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SOURCES OF RESONANT VORTICES IN AERO-ACOUSTICS RESONANCE FROM
TANDEM FLAT PLATES
Abstract
Aero-acoustic resonance in flows around flat plates is a major design concern in various practical
applications, especially turbomachinery and heat exchangers, due to its significant effects on fatigue
rates and radiated noises intensity. Although research has been intensive on the topic, there is still a
lot to be understood for effective resonance prediction and control. Resonance in tandem plate systems
is characterized by a double response. This study, investigates for the first time, the flow mechanisms
responsible for the generation of low-velocity and high-velocity resonances of the double resonance
response. Experimental testing and numerical simulation showed that low-velocity resonance vortices are
created by normal shedding in the spacing between the plates, while high-velocity resonance vortices
are formed by the interaction of vortices that are naturally shed in the gap with the downstream plate.
In addition, altering the gap distance between the plates changes the flow regime responsible for the
generation of resonant vortices.
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1. INTRODUCTION
Aero-acoustic resonance has been a topic of interest for many researchers due to its practical
applications in industry such as compressors (Di Bari et al., 2004) and heat exchangers (Eisinger
& Sullivan, 2007). This resonance occurs when vortex from a bluff body shed at a frequency close
to one of the surrounding duct’s acoustic modes. This excites the acoustic mode and generates
acoustic oscillations. The resonance involves a self-sustained mechanism between acoustic
oscillations and vortex shedding called the “feedback loop” in which vortex shedding is locked at
a certain frequency. Details on self-sustained mechanisms can be found in (Assoum et al., 2014)
and (Assoum et al., 2013). Parker (Parker, 1967) has shown that the easiest duct’s acoustic mode
to be excited is the 𝛽-mode whose frequency can be estimated using equation (1). A main concern
in aero-acoustic resonance is that it generates acoustic noises that may exceed the dynamic head
of the flow causing an increase in fatigue rates and threatening mechanical failure of the system.
Therefore, full understanding of the phenomenon is crucial for effective prediction and control.
=

a
2b

(1)

Bluff body geometry is a key parameter that affects the vortex shedding responsible for the
excitation of acoustic resonance. (Parker & Welsh, 1983) identified four different flow regimes
associated with flow around a single flat plate based on its chord-to-thickness 𝑐⁄𝑡 ratio. The flow
regimes differ in the mechanism of separation, and interaction of the shear layers. (Nakamura &
Hirata, 1989) added one more regime to the ones proposed by Parker et al. (1983) and showed that
these regimes affect the behavior of shedding Strouhal number. (Katasonov et al., 2015) and
(Semenov & Bardakhanov, 2007) have shown that the amplitude and range of resonant velocities
in flat plates are affected by the geometric profile of plate’s leading and trailing edges. Despite the
various flow regimes that can be established in different flat plates geometries, resonant vortex
shedding are always located just downstream the trailing edge (Tan et al., 2003)(Mathias et al.,
1988).
In cases of tandem bluff bodies, the vortex shedding mechanism becomes more complex as
the gap between the plates is an additional geometrical parameter that affects the generation of
resonant vortex shedding through the interaction of shear layers with a downstream boundary.
Sakamoto et al. (Sakamoto et al., 1987) experimentally studied vortex shedding from two
rectangular cylinders in tandem with different gap-to-thickness ratios (𝐺). They observed four
different flow regimes with different locations of vortex shedding. Another classification of flow
regimes based on (𝐺) was reported by Havel et al. (Havel et al., 2001) when they studied vortex
shedding from two cubic obstacles at 𝑅𝑒 = 22,000. Another flow regime classification was
proposed by Blazewicz et al. (Blazewicz et al., 2007) as they experimentally studied shear layers
reattachment and interaction in tandem plates based on separation bubble length and 𝑐⁄𝑡 ratio.
However, they did not identify the vortex shedding mechanism corresponding to each flow regime.
Bull et al. (Bull et al., 1997) have shown through experimental testing that the acoustic amplitude
of resonance for two sharp-edge plates in tandem changes, sometimes significantly, with the
change of the associated flow regime.
Aeroacoustic resonance from tandem bluff bodies is often characterized by the excitation
of the lowest duct acoustic mode at two different ranges of flow velocity. This characterization is
referred to as double-resonance response. (Parker et al., 1993), (Stoneman et al., 1988), and
(Mohany & Ziada, 2005). For the case of tandem cylinders, Mohany and Ziada (Mohany & Ziada,
2009b) showed, through experimental analysis and numerical simulation, that lower-velocity
resonance is caused by vortex shedding downstream the tandem system while higher-velocity
resonance is caused by vortex shedding between the cylinders. For the case of tandem flat plates,
Parker et al. (Parker et al., 1993) showed that the lower-velocity and higher-velocity aeroacoustic
resonances occur at different phase angles, signifying different flow regimes associated with each
resonance. El Khatib et al. (El Khatib et al., 2021) supported this finding as they showed that the
two resonances occur at different ranges of reduced velocities, consequently different ranges of
Strouhal number.
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Based on the above discussion, the flow regimes in the double resonance response are
believed to be different but they are still not well identified. The present study discusses, for the
first time, experimentally and numerically, the flow mechanisms responsible for the generation of
lower-velocity and higher-velocity resonances of the double resonance response in aeroacoustic
resonant from flat plates in tandem with different gap-to-distance ratios, and identifies the flow
regime responsible for each resonance.

2. EXPERIMANTAL SETUP

Two sharp-edge flat plates with 𝑐⁄𝑡 ratios of 18 cm/1 cm and 10 cm/ 1.5 cm were installed
at the centerline of a 0.35m x 0.35 m rectangular test section of an open-loop wind tunnel with the
18/1 plate being upstream. The test section is 1.2 m long and is made of 1.5 cm thick transparent
acrylic. Air flow parallel to the direction of plate’ chords with freestream velocity that reaches a
maximum of 60 m/s. A Pitot-static tube with a U-tube manometer were used to calibrate the flow
velocity inside the duct.
The gap distance between the plates was varied to match (𝐺) values of 2, 4, 6 and 8 where
(𝐺) is defined as gap distance (𝑑) divided by the upstream plate thickness (𝑡). A 25.6 KHz
sampling rate, TSI hot-wire anemometer was used to measure the vortex shedding frequency at
different locations in the duct, and a 25 KHz ¼ in. GRAS NI pressure field microphone sensor
was flush-mounter at the lower surface of the duct to measure the temporal coordinate of the
acoustic pressure. Fig.1 shows a sketch of the experimental setup. It is worth noting that the
shedding frequencies reported in the experimental results throughout the script are located in the
gap between the plates.
The lowest acoustic mode of the empty duct (without plates) was found experimentally by
fitting a general purpose NI accelerometer, with a sampling frequency up to 5 KHz, \ to the duct
wall to measure the mechanical vibration of the system while inducing a sounds of different
frequencies using a sound generator. The lowest duct acoustic mode frequency was found to be
490 Hz that is almost equal to the value calculated using equation (1) (491.5 Hz). The
experimentally excited lowest duct acoustic mode frequency with the plates fitted is 445 Hz that
is a bit lower than the empty duct acoustic mode. This agrees with the results of Parker (Parker,
1967) that adding a plate to the duct decreases its acoustic mode frequency by a small value.

Fig.1: Sketch of the experimental setup

(Lighthill, 1952)(Belvins, 1990), and (Mohany & Ziada, 2009a) discussed that under low
Mach number flows, and assuming the plates have a length that is larger than the wavelength of
the acoustic radiation, and with the angle between the microphone sensor and axis of the plates
being 90o, the sound pressure is proportional to dynamic pressure and Mach number. Therefore,
the root mean square (RMS) amplitude of the sound pressure was normalized by the dynamic head
and Mach number (𝑀) as presented in equation (2). This normalization significantly reduces the
https://digitalcommons.bau.edu.lb/stjournal/vol3/iss2/4
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scatter in the sound pressure as it accounts for the main parameters that affect the aero-acoustic
resonance (Mohany & Ziada, 2005). Also, reduced velocity (𝑈𝑟 ) was used to provide generalized
values of flow velocity as in equation (3).
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3. ACOUSTIC RESPONSE OF SINGLE PLATE
Fig2 exhibits the variation of shedding frequency (𝑓) and the normalized acoustic pressure
(𝑃′) with reduced velocity (𝑈𝑟 ) for flow over a single plate 18/1. With the increase of reduced
velocity, the vortex shedding frequency increases at the natural Strouhal number (𝑆𝑡 = 0.2), until
it reaches a value close to the lowest acoustic mode frequency (Ω) at which it locks for a single
range of reduced velocity, that is from 4 to 4.4 in the described case. During this lock-in state, the
sound pressure increases until reaching its peak and decreasing again. Further increasing the flow
velocities break the feedback loop, and the shedding frequency increases again while the resonant
sound pressure decreases. This behavior matches the pattern reported in the literature of the topic
(Mathias et al., 1988)(Welsh & Stokes, 1984).
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Fig2: Shedding frequency and acoustic pressure of single 18/1 plate

4. ACOUSTIC RESPONSE OF TWO PLATES IN TANDEM
The aero-acoustic response caused by flow over tandem flat plates, shown in Fig. 3, is
similar to that of a single plate. The main difference is the presence of double resonance response
in tandem system. For (G = 2) and (G = 4), the double resonance is continuous as the lowervelocity and higher-velocity resonances occur in the ranges of (3.7 to 4.5) and (4.7 to 7.8) in Fig.
3(a), and from (4.23 to 7.3) and (7.3 to 8.8) in Fig. 3(b). Whereas for (G = 6) and (G = 8) the
double resonance is distinct in the ranges of (3.4 to 5), (8.08 to 9.8) and (3.4 to 5.5), (8.8 to 10.4)
in Fig. 3(c) and Fig. 3(d) respectively.
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In addition, two vortex shedding are present simultaneously in the gap between the plates
during the higher-velocity resonance of the double response for Fig.3 (b), Fig.3 (c), and Fig.3 (d)
respectively, signifying that the developed flow regime G = 4, 6 and 8 is different than the regime
established for 𝐺 = 2.
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Fig3: Aero-acoustic response of tandem flat plates woth (a)G=2 (b)G=4 (c)G=6 (d)G=8 (●) represents
vortex shedding (○) reoresents non-resonant vortex shedding during higher-velocity resonance

In order to identify the nature of vortex shedding generated in each of the different
mechanisms of lower-velocity and higher-velocity resonances, Strouhal number was calculated at
the onset of each resonance, as in equation (4), and results are represented in Fig.4. Lower-velocity
resonance and higher-velocity resonance are referred to as Mode 1,1 and Mode 1,2 respectively in
the Fig and throughout the script.
Fore Mode1,1, results show that vortices shed at a Strouhal number value of 0.2 indicating
natural vortex shedding in the gap between the plates. For Mode1,2, at 𝐺 = 2, the resonant vortex
shedding is non-natural as vortices shed a Strouhal number of 0.16. At 𝐺 > 2, the non-resonant
vortex shedding is natural, while the resonant vortices are found to be non-natural as they shed at
𝑆𝑡 lower than 0.2. The decreasing pattern of Strouhal number in Mode1,2 shows that the resonance
requires higher flow velocity to be excited with the increase of gap distance. This observation can
also be noticed when comparing the reduced velocity at the onset of Mode 1,2 resonance in Fig.
3.
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Fig.4: Strouhal number at the onset of resonance

5. MECHANISMS OF VORTEX GENERATION
5.1. Numerical Simulation
To further study the experimental results, the flow mechanism that generate the
vortices in Mode1,1 and Mode1,2, a numerical simulation was performed to model the
transient flow velocity at the onset of each resonance. A finite volume analysis software,
ANSYS Fluent, was used with air being the working fluid. Sparat-Allmaras (Mohany &
Ziada, 2009a) model was adopted for the simulation as it is developed for applications
involving wall-bounded flows and it is accurate for simulating flow separation in boundary
layers (Spalart & Allmaras, 1994). Unstructured triangular and quadrilateral meshes were
used in a 2D plane, with grids near the plates being further refined. The number of elements
is 75,200 and and the grid-dependence of the solution was examined. The time step was set
to 10−5 seconds, so each vortex cycle was solved in 225 time steps.

5.2. Sources of Model 1,1 Vortices
Fig.5 shows a numerical simulation of streamlines at the onset of Mode1,1 resonance
for all tested gap distances. For 𝐺 = 2, the simulation shows vortex shedding trapped between
the trailing edge and leading edge of the upstream and downstream plates respectively. This
shedding is natural as previously discussed in Fig.4. For 𝐺 > 2, a different flow regime is
established as the separate shear layers reattach in the gap between the plates resulting in a
natural resonant vortex shedding just after the upstream plate. The flow separates again at the
leading edge of the downstream plate and vortices shed naturally just after the plate, but this
shedding is non-resonant as it did not excite the duct’s lowest acoustic mode during the
experimental measurements. The simulation results agree with the experimental findings of
(Parker et al., 1993)(El Khatib et al., 2021).
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Fig.5: Simulation of streamlines at the onset of Mode1,1 resonance

5.3. Sources of Model 1,2 Vortices
The simulated streamlines at the onset of Mode1,2 resonance for each gap distance
are presented in Fig. 6. In the case of 𝐺 = 2, similar flow regime to Mode1,1 resonance is
present as the vortices look trapped between the edges of the plates. However, the
experimental results in Fig.4 shows that these vortices shed at a Strouhal number value
different from 0.2 indicating non-natural vortex shedding. Therefore, it is suggested that at
lower-velocities (Mode1,1 resonance) vortices shed naturally in the gap and get trapped
between the plates. At higher flow velocity (Mode1,2 resonance) the interaction of vortices
with the edges of the plates forces the shedding to be trapped in the gap. This justifies the
continuous double resonance response in Fig3. Further investigation through flow
visualization can verify the behavior of the trapped vortices with the increase of flow
velocity.
For 𝐺 > 2, simulation results in Fig. 6 are exhibited in two different instants of the
flow to study the presence of two simultaneous vortex shedding observed in Fig3. The time
steps are represented in terms of one cycle of vortex shedding (𝜏) that is the reciprocal of
the shedding frequency (𝑓). The flow regime is again different from the trapped vortex
established in 𝐺 = 2. At t= 𝜏, the simulation shows natural vortex shedding just after the
trailing edges of the upstream and downstream plates. These vortices are non-resonant as
they did not excite any of the duct’s acoustic modes during the experiments. At t≠ 𝜏 for
𝐺 = 4, 6 and 8 respectively, the resonant vortex shedding was found almost at the leading
edge of the downstream plate. The pattern of streamlines in the gap between the plates
proves that these vortices are not generated from direct reattachment of shear layers at the
downstream plate, but rather from the interaction of vortices that are naturally shed from
the trailing edge of the upstream plate with the leading edge of the downstream plate. This
justifies the presence of vortex shedding that look simultaneous during the experimental
measurements as shown in Fig3.
The reason why vortices that shed from the upstream plate and interact with the
downstream plate are not always resonant can be referred to the fact that the occurrence of
resonance depends on the phase at which the vortices arrive corresponding to the acoustic
cycle (Stokes & Welsh, 1986). This phase is affected by the convection velocity of the
vortex that is dependent on the flow velocity. Therefore, a specific range of flow velocity is
required for these vortices to be resonant. This justifies the presence of continuous or
distinct double resonance response for different gap distances.
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Fig.6: Simulation of streamlines at the onset of Mode1,2 resonance

6. CONCLUSION
An investigation of the sources of aero-acoustic resonant vortices in flow over tandem flat
plates was performed through experimental testing and numerical simulation. The following
conclusions are drawn out:
1. The aero-acoustic response is characterized by a double resonance response in which lowest
duct’s acoustic mode is excited twice in two different ranges of flow velocities.
2. The lower-velocity resonance is caused by natural vortex shedding while the higher-velocity
resonance is caused by the interaction of vortices that shed from the upstream plate with the
leading edge of the downstream plate.
3. During the higher-velocity resonance, two vortices are shed in the gap between the plates. One
is natural shedding, and the other is caused by the interaction of vortices with the downstream
plate. The latter is the resonant vortex shedding.
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4. Altering the gap distance affects the flow regime developed in the gap between the plates. At
𝐺 = 2, a trapped vortex regime is established in which vortices cover the whole gap and are
confined within it. At low flow velocities, the vortex is caused by natural shedding while at
higher velocities, it is caused by the interaction of vortex with the edges of the plates. At 𝐺 >
2, vortices that shed from the trailing edge of the upstream plate are free to move through the
gap between the plates.
The above conclusions clearly identifies the flow-mechanisms responsible for the
generation of lower-velocity and higher-velocity resonances in flows around tandem flat plates.
This identification would help in settings tools for the prediction of resonance velocities and this
is mainly important for avoiding aeroacoustic resonance in the design phase of real applications.
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