = 0.2 Ukeiley and Murray (2005) investigated the
recirculation zone for: (i) a shallow cavity with L/D of 5.16 and (ii) a deep cavity
with L/D = 1.49. The study found that the deep cavity is dominated by a single
recirculation vortex centred at the front third of the cavity. The shallow cavity,
on the other hand, contains two counter-rotating recirculation vortices: a large,
strong vortex centred near the cavity trailing edge (main recirculation vortex) and
a smaller, weaker vortex located at the bottom corner of the cavity leading edge
(secondary vortex). Ukeiley and Murray (2005) found in their experimental study
that the maximum speed of the main recirculation vortex in the deep cavity was

25% of the free stream velocity, while this speed reached 30% of the free stream
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Figure 2.6: The dimensionless integral length scale along the cavity separated shear
layer at M ~ 0.1 (O: L/D =4,<: L/D = 3, o: L/D = 2) (Ashcroft and Zhang,
2005).

velocity in the shallow cavity. The size of the secondary vortex, in contrast,
increases with increasing L/D ratio (Ashcroft and Zhang, 2005).

The upstream boundary layer also affects the recirculation vortices. At M
= 0.022 to 0.044 and L/D ratio of 4, Grace et al. (2004) investigated the re-
circulation vortices under the following upstream boundary layer conditions: (i)
laminar boundary layer, and (ii) turbulent boundary layer. The switching from
the laminar to the turbulent condition was made by tripping the upstream bound-
ary layer. The investigation revealed that the main recirculation vortex in the
laminar case was concentrated and strong, whilst the main recirculation vortex
in the turbulent case was weaker and diffused, as evident from Figure 2.7. The
reason behind this, according to the authors, is the higher entrainment rate in
the upstream half of the separated shear layer in the turbulent case compared
to the laminar case. As a result, the higher entrainment rate forces the main
recirculation vortex in the turbulent case to extend towards the cavity leading

edge region, leading to a diffused and weaker vortex.

Three-dimensional effect

The three-dimensionality of the cavity flow is caused by: (i) the side wall effect,

and (ii) a traverse instability wave. The side wall effect was reported by Neary
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Figure 2.7: Mean velocity streamlines showing the main recirculation vortex at M
between 0.022 and 0.044 and L/D ratio of 4 (Grace et al., 2004).

and Stephanoff (1987) at 31900 < Re; < 33500, where Rej, is the Reynolds
number based on the distance between the model leading edge and the cavity
leading edge. The authors observed a significant spanwise curvature in the core
of the vortical structures due to the side wall effect. This curvature, according to
the authors, was also observed in cavities with large aspect ratios W/ L.

A transverse instability wave, according to Neary and Stephanoff (1987), trav-
els along the cavity span and forces the main recirculation vortex (primary vortex)
to compress and expand, as illustrated in Figure 2.8. The transverse instability
wave is probably generated due to the interaction between the spanwise and the
streamwise vorticity of the cavity separated shear layer (Knisely and Rockwell,
1980). The impact of this instability wave is evident from the wavy pattern (cel-
lular pattern) of the separation line between the main recirculation vortex and
the secondary vortex (Neary and Stephanoff, 1987). This cellular pattern was
also observed by East (1963) at M ~ 0.18.

The spectral signiture of the transverse instability wave was obsrved by Neary
and Stephanoff (1987) at 31900 < Re; < 33500, where Rej, is the Reynolds
number based on the distance between the model leading edge and the cavity
leading edge. The authors found a broad spectral peak due to the amplitude

modulation of the wall pressure signal. The Reynolds number-independence of
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Figure 2.8: Schematic drawing of the traverse instability wave of the main
recirculation vortex (primary vortex) Neary and Stephanoff (1987).

this peak, according to the authors, suggests that the peak is not related to the
oscillations of the cavity separated shear layer, but to the transverse instability

wave.

2.2 Section summary

At the leading edge of the shallow open cavity, the flow separates forming a sep-
arated shear layer. As the cavity separated shear layer develops downstream, it
expands and grows. The growth rate of the cavity separated shear layer under-
goes four sequential stages: exponential, linear, saturated and eventually declined
growth. The experimental studies have shown a noticeable discrepancy in the
growth rate, which is probably attributed to the variation in the flow conditions.

The reviewed studies have also revealed some information about turbulent
characteristics of the cavity separated shear layer. It was found that the veloc-
ity fluctuations of the cavity separated shear layer increase in the streamwise
direction until it peaks upstream of the cavity trailing edge. Additionally, the
two points spatial correlation showed that the turbulence length scale increases
steadily along the cavity separated shear layer until it levels out near the cavity
trailing edge. Some researchers, such as Ashcroft and Zhang (2005), associated
this length scale to the size of the large coherent vortical structures formed within
the cavity separated shear layer.

As the cavity separated shear layer impinges on the cavity trailing edge, it
deflects back towards the cavity leading edge forming the main recirculation vor-
tex, which derives a smaller recirculation vortex (secondary vortex). The size,

the strength, and the centre of these vortices depend on the L/D ratio and the
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upstream boundary layer condition.

The three-dimensional effect in the cavity flow is attributed to: (i) the side
wall effect, and (ii) a transverse instability wave. The side wall effect causes a
significant spanwise curvature in the core of the vortical structures. On the other
hand, the three-dimensional effect of the transverse wave instability is evident
from the cellular pattern of the separation line between the main recirculation
vortex and the secondary vortex. According to one research, this instability,
which is Reynolds number-independent, modulates the amplitude of the wall

pressure signal.

3 Oscillations of the cavity separated shear layer

This section examines the oscillations of the cavity separated shear layer. It
focuses on the characteristics of these oscillations and the factors influences them.

There are three modes of oscillations in open cavity flows at low speeds: (i) no-
oscillation mode, (ii) the wake mode, and (iii) the self-oscillation mode (Gharib
and Roshko, 1987). The no-oscillation mode occurs in cavities with small L /6,
where 6 is the momentum thickness of the boundary layer upstream of the cavity.
In this mode, the separated shear layer smoothly bridges over the cavity with no
noticeable oscillations. The wake mode, on the other hand, is associated with
temporary reattachment of the separated shear layer on the cavity floor and
shedding of very large vortical structures inside the cavity similar to that found
behind bluff bodies, as shown in Figure 2.9 (a). This mode is usually found in
cavities behind bluff bodies (Gharib and Roshko (1987)) and flows past closed
branches of a pipe (Sapienza and Eudossiana, 1995). In the self-oscillations mode,
the separated shear layer oscillates vertically in an organised manner (Suponitsky
et al., 2005), as shown in Figure 2.9 (b). The following sections will focus on the

self-oscillation mode, as it is relevant to the current study.

3.1 Shedding of the large vortical structures

The self-oscillation mode of the cavity separated shear layer is associated with:
(i) shedding of large, coherent vortical structures, and (ii) flapping motion of
the cavity separated shear layer. The shedding of the large vortical structures is
considered by many studies, such as Gharib and Roshko (1987), as the dominant

instability in the cavity separated shear layer.
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Figure 2.9: Snapshots of the instantaneous velocity streamlines of a wake and
self-oscillation modes. Flow was computationally simulated at Res= 5000 and L/D =
4 (Suponitsky et al., 2005).

Different approaches have been applied to reveal and identify the coherent
vortical structures within the cavity separated shear layer, such as smoke visu-
alisation, vorticity maps, and manipulation of the instantaneous velocity field.
Little et al. (2007) successfully visualised the vortical structures using smoke vi-
sualisation at Rey ~ 10, as shown in Figure 2.10. Lin and Rockwell (2001), on
the other hand, used the instantaneous vorticity field to reveal these structure
at Req ~ 27 x 10%. The main disadvantage of this method is that the vorticity
contours do not distinguish between the shear effect of the separated shear layer
and the rotational motion of the vortical structures (Garrido, 2014). A more
successful vortex identification approach is probably the manipulation of the in-
stantaneous velocity field. Ashcroft and Zhang (2005) revealed large vortical
structures spanning a cavity by manipulating the velocity field using the Galilean
decomposition technique at Re; ~ 10°. This technique works by subtracting

the averaged propagation speed of the vortical structures from the instantaneous

Figure 2.10: Number of vortical structures spanning the cavity length at Rep ~ 10°
(Little et al., 2007). Arrows indicate large vortical structures.
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velocity field.

The formation process of the coherent vortical structures has been investi-
gated by different studies. For an axi-symmetrical cavity at a Reynolds number
based on the model diameter between 2 x 10* and 10°, Virendra Sarohia (1975)
reported that the vortical structures are formed due to the interaction between
the oscillating separated shear layer and the cavity trailing edge. The flow vi-
sualisation images showed that the cavity separated shear layer starts oscillating
vertically near the cavity leading edge. As the separated layer approaches the
cavity trailing edge, the oscillations increase significantly. Consequently, as the
separated shear layer deflects downwards at the trailing edge region, the sepa-
rated layer rolls into a vortex, which sheds as the separated shear layer deflects
upwards.

The formation mechanism of the coherent vortical structures in two-dimensional
rectangular cavities is different. The formation mechanism in these cavities is due
to the instability of the cavity separated shear layer, as illustrated in Figure 2.11.
When the cavity separated shear layer moves over the initially-stagnant cavity
flow, the shearing action generates instability waves due to the Kelvin-Helmholtz
instability. The instability waves, then, grow along the streamwise direction and
eventually roll into discrete vortical structures (Chan et al., 2007). The esti-
mated scale of a typical vortex, according to experimental study of Rockwell and
Knisely (1979), is approximately 66y, where 6 is the momentum thickness of the
upstream boundary layer.

As the vortical structures propagate downstream, the size of these structures

increases and may interact with each other. At Rey, of 1.37 x 103, Lin and

Vortex formation

U
—
ZZ==
Separation edge
-/

Downstream-travelling
wave with speed ¢

Impingement corner

Figure 2.11: The formation process of a vortical structure (Knisely and Rockwell,
1982).
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Rockwell (2001) claimed that the small vortical structures merge to form larger
vortical structures. However, the authors did not provide any evidence for this
interaction. In contrast, no vortex merging was reported by Little et al. (2007)
At Rep ~ 105. Rockwell and Knisely (1979) and Knisely and Rockwell (1980)
also did not observe this interaction within the cavity separated shear layer at
Rey, between 106 and 324.

The generated vortical structures propagate downstream at a constant speed.
This speed can reach more than 50% of the free stream velocity (Rockwell and
Knisely, 1979). However, it decreases as it approaches the cavity trailing edge.
According to Rockwell and Knisely (1979), the speed reduction starts at a dis-
tance of approximately 46, from the cavity trailing edge.

Near the cavity trailing edge, the trajectory of the large vortical structures, ac-
cording to Rockwell and Naudascher (1979), takes one of three scenarios, as shown
in Figure 2.12: (i) complete impingement at the cavity trailing edge, whereby the
vortex is swept down into the cavity; (ii) partial impingement, which involves
vortex severing; or (iii) complete escape, whereby the vortex is convected above
the cavity trailing edge. Knisely and Rockwell (1982) attributed this trajectory
variation of the vortical structures to the flapping motion of the cavity separated

shear layer.

3.2 Flapping motion of the cavity separated shear layer

The flapping motion is a cyclic vertical displacement of the cavity separated shear
layer. This motion tends to modulate the pressure signal at the cavity trailing
edge (Knisely and Rockwell, 1982). The lack of quantitative information in the

literature about the flapping motion is probably due to the random nature of this

(a) Complete impingement (b) Partial impingement (c) Complete escape

Figure 2.12: Hydrogen bubble visualisation for the scenarios of the the large vortical
trajectories near the cavity trailing edge. The visualisation was performed at Reg, of
106 and L/6p of 142 (Rockwell and Naudascher, 1979).
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motion.

Virendra Sarohia (1975) attributed the flapping motion to the change in the
pressure across the cavity separated shear layer. As the cavity separated shear
layer deflects upwards, the pressure inside the cavity decreases. Under the in-
fluence of the pressure difference, the separated shear layer deflects downwards
towards the cavity. As a result, the pressure inside the cavity increases and
bushes the separated layer upwards again. Knisely and Rockwell (1982) investi-
gated the flapping motion of the cavity separated shear layer at Reg, ~ 10? and
L/6y between 50 abd 160. The study revealed that the flapping motion travels
downstream as a wave with a particular propagation speed. This speed, according

to the study, is similar to the propagation speed of the large vortical structures.

3.3 Dimensionless parameters for the cavity separated shear

layer oscillations

The main dimensionless parameters for the oscillations of the cavity separated
shear layer are: (i) the dimensionless propagation speed U, /Uy, (ii) the dimension-
less oscillation frequency St, and (iii) the oscillation mode m. The dimensionless
propagation speed is the ratio between the propagation speed of the oscillation
and the free stream velocity. This ratio can reach as high as 0.57 (Rossiter, 1964).
The dimensionless oscillation frequency, loosely termed as the dimensionless reso-
nance frequency, non-dimensionalises the oscillation frequency by the free stream
velocity and the cavity length St = fL/Uy.

The oscillation mode m is the integer number of the large vortical structures
spanning the cavity length simultaneously. As the cavity length and/or the free
stream velocity increases gradually, the oscillation mode does not change until
a certain point is reached, at which the mode “jumps” suddenly from a lower
mode to a higher one, as illustrated in Figure 2.13. This jump is associated with
a sharp increase in the dimensionless oscillation frequency. As the cavity length
and /or the free stream velocity continues to increase, the oscillation continues to

jump to higher modes until the oscillations become irregular (Virendra Sarohia,
1975).
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Figure 2.13: Dimensionless oscillation frequency as a function of the dimensionless
cavity length L/§y. The dashed line indicates the modal jump. Data was obtained at
Res, of 0.92 x 103 and D/f of 12.95 (Virendra Sarohia, 1975).

3.4 Factors affecting the organisation of the cavity sepa-

rated shear layer oscillations

The organisation or the regularity of the cavity separated shear layer oscillations
is recognised from the oscillations spectra. Highly organised regular oscillations
exhibit a well defined spectral peak or peaks, while low organised random oscil-
lations are associated with a broadband spectra. The oscillations organisation
is affected by different factors: (i) The feedback cycle, (ii) the reverse flow in-
teraction, (iii) the double oscillation mode, (iv) the intermittency of the vortex
shedding phenomena, (v) the small-scale disturbances, and (vi) the interaction
with the streamwise vorticity. The feedback cycle, which will be discussed in
the next section, highly organises and enhances the cavity separated shear layer
oscillations. On the other hand, the reverse flow interaction modulates these
oscillations. The remaining factors reduce the oscillations’ organisation.

Within the recirculation zone, sudden surges of reverse flow were observed by
Lin and Rockwell (2001) at Reg, of 1.37 x 103 and L/D = 4. These occasional
flow surges occur due to the downward deflection of the separated shear layer
at the cavity trailing edge. As a result, the flow is deflected at the cavity trail-
ing edge and returned back towards the cavity leading edge, as demonstrated in
Figure 2.14. The reverse flow interaction with cavity leading edge influences the

initial development of the cavity separated shear layer. The evidence presented
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Figure 2.14: Snapshot of the instantaneous velocity field showing a sudden surge of
the reverse flow. The figure was obtained at Rey, of 1.37 x 103 and L/D = 4. The
arrows indicate the reverse flow (Lin and Rockwell, 2001).

in the study suggest that the reverse flow interaction is, at least, partially re-
sponsible for the amplitude and frequency modulations of the cavity separated
shear layer oscillations. Although this phenomenon has a significant impact on
the oscillations of the cavity separated shear layer, rare studies have investigated
it.

The cavity separated shear layer usually oscillates at a particular oscillation
mode (single mode). However, within the modal jump region, the oscilations
randomly switch between the lower and the higher oscillation modes (Virendra
Sarohia, 1975). This is called the double oscillation mode. This behaviour was
investigated by Yan et al. (2006) at M between 0.3 and 0.32 and L/D = 4. The
investigation revealed that the oscillation frequency for the single mode does not
vary with time, and hence, the frequency spectrum is dominated by a relatively
large amplitude peak as shown in Figures 2.15(a) and 2.15(c). On the other hand,
the oscillations in the double mode switch rapidly between two modes, and hence
the single spectral peak is split into two smaller peaks as illustrated in Figures
2.15(b) and 2.15(d)(Yan et al., 2006). The intermittency of the vortex shedding
phenomenon also affects the organisation of the cavity separated shear layer os-
cillations. As the shedding of the large vortical structures becomes intermittent,
the spectrum of the cavity separated shear layer becomes broadband with no
distinct peaks (Ashcroft and Zhang, 2005).

The impact of the small-scale disturbances on the organisation of the cavity
separated shear layer oscillations was investigated by Ashcroft and Zhang (2005)
at M ~ 0.1 and L/D between 2 and 4. These small-scale disturbances, accord-

ing to the authors, are less organised and have a shorter lifespan than the large



Chapter 2. Literature Survey 25

120

160 160
150 150
140 J—L 140
AV,

o 130 | 130

b4

. |

o

2]

SPL (dB)
8
-

1O AN _ NS
100 W ‘w‘ﬁ A 100 V\JLIAWA\’

frequency (Hz) frequency (Hz)
(a) spectral of SPL (single mode) (b) spectral of SPL (double mode)

time (s)
time (s)

frequency (Hz) frequency (Hz)
(c) spectrogram (single mode) (d) spectrogram (double mode)

Figure 2.15: Spectral characteristics of single and double modes. The modes are
indicated by arrows. The data were obtained at M between 0.3 and 0.32, and L/D =
4 (Yan et al., 2006). SPL: denotes sound pressure level.

vortical structures. The authors claim that these small disturbances affect the
location and the geometry of the large vortical structures, which leads to an in-
crease in the spatial intermittency of the large vortical structures. As a result, the
spectra of the wall pressure signal becomes broadband. This claim is consistent
with the findings of Roos and Kegelman (1986) on a separated shear layer over
a backward facing step. According to the study, tripping the laminar boundary
layer generates more disturbances in the separated shear layer and causes more
irregularity in the trajectory of the large vortical structures. Another influencing

factor is the interaction between the spanwise coherent vortical structures and
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the streamwise vorticity generated in the cavity separated shear layer. This inter-
action destroys the coherence of the spanwise vortical structures (Rockwell and
Naudascher, 1979).

3.5 Section summary

The main instabilities in the cavity separated shear layer are: (i) the shedding
of large coherent vortical structures, and (ii) the flapping motion of the cavity
separated shear layer. Different approaches have been applied to reveal the co-
herent vortical structures within the cavity separated shear layer, such as smoke
visualisation, vorticity maps and manipulation of the instantaneous velocity field.
The coherent vortical structures in the rectangular cavities are formed due to the
Kelvin-Helmholtz instability. After generation, these structures convect at a con-
stant speed of more than 50% of the free stream velocity. Near the cavity trailing
edge, the coherent structures slow down and take one of these three scenarios:
(i) complete impingement at the cavity trailing edge, (ii) partial impingement,
or (iii) complete escape from the cavity trailing edge. This variation in the tra-
jectories of the coherent structures is attributed to the flapping motion, which is
a cyclic vertical displacement of the cavity separated shear layer. The flapping
motion is caused by the change in the pressure across the cavity separated shear
layer. The lack of quantitative information in the literature about the flapping
motion is probably due to the random nature of this motion.

The main dimensionless parameters for the oscillations of the cavity separated
shear layer are: (i) the dimensionless propagation speed U./Uy, (ii) the dimen-
sionless oscillation frequency St = fL/Uy, and (iii) the oscillation mode m. As
the cavity length and or the free stream velocity increases, the oscillation mode
“jumps” suddenly from a lower mode to a higher one. This jump is associated
with a sharp increase in the dimensionless oscillation frequency. The oscillation
mode continue to jump to higher modes until the oscillations become irregular.

The organisation or the regularity of the cavity separated shear layer oscilla-
tions is affected by different factors: (i) the double oscillation mode, (ii) the in-
termittency of the vortex shedding phenomena, (iii) the small-scale disturbances,
(iv) the interaction with the streamwise vorticity, (v) the reverse flow interaction,
and (vi) The feedback cycle. The first four factors reduce the oscillations’ organ-
isation. The reverse flow interaction phenomenon has a significant modulating

impact on the oscillations of the cavity separated shear layer. However, rare
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studies have investigated this phenomenon. The last factor is the feedback cycle,
which highly organises and enhances the cavity separated shear layer oscillations.

This cycle will be discussed in the next section.

4 The feedback cycle

This section describes the mechanisms of the feedback cycle and the associated
predicting equations for the dimensionless oscillation frequency.

In feedback cycle, the disturbances are generated in the cavity and then feed-
back towards the cavity separated shear layer to organise and enhance the os-
cillations of this layer. As illustrated in Figure 2.16, the cycle consists of three
stages: (i) the amplification/interaction of the instabilities along the cavity sep-
arated shear layer, (ii) the generation of the feedback disturbances, and (iii) the

feedback of these disturbances towards the cavity separated shear layer.

The amplification/interaction of the instabilities along the cavity sep-

arated shear layer

Similar to the mixing layers, the instabilities of the cavity separated shear layer
undergo two stages of development: (i) linear growth, and (ii) nonlinear inter-
action. The concept of each stage is provided in Section 1.1. These stages were
investigated by Knisely and Rockwell (1982) at Reg, ~ 10 and L/6, between 50
and 160. The study was carried out using hot-film measurments on the separation
point of the cavity separated shear layer. Within the region of the linear growth,

two frequencies were found most amplified, which are the oscillation frequency (or

Il. Feedback of Disturbances

Figure 2.16: The feedback cycle in open cavity flow.
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the fundamental frequency) and the sub-harmonic of the fundamental frequency.
The fundamental and the sub-harmonic are attributed to the shedding of the
large vortical structures and the flapping motion, respectively. The instability
growth rate in this region, according to the study, is constant, rapid, and follows
the linear spatial-stability theory for inviscid shear layer proposed by Betts and
Umiastowski (1976), as illustrated in Figure 2.17.

The study of Knisely and Rockwell (1982) found that beyond approximately
L/8y = 20 the nonlinear interaction between the fundamental and the sub-
harmonics takes place. This interaction either reinforces the sub-harmonics or
generates additional weaker sub-harmonics. It was also found that the funda-
mental frequency interacts with itself to form new harmonics, and then the new
harmonics interact with the fundamental frequency to generate higher harmon-
ics. The harmonic and the sub-harmonics of the fundamental frequency was also
reported in the velocity spectra of Rockwell and Knisely (1979) experiment at
Reg, of 106 and 324, and L/6, ~ 10%. In contrast, Little et al. (2007) did not
find any harmonics nor sub-harmonics in the wall pressure spectra at M = 0.3
and L/D = 4. This discrepancy is probably because of the spectral analysis in
the experiments of Rockwell and Knisely (1979) and Knisely and Rockwell (1982)

Non-Linear

Interaction
>

DDEKPUD%

0-0001

Figure 2.17: Growth rates of the fundamental and the sub-harmonic frequencies with
increasing downstream distance. The squares indicate the fundamental frequency,
while the triangles indicate the sub-harmonic. The linear spatial stability theory is

represented by solid and dashed lines. Data was obtained at Reg,= 190 and L /6 of

80 (Knisely and Rockwell, 1982).
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were performed using the velocity fluctuations of the cavity separated shear layer,
while the spectral analysis in the Little et al. (2007) experiments were performed

using the wall pressure fluctuations of the cavity floor.

4.1 The mechanisms of feedback disturbances

Different feedback mechanisms have been found in open cavity flows. These
mechanisms include: (i) the hydrodynamic feedback, (ii) the acoustic feedback,
(iii) the standing wave, and (iv) the fluid-elastic interaction. The fourth mech-
anism (the fluid-elastic interaction) will not be examined in this section since it
is not relevant to the current study. This type of interaction is associated with
the displacement of the cavity solid boundaries, such as a cavity with a vibrating
component. In the present study, the cavity model is sufficiently stiff, and hence

the fluid-elastic interaction has been prevented.

The Hydrodynamic Feedback

The hydrodynamic feedback is also referred by Rockwell and Naudascher (1978)
as the “fluid-dynamic” interaction. As the separated shear layer impinges on the
cavity trailing edge, velocity and pressure changes in this region. These distur-
bances are then convected upstream to impact the separated shear layer, par-
ticularly the sensitive separation region at the cavity leading edge (Knisely and
Rockwell, 1982). The harmony between the fluctuations in the cavity leading and
trailing edges organises the oscillations of the cavity separated shear layer. This
influence was uncovered by Rockwell and Knisely (1979) at Reg, between 106 and
324. The study found that placing an impingement edge downstream of a back-
ward facing step increases the organisation and the amplitude of the oscillations
of the cavity separated shear layer. This is evident from the narrow-band peak in
the velocity spectra of the cavity separated, as shown in Figure 2.18. According
to the authors, this organising effect includes the fundamental, the harmonic, and
the sub-harmonic frequencies of oscillation. The authors attributed this organ-
ising effect to the hydrodynamic feedback from the impingement edge. Further
investigations, carried out by Gharib and Roshko (1987) on an axisymmetric cav-
ity at a Reynold number based on the model diameter of 2.4 x 10*, revealed that
the harmony between the leading and trailing edges fluctuations are satisfied by

the “phase criterion”. According to this criterion, the phase difference between
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Figure 2.18: Comparison of streamwise evolution of velocity spectra without (a) and
with (b) the cavity impingement edge at corresponding locations in the cavity shear
layer (U/Uy = 0.95) (Rockwell and Knisely, 1979).

the fluctuations in the cavity leading and trailing edges is an integer multiple of
2m. The author expressed this mathematically as follows
¢ L _fL

where ¢ is the overall phase difference of the fluctuations between the two
cavity corners, A is the oscillation wavelength, f is the oscillation frequency, U. is
the propagation speed of the disturbances, and m is the order of the oscillation
mode which is an integer number. However, as the cavity length increased beyond
L /6y = 155, the phase criterion lost its validity, and the oscillations of the cavity
separated shear layer become random. Similar phase criterion was reported by
Knisely and Rockwell (1982) for a rectangular cavity at Reg, ~ 10%. Another
version of the phase criterion was proposed by Virendra Sarohia (1975) for an
axisymmetric cavity at a Reynolds number based on the model diameter between
2 x 10* and 10°. According to this study, the phase criterion satisfies ¢/21 =
L/X = m + 0.5. This formula was satisfied until the oscillations in the study

became random at approximately L/dy > 18.



Chapter 2. Literature Survey 31

The Acoustic Feedback

Acoustic waves can enhance the oscillations of the cavity separated shear layer.
Rossiter (1964) performed a number of experiments on the open cavity flow at
transonic and subsonic speeds. The study yields the Rossiter hypothesis on acous-
tic feedback, which states that the cavity acoustic noise is generated due to the
passage of the vortical structures over the cavity trailing edge, and that the
generated acoustic waves propagate upstream to excite the vortical structures
at the cavity leading edge, as shown in Figure 2.19. Based on this hypothesis,
the author derived the following semi-empirical equation to predict the cavity

oscillations frequency, which is referred to as the “Rossiter equation”:

m—«

St=fL/Us =3

(2.3)

where m is the oscillation mode (also known as Rossiter mode), M is Mach
number, x is the ratio of the propagation speed of the vortical structures to the
free stream velocity, and « is the phase lag factor between the vortex-edge inter-
action and the generation of the upstream feedback disturbances. The empirical
constants, & and k, in the experiment of Ahuja and Mendoza (1995) at M= 0.065
to M = 1 were 0.25 and 0.65, respectively.

The Rossiter equation is less successful at M < 0.4 (Tam and Block, 1978).
Thus, various researchers, such as Tam and Block (1978), modified this equation.
Tam and Block (1978) modified the Rossiter model by including the effect of

the reflections of the acoustic feedback on the cavity walls. The authors found a

Arrival of the
Generation of Vortex-trailing acoustic wave

acoustic wave\ edge interaction \ Generation of

new vortex -

T=t0 T=t0+At

Figure 2.19: The acoustic feedback mechanism hypothesised by Rossiter (1964). The
sketch shows two time frames separated by a time delay At (reproduced from Patricia
et al. (1975)).



Chapter 2. Literature Survey 32

good agreement between the proposed model and the experimental data within
0.2 < M < 1.2, but the model was less accurate at lower Mach numbers M <
0.2.

Although the Rossiter equation was originally proposed for high speed cavity
flows, some low speed studies M < 0.3 have claimed good agreement between
the measured oscillations frequency and the frequency predicted by the Rossiter
equation. At M = 0.2 and L/D = 1.49, Ukeiley and Murray (2005) reported
two sharp spectral peaks. One of them, according to the authors, agrees with
the Rossiter equation. Daoud et al. (2006) also claimed good agreement with the
Rossiter equation at M = 0.086 and L/D = 8. However, mode number m, «,
and k in both studies were selected based on the best fit and the experiments
of Rossiter (1964) at high speeds. No measurements were provided for these
parameters. The agreement between these experiments and the Rossiter equation
maybe be attributed to the flexibility of the equation, not to the actual existence
of the acoustic feedback mechanism. Moreover, there has not been any study in

the literature which proves the validity of the Rossiter equation at low speeds.

The Standing Wave

The oscillations in the standing wave mechanisim are excited by acoustic stand-
ing waves. According to Patricia et al. (1975), when the broadband noise gener-
ated in the cavity separated shear layer coincides with one of the cavity acoustic
natural modes, the oscillations of the cavity separated shear layer receive great
enhancement, as illustrated in Figure 2.20. These acoustic natural modes are
geometry-dependant. They are generated due to the noise interaction with: (i)
the cavity length (length mode), or (ii) cavity depth (depth mode), or (iii) cavity
span (width mode). According to Patricia et al. (1975), the length modes f; and

the width modes fy are calculated as follows,

Nec

fu=757 (24)
Nec

fw= 5w (2.5)

where N is the acoustic mode number (N = 1,2.... etc.) and c is the sound
speed in the fluid.

The acoustic standing wave can also be generated between the cavity and any
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Standing Wave

Figure 2.20: Standing wave mechanism within a cavity (Patricia et al., 1975).

solid boundary above it, such as the standing wave between a cavity and the
top roof of a wind tunnel or a duct. Ziada et al. (2003) proposed the following

equation to predict this acoustic transversal mode,

Nc
fT - E
where N = 1,2.... etc, and H is the distance between the cavity and the top

(2.6)

solid boundary.

The standing wave mechanism has been reported in various low speed cavity
experiments, such as Ziada et al. (2003) experiment for a confined shallow cavity
at M between 0.1 and 0.3 and Samimy et al. (2007) experiment at M between
0.2 and 0.7.

4.2 Section summary

The feedback cycle greatly organises and enhances the oscillations of the cav-
ity separated shear layer. The cycle consists of three stages: (i) the amplifica-
tion/interaction of the instabilities along the cavity separated shear layer, (ii) the
generation of the feedback disturbances, and (iii) the feedback of these distur-
bances towards the cavity separated shear layer.

In the first stage, some instabilities get amplified. The amplified instabilities
then interact with each other to reinforce particular instabilities or generate new
instabilities. In the second stage, the amplified instabilities generate feedback

disturbances via: the fluid-elastic interaction, hydrodynamic feedback, standing
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wave or acoustic feedback. The fluid-elastic interaction is not relevant to the
current study. The hydrodynamic feedback and the standing wave mechanisms
have been reported in low speeds cavity experiments, and they are linked to the
equations of the phase criterion and the cavity acoustic modes, respectively. The
acoustic feedback is predicted using the Rossiter equation. Although some low
speed studies have claimed good agreement with the Rossiter equation, these
studies have not provided any measurements for the equation parameters (m, a,
and k). Moreover, there has not been any study in the literature yet proves the

applicability of the Rossiter equation at low speeds.

5 Cavity flow control

The term “flow control” in aerodynamics refers to any mechanism or process
used to favourably alter a particular characteristic of the flow field (Gad-el Hak
et al., 1998). According to Gad-el Hak et al. (1998), is “whether the task for
flow control is to delay/advance transition, to suppress/enhance turbulence or
to prevent/provoke separation, useful end results include drag reduction, lift en-
hancement, mizing augmentation and flow-induced noise suppression”.

Based on the power requirements, flow control methods are classified into
passive and active control methods. Passive control methods do not require input
power, for instance, vortex generators and riblets. On the other hand, the active
control methods consume power. As illustrated in Figure 2.21, the active devices
(actuators) can be: (i) fluidic, such as steady and unsteady jets, (ii) Moving
object /surface, for example a rotating surface, (iii) Plasma actuator, or (iv) others
such as electromagnetic devices (Cattafesta and Sheplak, 2011). These devices are
usually incorporated in open-loop, feed-forward or feedback control systems, as
shown in Figure 2.22 (Gad-el Hak et al., 1998). The open-loop control systems do
not contain any sensing element, and hence the actuator action is predetermined.
In contrast, the actuator action in the feed-forward control systems is determined
by the signal received from the sensing element. While the feed-forward control
systems do not monitor the controlled variable itself, the controlled variable in the
feedback control systems is monitored, fed back and compared with a reference
input.

Controlling the open cavity flow at low Mach numbers M < 0.3 has been
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Figure 2.21: Classification of the active devices (Cattafesta and Sheplak, 2011).

investigated thoroughly in the past 60 years. The main objectives of these inves-
tigations have been to: (i) suppress the narrow-band peaks of the cavity separated
shear layer oscillations, and (ii) attenuate the narrow-band acoustic tones and the
overall sound pressure level (OSPL) of the cavity-induced noise. Generally, sta-
bilising the cavity separated shear layer (first objective) implies a reduction in
the noise level (second objective) (Sarohia and Massier, 1976).

In the current study, the cavity flow control methods will be classified based on
the working principles into five categorises, which are: (i) geometry modification
of cavity leading and trailing edges, (ii) excitation of the upstream boundary
layer, (iii) stabilising the recirculation zone, (iv) frequency excitation, and (v)

phase cancellation.

5.1 Geometry modification of the leading and trailing edges

Geometry modification of the cavity leading and trailing edges (Figure 2.23) has
been widely used for cavity flow control at high speeds M > 0.3. This method
aims to minimise the interaction between the separated shear layer and the cavity
trailing edge. Franke and Carr (1975) suppressed the cavity oscillations using

double ramps at the cavity leading and trailing edges. Ethembabaoglu (1973)
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Figure 2.22: Types of active control systems: a) open-loop control system, b)
feed-forward control system, and c) feedback control system (Gad-el Hak et al., 1998).

achieved a significant oscillations reduction by ramping, rounding, and offsetting
the cavity trailing edge. A similar effect can be achived by installing a spoiler
at the cavity leading edge. The spoiler, according to Cattafesta et al. (2003),
shifts the reattachment location of the separated shear layer downstream of the
cavity trailing edge, and hence the feedback disturbances are minimised. Overall,

the geometry modification approach has been highly successful in suppressing the
cavity oscillations.
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Figure 2.23: Sketch of different geometry modification approaches: (E) trailing edge
offset, (F) trailing edge gradual ramp, (G) spoiler at the leading edge, (H) leading
edge deflector, (J) leading edge spoiler and trailing edge ramp (Rockwell and
Naudascher, 1978).

5.2 Excitation of the upstream boundary layer

Another method of supressing the cavity separated shear layer oscillations is by
exciting the boundary layer upstream of the cavity. A typical example of this ap-
proach is the experiments of Patricia et al. (1975). The authors installed fences
and roughness elements upstream of the cavity at M between 0.12 and 0.24, and
L/D between 1 and 4. According to this study, the tripping devices generated
broadband turbulences that dis-organised the cavity oscillations. The hydro-
dynamic and the acousitc pressure spectra showed that the roughness elements
suppressed some acoustic modes without any net reduction in the overall noise.
However, the tripping devices were found less effective at higher free stream ve-
locities, possibly due to the reduction of the boundary layer thickness. Similar
effects were observed with increasing the cavity length. On the other hand, Chan
et al. (2007) used an active device to excite the upstream boundary layer at M
between 0.03 and 0.06, and L/D = 1. A streamwise array of plasma actua-
tors was installed upstream of the cavity in order to induce streamwise vortical
structures, as shown in Figure 2.24 (a). The particle image velocimetry results
suggest that the streamwise structures are convected downstream along the sep-
arated shear layer, as evident from Figure 2.24 (b). According to the study, the
induced structures impede the development of the spanwise vortical structures in
the cavity separated shear layer. Consequently, the shedding phenomena became

more intermittent. The plasma excitation completely suppressed the dominant
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Figure 2.24: The experimental study of Chan et al. (2007) at M = 0.03 and L/D = 1.
The black regions in subfigure (b) represent the cavity leading and trailing edges,
while the light-grey strips represent the location of the plasma actuators.

acoustic tone along with its harmonics. Although the plasma actuators generate
narrow-band spectral peaks, the overall sound pressure level (OSPL) reduced by

approximately 22%.

5.3 Stabilising the recirculation zone

The continuous mass exchange within the recirculation zone (the inflow and out-

flow at the cavity leading and trailing edges) enhances the oscillations of the
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cavity separated shear layer Sarohia and Massier (1976). Therefore, stabilising
the recirculation zone is an effective way of suppressing the cavity oscillations.
Sarohia and Massier (1976) forced a steady jet of fluid from the cavity floor at
M between 0.18 and 0.35, and L/D from 0.5 to 1.5. The fluid was injected along
the cavity floor. The velocity spectra of the cavity separated shear layer showed
that the injection suppressed the dominant spectral peak, but it increased the
amplitude of the lower-frequency peak. According to the authors, the injection
of the steady flow along the cavity floor eliminates any mass imbalance between
the inflow and outflow to the cavity. Furthermore, the jet pushed the cavity sepa-
rated shear layer upwards and away from the cavity trailing edge. As a result, the
feedback of disturbances towards the cavity separated shear layer is minimised.
Consequently, the cavity induced noise is significantly reduced.

At Rep = 194, Kuo and Huang (2001) minimised the cavity separated shear
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