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ABSTRACT: 

This paper investigates vortex shedding processes occurring at the end of a stack of parallel plates, due to an oscillating 

flow induced by an acoustic standing wave. Here the hot-wire anemometry measurement technique is applied to detect 

the velocity fluctuations due to vortex shedding near the end of the stack. The hot-wire fast time response enables 

obtaining detailed frequency spectra of the velocity signal, which can be used for identifying the dominant frequencies 

associated with vortex shedding, and thus allow calculating the corresponding Strouhal numbers. By varying the stack 

configuration (the plate thickness and spacing) and the acoustic excitation level (the so-called drive ratio), the impact of 

the stack blockage ratio and the Reynolds number on the Strouhal number has been studied in detail. Furthermore, in 

the range of the Reynolds numbers between 200 and 5,000 a correlation between the Strouhal number and Reynolds 

number has been obtained and compared with analogous relationships in the steady flow. Particle Image Velocimetry 

(PIV) is also used to visualize the vortex shedding processes within an acoustic cycle, phase-by-phase, in particular 

during the part of the cycle when the fluid flows out of the stack – selected cases are shown for comparisons with hot-

wire measurements. 
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1. Introduction 

 

Vortex shedding from bluff bodies, and the associated vortex shedding frequency, have been a subject of many 

investigations since the pioneering work carried out by Vincenc Strouhal and published in 1878 [1]. This investigated 

the relation between the tone of a “singing” wire and fluid flow velocity – the sound produced by the wire being directly 
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related to the vortex shedding frequency. The non-dimensional analysis led to what today is described as Strouhal 

number:  

 0/St Ufd= . (1) 

where f, d and Uo are shedding frequency, characteristic dimension (e.g. cylinder diameter) and free stream velocity, 

respectively. Rayleigh [2] pointed out that the Strouhal number should be a function of the Reynolds number. The 

earliest fluid dynamical studies of the vortex shedding processes from circular cylinders are usually attributed to von 

Karman (cf. Kovasznay [3]) who observed the characteristic flow patterns referred to as “von Karman vortex street”. 

 

Kovasznay [3] carried out some of the earliest quantitative investigations of the regular vortex street pattern behind a 

circular cylinder using hot-wire technique. His studies of Strouhal number covered Reynolds numbers up to 104. He 

obtained the critical Reynolds number of 40 at which vortices are shed, and the correlation between the Strouhal 

number, and Reynolds number from the critical value of 40 to around 10,000. Roshko [4] used standard hot-wire 

techniques to study the wake development behind the circular cylinder at low Reynolds number in a low-speed wind 

tunnel. Two distinct Reynolds number ranges according to different periodic wake phenomena behind circular cylinders 

were observed. The first one is the stable Reynolds number range from 40 to 150, in which the classical stable von 

Karman vortex street is formed and no turbulence develops. In the second range (above Reynolds number of around 300) 

the periodic shedding is accompanied by irregular or turbulent velocity fluctuations. The correlations between the 

Strouhal number and Reynolds number in two Reynolds number ranges were given. Roshko also pointed out that the 

effect of other geometrical parameters, such as the blockage ratio, on the Strouhal number must be taken into account. 

 

Williamson [5] carried out a study on the transition range between the “stable” and “irregular” regions and confirmed 

that there exists a complex relationship between the Strouhal number and Reynolds number in the range from 150 to 

around 300. West and Apelt [6] investigated the effects of tunnel blockage on the mean flow past a circular cylinder. In 

a range of blockage from 2 to 16%, its effect on the pressure distribution, drag coefficient and Strouhal number was 

revealed. Okajima [7] conducted the experiments on the vortex-shedding frequencies and corresponding Strouhal 

numbers of various rectangular cylinders in a wind tunnel and in a water tank. The hot-wire anemometer was used for 

measuring shedding frequencies, and its signal and the corresponding frequency spectra were analyzed. Relationships 

between Strouhal and Reynolds numbers for different rectangular cylinders were obtained. Al-Asmi and Castro [8] 

investigated the flow past bluff bodies of different geometries including flat plate, tee-shaped body, as well as triangular 

and rectangular cross-sections. The variations of Strouhal number with Reynolds number and wind tunnel blockage was 

obtained. In a relatively recent research, Ferreira and Vieira [9] investigated the flow around modified circular cylinder 
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having a longitudinal notch using hot-film anemometry. The relationship between Strouhal and Reynolds numbers up to 

Reynolds number of 1, 000 was obtained. 

 

In oscillatory flows Strouhal number can have two meanings, which is often a source of confusion in the literature. 

Firstly, it may be used to define the underlying flow forcing: Stexcit = fexcit D/U, where fexcit is the underlying frequency of 

the oscillatory motion (flow excitation), D is the characteristic dimension (for example cylinder diameter or channel 

width) and U is a characteristic velocity, typically the amplitude of the velocity oscillation. It is also common to replace 

Strouhal number by Keulegan-Carpenter number (KC) which in effect represents an inverse of Stexcit. Secondly, 

Strouhal number may actually refer to vortex shedding processes occurring during part of the oscillation cycle on the 

bluff body under investigation. In this second meaning the frequency used in Strouhal number definition is the actual 

vortex shedding frequency as envisaged in the original definition (1), although some additional discussion is needed 

regarding the selection of representative frequency values and reference velocities. It is the latter of the two definitions 

of the Strouhal number that is considered in this paper. 

 

Studies of Strouhal number in oscillatory flows are relatively limited, for which there are perhaps two main reasons: 

Firstly, oscillatory flows past bluff bodies typically lead to much more complex vortex shedding phenomena than in 

steady flows and therefore their phenomenological description is not as straightforward as the classical von Karman 

vortex street. For example, Williamson and Roshko [10] observed the vortex formation in the wake of an oscillating 

cylinder in stationary fluid. Various vortex patterns behind the oscillating cylinder were found, such as the formation of 

a single vortex, vortex pairs or combination of single vortices and vortex pairs and so on. Similar studies were 

conducted by Okajima et al. [11] who investigated the morphology of vortex patterns for circular and square cylinders 

in an oscillatory flow using flow visualizations and linked their appearance with the unsteady structural loading. Chung 

and Kang [12] and Barbi et al. [13] carried out studies of the vortex shedding and its interesting “lock-on” effects 

behind a cylinder in the oscillatory incoming flow using a numerical analysis. 

 

The second difficulty related to defining Strouhal numbers for oscillatory flows is their transient nature: considering one 

side of the bluff-body, vortex shedding occurs only during part of the cycle, while the underlying shedding frequency 

may change with time as the instantaneous free stream velocity changes. Thus there is a degree of subjectivity in 

choosing the method of calculating the shedding frequency from experimental data and choosing the reference velocity 

for the subsequent Strouhal number calculations. Some examples will be given below in the context of thermoacoustics 

research. 
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Similar complex vortex shedding phenomena in the oscillatory flow also appear in thermoacoustic systems where an 

oscillatory flow induced by the high-amplitude acoustic excitation interacts with internal structures, such as stacks, 

regenerators and heat exchangers. These internal structures (generally referred to as a “thermoacoustic core”) allow a 

“thermoacoustic effect” to take place [14, 15], in which appropriately phased pressure and velocity oscillations enable 

the compressible fluid to undergo a thermodynamic cycle within the interstices of such internal structures. The simplest 

geometries of such structures are parallel plates and hence oscillatory flows around “parallel plate stacks” are of great 

interest within thermoacoustics. Unfortunately, fluid flow processes in the thermoacoustic stacks are not fully 

understood due to their complexity induced by the geometrical discontinuities (end of stack) combined with the 

oscillatory nature of the flow.  

 

Previous investigations focused mainly on the application of “full field of view” techniques such as Particle Image 

Velocimetry (PIV) around parallel plate stacks. For example, Blanc-Benon et al. [16] investigated the flow structures 

shed from a stack of parallel plates, while Berson and Blanc-Benon [17] studied “non-periodicity” of the flow within 

the gap of a thermoacoustic couple. Interestingly, the latter work tried to derive vortex shedding Strouhal number: the 

frequency was estimated by “counting” the vortex structures on PIV images taken at two different phases of the 

acoustic cycle, while the reference velocity was taken as the convection velocity of the vortices. Unfortunately such a 

methodology leads to rather unrealistic St numbers (compared to classic von Karman shedding) around 0.4. Studies of 

Mao et al. [18] demonstrated the processes of vortex evolution during the part of the acoustic cycle where vortices are 

shed from stack plates, using two stacks with 1 and 5 mm thick plates, and with fixed spacing between the plates (5 and 

10 mm, respectively). They observed two different evolutions of vortex patterns for 1 and 5 mm plate, respectively. 

Results of Aben et al. [19] showed four categories of the vorticity plots at the stack end: “two vortices”, “four vortices”, 

“transition area” and a “vortex street”. Shi et al. [20] carried out systematic investigations of vortex wake patterns and 

their transitions occurring at the end of the parallel-plate thermoacoustic stacks, giving a total of 108 experimental 

conditions. They revealed the significant effects of some non-dimensional parameters, such as the Reynolds number and 

Womersley number (the ratio of the spacing between adjacent plates to the viscous penetration depth), on vortex wake 

patterns and their transitions. Vortex phenomena near the end of a thermoacoustic stack were also a subject of 

numerical simulations [21, 22]. Worlikar et al. [21] used a low Mach-number compressible flow model to investigate 

the effects of the acoustic amplitude, the stack blockage ratio, stack position in the resonator and boundary layer 

thickness on the unsteady flow around the thermoacoustic stack. Besnoin and Knio [22] carried out unsteady 

simulations of the flow field in the neighborhood of the stack and heat exchangers. They found the appearance of a 

large-amplitude wavy motion within the gap, between the plates and in the vicinity of the thermoacoustic stack, and the 

occurrence of cycle-to-cycle variability at the relatively high acoustic amplitude. 
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However, it should be noted that vortex shedding processes could be investigated using much simpler hot-wire 

anemometry techniques, which could provide high temporal resolution in order to investigate the spectra of velocity 

fluctuations behind the stack and subsequently obtain the corresponding Strouhal number values. Standard PIV 

techniques are usually too slow to provide time-resolved signals in thermoacoustic applications where excitation 

frequencies are often of the order of tens of Hertz. Surprisingly, there is only very limited number of hot-wire studies of 

vortex shedding from stack plates. Mao et al. [18] provided a very fragmentary set of hot-wire data for selected flow 

conditions around the two stack configurations discussed above. The relation between the Strouhal number (based on 

velocity amplitude near the end of the channel between plates) and the Reynolds number (based on the plate thickness) 

is plotted revealing two distinct levels of St: around 0.1 and 0.2 for two plate thickness values investigated. The key 

question that remained unanswered was whether there is a discrete change in St, due to some sort of “threshold” value 

of the plate thickness, or is there a “smooth transition” in the range of St, when the plate thickness is varied in small 

steps? In this sense, present paper is a further development of earlier work [18]: it investigates a wider parameter range 

(the plate thickness: 0.5, 1, 2, 3, 4 and 5 mm, and plate spacing between 1.2 and 10.8 mm) and tries to cover more 

systematically the Reynolds number range up to 5,000. It also attempts to obtain an experimental correlation between St 

and Re numbers. In addition, the effect of the channel blockage ratio on the Strouhal number at a given Reynolds 

number is studied. 

 
2. Experimental apparatus and measurement procedure 
 
The experimental rig is shown schematically in Fig. 1. The 7.4 meters long resonator is a metal tube with a square 

internal cross section of 134mm x 134mm. It is joined with a cube-shaped loudspeaker box, on which an 18 inch 

diameter, 600 W loudspeaker (Model PD1850) is mounted to generate an acoustic standing wave within the resonator. 

The acoustic coupling between the resonator and the loudspeaker generates a quarter-wavelength acoustic wave with 

the fundamental frequency 13.1 Hz. The resonator is filled with air at atmospheric pressure and at room temperature. 

The resonator is equipped with a piezoresistive pressure transducer (Endevco Model 8510B-2) to measure the pressure 

amplitude at one end of the resonator, which is used as a reference signal to trigger PIV measurements, phase locked to 

the acoustic cycle. The stack is placed in the resonator 4.6 meters (about 0.17 of the wavelength) from the end cap of 

the resonator. 

 
Figure 2 shows schematically the configuration and the key geometrical parameters of the stacks. The stack plates are 

cut out of metal sheets, machined to ensure uniform sizes and square edges. The length of each plate (l) is 200 mm, 

while their width is 132 mm; six different plate thicknesses (d) were used: ≈ 0.5, 1, 2, 3, 4 and 5 mm (exact thickness 

values shown in Table 1). Each plate has four holes drilled for mounting “pillars” which support the whole stack 

structure. The distance between adjacent plates (D) is maintained by “spacers” made out of cut-outs of a 1.2 mm thick 
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perforated sheet (this ensured a uniform thickness of the spacers). The plate spacing was therefore a multiple of 1.2 mm. 

Overall – nine different plate spacings were tested: from 1.2 to 10.8 mm. Table 1 summarizes the stack geometries and 

flow conditions used in this work. 

 

Figure 1 Sketch of the experimental apparatus 

 
Figure 2 Geometry of the stack (only three plates shown) 

 
In Table 1, the drive ratio (Dr), is defined as the ratio of the peak pressure amplitude to the mean pressure, which is 

usually used to characterize the intensity of the acoustic standing wave in thermoacoustic systems. The blockage is 

defined as the cross sectional area of the stack occupied by the plates over the cross-sectional area of the resonator. For 

parallel plate stacks it can be written as d/(d+D). For a given stack geometry the flow velocity amplitude and the 

corresponding Reynolds number can be controlled by varying the drive ratio. The Reynolds number, Re, is defined as 

 ν/Re duaM= , (2) 

where ν is the kinematic viscosity of air at ambient conditions, uaM is the velocity amplitude (i.e. peak value of velocity) 

at point M in Fig. 2 (measured using PIV as described below). Essentially, equation (2) represents the peak Reynolds 

number of the oscillatory flow. Ratio δν/D in Table 1 is the ratio of Stokes layer thickness to plate spacing. 
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Table 1 Summary of stack dimensions and experimental conditions; symbol “#” is used to identify the “case 
number” for the subsequent discussion of results. 

 
# d (mm) D (mm) d/(d+D) δν/D Dr (%) uaM (m/s) Re 
1 0.51 1.2 0.3 0.51 1.5 6.14 207 
2 0.51 1.2 0.3 0.51 2 8.37 281 
3 0.51 2.4 0.18 0.25 2 7.32 246 
4 0.51 2.4 0.18 0.25 3 10.61 357 
5 0.51 3.6 0.12 0.17 2 5.76 194 
6 0.51 3.6 0.12 0.17 3 8.71 293 
7 0.51 3.6 0.12 0.17 3.5 10.19 343 
8 0.51 4.8 0.1 0.13 3 9.39 316 
9 0.99 1.2 0.45 0.51 1 5.03 328 

10 0.99 1.2 0.45 0.51 2 7.77 507 
11 0.99 2.4 0.29 0.25 1 4.31 281 
12 0.99 2.4 0.29 0.25 1.5 6.23 407 
13 0.99 2.4 0.29 0.25 2 8.53 557 
14 0.99 2.4 0.29 0.25 3 12.28 801 
15 0.99 3.6 0.22 0.17 1 3.1 203 
16 0.99 3.6 0.22 0.17 1.5 4.88 318 
17 0.99 3.6 0.22 0.17 2 6.1 398 
18 0.99 3.6 0.22 0.17 2.5 8.13 531 
19 0.99 3.6 0.22 0.17 3 9.32 608 
20 0.99 3.6 0.22 0.17 3.5 11.38 743 
21 0.99 3.6 0.22 0.17 4 13.01 849 
22 0.99 4.8 0.17 0.13 1.5 4.95 323 
23 0.99 4.8 0.17 0.13 2 6.63 433 
24 0.99 4.8 0.17 0.13 3 10.39 678 
25 0.99 7.2 0.12 0.08 2 5.92 386 
26 0.99 7.2 0.12 0.08 3 9.42 615 
27 2.21 2.4 0.48 0.25 0.6 3.07 447 
28 2.21 2.4 0.48 0.25 1 4.82 702 
29 2.21 2.4 0.48 0.25 1.5 7.23 1053 
30 2.21 2.4 0.48 0.25 2 8.89 1295 
31 2.21 4.8 0.32 0.13 1 3.77 550 
32 2.21 4.8 0.32 0.13 1.5 5.72 833 
33 2.21 4.8 0.32 0.13 1.8 6.93 1010 
34 2.21 4.8 0.32 0.13 2 7.78 1133 
35 2.21 4.8 0.32 0.13 2.2 8.65 1260 
36 2.21 4.8 0.32 0.13 2.5 9.93 1447 
37 2.21 4.8 0.32 0.13 2.8 11.24 1638 
38 2.21 4.8 0.32 0.13 3 12.18 1774 
39 2.21 4.8 0.32 0.13 3.2 13.13 1913 
40 2.21 4.8 0.32 0.13 3.5 14.52 2116 
41 2.21 6 0.27 0.10 1.5 5.35 780 
42 2.21 6 0.27 0.10 2 7.41 1079 
43 2.21 6 0.27 0.10 3 11.43 1666 
44 2.21 8.4 0.21 0.07 1.5 4.85 707 
45 2.21 8.4 0.21 0.07 2 6.62 965 
46 2.21 8.4 0.21 0.07 3 10.39 1513 
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47 3 4.8 0.38 0.13 1 4.1 810 
48 3 4.8 0.38 0.13 2 8.54 1690 
49 3 4.8 0.38 0.13 3 12.24 2420 
50 3 4.8 0.38 0.13 4 16.32 3227 
51 3 6 0.33 0.10 3 12.76 2523 
52 3 8.4 0.26 0.07 1.5 5.19 1026 
53 3 8.4 0.26 0.07 2 7.15 1414 
54 3 8.4 0.26 0.07 3 10.96 2167 
55 4.06 4.8 0.46 0.13 1.5 6.95 1859 
56 4.06 4.8 0.46 0.13 2 9.4 2514 
57 4.06 6 0.4 0.10 1.8 7.62 2040 
58 4.06 6 0.4 0.10 2 8.47 2267 
59 4.06 6 0.4 0.10 2.2 9.32 2494 
60 4.06 6 0.4 0.10 2.4 10.17 2721 
61 4.06 6 0.4 0.10 2.6 11.01 2947 
62 4.06 6 0.4 0.10 2.8 11.86 3174 
63 4.06 6 0.4 0.10 3 13.35 3573 
64 4.06 6 0.4 0.10 3.2 13.96 3736 
65 4.06 6 0.4 0.10 3.5 14.82 3968 
66 4.06 7.2 0.36 0.08 1 4.09 1095 
67 4.06 7.2 0.36 0.08 1.5 6.24 1671 
68 4.06 7.2 0.36 0.08 2 8.49 2273 
69 4.06 7.2 0.36 0.08 3 12.79 3424 
70 4.06 9.6 0.3 0.06 1.5 5.21 1395 
71 4.06 9.6 0.3 0.06 2 7.11 1904 
72 4.06 9.6 0.3 0.06 3 11.08 2966 
73 5.12 10 0.34 0.06 2 6.2 2228 
74 5.12 10 0.34 0.06 3 9.54 3341 
75 5.12 10.8 0.32 0.06 2 13.36 4509 
76 5.12 10.8 0.32 0.06 3 12.09 4081 

 
 

To investigate the vortex shedding frequencies, a standard hot-wire anemometry system by TSI, IFA300, was used to 

detect fluid velocity fluctuations near the end of the stacks. The sensor was Dantec 55P11 probe with 5 μm diameter 

tungsten wire. The hot-wire probe is placed normal to the plate and the axis of the resonator. Its distance from the edge 

of the plate was 4d, as shown in Fig. 2. This distance has been chosen after preliminary measurements to establish the 

region where the highest velocity fluctuation levels exist for various plate thickness values – 4d came out as one of the 

most representative locations. The signals from the hot-wire anemometer were recorded with a sampling frequency of 

5,000 Hz by a data acquisition card (Omega DAQTemp14A). 16,384 data points were acquired for each experimental 

run. Finally, hot-wire signals were analyzed using with Fast Fourier Transform (FFT) method in order to extract peak 

frequency in the frequency-spectrum. 
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In order to visualize the vortex shedding processes corresponding to hot-wire signal traces, flow field measurements 

were performed using PIV system by LaVision. As shown in Fig. 1, the laser sheet is generated by a dual Nd:YAG laser 

with a wavelength of 532nm, and combined with sheet optics and divergence lens. It enters the resonator 

perpendicularly to its axis, is reflected by a small mirror and becomes parallel to the resonator axis and normal to the 

surface of the stack plates. Images are taken by LaVision Imager Pro plus camera with a 4 mega-pixel CCD sensor and 

post processed using commercial software LaVision DaVis 7.2. The flow is seeded with olive oil droplets, produced by 

an oil droplet generator (TSI’s model 9307). The mean droplet diameter is 1 micron. Cross-correlation mode is used and 

the interrogation window is 16 pixels by 16 pixels. The field of view of the PIV images varied from 15mm× 15mm to 

60mm× 60mm, depending on the flow features to be imaged. The maximum spatial resolution was 0.12 mm. 

 

PIV flow field measurements were performed at 20 phases in one acoustic cycle as illustrated in Fig. 3. For each phase, 

100 pairs of frames were taken to calculate the phase-averaged velocity vector fields. For the convenience of explaining 

the hot-wire signal traces and corresponding flow patterns by PIV, two flow stages are defined according to fluid flow 

direction. In Fig. 2, when the velocity at point M is toward the positive direction of x coordinate (corresponding to 

phases Φ1 through to Φ10 as illustrated in Fig. 3), it is referred to as an “ejection” stage; whereas when it is toward the 

negative direction of x coordinate (corresponding to phases Φ11 through to Φ20), it is referred to as a “suction” stage. 

For convenience of further explanation, the ejection stage can be further subdivided into acceleration stage (phases Φ1-

Φ5) and deceleration stage (phases Φ6-Φ10). 

 

Figure 3 Phase-averaged velocity at point M and 20 tested phases (d=1mm, D=4.8mm, Dr=0.6%). 
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3. Experimental results and discussion 

 

As shown in Table 1, 76 experimental cases were studied in total. To avoid introducing a large number of figures, the 

presentation of experimental results starts with a detailed analysis of one typical flow case, which includes the shedding 

frequency measurement, data processing procedure, and corresponding PIV visualization of the vortex shedding process 

phase by phase. This typical case, shown in section 3.1, illustrates the detailed procedures undertaken to process the 

experimental data for each of the 76 cases. Following this, section 3.2 discusses the relationship between Strouhal and 

Reynolds numbers for several different stacks. In section 3.3, the impact of the blockage of the stack on the relationship 

between Strouhal and Reynolds number is discussed. Finally, section 3.4 analyses a complete map of Strouhal number 

versus Reynolds number dependence for all of the tested cases. Here the Strouhal number in Equation (1) is based on 

the plate thickness, d, the velocity amplitude at the entrance to the stack, uaM, and vortex shedding frequency, f, which is 

obtained from frequency spectra of the hot wire signal. 

 

3.1 Detailed analysis of a typical case 

 

The experimental case discussed in detail in this subsection is the case 23, which is the stack with d=1mm, D=4.8mm at 

the acoustic excitation level Dr=2.0% and the resulting peak Reynolds number Re=433. Figure 4a shows the original 

hot-wire signal trace in one acoustic cycle. Due to the nature of a single hot-wire measurement, which does not detect 

the flow direction, signals at both the “ejection” and “suction” stages have the same positive sign, somewhat similar to 

the absolute value of a sinusoidal wave. It can be seen that there is a strong “fluctuation burst” in the first half of the 

cycle (“ejection” stage), when the fluid flows out of the stack and the vortices are shed from the plates. It is also found 

that the relatively large fluctuations of hot-wire signal do not appear until Φ4, but subsequently dominate the signal in 

the whole of the decelerating stage (90○-180○). For the second half of the acoustic cycle (“suction” stage), there is some 

small fluctuation in the acceleration phase (180○-270○), while the signal trace is quite smooth in the deceleration phase 

(270○-360○). 

 

As mentioned above, PIV measurement has also been carried out to gain an insight into the corresponding vortex 

shedding processes. For the convenience of this comparison, six phases (Φ2, Φ4, Φ5, Φ7, Φ8 and Φ10) in the “ejection” 

stage and four phases (Φ11, Φ13, Φ16 and Φ19) in the “suction” stage are marked by the dashed lines in Figure 4 (a). The 

PIV pictures corresponding to these phases are shown in Figure 5, discussed later. 
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Judging from Fig. 4a, the obtained hot wire signal combines the effects of acoustic velocity (at 13.1 Hz) and the 

velocity fluctuations due to vortex shedding. Therefore, to aid analysis, before applying the fast Fourier transform (FFT) 

algorithm to extract vortex shedding frequency, the oscillatory sinusoidal signal with the fundamental frequency 13.1 

Hz is removed. This could in principle be done in two ways: by applying a high pass signal filter before the data 

acquisition, or by using a digital high pass filter during data post-processing. During this work a high pass filter was 

applied to the signal within the data acquisition loop, with the set threshold frequency of 15 Hz. The filtered hot wire 

signal (with the acoustic velocity component removed) is shown in Fig 4b: the high frequency fluctuations are clearly 

visible.  

 
 

Figure 4 Hot-wire signal within an acoustic cycle and the corresponding frequency spectrum (d=1mm, D= 4.8mm, 
Dr=2.0%, Re=433); a – original hot-wire signal; b – filtered hot-wire signal; c – frequency spectrum 
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It is worth adding that Figs. 4a and 4b only show a sample from one acoustic cycle. However, for each experimental run 

100 cycles have been recorded. To ensure that the FFT is applied to a statistically meaningful set of fluctuations, the 

100 cycles of filtered signal traces have been divided into data blocks. Each data block has 256 data points, which starts 

from the same phase in each acoustic cycle, and covers the whole “fluctuation burst” (such as shown in Figure 4b).  For 

each data block, a frequency spectrum can be obtained after the application of FFT. For each run, 100 frequency spectra 

can be obtained. To cancel the effects of cycle-to-cycle variability, the 100 frequency spectra obtained are averaged, 

giving a mean frequency spectrum such as shown in Fig. 4c. 

 

Figure 5 gives the vorticity fields for the same case as shown in Fig. 4 for the phases highlighted in Fig. 4a. At the 

beginning of the ejection stage (Fig. 5a – Φ2), the flow starts to accelerate and forms a pair of attached vortex structures 

at the end of the plate. They are symmetrical relative to the centre-line of the plate. This corresponds to a relatively 

smooth rise in the hot-wire signal trace in Fig. 4a. As the velocity gradually increases the flow pattern changes 

accordingly. The attached symmetrical vortex structures (Fig. 5b – Φ4) start to break up into discrete vortices, which 

look as though they were shed alternately from the top and the bottom side of each plate. It corresponds to occurrence 

of fluctuations in hot-wire signal traces in Fig. 4a (Φ4). As the flow velocity increases further in Fig. 5c (Φ5), the vortex 

shedding pattern extends relatively far from the plate, in a similar fashion to the classical “vortex street”. This 

corresponds to a high amplitude of hot-wire signal fluctuations as can be seen in Fig. 4a (Φ5). When the flow enters the 

deceleration stage, the velocity starts to decrease. However vortex shedding still remains a dominant feature with vortex 

structures extending further from the plates as illustrated in Figs. 5d and 5e (Φ7 and Φ8). This agrees well with the hot 

wire signal in Fig. 4a, where the strong fluctuations dominate in the whole deceleration stage. At the end of the 

deceleration stage – see Fig. 5f (Φ10) – the flow slows down and the “vortex street” gradually disappears. After this 

phase, the flow reverses and starts to enter the “suction” stage of the cycle, as seen in Fig. 5g (Φ11). The hot-wire signal 

trace gives nearly a minimum value at this phase. When the fluid velocity increases (in the direction towards the stack) 

a pair of attached counter-rotating vortex structures at the end of the plate are formed (see Fig. 5h – Φ13), which 

corresponds to smooth changes of hot-wire signal traces in Fig. 4a (Φ13). Further increase and subsequent decrease of 

the fluid velocity does not affect the flow structure significantly as shown in Figs. 5i and 5j (Φ16 and Φ19, respectively). 

The hot-wire signal is relatively smooth, until the flow enters the next acoustic cycle. 
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Figure 5 Vorticity fields for the flow at the end of the stack; d=1mm, D=4.8mm, Dr=2.0%, Re=433, the particle 
displacement amplitude equals to 81 mm; Arrows in the frames indicate the magnitude and direction of phase-

averaged velocity uM corresponding to this frame; values of uM are given next to the arrows. 
 

3.2 The relationship between Re and St for a given configuration of stack 

 

In this subsection, the relationship between Reynolds number and Strouhal number is shown for three different sizes of 

stacks, which are referred to as stack A (d = 1mm, D = 3.6 mm), stack B  (d = 2mm, D = 4.8mm) and stack C (d = 4mm, 

D = 6mm).   
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Figure 6 shows hot-wire signal traces within an acoustic cycle and the corresponding frequency spectra obtained for 

stack B for three different Reynolds numbers, which correspond to flow cases 31, 34 and 38 in Table 1. Clearly, the 

fluctuation frequencies of the hot-wire signal traces increase with the increase of Re, which can be seen both in the 

time-domain (Figs 6a, c and e) and the frequency domain (peak frequencies visible in spectra in Figs. 6b, d and f). 

However, it is also interesting to note that the frequency spectra for each of the three Re values exhibit some form of 

“broad-band” character (in particular Fig. 6f). This is different from sharp peaks which would normally be obtained in 

the steady flows past bluff bodies. This wide band of frequencies could be due to variations in the shedding frequency 

as an instantaneous velocity changes in the ejection stage, although it could also be an effect of averaging the 

instantaneous flow field characteristics that may change from cycle to cycle. 

 
Figure 6 Hot-wire signal traces within an acoustic cycle and the corresponding frequency spectra of stack with d 

= 2mm, D = 4.8mm; a, b (Re = 550, Dr = 1.0%); c, d (Re = 1133, Dr = 2.0%); e, f (Re = 1774, Dr = 3.0%) 
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The Strouhal numbers obtained for all the flow cases related to stack B (i.e. 31 – 40 in Table 1), are calculated using Eq. 

(1). The relationship between the obtained Strouhal numbers versus Reynolds numbers is plotted using square symbols 

in Fig. 7. In addition, analogous results obtained using stacks A (flow cases 15 – 21 from Table 1) and C (flow cases 57 

– 65 from Table 1) are also shown in Figure 7 as diamonds and triangles, respectively. It can be seen that in general 

terms Strouhal number increases as Reynolds number increases. While for stack B this dependence is practically 

monotonic, it is not for stacks A and C – some degree of “scatter” occurs around the underlying overall trend. However 

such “scattered” points can also be seen in the data obtained earlier by Mao et al. [18]. It is possible that such behaviour 

can arise from the variability in the underlying flow patterns, as well as shedding phenomena occurring in slightly 

different parts of the acoustic cycle – in other words the velocity amplitude not being fully representative of the 

shedding phenomena, for the purpose of obtaining Strouhal number values. 

 

 
          Figure 7 Variations of Strouhal number with Reynolds number for given configurations of stack 

 

To expand the latter point further: it is believed that the relationship between St and Re is closely related to the vortex 

wake pattern transitions at the end of the stack. Earlier work [23] and [24] summarised the vortex wake pattern 

transitions (obtained, among others, for flow cases around stacks A, B and C). Here, as an example, three cases of flow 

patterns, obtained on stack C, are illustrated in Fig. 8 (for brevity only phases Φ5 and Φ9 are shown in each case). At the 

relatively small Reynolds number (flow case 61 in Table 1, Re = 2947, Fig. 8a and b), the vortex patterns over the 

ejection stage simply change from the attached symmetrical vortices (which are similar to those in Fig. 5a) to alternate 

shedding from both sides of the plate as shown in Fig. 8a. This flow pattern does not change until the flow reverses 

(vortex pattern in Fig. 8b does not change significantly, except that it propagates further downstream). At a higher 

Reynolds number (flow case 63, Re 3573, Figs. 8c and d), the alternate vortex shedding patterns dominate in the 

ejection stage. The Strouhal number increases as would be expected from a higher value of the velocity amplitude (cf. 

Fig. 7). However, at the highest Reynolds number studied for stack C (flow case 65, Re 3968, Figs. 8e and f), the vortex 
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patterns of the alternate shedding (Fig. 8e) evolve into elongated vortex structures (Fig. 8f) in the deceleration stage, or 

in other words the shedding of discrete vortices stops earlier within the cycle compared to previous cases. However, 

despite the change in the flow physics, Eq. (1) is used indiscriminately to calculate St, which may lead to somewhat 

“scattered” (non-monotonic) behaviour of St vs. Re dependence. The problem of changing flow physics is illustrated in 

Fig. 9 by selecting the hot-wire signals for flow cases 63 and 65. It can be seen that both the timing of the fluctuations 

within the cycle and the length of time when the representative fluctuations take place are different in different flow 

situations. For example, the representative fluctuations for the flow case 63 in Fig. 9a (i.e. those ultimately defining St) 

appear mostly in the deceleration stage. The representative fluctuations for the flow case 65 in Fig. 9b only cover the 

end of acceleration and beginning of deceleration. The representative (or main) fluctuations are marked in Fig 9 by the 

label “fluctuation time”. This is not to say that there are no fluctuations outside these marked periods, but that the ones 

outside may not be the ones that should really define the Strouhal number. 

 

 

Figure 8 Vorticity fields for the flow at the end of the stack with d = 4mm, D=6mm; a, b (case 61); c, d (case 63); 
e, f (case 65) 

 

It is possible that graphs such as those shown in Fig. 7 should ideally be corrected by choosing an “instantaneous” 

reference velocity, together with an “instantaneous” shedding frequency. While in principle using an instantaneous 

velocity as a reference is possible, the frequency is in practice obtained through appropriate FFT techniques that require 

blocks of data of finite length (duration). Furthermore, the frequency resolution depends on both the sampling rate and 

the length of the data blocks. These limitations make the idea of “tuning” the velocity and frequency to provide more 
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accurate estimates of St simply impractical. Furthermore, if only corrections to the velocity were sought, it would be far 

too complicated to “guess” the correct reference velocity having only the hot-wire signals at one’s disposal and 

normally not knowing the flow physics a priori. 

 

 
Figure 9 Hot-wire signals within an acoustic cycle for stack C: a – case 63; b – case 65 

 

For the flow cases of stacks A and B, the variations of the Strouhal numbers with the Reynolds numbers could be also 

associated with the type of vortex patterns present (and the difficulties with selecting the “correct” reference velocities). 

For stack A, at the relatively small Reynolds numbers, the vortex patterns in the ejection stage evolve from attached 

symmetrical vortex structures to elongated vortex structures, then a “break-up” of elongated vortices into a vortex street. 

At relatively large Reynolds numbers, the break-up of elongated vortices further develops into alternate shedding from 

the top and bottom side of the plate. This change in vortex shedding modes might result in the “scatter” of Strouhal 

numbers shown in Fig. 7 for stack A. For the flow cases of stack B, the vortex patterns always develop from the 

attached symmetrical vortex structures to alternate shedding when the Reynolds number increases. This unambiguous 

vortex pattern behaviour may be responsible for a well-behaved (monotonic) dependence of St vs. Re. 

 

An interesting point related to data presented in Figure 7 is the actual dependence of Strouhal on Reynolds number. For 

example for a selected case of d = 2 mm (stack B), one can clearly see that St increases from around 0.14 to 0.18 with 

Re changing from around 500 to 2,000. This is purely an effect of increasing the velocity amplitude in a given 

geometrical configuration (nothing else changes in the system). Interestingly, according to the definition by Merkli and 

Thomann [25] the local Reynolds number (which they denote A) would vary between 213 and 821 and so during the 

experiment the transition condition of A = 400 would have been reached. However, this does not seem to affect the 

continuity of the St vs. Re curve, which in turn may indicate that turbulent transition is not a major factor in defining 

dependence. 
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Unfortunately, the above does not reveal the actual mechanisms behind the change in St. One could hypothesise that as 

the velocity amplitude changes, the length of the “closed wake” part of the flow field (i.e. between the plate end and the 

confluence point, cf. [26]) changes, which results in turn in different sizes of the eddies being shed. The net effect could 

be the observed variation in St vs. Re dependence. 

 

It is also interesting to make qualitative comparisons with vortex shedding in steady flows. In the flow past a circular 

cylinder, Roshko [4] observed a relatively sharp increase in St from ~0.12 to ~0.18 as Re (based on the cylinder 

diameter) varied between 40 and 150. Clearly, any comparisons between oscillatory flows past plate stacks and steady 

flows past a circular cylinder must be done extremely cautiously: Roshko’s data is for laminar shedding, and the 

respective Reynolds numbers do not necessarily mean the same, but it is encouraging that on the phenomenological 

level St vs. Re dependence is not dissimilar. However, even for a “simple” case of vortex shedding from a circular 

cylinder in a steady laminar situation, there is no simple explanation as to why St changes with Re in the way it does. 

Therefore it may be equally challenging to explain the behaviour of St vs. Re in an oscillatory flow. 

 

3.3 The relationship between St and d/(d+D). 

 

In the classical studies of vortex shedding from bluff bodies, one of the investigated characteristics is the influence of 

the blockage ratio on Strouhal number, i.e. change of vortex shedding frequency in response to changing the 

geometrical factor d/H, where d and H are characteristic dimensions of the bluff body and the transverse dimension of 

the test section where the investigations are carried out. Examples of such measurements are given by West and Apelt 

[6] and Al-Asmi and Castro [8], who investigated the effects of wind tunnel blockage ratios on Strouhal numbers 

arising from vortex shedding from both circular and non-circular cylinders. In studies of this kind the data is typically 

plotted as the variation of St vs. Re at a constant blockage ratio, or St vs. blockage ratio with Re kept constant. 

 

In the current flow arrangement the situation is somewhat different for two reasons: the flow is oscillatory rather than 

steady and the vortex shedding is investigated on an array of bluff bodies (series of plates) rather than a single obstacle. 

The first issue has already been addressed in previous sections. The second problem, of having multiple bodies, needs to 

be addressed by defining the blockage ratio as the cross sectional area of he plates in the stack over the cross sectional 

area of the acoustic resonator, which can be approximated by the ratio d/(d+D). In this context the blockage effects can 

be understood as a change in vortex shedding behaviour on a selected plate due to the presence (proximity) of 

neighbouring plates in the stack. 
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Figure 10 Dependence of St on blockage ratio, d/(d+D), at a constant Re: a – comparisons based on cases with the 
same plate thickness taken for Re calculations; b – comparisons based on cases of similar Re, without 

maintaining constant plate thickness. 
 

 

The data for analysis has been selected to study the dependence of Strouhal number on blockage ratio at an almost 

constant Reynolds number (an exact value of Reynolds number would be difficult to maintain as generally uaM would 

not be known prior to taking PIV data – the experiments were only controlled using Dr). However an additional 

precaution was taken to keep the plate thickness constant (not just the Reynolds number, i.e. in effect the product of d 

and velocity amplitude), because it is known [23, 24] that the oscillatory flow studied here exhibits a range of different 

flow patterns and flow pattern transitions when the stack geometry varies. Keeping the plate thickness constant was 

thought to ensure that in the initial studies the actual effects of blockage can be separated from the flow pattern 
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transition effects. Three levels of Re have been selected using Table 1 as follows: low range, with average Re=327 

comprising of cases 9 (Re=328), 11 (Re=281), 16 (Re=318), 22 (Re=323) and 25 (Re =386); medium range, with 

average Re=1606 comprising of cases 37 (Re=1638), 43 (Re=1666) and 46 (Re=1513); and high range, with average 

Re=2809 comprising of cases 56 (Re=2514), 61 (Re=2947) and 72 (Re=2966). 

 

Figure 10a shows the dependence of St vs. blockage ratio for three cases of Re number, for cases where plate thickness 

was kept constant. As can be seen, the general trend is that as Re level increases, so does St (cf. the three different 

Strouhal number levels for diamond, square and triangle symbols).  However, more importantly for a given Re (plate 

thickness) the change of St with blockage ratio is very weak. It seems there is a slight increase in St with blockage ratio 

for Re=327 and Re=1606, while there is a slight decrease for Re=2809. Grey dashed lines illustrate the least square fit 

lines based on the experimental results. 

 

It is also possible to introduce into the plot the points corresponding to similar levels of Re, but based on the cases 

where the plate thickness is different (Figure 10b). Black diamonds represent two additional cases (7 and 8) where the 

plate thickness was 0.51 mm; black squares represent two additional cases (48 and 67) where the plate thickness was 3 

and 4.06 mm, respectively; and finally black triangles represent three additional cases (50, 51 and 74) where the plate 

thickness was 3 mm for the first two cases and 5.12 mm for the latter case. As can be seen the trend lines (black dashed 

lines) change somewhat, probably the most pronounced change being visible for the lowest level of Re. This is due to 

the new points being far off the original trend line, which may represent a difference in the vortex shedding flow 

physics, although it is difficult to speculate on the exact reasons on the basis of available data. 

 

It is interesting to note that in the context of oscillatory flows past parallel plate stacks, the already mentioned work by 

Worlikar et al. [21] studied the effect of blockage ratio on the flows in the stack vicinity, but unfortunately the study 

was concerned with very small drive ratios and so strictly there were no “vortex streets” observed and comparisons with 

current work would be rather difficult. Besnoin and Knio [22] investigated a rather more complex case where both the 

fluid flow and thermal effects were considered in a more complicated geometry which included both the stack and heat 

exchangers. The dependence of the thermal performance on the plate thickness and plate spacing parameters (and in 

particular blockage ratio) was studied, but in doing so the fluid dynamical phenomena were not discussed in any detail. 

Therefore, it is difficult to make meaningful comparisons between current work and results presented in [22]. 
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3.4 The complete map of the relationship between Re and St 

 

In his studies of vortex shedding from circular cylinders in steady flows, Roshko [4] obtained a widely accepted 

correlation between the Strouhal number and Reynolds number, for two different flow regimes as discussed in the 

introduction section, in the following form: 

 Re)/2.211(212.0St −=  for 50 < Re < 150 (3) 

 Re)/7.121(212.0St −=  for 300 < Re < 2,000 (4) 

In the current study, there exists a number of different flow regimes, as discussed in [23] and [24], which may be 

controlled not only by the peak Reynolds number itself, but also other similarity parameters such as Keulegan-

Carpenter number or porosity, as discussed in [18] and [20]. Nevertheless, it may be useful to present all the 76 cases 

studied in terms of the dependence of St vs. Re in one graph such as Figure 11 (the additional legend allows identifying 

the six different plate thickness values). 7% error bars have been added based on the error analysis that estimates the 

uncertainty of peak frequency identification at 5% and the velocity amplitude identification at point M at 2%. 

 

 
Figure 11 Strouhal vs. Reynolds number for the oscillatory flow cases covered in the current study 

 
 

It is clear that the Strouhal number increases gradually with the increase of Reynolds number between 200 and 5,000, 

but seems to saturate at the level close to 0.2, which is congruent with Strouhal number behaviour in steady flows. 

However, as discussed in section 3.2, for each plate thickness, the Strouhal number does not increase completely 
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monotonically, giving a certain “scatter” around the imagined overall trend, which may be associated with relatively 

more complex flow structures and their transitions than is seen in steady flows (or the difficulties with finding the 

correct reference velocities and frequencies). By analogy to equations (3) and (4), it is also possible to fit the 

experimental data into a least square fit line of the same mathematical form as used by Roshko [4]. The resulting 

equation: 

 Re)/6.1691(191.0St −=  for 200 < Re < 5,000 (5) 

 

is represented in Figure 11 by a solid black line. 

 

4. Conclusion 

 

The current study addresses the problem of vortex shedding from the stack of parallel plates in the oscillatory flow 

condition imposed by an acoustic standing wave. It should be noted that the vortex shedding processes in the oscillatory 

flow are much more complicated than those in steady flows and as a result there is a much wider selection of 

characteristic vortex patterns and their evolution paths. However the main motivation of this work is to investigate 

whether the vortex shedding processes can be characterised in terms of the Strouhal number using an analogous 

methodology and similar concepts to those used for steady flows. The experimental approach used included measuring 

the velocity fluctuations arising from vortex shedding processes, using hot-wire anemometry techniques, while an 

additional insight into the flow physics was obtained by using PIV. 

 

In this study, the Strouhal number was defined using the predominant vortex shedding frequency obtained through FFT 

analysis of the hot-wire signal and the local acoustic velocity amplitude, as these are straightforward quantities that can 

be obtained experimentally. By changing the intensity of acoustic excitation and the stack configuration (plate thickness 

and plate spacing), it was possible to investigate the relation between the Strouhal and Reynolds numbers using 76 

different flow cases. In this sense, this work is the first systematic investigation of this kind, conducted for a wide range 

of geometrical and excitation parameters. 

 

Following the conventions used in steady flows, the complete map of the relationship between the Strouhal number and 

Reynolds number for all cases studied has been captured, together with a mathematical expression obtained through 

least square fit methods for 200 < Re < 5,000, as illustrated in Figure 11. The general trend is the increase of Strouhal 

number with Reynolds up to a certain “saturation” level around 0.2, which is somewhat similar with the trend found in 

steady flows. It seems plausible to that the flow physics controlling the vortex shedding frequency in the “ejection” 
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stage of the oscillation cycle is similar to that for steady flows. Referring back to the key question highlighted at the end 

of section 1, it seems there is a relatively smooth change of St vs. Re over the whole Re range, not a step-change (a 

threshold behaviour) as hypothesised in previous work based on a very fragmentary set of experiments [18]. 

 

The second issue investigated in the current work is the dependence of St on the stack blockage ratio at constant 

Reynolds number. It seems that such dependence is relatively weak however it is also shown that St can either increase 

or decrease with blockage ratio depending on particular stack configurations. The reason for this behaviour is not well 

understood and would require further studies of the underlying flow physics. A further complication arises, because Re 

does not seem to describe the flow unambiguously which can be clearly seen by comparing Figs. 10a and b for the 

lowest range of studied Reynolds numbers: a change in plate thickness produces a different relation between St and 

blockage ratio. 

 

Finally, it should be noted that defining the Strouhal number as described in this paper is somewhat arbitrary. It could 

be argued that as the instantaneous acoustic velocity changes, one would have to vary the reference velocity. On the 

other hand, as the velocity varies, so does the instantaneous shedding frequency, and the latter should be taken into the 

Strouhal number calculations. However, taking or finding such instantaneous values would be rather impractical as 

discussed in section 3. Thus the current approach may in some sense produce temporally averaged Strouhal numbers, 

resulting in somewhat scattered data points in Figure 11. It may also be the reason for a somewhat ambiguous 

dependence of St on blockage ratio. Further work to unravel these effects is required. 
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