Effects of sound on flow
separation from blunt flat plates

R. Parker* and M. C. Welsht

The effect of sound on the flow around plates with semicircular or square leading
edges and square trailing edges located in a low turbulence open jet has been
studied. In all circumstances the length of the leading edge separation bubbles
associated with square leading edge plates was found to oscillate. When sound
was applied to the flow around these plates, the leading edge shear layers
reattached closer to the leading edge and the oscillations in bubble length occurred
at the applied sound frequency, generating patches of concentrated vorticity in
the boundary layers. These vorticity patches moved downstream near the plate
surface and then beyond the trailing edge to form vortex cores in a street with
a Strouhal number equal to the applied sound value. Sometimes these vortex
streets are unstable and break down into streets with Strouhal numbers approach-
ing those observed without sound. These effects of sound were not observed
in the flow around plates with semicircular leading edges. Without sound, square

leading edge plates of intermediate length did not shed regular vortex streets.
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It has been known for many years that the flow
around a bluff body involves unsteady fluid
velocities and pressures near the body. Strouhal'
discovered that the flow around cylinders is associ-
ated with the generation of sound whose frequency
varies linearly with the flow velocity.

A considerable effort has been devoted to
studying the flow around circular cylinders, for
example by Gerrard>®, Bearman™®, and others, and
rectangular prisms®*! which relate to buildings and
transport vehicles. Nakaguchi, Hashimoto and
Muto'? studied the vortex shedding characteristics
and the shear layers which separate from the leading
edges of bluff bodies with rectangular cross-sections
in low turbulence flow. They found that the vortex
shedding frequency increases suddenly as the chord
to thickness ratio is increased through 2.8 when the
shear layers, which separate from near the plate’s
leading edge, reattach onto the body. Bearman and
Trueman made a similar study of the flows around
bluff bodies with rectangular cross-sections and
chord to thickness ratios up to 1.2. They observed
that the trend of reducing Strouhal number with
increasing Plate chord is consistent with Gerrard’s
hypothesis™® which relates the rate at which circula-
tion is fed from the shear layers to the vortex shed-
ding frequency.

Sarpkaya'* recently reviewed the published
work on vortex induced vibration which included
experimental studies and mathematical models of
the mechanisms by which the vortex streets are
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formed (see for example Sarpkaya and Shoaff'®,
Gerrard®, and Clements'®).

Mechanical vibration of abody causes appreci-
able changes to the vortex shedding frequency'™*®
when the so-called ‘lock-on’ phenomenon occurs.
Under these circumstances the vortex shedding
frequency can change by as much as 25% of the
value observed without vibration. Furthermore, the
‘lock-on’ is associated with a marked increase in the
correlation of the vortex shedding in the wake.

An analogous vibration and ‘lock-on’ is
achieved when, instead of the body vibrating, the
fluid vibrates as an acoustic motion'® . This
phenomenon occurs when the vortex shedding
frequency coincides with the acoustic resonant
frequency of the space surrounding the body in a
duct. In most examples of acoustic resonance the
vortex shedding frequency remains almost constant
and equal to the acoustic frequency as flow velocity
is increased through the resonance, resulting in a
fall in the vortex shedding Strouhal number. A
further consequence of an acoustic resonance is
that the vortex shedding process approaches two
dimensional flow™".

Recently, Welsh and Gibson®* discovered that
a plate with square leading and trailing edges having
a chord/thickness ratio of 5 could excite acoustic
resonances in a duct with acoustic Strouhal numbers
between 0.10 and 0.12 and also in another range
between 0.18 and 0.21 with corresponding changes
in the vortex shedding frequency. Nakaguchi,
Hashimoto and Muto'? showed that natural shed-
ding from plates of simjlar proportions as that used
by Welsh and Gibson®* gave a Strouhal number of
approximately 0.1 which clearly corresponds to the
resonant conditions generated in a duct at the lower
Strouhal numbers. The resonances generated at the
higher Strouhal numbers (0.18 to 0.21) represent a
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change of nearly 100% in the vortex shedding
frequency and imply a change in the flow regime. A
‘feed-back’ effect was examined and modelled by
Archibald®, but his theory did not explain the fluid
mechanics associated with the locking of the vortex
shedding to the acoustic field.

Several workers®*?® have examined the effect
of applied sound on the flow around circular cylin-
ders in non-resonant conditions at Reynolds num-
bers, based on cylinder diameter and upstream flow
velocity, in the range 2000 to 50 000. It was always

found that sound introduced close to the frequency

of the shear layer transition waves, first reported by
Bloor®”, augmented the instabilities occurring
naturally in the shear layers and only weakly affected
the frequency at which vortices formed in the wake;
sound applied at other frequencies had no effect on
the shear layer instability waves or the vortex shed-
ding frequency. Several workers®'>'® have shown
that it is possible to predict accurately the vortex
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shedding frequency from circular cylinders without
accounting for any instability mechanisms in the
shear layers. Nagano, Naito and Takata®® achieved
similar results for plates with rectangular cross-
sections. Peterka and Richardson® also found that
sound applied around a circular cylinder transverse
to the flow direction caused increased discretization
of vorticity within the separated shear layers. They
suggested that this was one factor responsible for
reducing the length of the vortex formation region.

Since vortex shedding and shear layer fluctu-
ations are associated with many cases of flow
induced mechanical and acoustic vibration, an
experimental study of the flow around a series of flat
plates has been undertaken to establish the fluid
mechanics of the interaction between flow and
resonant acoustic vibration. This paper presents the
results of an investigation into the effect of sound
on the separated flows from plates located in an open

jet using a sound source (loud-speakers) which is

Camera
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Fig1l Test apparatus. ‘A’ apparent location of smoke at plate’s trailing edge in mid-span plane

Notation

f  Vortex shedding frequency or acoustic res-
onant frequency

t Plate thickness

U Mean flow velocity upstream of plate

St  Strouhal number (ft/U)

c Overall length of a plate in the flow direction
including the semi-circular leading edges
where appropriate
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Sound effects on flow separation
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Fig 2 Vortex shedding Strouhal number for flat
plates at zero incidence without sound applied. Re =
14 800 to 31 100
A square leading edge narrow spectral peak
without end plates t=12
¢ square leading edge narrow spectral peak with
end plates t=12
o square leading edge narrow spectral peak with
and without end plates t=12
O square leading edge narrow spectral peak with
and without end plates t=6
8 square leading edge broad spectral peak with
and without end plates t=12
|\ square leading edge no spectral peak with and
without end plates t=12
+ semi-circular leading edge without end plates
t=12
A semi-circular leading edge with end plates t = 12
Y semi-circular leading edge with and without end
plates t=6
o circular cylinder with end plates t=12
Nakaguchi et al ---; Roshko x; Fage & Johansen,
A; Vickery, V

virtually independent of changes induced in the flow
by the sound. The maximum sound levels used were
much lower than those encountered when vortex
shedding excites acoustic resonances in closed ducts,
but the use of an independent sound source facili-
tates control over frequency and amplitude of the
sound in a manner which is not possible in a duct.
The interaction between the sound and the flow
represents the ‘feed back’ effect of sound on the
acoustic source during resonance.

Experimental apparatus and procedure

The test apparatus (Fig 1) was a small open jet wind
tunne] with a working section 244 x 244 mm at the
outlet. The mean velocity in the jet was uniform
within 0.5%, while the longitudinal turbulence
intensity was 0.2%; the major spectral components
lie between 0.1 Hz and 150 Hz.

All the test plates had square trailing edges
and either semicircular or square leading edges.
Each plate had a span equal to the jet width and was
mounted at zero incidence across the centre of the
jet. Without applied sound, plates were tested both
with and without end plates; when fitted, these
extended upstream a minimum distance of two test
plate thicknesses and downstream a minimum
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Fig 3 Applied acoustic field in vicinity of plate;
——~— pressure nodes and velocity and displacement
antinodes; — - — ., velocity and displacement nodes
in x-direction; p = acoustic pressure; P =maximum
acoustic pressure; V' =acoustic velocity; V'=
maximum acoustic velocity , w = acoustic frequency

distance of four test plate thicknesses®®*°. The chord
to thickness ratios ranged up to 52 (Fig 2) and most
of the plates were nominally 12 mm thick; excep-
tions were the plates of longest chord, which were
5.75 mm thick, and two square leading edge plates
6.4 mm thick having the same chord to thickness
ratios as two of the 12 mm thick plates (Fig 2).

Unsteady flows in the wakes of the plates were
recorded with a hot wire sensor located downstream
of the trailing edge and below the lower plate surface
with the wire parallel to the plate span. Averaged
spectra were obtained from the hot wire signals using
a spectrum analyser and the recorded results are
plotted with an uncalibrated linear amplitude scale.

Sound was applied by two 250 mm diameter
loudspeakers connected in antiphase and placed
symmetrically above and below the jet (Fig 1). A two
channel power amplifier and a phase control circuit
were used so that the relative levels and phases of
each speaker could be adjusted to establish an acous-
tic pressure node (zero acoustic pressure) in the
horizontal plane midway between the loudspeakers,
ie in the plane of the plates. Sound frequencies
typical of the resonant frequencies observed in
closed ducts (150-900 Hz) were used; the charac-
teristics of the acoustic field generated around the
plate are shown in Fig 3. The distribution of the
acoustic amplitudes near the plate in the mid-span
plane is very similar to that for an acoustic 8-mode
in a duct®. The essential features are that all the
acoustic pressures above the plate are in phase and
180° out of phase with the pressures below the plate.
(The same is true of the acoustic velocities and dis-
placements.) Peak pressure amplitudes occur at the
mid-chord positions above and below the plate while
zero pressure amplitudes, and therefore maximum
acoustic velocities and displacements, occur on the
centre plane upstream and downstream of the
leading and trailing edges. The acoustic velocities
and displacements are always zero at the mid-chord
positions on the surface of the plate.

The sound field was monitored by two micro-
phones. One was fixed below the jet and slightly
upstream of the lower loudspeaker and was used as
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a fixed reference for all tests. The other was fitted
with a 2 mm diameter probe and mounted on a
traversing arrangement located outside the jet. The
open end of the probe was located in the mid-span
plane. This microphone was used without flow to
establish an acoustic pressure node in the plane of
the plate, and to record and calibrate the amplitude
of the acoustic pressures around the plate relative to
the fixed microphone; it was removed for all tests
with flow.

All the plates tested with sound were
nominally 12 mm thick without end plates fitted. The
effect of sound on the flows around longer plates
(c/t>16) was not studied since the loudspeaker
system (Fig 1) could not generate satisfactory sound
fields surrounding these plates.

Flow visualization and the averaged spectra
described above were used to determine the general
flow properties. Smoke was generated by introducing
ammonia and sulphur dioxide gases independently
into the flow using techniques developed by Bassett
and Fowler®. These gases react exothermally
forming ammonium sulphite powder which clearly
disclosed changes in the flow patterns around the
plates when sound was applied at freestream
velocities up to 70 m s ™. Smoke probes (which were
retracted out of the flow when not in use) were
located 500 mm upstream of the plates and were

/ S

introduced from above and below the plates so that
they did not intersect the stagnation streamline
upstream of the plate. The smoke was illuminated
with stroboscopic or single flashlight, reflected into
the flow by a system of mirrors (Fig 1). This per-
mitted detailed examination of the flow associated
with the spectral spikes recorded in the averaged
spectra and provided an independent check of the
vortex shedding frequencies. The flow visualization
and hot wire measurements for each plate were made
at the same flow velocity.

Permanent records of the flow patterns were
obtained by single flash photographs with the flash
light fired at predetermined points in the acoustic
cycle. During the investigation of natural vortex
shedding, the flow was cbserved first with no sound
and then with sound at a frequency corresponding
to the mean vortex shedding frequency. The sound
level was gradually increased until the visual image,
observed using light strobed at the sound frequency,
became stationary; this always occurred at a level
well below that at which the sound caused any other
detectable changes in the flow around the plates.
Sometimes small amounts of water were introduced
onto the plate surface (by a hand held tube) to pro-
vide an indication of the mean position of the boun-
dary layer separation and reattachment.

0.00 0.05 Q.10 015

Strouhal number

Fig 4 Spectra of hot wire located in wake from plates with square leading and trailing edges. Re = 14 800

to 31 100
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The results of flow visualization studies must
be interpreted with caution particularly when an
acoustic field is superimposed on the flow or when
there is unsteadiness in the flow. The existence of
fluctuations in any flow region can be indicated by
stroboscopic illumination of smoke introduced into
the flow but the precise configuration of the shear
layers, vortices, etc cannot be deduced from photo-
graphs of the smoke patterns alone. Hama®® has illus-
trated that streaklines originating from a sinusoidal
oscillation in a shear flow indicate apparent vortices
when he believed there were no vortices present, but
Michalke® has since shown that there were con-
centrations of vorticity in the flow model used.
However, in spite of these uncertainties, some infor-
mation can be deduced with confidence, in particular
if the smoke is viewed with stroboscopic light; the
frequency at which a stationary pattern is seen is the
frequency at which the fluctations take place.

Results without applied sound

The measured vortex shedding frequencies of all the
plates without sound (natural vortex shedding) are
given in Fig 2 as the relationship between the vortex
shedding Strouhal number and the chord/thickness
ratio. Some of the recorded spectra of the hot wire
signals for plates with square leading edges are
shown in Fig 4. These spectra are plotted to an
uncalibrated linear amplitude scale. For approxi-
mately half of the plates tested, spectra were recorded
at several flow velocities equivalent to a Reynolds
number range of 14 800 to 31 100 based on plate
thickness. Since these results showed that Reynolds
number had no detectable effect in this range, the
remaining tests were made at a Reynolds number of
approximately 23 700, ie approximately 29.5ms™".

The results (Fig 2) show clearly that plates
with square leading edges shed wakes in four
different regimes characterized by discontinuities in

Sound effects on flow separation

the relationship between the Strouhal number and
the chord/thickness ratio. All the plates with ¢/t less
than 7.6 shed vortices at discrete frequencies. The
vortex shedding Strouhal numbers of plates with
chord to thickness ratios less than 3 are increased by
the addition of end plates. The shortest plate used
in the present test (¢/t =0.055) is compared with
results obtained by Fage and Johansen®® and
Roshko® for thin plates normal to the flow. These
data appear at the extreme left of Fig 2. It should be
noted that the present results have not been subjected
to any form of correction for blockage effects.

Observing the flow over the plate with ¢/t =
2.23 confirmed results by Nakaguchi et al'? that the
leading edge shear layers on each side of the plate
interact directly to form the alternating vortices
downsteam of the plate’s trailing edge. The longest
plate shedding vortices in this first regime (regime
‘a’) was a 12 mm thick plate with ¢/t = 3.16, while a
6.4 mm thick plate with the same c¢/¢ ratio clearly
belongs to the second regime (regime ‘b’). When end
plates were fitted to the 12 mm thick plate, vortices
were shed intermittently in both regimes.

The second vortex shedding regime applies to
values of ¢/t from 3.2 to 7.6 of which the two plates
with ¢/t = 5 are typical; here the 6.4 and 12 mm thick
plates gave the same Strouhal numbers and the pres-
ence of end plates had a negligible effect. All the
plates shedding vortices in this regime emitted
clearly audible sound at the vortex shedding
frequency (also observed by Gerrard®). The flow
around the 12 mm thick plate with ¢/t =35 is illus-
trated throughout one vortex shedding cycle in Fig
5. The illustrations were traced from a series of
photographs, similar to those illustrated in Fig 6(c),
spaced at 36° intervals throughout the cycle. A smoke
stream was introduced into the flow either above or
below the centre line of the plate so that the dense
white smoke traced predominantly irrotational fluid
while the grey smoke traced fluid from within the

ULL_063-5 — Y

Fig5 Vortex shedding cycle at 36° increments for square leading edged plate with c/t =15, Re =26 500
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Fig 6 Flow around a square leading edged plate
with and without sound applied. (a) sound level at
mid-chord = 42 Pa(rms) and applied sound Strouhal
number = 0.206. (b) sound level at mid-chord =
43 Pa(rms) and applied sound Strouhal number =
0.204, 180° out of phase with (a). (c) without applied
sound, vortex shedding Strouhal number =0.106. ‘A’,
location of trailing edge at mid-span (Fig 1); c/t=25,
Re = 26 600

separation bubble (Fig 6). The introduction of smoke
into the flow did not change the frequency of the
sound generated by the vortex street; if, however,
the smoke probe crossed the stagnation streamline
then the sound frequency increased by 1%.

Since the smoke was located in the mid-span
plane and the camera was aligned with the plate’s
leading edge, a small region downstream of the
plate’s trailing edge was obscured in the photographs
(Fig 1). The lines on Fig 5 in the obscured region
were drawn after observing the flow with strobo-
scopic light and the lines on Figs 6 and 7 indicate
the position of the trailing edge in the mid-span
plane.

The series of tracings in Fig 5 show that the
reattachment of the leading edge shear layers (first
observed by Nakaguchi et al'®), during the shedding
of a vortex is intermittent. This process is common
to all the plates in regime ‘b’ and is not significantly
influenced by the presence of end plates.

The process of vortex street generation is
important when relating the interaction between
sound and vorticity®” and is therefore described
below for plates in regime ‘b’. The first tracing (Fig
5) shows vortex A moving downstream after forming
from the lower surface shear layer while vortex B,
formed from the upper surface shear layer, is already
well developed. The second and third tracings show
fluid from the upper shear layer and irrotational fluid
from further away being drawn into the region
between A and B. The fluid from the shear layer
causes vortex B to grow slowly and increase in total
circulation, while A continues to move downstream.
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Fig 7 Flow around a square leading edged plate
with and without sound applied. (a) sound level at

mid-chord = 29 Pa(rms) and sound  Strouhal
number =0.176. (b) sound level at mid-chord =
44 Pa(rms) and sound Strouhal number = 0.244. (c)
without applied sound; ‘A’, location of trailing edge
at mid-span (Fig 1); c/t= 16, Re=24 000

During this period the lower shear layer deflects
away from the centre line downstream of B and
towards the centre line upstream. As B is very close
to the trailing edge the result is that the lower shear
layer is drawn in until it touches the underside of
the plate at the trailing edge (tracing number III).
This causes some fluid to move upstream into the
separation bubblet while some moves across
between the trailing edge and vortex B.

The resultant growth of the lower separation
bubble causes the reattachment position to move
downstream allowing fluid with high vorticity to
begin forming a new vortex C near the lower corner
(tracing number IV) and vortex B starts to be dis-
placed from its formation position. The fifth, sixth
and seventh tracings show B moving away down-
stream while vortex C becomes stronger, and the
second half of the cycle proceeds with reattachment
on the upper surface (tracing number VIII) followed
by detachment of vortex C and formation of vortex
D (tracing numbers IX and X). This sequence was
observed for all square leading edge plates between
¢/t=3.2 and 7.6.

Several photographs (eg Fig 6(c)) show that
small diverging waves appear to exist in the smoke
patterns just downstream of the leading edge. These
regions are areas in which shear layer instabilities
might be expected, leading to a breakdown into tur-
bulence. The smoke patterns suggest that turbulence

 Bradshaw and Wong®® observed a similar division of the
reattaching shear layer
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occurs shortly after these waves cease to be definable.

The spectral peak for ¢/t =7.6 (Fig 4) was
noticeably wider and less clearly defined than for
plates with lower ¢/¢t. However, the corresponding
Strouhal number falls on the same curve in Fig 2
applying to shorter plates and this plate proved to
be the threshold of the change to the third vortex
shedding regime ‘c’. When the plate with ¢/t =9.26
was installed, spectra were recorded for sensor posi-
tions ranging from one plate thickness to 20 plate
thicknesses downstream of the trailing edge. The
spectra associated with all these sensor positions had
no dominant spectral peaks. The sensor position was
therefore standardized for all the longer plates at the
position used for the ¢/t =7.6 plate (7 plate thick-
nesses downstream of the trailing edge). The spectra
(Fig 4) show a very broad peak at ¢/f =25 and a more
distinct one at ¢/t =52. Further examination of the
plates with ¢/t = 16 and 25 showed that identifiable
broad peaks could be found when the sensor was
moved closer to the plate (2.9 plate thicknesses
downstream of the trailing edge); the Strouhal num-
bers shown in Fig 2 were obtained from these spec-
tral peaks. The reappearance of a peak indicates a
gradual change to a fourth regime ‘d’ as ¢/t increases
from about 16. Here the vortex shedding becomes
more regular and the Strouhal number approximates
the values obtained for plates of similar proportions
with semicircular leading edges; the results are iden-
tical, within experimental accuracy, at ¢/t =52. The
addition of end plates to all the plates in regimes
‘e’ and ‘d’ (¢/t>7.6) had a negligible influence on
the associated vortex shedding frequencies shown in
Fig 2.

Flow visualization studies showed that for all
plates with ¢/t greater than 7.6 and a square leading
edge (eg Fig 7(c)) the separated shear layers always
reattached to the plate. A series of flash photographs
showed that the position of reattachment varied in
a random manner with reductions in the separation
bubble length always resulting in a quantity of fluid
separating from the bubble and convecting down-
stream in the boundary layer. This process, although
somewhat random in frequency, is similar to the
regular process observed when sound is applied (Fig
8). There was no apparent connection between the
fluctuations on the upper and lower surfaces. The
‘patches’ of fluid which separate from the bubble as
it shortens contain concentrations of vorticity which
tend to diffuse as they move along the plate towards
the trailing edge.

The results for plates with semicircular
leading edges show that only two regimes can be
identified, separated by a jump in Strouhal number
when ¢/t is approximately 1.2. Flow visualization
showed that at ¢/t =1.16, the flow separated from
the curved surface and did not reattach, the two shear
layers interacting directly to form the vortices behind
the plate in the same way as for the shorter, square
leading edge plates. Visualization of the flow over
the plate with ¢/t = 1.33 showed the vortices forming
very close to the trailing edge. Due to the small
physical sizes of the plates used in this study, the
resolution achieved using the flow visualization
techniques described above was not sufficient to
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distinguish if the shear layer was reattaching at any
time during the cycle.

The influence of end plates on the vortex shed-
ding frequency for plates with semicircular leading
edges is similar to that recorded for plates with
square leading edges. For short plates (c/t=<1),
where the shear layers which separate from near the
plate’s leading edge do not reattach, the Strouhal
number increases when end plates are fitted (Fig 2).
With longer plates the reverse occurs and for very
long plates (¢/t > 10) the end plates have a negligible
effect.

All plates with semicircular leading edges and
¢/t greater than 1.25 emitted audible sound at the
vortex shedding frequency, ie in the range 435 to
650 Hz at a flow velocity of 29.5m/s. The plates
close to the Strouhal number jump also emitted
sound at a much higher frequency (2000-3000 Hz).

The frequency of vortex shedding from a
12 mm circular cylinder with end plates fitted was
measured to provide a comparison with other pub-
lished data. The resulting Strouhal number-of 0.196
is consistent with data quoted by Blevins®® and
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Fig 8 Leading edge separation bubble oscillations
at the acoustic frequency; tracings equi-spaced
throughout cycle. (a), sound level at mid-chord =
29 Pa(rms) and sound Strouhal number =0.176. (b)
sound level at mid-chord =46 Pa(rms) and sound
Strouhal number = 0.244; c/t= 16; Re =24 000; p=
acoustic pressure in the flow above the plate
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Gerrard® for a Reynolds number of 23700 and
closely approximates the vortex shedding Strouhal
number recorded for plates of the same chord with
semicircular leading edges and square trailing edges.

Results with sound applied

When sound is applied to the flow around a plate,
the question if this significantly alters the interpreta-
tion of the smoke pictures must be examined. The
range of acoustic pressures applied was up to
46 Pa(rms) and the associated velocity fluctuations
and corresponding particle displacements never
exceed 0.3 mm. Consequently, the sinusoidal dis-
placements due to the sound field do not have a major
effect on the shapes of the streamlines and the flow
patterns can be compared directly with those
observed without sound.

In general, the lengths of the leading edge
separation bubbles in the flow direction were
reduced when sound was applied to the flow sur-
rounding plates with square leading edges. The
reduction in the mean length of the leading edge
separation bubbles was observed both by using
smoke and by an independent observation using
water droplets distributed on the surface of the plate.
When sound was applied the water droplets migrated
towards the leading edge indicating reduced pres-
sure in the leading edge separation bubble with
increased curvature in the shear layer and reattach-
ment closer to the leading edge. The smoke also
showed that the bubbles oscillated in length in a
periodic manner at the sound frequency. Although
the oscillation of the bubbles was regular and
periodic with sound applied, the mechanism of the
growth/division process was similar to the irregular
growth/division process observed with no sound.
The length of the separation bubbles in the flow
direction reduced with increasing frequency,
increasing sound pressure level and reducing flow
velocity.

When sound is ‘applied and reattachment
occurs upstream of the trailing edge, discrete patches
of high vorticity fluid (Fig 8) form in the plate
boundary layers with one patch being generated on
each side of the plate per acoustic cycle?’. The vortex
shedding Strouhal numbers, for plates with square
leading edges with applied sound, are shown in Fig
9 for sound pressure levels ranging from 20 Pa(rms)”™
for the plates of shorter chord up to 46 Pa(rms) for
the plates of longer chord (c/t = 16). The stability of
the vortex street was assessed in the region up to 5
plate thicknesses downstream of the trailing edge of
the plate. These results were obtained using flow
visualization techniques which were not successful
for applied sound Strouhal numbers greater than
0.25 due to the small scale of the structures generated
at the sound frequency in the plate boundary layers.
The influence of a regular distribution of vorticity
patches in the plate boundary layers on the vortex
shedding frequency depends on plate chord/thick-
ness ratio and is detailed below.

* All sound levels are for the mid-chord position
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Fig 9 Vortex shedding and acoustic Strouhal num-
bers for flat plates at zero incidence with and without
sound applied; sound level at mid-chord =
16 Pa(rms) for c/t<3 up to 46 Pa(rms) for c/t=16;
——, square leading edges, no applied sound, Re =
14 800 to 31 100; - - -, semi-circular leading edges,
no applied sound, Re=23800; @, square leading
edges, stable vortex streets shed near the plate at
applied sound Strouhal number, Re=23800 to
26 500; N, square leading edges, unstable vortex
streets shed near the plate initially at the applied
sound Strouhal number, Re = 23 800 to 26 500

Flow past the longest square leading edged
plate in regime ‘¢’ (¢/t =16) is shown in Figs 7(a)
and 7(b) with sound applied at acoustic Strouhal
numbers of 0.176 and 0.244 respectively. The vor-
ticity patches within the boundary layers are dis-
tributed along the upper and lower surfaces of the
plates. The patterns on the lower surface are 180°
out of phase with those on the upper surface because
they are associated with the acoustic field on each
side of the plate. Tracings in Fig 8 were obtained
by similar methods to those described previously.
An indication of the oscillating angle of attack of the
approaching flow induced by the acoustic field is
also shown and the first tracing in each sequence is
within 18° of the maximum acoustic pressure above
the plate. The positions where the shear layers reat-
tach to the plate surface are seen to be much closer
to the leading edge when sound is applied (see Fig
7(c) for no sound). The minimum bubble length
occurs at approximately maximum acoustic pressure
above the plate for both frequencies. The oscillation
in bubble size consists of the bubble length increas-
ing steadily until the bounding shear layer part way
along the bubble deflects towards the plate surface
and reattaches (tracing numbers I and X in Fig 8).
This splits the bubble into two sections with the
upstream section beginning to grow again, entrain-
ing fluid with high vorticity from the shear layer,
and the downstream section moving as a discrete
‘patch’ of fluid with concentrated vorticity in the
boundary layer. Visual studies of the flow using
stroboscopic light show that although the vorticity
patches diffuse as they move with the plate boundary
layer flows, when sound is applied they reach the
trailing edge alternately on each side of the plate.
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Fig 10 Spectra of hot wire located in wake from a square leading edged plate with sound applied at
20 Pa(rms) at mid-chord; hot wire located 2.9 plate thicknesses downstream of trail edge; c/t = 16; Re = 23 900;
—— natural shedding; — - -—— applied sound stimulus
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Fig 11 Spectra of hot wire located in wake from a square leading edged plate with sound applied at a
Strouhal number of 0.247 and varying pressure level; hot wire located 2.9 plate thicknesses downstream of
trailing edge; c/t = 16; Re =23 900; —— natural shedding; — - - — applied sound stimulus
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For all plates in regime ‘c’, sound applied at
acoustic Strouhal numbers ranging from 0.05 to 0.25
generated one vorticity patch, similar to those shown
in Figs 7(c) and 7(b), in each boundary layer per
acoustic cycle. These patches were shed alternately
from the trailing edge on each side of the plate at
the sound frequency and eventually became vortex
cores in the vortex street with a shedding Strouhal
number equal to the acoustic Strouhal number (Fig
9). With applied sound Strouhal numbers falling
below line CD on Fig 9, the resulting vortex street
was stable near the plate (up to 5 plate thicknesses
downstream of the trailing edge) but, at higher acous-
tic Strouhal numbers, the vortex street broke down
and was replaced with a stable street of increased
vortex spacing and a correspondingly lower Strouhal
number. The region in the flow where the vortex
street breaks down moves closer to the trailing edge
with increasing applied sound Strouhal number.
Averaged spectra obtained from a hot wire located
at a fixed position (2.9 plate thicknesses downstream
of the trailing edge) in the wake, with sound applied
at Strouhal numbers ranging from 0.152 to 0.329, are
shown in Fig 10. For applied sound Strouhal num-
bers between 0.152 and 0.2, the vortex street at the
hot wire exists predominantly at the sound Strouhal
number; this is consistent with the results of the flow
visualization studies shown in Fig 9. As the sound
Strouhal number approaches 0.2 some intermittent
transition into a vortex street of lower Strouhal num-
ber, but slightly exceeding that observed without
sound, occurs upstream of the hot wire. When the
applied sound Strouhal number is increased beyond
0.2, the transition process is not intermittent and the
vortex street continuously breaks down into a new
street with larger spacing and lower frequency. The
broad spectral peaks corresponding to the vortex
streets following ‘break down’ have slightly higher
Strouhal numbers than when no sound is applied
and tend to narrow as the sound frequency increases
up to the limit of the tests (Strouhal number = 0.329).
Fig 11 shows averaged spectra, recorded by the hot
wire located in the wake when the sound pressure
level is progressively increased at a constant Strouhal
number of 0.247. These data show the vortex street
at the hot wire existing mostly, but not entirely, at
Strouhal numbers slightly higher than those ob-
served without sound and lower than the acoustic
Strouhal number. This result is also consistent with
the results of the flow visualization studies shown
in Fig 9.

Flow past a square leading edge plate of inter-
mediate length (¢/#=5) in regime ‘b’ with sound
applied at a Strouhal number of 0.206 is shown in
Figs 6(a) and 6(b) and by the diagrams in Fig 12.
An indication of the oscillating angle of attack of the
approaching flow induced by the sound field is also
shown. With no applied sound this plate shed vor-
tices at a Strouhal number of 0.106 (Fig 6(c)), the
shear layers only reattaching to the surface close to
the trailing edge for a short period during each vortex
shedding cycle (Fig 5). Consequently there were no
discrete vorticity patches terminating on the plate
surfaces at any time. The effect of the sound is to
shorten the bubble so that the shear layers reattach

122

FLOW FLOW

e — —_—

p=>0 (maximum) p<0
N T

p>0 p=0
— .k

Vorticity patch

p=>0 vP =0 /

— i

p<<O p>0
e R e
p=<O p=>0
] i N i—

Fig 12 Leading edge separation bubble oscillations
at the acoustic frequency; tracings equi-spaced
throughout cycle; sound level at mid-chord =
42 Pa(rms); applied sound Strouhal number = 0.206;
c/t=5; Re=26 600; p = acoustic pressure in the flow
above the plate

continuously (Figs 6(a) and 6(b)) but, in contrast to
the longer plates, there is only one discrete vorticity
patch (shed from the separation bubble) on each side
of the plate at any one time (Fig 12). The leading
edge separation bubbles almost reach the trailing
edge before the shear layers are deflected towards
the plate surface and reattach just downstream of the
mid-chord position (tracing number VII in Fig 12).
Minimum separation bubble length occurs when the
acoustic pressures are negative above the plate, ie
during the opposite half of the acoustic cycle than
with that observed for longer plates.

Fig 13 illustrates averaged spectra obtained
from a hot wire sensor located 2.9 plate thicknesses
downstream of the trailing edge of a plate with ¢/t =
5 for sound applied at Strouhal numbers ranging
from 0.185 to 0.323. At a sound Strouhal number of
0.206 there are two spectral peaks, one at the sound
frequency and the other at the natural shedding
frequency. Fig 14 shows the effect of increasing the
sound pressure level at a constant Strouhal number
of 0.203. For levels greater than 25 Pa(rms) at the
mid-chord position of the plate, there is only one
spectral peak corresponding to a vortex street shed-
ding at the sound frequency.

Observations of the flow, using stroboscopic
light and the photographs similar to those shown in
Figs 6(a) and 6(b), confirm that with the sound
applied at a Strouhal number of 0.206 and a pressure
level of 42 Pa(rms) the vorticity patches generated
once per acoustic cycle became vortex cores in the
vicinity of the trailing edge (up to 5 plate thicknesses
downstream of the trailing edge). The vortex shed-
ding Strouhal number is equal to the acoustic
Strouhal number and is significantly greater than
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Fig 13 Spectra of hot wire located in wake from a square leading edged plate with sound applied at
16 Pa(rms) at mid-chord; hot wire located 2.9 plate thicknesses downstream of trailing edge; c/t=5; Re=

24 200; natural shedding; — - - — applied sound stimulus

that observed without sound (compare Figs 6(a), 6(b) to the applied sound Strouhal number below which

and 6(c) and Fig 9). discrete vorticity patches were not generated, the
Sound applied over a range of frequencies to limit being independent of the applied sound level.

the flow around plates in this group (regime ‘b’) The shear layers on each side of the plate had not

indicated there was a lower limit (line AB on Fig 9) reattached to the plate’s surfaces before the separ-

o} 005 Q10 Q15 020 025 0.30

0 (no sound )

Strouhal number

Fig 14 Spectra of hot wire located in wake from a square leading edged plate with sound applied at a
Strouhal number of 0.203 and varying pressure level; hot wire located 2.9 plate thicknesses downstream of
trailing edge; c/t=>5; Re =26 900; —— natural shedding; — - . — applied sound stimulus
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ation bubble grew beyond the trailing edge.® At
sound frequencies less than those corresponding to
this limiting Strouhal number, visualization showed
that the two leading edge separation bubbles inter-
acted in the same way as when no sound was applied
and vortices were shed at Strouhal numbers close to
those observed without sound.

With sound applied at Strouhal numbers
above line CD on Fig 9, visualization of the flow
around plates in regime ‘b’ indicated vorticity
patches being generated and initially shed at the
sound Stouhal number. However, the Strouhal num-
ber of the vortex street within 3 plate thickness of
the trailing edge was approximately equal to that
observed without sound. This result is confirmed by
the averaged spectra shown in Fig 13 and is a similar
result to that observed for longer plates, described
above, where the vortex street initially shed from the
plate at the sound frequency breaks down into a
street with increased vortex spacing.

The data shown in Fig 9 apply to vortex streets
between the plate’s trailing edge and 5 plate thick-
nesses downstream. Further downstream the vortex
street can intermittently break down into a street of
lower Strouhal number when sound is applied at
frequencies corresponding to acoustic Strouhal
numbers below line CD on Fig 9. Evidence of a

* The maximum length of the bubble increases with reducing
sound frequency.

vortex street, with sound applied at a Strouhal num-
ber of 0.204, breaking down into a street of lower
Strouhal number approximately 6 plate thicknesses
downstream of the trailing edge is shown in Fig 6(b).

The shear layers, which separated from the
square leading edges on short chord plates (regime
‘a’ with ¢/t <3) together with their associated vortex
streets, did not change significantly when subjected
to applied sound at acoustic Strouhal numbers rang-
ing between 0.05 and 0.25 and sound pressure levels
up to 16 Pa(rms) (Fig 9).

The longest plate which naturally sheds vor-
tices in regime ‘a’ was the plate with ¢/t = 3.16 with
t =12 mm. This plate was found to respond to
applied sound in a manner similar to plates of higher
¢/t ratios (natural shedding regime ‘c’), shedding a
stable vortex street at the sound frequency for all
acoustic Strouhal numbers from 0.05 up to 0.22
(Fig 9).

For all the plates tested with semicircular
leading edges (0.5<c¢/t=16), the application of
sound had no significant effect on the vortex shed-
ding frequency. Averaged spectra from a hot wire
sensor located 2.9 plate thicknesses downstream of
the trailing edge of a plate with ¢/¢ =16 are shown
in Fig 15. Sound applied with Strouhal numbers
varying between 0.143 and 0.287 produced small
spectral peaks at the sound frequency and negligible
changes in the amplitude and frequency of the spec-
tral peak corresponding to the main vortex shedding.

/

- (no sound)
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Fig 15 Spectra of hot wire located in wake from a semi-circular leading edged plate with applied sound
level at mid-chord = 20 Pa(rms); hot wire located 2.9 plate thicknesses downstream of tratling edge; c/t=16;
Re = 24 000; —— natural vortex shedding; — - - — applied sound stimulus
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Discussion and conclusions

Natural vortex shedding frequencies

The measured values of vortex shedding frequency
have defined the relationships between the Strouhal
number and plate dimensions for flat plates with
square or semicircular leading edges at zero
incidence in a low turbulence open jet for plate
chord/thickness ratios up to 52. The influence of end
plates on the Strouhal number has also been studied
and it should be noted that the present results have
not been subjected to any form of correction for
bleckage effects.

Without sound, apart from a small change in
the chord to thickness ratio at which the abrupt jump
in Strouhal number occurs, the data for plates with
square leading edges (ie prisms with rectangular
cross-sections) agree well with those measured by
Nakaguchi et al™ when end plates are fitted. For a
prism of square cross-section (¢/t = 1) there is good
agreement with the value given by Vickery® while
the results for the shortest plate, with end plates
fitted, agree well with previously published data for
very thin plates normal to the low®>, The reduction
in Strouhal number when the end plates are removed
from plates with square leading edges and ¢/t <1.5
(Fig 2) highlights the sensitivity of the vortex shed-
ding process to flows along the span of the plate.

For plates with square leading edges in the
range 7.6 <c/t <16, where the shear layers are per-
manently reattached, flow visualization without
sound applied shows that the ‘patches’ of fluid con-
taining concentrated vorticity shed from the
separation bubbles are randomly distributed in the
boundary layers (Fig 7(c)). As reattachment is close
to the trailing edge there is little diffusion of the
vorticity, and the random arrival of these patches at
the trailing edge is probably why no clear regular
vortex streets were observed in the region from the
trailing edge up to 20 plate thicknesses downstream.

The very long plates with either square or
semicircular leading edges (c¢/t of 25 and 52) shed
vortices at practically the same frequencies and the
values for the latter group form a smooth curve with
the results for shorter plates (Fig 2). This indicates
that'a distance of about 25 plate thicknesses is
required before the boundary layer characteristics
which affect vortex shedding are insensitive to the
differences in the leading edge geometry. These
lengths agree with the observations of the time
averaged boundary layer characteristics on a long
flat plate with a square leading edge reported by Ota
and Itasaka'® and Ota and Narita*'. Their data
showed the reattachment length to be about 5 plate
thicknesses while development to a fully developed,
flat plate turbulent boundary layer condition
required about 14 plate thicknesses for the mean
velocity profile and more than 18 plate thicknesses
for the turbulence velocities and turbulent shear
stress profiles.

Separation bubble size and natural vortex
street formation

That two square leading edged plates of the same
¢/t ratio (3.16) shed vortices in different regimes
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according to the plate thickness, and that the thicker
plate can be made to shed intermittently in both
regimes by the addition of end plates highlight the
sensitivity of the transition between vortex shedding
regimes to flow in the spanwise direction. Without
end plates installed on the thicker plate, more fluid
penetrates the separation bubble in a spanwise direc-
tion. This increases the length to reattachment and
thus prevents the intermittent shear layer reattach-
ment which is a necessary condition for the plate to
shed vortices naturally in regime ‘b’. The difference
in ¢/t where transition between regimes ‘a’ and ‘b’
occurs in the present tests and that observed by
Nakaguchi et al'® is almost certainly due to differ-
ences in the three-dimensional aspects of the test
arrangements and their influence on the spanwise
flows.

Smoke and smoke probe effects on vortex
shedding frequency

Flow structures in the plate boundary layers down-
stream of the leading edge are much larger than those
induced by the mixing of the gases upstream of the
plate to produce the smoke*?. The insensitivity of
the vortex shedding frequency to the presence of
these smaller structures, when the smoke is intro-
duced either from above or below the plate, suggests
they have a negligible influence on the vortex shed-
ding process. The increase in the vortex shedding
frequency when the smoke probe intersected the
upstream stagnation streamline is consistent with
the results of Laneville, Gartshore and Parkinson®®.

Effect of sound on vortex shedding

In drawing conclusions from the observations
reported in this paper when sound was applied, two
limitations on the range of the applied sound should
be noted. First, the maximum sound pressure levels
and acoustic velocities were small compared with
the pressure and velocity amplitudes frequently
recorded in acoustic or mechanical resonance condi-
tions. Second, the frequency range of the applied
sound was limited with the highest sound fre-
quencies corresponding to Strouhal numbers less
than 0.36.

For the shorter plates in each group (square
leading edges with ¢/t <3.0, semicircular leading
edges with ¢/t <1.2 and the circular cylinder) the
sound applied had no significant effect on the vortex
shedding process; this is consistent with previous
observations by other workers>*%. For all longer
plates (c/t up to 16) where the shear layers naturally
reattach to the plate, the principal influence of
applied sound is to move the reattachment position
closer to the leading edge. The magnitude of this
change increases with both frequency and sound
pressure level. For plates with square leading edges,
the natural oscillations in the length of the leading
edge separation bubbles are suppressed by the appli-
cation of sound and are replaced with oscillations at
the sound frequency. Each bubble grows and divides
once per acoustic cycle forming patches of high
vorticity fluid which move towards the trailing edge
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in the boundary layers of the plate. These discrete
vorticity patches arrive at the trailing edge, alter-
nately from each side of the plate, and interact to
form a vortex street which is shed at the sound
frequency with a relatively small formation region.

An intermediate case arises with square
leading edge plates in regime ‘b’ (3.2<c¢/t<7.6)
when the natural vortex formation process without
applied sound involves intermittent reattachment of
the shear layers during each vortex formation cycle.
If sound is applied at a relatively low frequency
(similar to the frequency of natural vortex formation)
it has little influence on the vortex formation process.
This applies up to the frequency at which the short-
ening of the separation bubble is sufficient to cause
reattachment to the plate surface throughout the
whole cycle. Here, the vortex shedding is changed
to that experienced on longer plates and the applica-
tion of sound at higher frequencies produces a cor-
responding stable vortex street with a Strouhal num-
ber equal to the applied sound Strouhal number (Fig
9). For slightly longer plates with square leading
edges (7.6 <c/t<16) in the presence of sound, the
separation bubbles fluctuated in length in a regular
manner at the sound frequency. The fluctuations in
bubble length were 180° out of phase on opposite
sides of the plate and the vorticity patches generated
by the bubbles growing and dividing were dis-
tributed in a regular pattern in the boundary layers.
These concentrations of vorticity were synchronized
to arrive at the trailing edge alternately from each
side of the plate, which permits a vortex street to be
shed at the sound frequency when the sound is
applied over a wide frequency range.

For cases in which the applied sound causes
vortices to form at the sound frequency, the effect
extends to the highest frequencies applied but, above
a certain limiting value (Strouhal number depending
on ¢/t but always close to 0.21), the resultant vortex
street is not stable near the plate’s trailing edge. The
vortices break down and a new vortex street then
forms further downstream with increased vortex
spacing (and a lower corresponding Strouhal num-
ber). This is similar to the observations made by
Bearman and Davies® when oscillating a triangular
cylinder with the vertex pointing downstream.

The effect of an acoustic field on the position
of shear layer reattachment cannot be explained by
a quasi-steady flow model*’.
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