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Abstract 

The effect of intensity and length scale of turbulence on the 

mean and fluctuating drag forces on a flat plate normal to a 

boundary layer flow is investigated. Experiments were 

conducted at the University of Adelaide large wind tunnel to 

measure the drag force on flat plates of different areas. Two 

boundary layers of different depths were generated by spires 

and roughness elements to achieve a range of longitudinal 

turbulence intensities between 12% and 26% and integral 

length scales between 0.4 m and 1.22 m. The root-mean-square 

of the fluctuating drag coefficient was well correlated with a 

turbulence parameter defined as a function of turbulence 

intensity (𝐼𝑢) and integral length scale (𝐿𝑢
𝑥 ). The results showed 

that both the fluctuating and the peak drag coefficients 

increased logarithmically with increasing the turbulence 

parameter such that increasing the turbulence parameter from 

0.11 to 0.47 increased the peak drag coefficient from 1.73 to 3.  

Introduction  

Free-stream turbulence influences the mean and the unsteady 

aerodynamic loads on bluff bodies. The relative size of the 

integral length scales to the chord length of the body (𝐿𝑢
𝑥 /𝑐) is 

a key factor affecting the loads. The mean drag force on a 

square prism is found to be strongly dependent on the scale of 

turbulence [9]. Measurements of the mean drag force on a prism 

within grid-generated turbulent flows with different turbulence 

intensities between 3% and 12% show that the mean drag force 

reaches a maximum at 𝐿𝑢
𝑥 /𝑐 ≅1 [9]. The mean base pressure on 

a cubic building model in a non-isotropic boundary layer flow 

is also found to be dependent on 𝐿𝑢
𝑥 /𝑐 remaining almost 

constant for 𝐿𝑢
𝑥 /𝑐 between 3 and 5 and decreasing afterwards 

[6]. Furthermore, the root-mean-square of the drag force on a 

flat plate normal to a turbulent flow is found to increase by 

decreasing the plate’s chord length, which is similar to 

increasing 𝐿𝑢
𝑥 /𝑐 [1]. 

The effect of integral length scales on the loads is suggested to 

be associated with the distortion of turbulence in the flow 

around the bluff body [2]. For the case of a flat plate normal to 

the flow, the flow behaviour is quasi-static when the integral 

length scale is much larger than the chord length of the plate, 

and the effect of the bluff body on the turbulence is similar to 

its effect on the mean flow. Therefore, the fluctuating 

longitudinal velocity decreases along the stagnation line, and its 

energy is transferred to the vertical and lateral components as 

the flow approaches the plate. On the contrary, stretching of the 

vortex lines is the dominant effect when the integral length 

scale is much smaller than the chord length, which leads to an 

increase in the fluctuating longitudinal velocity component, 

while the vertical and lateral velocity components remain 

almost constant. If 𝐿𝑢
𝑥 /𝑐 is in the order of 1, a combination of 

both effects occurs [1, 6]. 

Moreover, the effect of 𝐿𝑢
𝑥 /𝑐 is also dependent on turbulence 

intensity. For instance, the base-pressure on a flat plate normal 

to a turbulent flow is found to be a function of 𝐼𝑢(𝐿𝑢
𝑥 /𝑐)2 [1]. 

Furthermore, for a blunt flat plate placed horizontally within a 

turbulent flow, the effect of 𝐿𝑢
𝑥 /𝑐 on the peak pressure is greater 

at higher turbulence intensities [11, 13]. The peak pressure on 

the plate is found to be a function of both turbulence intensity 

and integral length scale and increases with the parameter 

𝐼𝑢(𝐿𝑢
𝑥 /𝑐)0.15 [10].  

Although the effect of turbulence intensity and length scale on 

the loads has been investigated in the literature, the correlation 

between these turbulence characteristics and the loads on a flat 

plate in a boundary layer flow is not known. Hence, this study 

investigates the effect of turbulence intensity and integral 

length scale on the mean and fluctuating drag forces on a flat 

plate normal to a boundary layer flow. It expands upon the 

findings of Bearman Bearman [1] and differs from it by several 

aspects. First, a non-isotropic boundary layer flow with the 

characteristics of the atmospheric boundary layer is simulated. 

Second, a wide range of intensities and scales of turbulence are 

investigated. While the experiments of Bearman [1] were 

conducted at a turbulence intensity of 8% and an integral length 

scale of approximately 0.07 m, longitudinal turbulence 

intensities between 12% and 26% and integral length scales 

between 0.4 m and 1.22 m are achieved in the current study. 
The results of this study are important for calculation of the 

fluctuating wind loads on structures such as solar panels, 

heliostats and billboards where an accurate estimation of the 

effects of turbulence within the atmospheric boundary layer on 

the fluctuating drag force is necessary for their design.  

Methodology 

Experiments were conducted in the University of Adelaide 

large-scale wind tunnel. The cross-sectional area of the wind 

engineering test section is 3 m × 3 m with a development length 

of 17 m. The wind tunnel is designed for a maximum air speed 

of 33 m/s, and the level of turbulence intensity in the clear 

tunnel is between 1% and 3% at different measurement 

positions. In order to achieve different intensities and length 

scales of turbulence in the wind tunnel, two boundary layers of 

different depths were generated in the wind tunnel using spires 

and roughness elements. Two sets of spires were designed to 

model the atmospheric boundary layer based on Kozmar’s part-

depth method [8]. Each set consisted of three spires with 

identical dimensions shown in figure 1. The spires were 

separated by a centre-line distance of 0.9 m in the lateral 

direction (𝑦), followed by a 10 m fetch of wooden roughness 

elements of 90 mm × 90 mm cross section and 45 mm height in 

the 𝑥 direction.  

 

 

Figure 1. Dimensions of the two spire sets (a) Set 1 (b) Set 2 

(a) (b) 



Three components of velocity (𝑢, 𝑣, 𝑤) were measured over an 

area of 1 m2 normal to the flow above the tunnel floor in both 

vertical and lateral directions (𝑦, 𝑧) downstream of the 

roughness fetch at the position of the flat plate models by a 

Turbulent Flow Instrumentation (TFI) multi-hole pressure 

probe which has an accuracy of ±0.5 m/s. Data were measured 

for a duration of 150 s at a sampling rate of 1 kHz at each 

location at free-stream velocity of 11.5 m/s. The mean velocity 

as a function of height at three lateral locations in the generated 

boundary layers by the two spire sets is presented in figure 2. 

The mean velocity at the centre line (𝑦=0) shows a maximum 

of 9% and 14% deviation from the side lines (𝑦=-0.5, 𝑦=0.5) 

for Set 1 and Set 2, respectively. Since the plates span a 

maximum of 0.4 m from the centre line in the 𝑦 direction, the 

lateral homogeneity of both simulated boundary layers is 

acceptable and the measured velocity at the centre line is used 

for calculation of wind loads. 

 

 

 

 

Figure 2. Mean velocity profiles normalised with respect to the free-

stream velocity (𝑈∞=11.5 m/s) at three lateral locations for (a) Spire Set 

1 (b) Spire Set 2 

Figure 3 shows the longitudinal turbulence intensity at different 

heights in the wind tunnel for the two generated boundary 

layers. The longitudinal turbulence intensity at the mid-plane 

height of the flat plate model in the wind tunnel, (𝑧=0.5 m), is 

approximately 13% and 26% for the boundary layers produced 

by Set 1 and Set 2, respectively. The longitudinal integral length 

scales for the two boundary layers are compared in figure 4. The 

integral length scales were determined by the autocorrelation 

method which is selected in this study since it produces smaller 

errors in estimation of the length scales in comparison with the 

spectral fit methods [3, 4, 7]. In this method, first, the auto-

correlation of velocity measurements is found by equation (1). 

Then, after determination of the time scale of turbulence from 

equation (2), the length scale is calculated, based on Taylor’s 

hypothesis, as the multiplication of the time scale by the mean 

velocity from equation (3) [5].  

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

𝜎𝑢
2  

(1) 

𝜏𝑢
𝑥 = ∫ 𝑅(𝜏)𝑑𝜏    

(2) 

𝐿𝑢
𝑥 = 𝜏𝑢

𝑥 𝑈 (3) 

where 𝑢′ and 𝜎𝑢
2 represent the fluctuating component and the 

standard deviation of longitudinal velocity. R is the 

autocorrelation. 𝜏𝑢
𝑥 and 𝐿𝑢

𝑥  show the integral time scale and 

length scale, respectively. 

According to figure 4, the integral length scales in the boundary 

layer generated by Spire Set 2 are larger than those in the 

generated boundary layer by Spire Set 1 as at 𝑧=0.5 m the 

integral length scale is approximately 0.57 m and 0.70 m for the 

boundary layers by Set 1 and Set 2, respectively.  

   

Figure 3. Longitudinal turbulence intensity profiles of the generated 

boundary layers by Set 1 and Set 2 in the wind tunnel  

Figure 4. Longitudinal integral length scales of turbulence, 𝐿𝑢
𝑥 , in the 

generated boundary layers by the two spire sets in the wind tunnel (The 

error bars show the standard deviation calculated from five 

measurements) 

According to figures 3–4, a range of turbulence intensities and 

length scales are generated in the wind tunnel which allows 

investigation of the effect of turbulence intensity and length 

scales on the drag on the flat plates by placing the plates in the 

two simulated boundary layers. Square flat plates of different 

dimensions with chord lengths between 0.3 m and 0.8 m and a 

thickness of 3 mm were mounted on a pylon of 0.5 m height 

placed downstream of the roughness fetch, as shown in figure 

5. By using plates of different chord length dimensions, a range 

of values for 𝐿𝑢
𝑥 /𝑐 between 0.85 and 4 were achieved in each 

boundary layer. The drag force on the plates was measured 

using four load cells, each with a capacity of 500 N which were 

placed below the test section floor. Calibration of the load cells 

was done for a range of forces between 0–25 N, and the 

measurement errors were determined to be approximately 1.5% 

of the measured forces. 

The force on the plate was measured over a period of 120 

seconds at a sampling rate of 1 kHz. The mean and the root-

mean-square (RMS) of the fluctuating force were found and 

then the peak force was determined as the sum of the mean 

value and three-times the RMS of the fluctuating force 
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according to [14]. The drag coefficient is then found by the 

following equation: 

where 𝐹𝐷 represents the drag force on the plate, 𝑈 is the mean 

velocity at a height of 0.5 m corresponding to the mid-plane 

height of the flat plate models, 𝜌 is air density and 𝑐 is the chord 

length of the plate. The calculated drag coefficients are 

corrected for the wind tunnel blockage effect by the method of 

Maskell [12].  

Figure 5. Experimental test setup showing the flat plate model, and 

spires and roughness elements for generation of the turbulent 

boundary layer 

Results and discussion 

The mean and fluctuating drag on flat plates normal to the flow 

were measured in the two generated boundary layers. Figure 6 

presents the mean drag coefficient for different values of 𝐿𝑢
𝑥 /𝑐 

within the two boundary layers, which shows that 𝐶𝐷 is larger 

at a turbulence intensity of 26% compared to a turbulence 

intensity of 13%. According to Figure 6, at 𝐼𝑢=13%, the mean 

drag coefficient remains almost constant for 𝐿𝑢
𝑥 /𝑐 between 0.97 

and 1.36, then followed by a decrease in the mean drag 

coefficient with a further increase in 𝐿𝑢
𝑥 /𝑐. Similarly, at 𝐼𝑢= 

26%, the mean drag coefficient is almost constant over a range 

of 𝐿𝑢
𝑥 /𝑐 between 1.5 and 2. Afterwards, as 𝐿𝑢

𝑥 /𝑐 increases from 

2 to approximately 4, the mean 𝐶𝐷 decreases from 1.4 to 0.85. 

The data suggest that the mean drag coefficient is maximum for 

𝐿𝑢
𝑥 /𝑐 between 1 and 2, and is dependent on the turbulence 

intensity. The reason for the decrease in the mean drag 

coefficient at large values of 𝐿𝑢
𝑥 /𝑐 is that when the integral 

length scales are much larger than the chord length dimension, 

the flow behaves quasi-statically and turbulence appears as the 

mean flow to the body [1, 2, 6].  

Measurements of mean drag coefficient on a square prism in an 

isotropic turbulence field show a similar behaviour over the 

range of 𝐿𝑢
𝑥 /𝑐 between 0.5 and 2.5 [9]. These results show that 

the mean drag coefficient reaches a peak at 𝐿𝑢
𝑥 /𝑐 ≅ 1 and 

decreases afterwards with a further increase in 𝐿𝑢
𝑥 /𝑐 up to about 

2. With a further increase in 𝐿𝑢
𝑥 /𝑐 to over 5, the mean drag 

coefficient is found to increase again. The trend in the variation 

of the mean drag coefficient with 𝐿𝑢
𝑥 /𝑐 over the range of 0.5 to 

2.5 found by Lee [9] is similar to that shown in the present 

study, although the geometry is different. Furthermore, the 

turbulence field in the experiments of Lee [9] is grid-generated 

and isotropic, whereas in this study anisotropic turbulence 

within a boundary layer is investigated.  

The experimental data of Bearman [1], which show an almost 

constant mean drag coefficient over the range of 𝐿𝑢
𝑥 /𝑐 between 

0.37 and 1.5 at 𝐼𝑢= 8%, are also shown in figure 6. It must be 

noted that the results of Bearman [1] also correspond to an 

isotropic grid-generated turbulence.  

Figure 6. The effect of longitudinal integral length scale to chord length 

ratio, 𝐿𝑢
𝑥 /𝑐, on the mean drag coefficient, 𝐶𝐷, on a flat plate normal to 

a boundary layer flow at two different turbulence intensities, 𝐼𝑢 

The RMS of the fluctuating drag coefficient for different values 

of 𝐿𝑢
𝑥 /𝑐 within the two boundary layers are compared in figure 

7 with those reported by Bearman [1]. According to figure 7, at 

𝐼𝑢=26%, increasing 𝐿𝑢
𝑥 /𝑐 from 1.5 to 4 increases the RMS of 

the fluctuating drag coefficient from 0.54 to 0.74. Similarly, at 

𝐼𝑢=13%, an increase in 𝐿𝑢
𝑥 /𝑐 from 0.97 to 2.3 leads to an 

increase in 𝐶𝐷,𝑅𝑀𝑆 from 0.2 to 0.34. The reported data by [1] 

show a similar trend as the 𝐶𝐷,𝑅𝑀𝑆 increases from 0.09 to 0.15 

by increasing 𝐿𝑢
𝑥 /𝑐 from 0.37 to 1.5.  

Figure 7. The effect of longitudinal integral length scale to chord length 

ratio, 𝐿𝑢
𝑥 /𝑐, on the RMS of the fluctuating drag coefficient, 𝐶𝐷,𝑅𝑀𝑆, on 

a flat plate normal to a boundary layer flow at two different turbulence 

intensities, 𝐼𝑢 

The effect of turbulence intensity on the RMS of the fluctuating 

drag coefficient is indicated by comparison of 𝐶𝐷,𝑅𝑀𝑆 at similar 

values of 𝐿𝑢
𝑥 /𝑐. For instance, according to figure 7, at 𝐿𝑢

𝑥 /𝑐 of 

1.7, 𝐶𝐷,𝑅𝑀𝑆 is approximately 0.53 for 𝐼𝑢=26% while it equals 

0.27 at 𝐼𝑢=13%. Therefore, the effect of 𝐿𝑢
𝑥 /𝑐 on the fluctuating 

drag is larger when the turbulence intensity is higher. The 

dependence of the fluctuating drag coefficient on turbulence 

intensity and integral length scale can be expressed in terms of 

a turbulence parameter defined as 𝜂 = 𝐼𝑢(
𝐿𝑢

𝑥

𝑐
)0.48. The RMS of 

the fluctuating drag coefficient as a function of the turbulence 

parameter is shown in figure 8 which shows that the data from 

both boundary layers with different turbulence intensities and 

length scales collapse into a logarithmic function of 𝜂.  

The turbulence parameter describes both spatial and temporal 

release of turbulence energy and therefore the effect of 

turbulence energy on the fluctuating drag coefficient. Similar 
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parameters were suggested to correlate pressure with turbulence 

intensity and length scale, 𝜂 = 𝐼𝑢(
𝐿𝑢

𝑥

𝑐
)2 for the base pressure on 

flat plates normal to a grid-generated turbulence [1] and 𝜂 =

𝐼𝑢(
𝐿𝑢

𝑥

𝑐
)0.15 for fluctuating pressure on a horizontal flat plate 

within a grid-generated turbulence [10]. In the current study, 

𝜂 = 𝐼𝑢(
𝐿𝑢

𝑥

𝑐
)0.48 was determined as the best fit for the fluctuating 

drag data on a flat plate normal to boundary layer flows.  

Figure 8. Variations of the RMS of the fluctuating drag coefficient, 

𝐶𝐷,𝑅𝑀𝑆, with the turbulence parameter, 𝜂 

The peak drag coefficient as a function of the turbulence 

parameter is given in figure 9, which shows that the peak drag 

coefficient increases logarithmically with increasing turbulence 

parameter. According to figure 9, increasing the turbulence 

parameter from 0.11 to 0.47 increases the peak drag coefficient 

on the flat plates by 73% (from 1.73 to 3). 

Figure 9. Variations of the peak fluctuating drag coefficient, 𝐶𝐷,𝑝𝑒𝑎𝑘, 

with the turbulence parameter, 𝜂 

Conclusions 

The effect of turbulence intensity and length scale on the mean 

and fluctuating drag coefficient on a flat plate normal to the 

flow were investigated in this study. Comprehensive 

experimental investigations were conducted to measure the 

drag force on flat plates of different dimensions within two 

simulated boundary layers in a wind tunnel. The results show 

that, over the investigated range of 𝐿𝑢
𝑥 /𝑐 between 0.85 and 4, 

the mean drag coefficient is maximum for 𝐿𝑢
𝑥 /𝑐 between 1 and 

1.5, and decreases afterwards with increasing 𝐿𝑢
𝑥 /𝑐. 

Furthermore, the RMS of the fluctuating drag coefficient 

increases with increasing 𝐿𝑢
𝑥 /𝑐 and turbulence intensity. It is 

found that the RMS of the fluctuating drag coefficient and the 

peak drag coefficient are logarithmic functions of a turbulence 

parameter defined as 𝜂 = 𝐼𝑢(
𝐿𝑢

𝑥

𝑐
)0.48, which expresses the effect 

of both intensity and length scale of turbulence within a 

boundary layer.  
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