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Non-linearities associated with the oscillating flow contribute in deteriorating the performance of 

thermoacoustic systems. Turbulence generation is one of these non-linearities which dissipates 

the acoustic energy into a non-useful form of energy (heat). In this work, the transition to turbu-

lence in oscillating flow inside a square duct is investigated experimentally. The axial velocity 

profile is measured using Particle Image Velocimetry and the oscillatory Reynolds number is used 

to characterize the oscillating flow. At low Reynolds number, the measured cross sectional axial 

velocity profile in the duct agrees reasonably well with the theoretical laminar velocity profile 

over the complete cycle; whereas at higher Reynolds number, the results show that the agreement 

becomes limited to the acceleration phase. As the Reynolds number increases, the portion of the 

cycle over which the agreement between the measurements and theory occurs decreases. The 

measured turbulence intensity and the Reynolds shear stress are used to characterize the transition 

to turbulence process. The turbulence intensities based on both velocity components over the half 

width of the duct increase as the Reynolds number is increased. Also, the turbulence intensities 

have maximum values near to the wall. Beyond a certain Reynolds number, the Reynolds shear 

stress experiences a sudden increase indicating transition to turbulence and hence the value of the 

critical Reynolds number can be determined. The estimated value of the critical Reynolds number 

agrees well with the literature.  
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1. Introduction 

In general, the oscillating flow can be divided into two major types: namely, pulsatile flow and 

pure oscillating flow. The pulsatile flow is an oscillating flow superimposed on a steady flow with a 

non-zero mean velocity, whereas the pure oscillating flow is an oscillating flow with zero mean ve-

locity. The latter type of the oscillating flows is the main concern of this study. The understanding of 

the physics underlying the transition to turbulence in oscillating flow is an important issue for many 

engineering applications. 

The laminar oscillating flow in circular ducts has been studied experimentally and well understood. 

In addition, many theoretical studies have been developed to describe the laminar oscillating flow in 

circular ducts at different conditions and they agree well with the experimental data [1] and [2]. The 

oscillating flow in rectangular ducts has been studied theoretically [3], [4] and [5]. However, the 

experimental studies validating these theoretical studies are scarce. 
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The transition to turbulence characterizes the end of the laminar regime. Generally, the values of 

both the Reynolds number ( 𝑅𝑒𝐷)  and Womersley number (𝛼) are used to specify the extent of the 

laminar regime, which are defined as: 

 𝑅𝑒𝐷 =
𝑈𝑜𝐷ℎ

𝜐
 𝑎𝑛𝑑 𝛼 =

𝐷ℎ/2

√𝜐/(2𝜋𝑓)
 , 

where 𝑈𝑜 is the centreline axial velocity amplitude,  𝐷ℎ is the hydraulic diameter of the duct, 𝜐 is the 

kinematic viscosity and 𝑓 is the frequency of the oscillating flow. These two non-dimensional param-

eters can be combined in one non-dimensional parameter which is the oscillatory Reynolds number 

as is defined as follows: 

 𝑅𝑒𝛿 =
𝑈𝑜𝛿

𝜐
 , 

where (𝛿 = √
2𝜐

2𝜋𝑓
) is the viscous penetration depth. 

The previous investigations showed different values for the critical Reynolds number. Although 

the Reynolds number  𝑅𝑒𝛿 includes the effect of the frequency, it was found that the value of the 

critical Reynolds number depends on the frequency range. At high frequency range (i.e. acoustic 

frequencies, higher than 20 Hz), Merkli et al. [6] found that the value of the critical Reynolds number 

is 280, whereas at sub-acoustic frequencies the value was found to be 500 [7], [8].  

Many experimental and theoretical studies attempted to characterize the transition to turbulence 

regime. Collins [9] used instability theory to determine the first instability point in the boundary layer 

of the oscillating flow and he concluded that the instability is originated during the acceleration phase. 

However, his theoretical expectation was not in agreement with the experimental measurements 

where [10] and [11] observed that the turbulence bursts appear during the deceleration phase. 

In all of the previous measurements intrusive techniques such as hot-wire were utilized and hence 

the evaluation for those techniques was necessity. Eckmann et al. [12] studied the effects of the in-

trusion of hot-wire probe in the oscillating flow using LDV. They found that the existence of the hot-

wire probe leads to instabilities in the boundary layer at Reynolds number of 300 whereas the insta-

bilities started at Reynolds number of 500 when the probe is removed. Also, Merkli et al. [6] con-

cluded that the hot-wire measurements in the boundary layer at high frequencies are misleading be-

cause the size of boundary layer at high frequencies becomes too small and hence the disturbance of 

the hot-wire probe becomes large enough to affect the collected data. 

Since Laser Doppler Velocimetry (LDV) technique became more reliable on such measurements, 

it has been utilized in many studies in which the authors attempted to shed light on the generation of 

turbulence during the cycle. Flisher et al. [13] described different flow structures and events that are 

responsible for the turbulence generation in the oscillating flow. These events are not random in time 

and space in contrast to steady flow turbulence and they occurred mainly during the deceleration 

phase. In addition, they defined a range for the value of critical Reynolds number (650 <  𝑅𝑒𝛿 <
1000). Akhavan et al. [14] concluded that the turbulent boundary layer of the oscillating flow con-

sists of the same layers of the turbulent steady flow which are a viscous sublayer, a logarithmic layer 

and an outer wake. Reyt et al. [2] observed that the value of the viscous boundary layer thickness 

becomes larger than the theoretical value as the Reynolds number is increased. 

Although the Particle Image Velocimetry (PIV) has the advantage of getting the spatial velocity 

distribution instantaneously and hence gives better understanding for the flow structures when com-

pared with other techniques, the limited sampling frequency (up to 10 Hz) of its old versions resulted 

in limited PIV studies in this field. Currently, the sampling frequencies of the PIV systems reached 

up to 10 kHz. In this work, time-resolved PIV system is utilized to study the transition to turbulence 

in oscillating flow inside square duct. In section 2, the experimental setup is explained and the data 

analysis method is described as well. In section 3, the results are presented and discussed. In section 

4, the work is summarized and conclusions are drawn. 



ICSV24, London, 23-27 July 2017 
 

 

ICSV24, London, 23-27 July 2017  3 

2. Procedure 

2.1 Experimental setup 

The experimental setup was designed to achieve wide range of both the Reynolds number 

 (140 < 𝑅𝑒𝛿 < 600) and the Womersley number (10 < 𝛼 < 17). As shown in Fig. 1, the oscillating 

flow is driven by a pneumatic piston-cylinder assembly (JELPC, Model: S125X300) with piston di-

ameter of 125 mm and with a stroke limit of 300 mm. The piston is connected to Scotch-Yoke mech-

anism that converts the rotary motion of a 4-kw electric motor (ELMA-TROYAN, Model: T 132MA 

6 B3) to a reciprocating motion. The motor frequency is controlled by a variable-speed drive (Schnei-

der-Electric, Model: ATV312HU40N4). The stroke limit can be varied from 70 mm to 200 mm by 

changing the pin location on the flywheel. 

In all experiments, the duct is filled with air at the atmospheric pressure and temperature. The 

oscillating flow is delivered to the resonator from both sides through flexible pipes. The resonator is 

made of stainless-steel square duct with inner side length (𝑊) of 45 mm, thickness of 3 mm and 

length of 1900 mm. The measurement section is a square glass tube that has the same inner side length 

of the resonator and a length of 500 mm and placed in the middle of the resonator. To eliminate the 

end-effects, two flow straighteners are placed at both ends of the resonator each is made of 100 CPSI 

(cell per square inch) ceramic stack and with a length of 25 mm. Because, Gerrard et al. [15] proved 

that the oscillating flow is considered to be fully developed at length (𝐿) = 0.03 ∗ 𝐷ℎ ∗ 𝑅𝑒𝛿  and 

hence the longest expected entrance length, based on maximum laminar Reynolds number of 500, is 

estimated as 660 mm. So, the measurement section is placed at distance of 700 mm from both ends 

of the resonator. It should be noted that the origin of the axes (x, y and z) is located at the middle-

centre of the duct.  

 

 
Figure 1: Schematic for the experimental setup including the measurement systems and the mecha-

nism used to generate the oscillating flow. 

2.2 PIV measurements and data processing 

Time-resolved PIV system is used in this study. The system is supplied by Dantec-Dynamics and 

consists of Nd:YLF green laser (wavelength of 527 nm). The CCD-camera (Photron SA1.1, maxi-

mum frame rate of 5400 frames/s at full resolution of 1024 X 1024 Pixels2, connected to 60 mm 

Nikon AF macro prime lens) is utilized to capture and record the images of the seeded flow. The 

seeding particles, delivered to the measurement section, are produced by a jet-atomizer (TSI Model 
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9306) that produces particles with a mean diameter of 0.6 µm. Finally, the timer box (National In-

struments Model 80N77) is used to synchronize the laser light pulses and the CCD camera and it is 

externally triggered by a TTL signal provided by the line tracker (IR sensor) in order to start meas-

urements at a defined phase in the cycle. Total number of 𝐴 = 50 flow fields are captured per one 

cycle and the measurements last for 𝐵 = 50 successive cycles and hence the total number of images 

is 2500. The time between pulses is adjusted to allow the seeding particles to move a distance nearly 

equal to a quarter of the interrogation window length. 

The method of analysing the measured data to get the velocity distribution over the cross section 

is quite similar to the method used in [16]. The velocity vectors in each map is spatially averaged 

along the x-direction because the velocity is almost constant in that direction. Then, phase averaging 

is implemented to get the velocity distribution over one cycle. 

A graphical representation for the method of the analysis is depicted in Fig. 2. The total number 

of vectors in each map is 𝑁 𝑡𝑖𝑚𝑒𝑠 𝑀, where 𝑁 𝑎𝑛𝑑 𝑀 are the total number of interrogation areas in 

x direction and y direction and equals to 127 and 127, respectively. The total number of maps indexed 

from 𝑖 = 1 to 𝑖 = 𝐴𝑋𝐵. The velocity vector at each interrogation area within the velocity map can be 

expressed as following 

                  𝑼𝒊(𝒏, 𝒎),             (1) 

where the velocity vector 𝑈𝑖(𝑛, 𝑚) includes both x-direction 𝑢𝑖(𝑛, 𝑚) and y-direction 𝑣𝑖(𝑛, 𝑚) ve-

locity components. Then, the velocity vectors at the same y-position are averaged along x-axis and 

hence the spatial-average velocity distribution can be expressed as 

     𝐔̅𝒊(𝒎) =
𝟏

𝑵
∑ 𝑼𝒊(𝒏, 𝒎)𝑵

𝒏=𝟏      (2) 

Finally, the maps of those 50 cycles are averaged to get the phase-average velocity vector distri-

bution over one cycle that can be expressed as 

                  𝑼̅̅∅(𝒎) =
𝟏

𝑩
∑ 𝑼𝑨𝒊+∅(𝒎)𝑩−𝟏

𝒊=𝟎            (3) 

where ∅ is the phase number in the cycle and is ranged from ∅ = 1 to ∅ = 𝐴. 

 

 

𝟏

𝑵
∑ 𝑈𝑖(𝒏, 𝒎)

𝑵

𝒏=𝟏

 

 

𝟏

𝑩
∑ 𝑼𝑨𝒊+∅(𝒎)

𝑩−𝟏

𝒊=𝟎

 

 

(a)       (b)                  (c) 

 

Figure 2: (a) An example for velocity vectors map. (b) Spatial-average velocity distribution. 

(c) Phase-average velocity distribution. 

3. Results and discussion 

In this study, nine experiments at different operating conditions are conducted. The operating condi-

tions for each experiment are presented in Table 1. As mentioned in the previous section, the total 

number of phases per cycles is fifty and the number of the averaged-cycles per phase is fifty as well. 

In order to make sure that the used number of averaged images per phase is enough for the stationarity 

of the measured mean velocity; the number of averaged-cycles is changed and its effects are investi-

gated. As shown in Fig. 3, as the number of averaged-cycles is increased, the value of the mean 

velocity at any phase becomes nearly constant. It is found that the number of cycles required to get a 
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stable mean velocity data is more than 30 cycles at a high Reynolds number. However, the 30-cycles 

criterion may be insufficient for the stability of the higher moment like velocity fluctuations and 

hence the turbulence intensities based on x and y velocity components are calculated using different 

numbers of averaged-cycles (𝐵). The turbulence intensities based on x and y velocity components at 

any phase, 𝑰𝒙∅
  and 𝑰𝒚∅

, respectively can be calculated as follows: 

𝑰𝒙∅
(𝒎) = √

𝟏

𝑩
∑ [𝒖̅

𝑨𝒊+∅
(𝒎) − 𝒖̅̅∅(𝒎)]

𝟐𝑩−𝟏
𝒊=𝟎                                                                   (4) 

𝑰𝒚∅
(𝒎) = √

𝟏

𝑩
∑ [𝒗̅

𝑨𝒊+∅
(𝒎) − 𝒗̅̅∅(𝒎)]

𝟐𝑩−𝟏
𝒊=𝟎                                                                     (5) 

Table 1: The operating conditions for each experiment 

Experiment 

# 
𝒇 (Hz) 𝑼𝒐 (m/s) 𝜹 (mm) 𝑹𝒆𝜹 𝜶 

1 0.5 0.7 3.16 141 10 

2 1 1.4 2.2 196 14.2 

3 1.5 2.0 1.8 230 17.4 

4 0.5 1.3 3.16 262 10 

5 1 2.5 2.2 350 14.2 

6 1.5 3.6 1.8 412 17.4 

7 0.5 2.2 3.16 442 10 

8 1 3.5 2.2 490 14.2 

9 1.25 4.0 2.0 510 16 

 

 

 
Figure 3: The effect of the number of the averaged-images on the value of the mean velocity 

over the cycle at two different Reynolds numbers: (a) Experiment# 1 and (b) Experiment# 8 

 

 
Figure 4: The effect of the number of the averaged-images on the values of the turbulence 

intensities (based on x and y velocity components) over the cycle at the centre of the duct (𝑦 =
0) at two different experimental conditions: (a, c) Experiment# 1 and (b, d) Experiment# 8. 
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As shown in Fig. 4, the values of the turbulence intensities over the cycle becomes stable when the 

number of the averaged-cycles exceeds 40 images; and hence 50 images are sufficient to get con-

verged velocity data which is in agreement with the findings of [16]. Hereinafter, the presented data 

are based on averaging 50 cycles. 

3.1 Laminar flow regime and validation 

In order to validate the measurement procedure explained above; the measured distribution of the 

axial velocity over the half width of the duct is compared with the theoretical expectations derived in 

[5]. As the theoretical expectations were derived for the flow in the laminar regime; the comparison 

is done at the lowest Reynolds number (Exp.#1). As shown Fig. 5 (Exp.#1), there is a good agreement 

between the measured and the theoretical values over the whole cycle. It should be noted that the 

positive half of the cycle is only considered since the negative and positive halves are identical. 

3.2 Transition to turbulence regime 

In order to recognize the end of the laminar regime; the measured distributions of the axial velocity 

at different Reynolds numbers are compared with the theoretical expectations. As shown in Fig. 5, as 

the Reynolds number is increased up to 230; the measured values agree well with the theoretical 

expectations over the whole cycle. For Reynolds number higher than 230, the agreement with theory 

is valid over the whole cycle except at the deceleration phase (∅ = 𝜋/4). This behaviour is observed 

up to Reynolds number of 412. For Reynolds number higher than 412, it is observed that the deviation 

from theory in the boundary layer extends to the acceleration phases as well. For Reynolds number 

higher than 500, there is a large deviation from theory in the boundary layer at the phases where the 

velocity direction is reversed. Also, the discontinuity in the velocity distribution at these phases may 

be due to the increase of the acceleration error associated with PIV technique. 
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Figure 5: The measured (*) and the theoretical (    ) distributions of the axial velocity over the 

half width of the duct at different phases during the cycle at different experimental conditions. 

 

The phase-average turbulence intensities in both directions normalized by the centreline axial velocity 

amplitude  (𝑈𝑜) are calculated. Also, the value of the Reynolds shear stress divided by the flow den-

sity is calculated as follows: 

𝑅𝑒𝑠𝑡𝑟𝑒𝑠𝑠∅
(𝑚) 𝝆⁄ =

1

𝐵
∑ [𝑢̅𝐴𝑖+∅(𝑚) − 𝑢̅̅∅(𝑚)] ∗ [𝑣̅𝐴𝑖+∅(𝑚) − 𝑣̅̅∅(𝑚)]𝐵−1

𝑖=0      (6) 

As shown in Fig. 6a, the phase-average turbulence intensity based on x-velocity component increases 

as the Reynolds number is increased. Also, the maximum value is achieved near to the wall rather 

than the centre of the duct. In Fig. 6b, the phase-average turbulence intensity based on y-velocity 

component increases as the Reynolds number is increased. In Fig. 6c, the phase-average Reynolds 

stress divided by the density increases as the Reynolds number is increased. Also, it is obvious that 

the value of the phase-average Reynolds stress increases significantly when the Reynolds number 

exceeds 500. The sharp increase in the value of the Reynolds stress beyond a certain value of Reyn-

olds number indicates the transition to turbulence process. So, it can be concluded that the critical 

Reynolds number is about 500 which is in agreement with the literature [7], [8]. 

 

 
Figure 6: The distribution of the Phase-average turbulence intensity normalized by the cen-

treline axial velocity amplitude over the half width of the duct based on: (a) x-velocity compo-

nent and (b) y-velocity component. (c) The distribution of the phase-average Reynolds stress 

divided by the density over the half width of the duct. 
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4. Conclusions 

The transition to turbulence in oscillating flow has been investigated experimentally using time 

resolved PIV measurements. The axial velocity distribution in a square duct is measured at different 

Reynolds number and Womersley number and compared with the theoretical expectations. At low 

Reynolds number, the measured values are in agreement with the theoretical expectations. As the 

Reynolds number is increased; the agreement is violated in the deceleration phase first and then in 

more phases in the cycle. At the critical Reynolds number around 500, it is observed that there is a 

lump in the level of the axial turbulence intensity. 
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