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Abstract 

The presence of large-scale vortices with high spanwise 

coherence has been observed in the atmospheric boundary layer 

(ABL). This study investigates an innovative technique to 

generate a large-scale spanwise vortex from the oscillation of a 

surface-mounted fence in a wind tunnel. Characteristics of the 

large vortex with a well-defined length scale and its development 

with downstream distance behind the fence were investigated. 

Time-averaged profiles of velocity, normal and Reynolds stresses 

were measured to determine the dominant frequencies of the 

large vortices in the wake of the oscillating fence. Longitudinal 

length scales of the spanwise vortices were calculated using the 

autocorrelation of velocity data. It was found that the size of the 

largest spanwise vortices are most significantly influenced by the 

height of the fence, such that the integral length scales increased 

by 52mm for a 20mm increase in fence height. Spanwise vortices 

were also found to be 11mm larger when oscillating the fence at 

the vortex shedding frequency behind a stationary fence. The 

oscillation amplitude of the fence was found to have a negligible 

effect on the size of the large spanwise vortices. 

 
Introduction  

Characterisation of coherent structures in the lower atmospheric 

boundary layer (ABL) requires an understanding of turbulent 

phenomena that are responsible for gusts on small physical 

structures such as heliostats and dynamic wind loads on large 

civil structures. Wind codes and standards adopt a quasi-steady 

gust factor approach based on a maximum gust wind speed and 

turbulence intensity for the estimation of peak wind loads, 

however the dynamic response of large civil structures is more 

significantly influenced by the frequency distribution of the 

longitudinal velocity and the size of the largest eddies in the ABL 

[5]. There exists a wide range of turbulent structures within the 

ABL, such as very large superstructures observed as counter-

rotating pairs of horseshoe vortices in the logarithmic region [6, 

11]. Spanwise vortices with an axis of rotation perpendicular to 

the flow are components of these superstructures resulting from 

the interaction of separating and reattaching shear layers and 

tripping around obstacles on the ground [17]. The presence of 

large-scale eddies with high spanwise coherence has been 

observed in the shear layer, even for significant levels of free-

stream turbulence from small-scale buffeting [20]. Coherent 

structures within canonical turbulent boundary layers have 

typically been quantified through the measurement of planar 

vortices such as spanwise vortices, however these structures are 

yet to be fully quantified from high resolution velocity 

measurements in the ABL because of the limited number of 

vertical data points along the height of a wind mast [16]. 

 

Large-scale spanwise vortices have been found to be responsible 

for most of the entrainment in the naturally occurring shear layer, 

leading to dynamic responses of large structures such as 

buildings and bridges. Large eddies of a similar size to the 

structure result in well correlated pressures over its surface as the 

eddy engulfs the structure, leading to maximum wind loads [4, 

12]. Structural failure due to excessive deflections and stresses 

from galloping and torsional flutter tend to occur at small 

frequencies of the order of 1 Hz when the turbulence length 

scales are comparable to the size of the body, however the effect 

becomes negligible when turbulence scale is increased beyond 

the order of magnitude of the body scale [13]. The size of the 

largest eddies is defined by the integral length scale in the inertial 

subrange of frequencies in the ABL [7]. The longitudinal integral 

length scale 𝐿𝑢
𝑥  (m) at a given height is defined as the 

streamwise spacing between two-dimensional spanwise vortices 

orientated in the axial direction. Hence, the aim of this paper is to 

characterise the size of a large spanwise vortex that physical 

structures are likely to be exposed to in the ABL. 

 

Time-averaged and phase-averaged measurements of velocity 

characteristics have previously been used to identify, analyse and 

characterise large-scale vortex structures within the separated 

shear layer in turbulent flows such as behind bluff bodies [15]. 

The near wake behind bluff bodies is affected by flow separation 

and reattachment and vortex shedding, with the associated length 

scales of the shear layer thickness and the spacing between the 

two separated shear layers given by the body height respectively 

[13]. Periodic motions in the form of a von Karman vortex street 

behind circular cylinders and flat plates have been widely studied 

in the literature through flow visualisation, conditional averaging 

techniques and spectral analyses. A body is defined as bluff if 

there is separated flow over a substantial proportion of its 

surface, however the isolation of a single coherent large-scale 

vortex in the wake of bluff bodies has proven to be difficult at 

high Reynolds numbers above 20,000 because of the 

development of instabilities and the interaction of unsteady 

vortices [1]. The generation of large two-dimensional spanwise 

vortices has been most effectively produced by the forcing of 

periodic motions in the shear layer [8]. This has previously been 

investigated using several dynamic methods, such as oscillating 

cylinders and airfoils to generate large spanwise vortex 

structures. However, the limitation of cylindrical bluff bodies 

with a change of surface curvature is that shed vortices exhibit 

larger spanwise waviness and dispersion in streamwise spacing 

[10]. Alternatively, there is a straight line of flow separation from 

a rectangular plate that is fixed at its edges, leading to more 

coherent vortices with well-defined length scales. Small-

amplitude sinusoidal oscillations of a floor-mounted normal plate 

in the streamwise direction have previously been demonstrated 

by Kelso et al. [9] to generate large-scale spanwise vortices with 

improved coherence and periodicity compared to a stationary 

fence. Hence, the scope of this study is to investigate the effect of 

oscillation amplitude, oscillation frequency and height of a floor-

mounted normal flat plate on the integral length scales of the 

largest vortices behind the oscillating fence. 

 

 



 

Experimental Setup 

Oscillating Fence in Boundary Layer Rig 

Experimental measurements were taken in a closed return wind 

tunnel at the University of Adelaide. Figure 1 shows the 

schematic layout of the boundary layer rig containing an acrylic 

flat plate with an elliptical leading edge for minimal flow 

separation from the plate and smooth development of the 

boundary layer. The flat plate has previously been designed with 

a 0.5 m × 0.3 m cross-section and 2.15 m test section length. 

Plexiglass side walls of the test section are adjustable to control 

pressure gradient along the flat plate. An adjustable angle trailing 

edge flap of 0.2 m length is also used to ensure the stagnation 

point is on the measurement side of the plate and the boundary 

layer is developed smoothly. The upstream boundary layer was 

perturbed using a 3 mm trip wire, giving a boundary layer 

thickness 𝛿 of 25 mm (𝛿/ℎ = 0.31) at the position of the fence. 

The free-stream turbulence intensity at the tunnel’s centreline 

was measured at 0.5%. 

 

 

Figure 1. Schematic diagram of the traversing mechanism and the 
boundary layer rig in the wind tunnel. 
 

A thin rectangular plate of 60mm height (ℎ) with aspect ratio 

(𝑤/ℎ) of 4.17 was mounted spanwise to the surface of the acrylic 

plate using hinges in the boundary layer rig, as shown in Figure 

2. One end of the aluminium fence was connected to a high-

torque JR ES579 servo motor via a horn pin, as shown inset in 

Figure 2. The servo motor was controlled by an Arduino Uno 

microcontroller through Matlab to oscillate the fence at 

frequencies from 1-10 Hz and amplitudes between 2mm and 

12mm. Velocities were measured in the wake using a high-

frequency Cobra probe for over 25 oscillation cycles of the fence. 

The free-stream Reynolds number 𝑅𝑒∞ was approximately 

28,000 based on the fence height and the freestream velocity 𝑈∞ 

= 7 m/s. The Reynolds number 𝑅𝑒𝑥 based on the distance 𝑥 

behind the fence was in the range between 100,000 and 280,000. 

The top edge of the fence was chamfered at 30° to ensure clean 

separation and controlled generation of spanwise vortices was 

achieved by oscillating the fence at a peak-to-peak amplitude 𝐴 

of 4mm (𝐴/ℎ = 0.03) and forcing frequency 𝑓 = 5 Hz 

corresponding to a Strouhal number of 0.043 and fence-tip 

velocity of approximately 0.04 m/s. 

 

Flow Measurement Technique 

A Turbulent Flow Instrumentation (TFI) Cobra pressure probe 

was used to measure the flow in the wake of the oscillating fence. 

The multi-hole probe with 2.5 kPa pressure transducers was 

dynamically calibrated by the manufacturer to allow accurate 

flow measurements up to 90 m/s and provide a frequency 

response up to 2 kHz as a more robust alternative to hot-wire 

anemometers. The probes were able to resolve the three 

orthogonal components of velocity and static pressure, as long as 

the flow vector was contained within a cone of ±45° around the 

probe 𝑥-axis [19]. This enabled resolution of the constantly 

fluctuating velocity vector in the turbulent flow when the probe 

was approximately aligned with the freestream flow direction and 

the turbulence intensities were not excessively large (𝐼𝑢 < 30%). 

 

 
 
 

Figure 2. Schematic diagram showing the oscillating fence hinged to the 
acrylic flat plate. Dashed lines indicate the location of the Plexiglass side 

walls of the boundary layer rig. The inset shows the connection of the 

servo motor to the fence via a servo horn pin. 

 

 

Integral Length Scales 

The sizes of the largest eddies in the wake of the oscillating fence 

are defined by the integral length scale 𝐿𝑢
𝑥  at the lower bound of 

the inertial subrange frequency domain in the ABL [7]. Point 

velocity measurements as a function of time are transformed to 

spatially distributed data by adopting Taylor’s hypothesis that 

eddies are embedded in a frozen turbulence field, which is 

convected downstream at the mean wind speed 𝑈̅ (m/s) in the 

streamwise 𝑥-direction and hence do not evolve with time [7]. 

The integral length scale at a given height in the ABL is therefore 

calculated as [14, 18] 

𝐿𝑢
𝑥 = 𝑇𝑢

𝑥 𝑈̅,                           (1) 

where 𝑇𝑢
𝑥  (s) is the integral time scale representing the time 

taken for the largest eddies to traverse the inertial subrange in the 

ABL before they are dissipated by viscosity at the Kolmogorov 

length scale 𝜂. Integral time scales are commonly estimated from 

the covariance of single point velocity data between two different 

times using the normalised autocorrelation function 𝑅𝑢(𝜏) of the 

fluctuating turbulent component of the velocity [7] 

𝑅𝑢(𝜏) =
𝑢′(𝑡)𝑢′(𝑡+𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑢′(𝑡)𝑢′(𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅                           (2) 

Here 𝜏 (s) is the time lag with respect to time 𝑡 over which 𝑅(𝜏) 
decreases in magnitude from one to zero as 𝑢′(𝑡 + 𝜏) becomes 

uncorrelated and statistically independent of 𝑢′(𝑡). The 

autocorrelation function is calculated from the velocity data using 

the xcorr function in Matlab. The integral time scale is defined 

by 

𝑇𝑢
𝑥 = ∫ 𝑅𝑢(𝜏) 𝑑𝜏

∞

0
≈ ∫ 𝑅𝑢(𝜏) 𝑑𝜏

𝜏0
0

,            (3) 

where the integral is taken to the first-zero crossing 𝜏0 of the 

autocorrelation function by assuming that 𝑅(𝜏) fluctuates very 

close to zero after this point [14, 18]. Alternatively 𝑇𝑢
𝑥  is 



approximated from the frequency at the peak of the Engineering 

Sciences Data Unit [2] power spectral density (PSD) function 

derived from the von Karman spectral equations and fitted to the 

measured data [3]. 

Results 

Time-Averaged Velocity and Stress Profiles 

Figure 4 presents the time-averaged 𝑢 and 𝑣 velocity profiles in 

the streamwise 𝑥 and vertical 𝑦 directions, which have been non-

dimensionalised with respect to the freestream velocity 𝑈∞. 

Mean 𝑢-velocity profiles in Figure 4(a) at the two closest 

positions behind the fence are negative for 𝑦/ℎ ≤ 1, which shows 

that there is recirculation in the near-wake region directly behind 

the fence as the shear layer has detached from the wall surface 

around the oscillating fence. The mean streamwise velocity 𝑢 at 

the closest measurement height to the ground (𝑦/ℎ = 0.1) is 

approximately zero at 𝑥/ℎ = 8, which indicates that the 

reattachment length is approximately 8ℎ for the oscillating fence, 

compared to 10ℎ for the stationary fence. It is also apparent from 

Figure 4(a) that measurements did not extend to the height of the 

shear layer where 𝑢̅ 𝑈∞⁄  = 1 at all streamwise positions. Mean 

vertical 𝑣-velocity profiles in Figure 3(b) are close to zero and 

show some scatter in the recirculation region, however they 

become negative with increasing height as the shear layer 

reattaches downstream. 

 

The time-averaged profiles of Reynolds stresses as a function of 

the streamwise position behind the fence have also been 

investigated. As shown in Figure 4(a), the peak stresses occur at 

the middle of the shear layer around 𝑦/ℎ = 1.5 at the two nearest 

positions behind the fence and show a general decrease in 

magnitude with streamwise distance. The maximum Reynolds 

shear stress occurs at 𝑥/ℎ = 5, which is in an indication of 

turbulent stress production and rapid shear layer growth from the 

direct roll-up of large-scale eddies. The stress profiles at 𝑥/ℎ = 8 

and 10 in Figure 4(b) show that the shear stresses are comparable 

to those measured by Kelso et al. [9], however the maximum 

Reynolds stresses are 13% lower due to the smaller forcing 

velocity of the fence relative to the freestream velocity in this 

study. 

 

 
Figure 3. Time-averaged velocity profiles: (a) Streamwise, (b) Vertical; 

normalised to the freestream velocity 𝑈∞ at four downstream distances of 

the 60mm oscillating fence (𝐴/ℎ = 0.03, 𝑓 = 5 Hz). 

 

Figure 4. (a) Streamwise normal stress 𝑢′2̅̅ ̅̅ 𝑈∞
2⁄ ; (b) Reynolds shear stress 

−𝑢′𝑣′̅̅ ̅̅ ̅ 𝑈∞
2⁄  compared with experimental data [9]. 

Integral Length Scales 

Figure 5(a) shows that the length scales of eddies are the order of 

the fence height, increasing with height in the reattaching shear 

layer to 1.27ℎ and 1.37ℎ respectively at 𝑥/ℎ = 8 and 10 

respectively. The maximum gradient in the shear layer occurs 

further upstream at 𝑥/ℎ = 3.5, where the spanwise vortices roll 

up and merge as the separated shear layer develops downstream. 

Hence, the largest eddies are expected to be developed into a 

well-organised shape in the region around reattachment at 𝑥/ℎ ≥ 

8. With further distance downstream at 𝑥/ℎ ≥ 12, the vortices 

become elongated and hence the longitudinal integral length 

scale 𝐿𝑢
𝑥  increases to a maximum value of 2ℎ. 

 

 

Figure 5. (a) Integral length scale profiles calculated using the 

autocorrelation function as a function of downstream distance (𝑥/ℎ) and 

non-dimensionalised with the height of the oscillating fence (ℎ = 60 mm); 

(b) Effect of fence height on integral length scales at 𝑥/ℎ = 8 downstream 
of the oscillating fence (𝐴/ℎ = 0.03, 𝑓 = 5 Hz). 

 

 

Figure 6. Effect of oscillation (a) amplitude 𝐴, and (b) frequency 𝑓 on 

integral length scales at 𝑥/ℎ = 8 downstream of the 60mm fence. 
 

Figure 5(b) shows that the size of the largest spanwise vortices at 

𝑥/ℎ = 8 and the largest gradients of increasing 𝐿𝑢
𝑥  occur at 

heights around the middle of the reattaching shear layer                 

(a) (b) 

(a) (b) 

(a) (b) 

(a) (b) 



(0.5 < 𝑦/ℎ < 1.5). The integral length scale non-dimensionalised 

by the fence height  𝐿𝑢
𝑥 ℎ⁄  increases with height to a peak value 

shown in Table 1, before decreasing and fluctuating after this 

point. The position of the largest spanwise vortices become 

closer to the wall with increasing fence height at 𝑥/ℎ = 8. This is 

believed to be due to increased blockage of the tunnel with 

increasing fence height. 

𝒉 
(mm) 

𝑳𝒖
𝒙 𝒉⁄  𝒚 𝒉⁄  

40 1.41 1.6 

60 1.26 1.5 

80 1.59 1.4 

 
Table 1. Sizes of the largest spanwise vortices and their position within 

the shear layer at 𝑥/ℎ = 8 as a function of fence height. 

Figure 6(a) shows that the integral length scale profiles at 𝑥/ℎ = 

8 are not significantly influenced by a change in the amplitude of 

the sinusoidal oscillation of the 60mm fence. However, the 

largest spanwise vortices are generated at an oscillation 

frequency of 5 Hz in Figure 6(b), which is close to the vortex 

shedding frequency for a stationary fence. Forcing the shear layer 

at this frequency appears to cause the direct roll-up of large-scale 

two-dimensional vortices [9], Hence, a 5 Hz oscillation 

frequency was used as the operating point in this study. 

 

Discussion 

It is clear that the forcing of the fence leads to substantial change 

in the development of the shear layer, leading to more rapid shear 

layer growth and turbulent stress production. The maximum 

Reynolds shear stresses show that the development of large-scale 

vortices through merging and direct roll-up mechanisms at 𝑥/ℎ = 

5-8 corresponds to the vortices with the largest integral length 

scales. The largest vortices continue to increase in size after shear 

layer reattachment at 𝑥/ℎ = 8 as they become elliptical due to 

vortex stretching. 

 

The results show that the largest spanwise vortices are most 

significantly affected by changes in the fence height. The 

maximum integral length scale increases by 52mm (26%) in the 

middle of the shear layer when the fence height increases from 

60mm to 80mm. In comparison, the length scales in the middle 

of the shear layer (0.5 < 𝑦/ℎ < 1.5) are 11mm (18%) larger for a 

5 Hz oscillation frequency than for 2 Hz and 10 Hz. This 

suggests that this frequency of oscillation has enhanced the roll-

up mechanism of vortices from the tip of the fence that have 

developed to become larger further downstream. 

 

There are some experimental errors in the calculation of integral 

length scales. Time samples of the order of 10 minutes to 1 hour 

would usually be required in the ABL, however only 5 second 

time samples were possible in this study due to the large quantity 

of measurements required. Taylor’s hypothesis of frozen 

turbulence implies the assumption that the constant mean 

velocity is large with respect to the turbulence fluctuations and 

combined with the 2 m/s lower measurement limit of the Cobra 

probe, the integral length calculated for 𝑦/ℎ < 0.7 at 𝑥/ℎ = 8 are 

considered to be a rough estimate with a larger error. The 

limitation of the probe’s cone of acceptance also leads to 

uncertainty of the length scales in the recirculation region at 𝑥/ℎ 

= 3.5 and 5. However, after reattachment at 𝑥/ℎ = 8 and 10 the 

integral length scales calculated using the first-zero crossing 

method are estimated to have a 95% confidence interval 

assuming a Gaussian distribution. 

 
Conclusion 

Wind tunnel results have shown that large spanwise vortices are 

generated by the forcing of the shear layer behind an oscillating 

fence. The integral length scales of these vortices are 

significantly affected by the fence height, such as a 26% increase 

in the maximum length scale when increasing the fence height 

from 60mm to 80mm. The amplitude of the fence oscillation has 

a negligible influence on the size of the largest vortices at the 

downstream position of shear layer reattachment. However, the 

average integral length scale of vortices in the middle region of 

the shear layer can be increased by 18% when the frequency of 

oscillation is approximately equal to the vortex shedding 

frequency for a stationary fence. 
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