
ACCEPTED VERSION 
 

Azadeh Jafari, Farzin Ghanadi, Maziar Arjomandi, Matthew J. Emes, Benjamin S. Cazzolato 
Correlating turbulence intensity and length scale with the unsteady lift force on flat plates 
in an atmospheric boundary layer flow 
Journal of Wind Engineering and Industrial Aerodynamics, 2019; 189:218-230 
 

 © 2019 Elsevier Ltd. All rights reserved. 

This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 

Final publication at http://dx.doi.org/10.1016/j.jweia.2019.03.029 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://hdl.handle.net/2440/124818 

PERMISSIONS 

https://www.elsevier.com/about/policies/sharing 

 

Accepted Manuscript 

Authors can share their accepted manuscript: 

24 Month Embargo 

After the embargo period  

 via non-commercial hosting platforms such as their institutional repository 
 via commercial sites with which Elsevier has an agreement 

In all cases accepted manuscripts should: 

 link to the formal publication via its DOI 
 bear a CC-BY-NC-ND license – this is easy to do 
 if aggregated with other manuscripts, for example in a repository or other site, be shared in 

alignment with our hosting policy 
 not be added to or enhanced in any way to appear more like, or to substitute for, the published 

journal article 

 

10 June 2021 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.jweia.2019.03.029
http://hdl.handle.net/2440/124818
https://www.elsevier.com/about/policies/sharing
https://www.elsevier.com/about/policies/sharing#definitions
https://www.elsevier.com/about/policies/sharing#definitions
https://www.elsevier.com/about/policies/hosting


1 

 

Correlating turbulence intensity and length scale with the unsteady lift 1 

force on flat plates in an atmospheric boundary layer flow  2 

Azadeh Jafari*, Farzin Ghanadi, Maziar Arjomandi, Matthew J. Emes, Benjamin S. 3 

Cazzolato 4 

School of Mechanical Engineering, University of Adelaide, Adelaide, Australia 5 

Abstract 6 

The correlation between turbulence intensity and length scale and the lift force on a horizontal 7 

flat plate in an atmospheric boundary layer flow is investigated in this study. Experiments were 8 

conducted in a large-scale wind tunnel to measure the peak loads on flat plate models of various 9 

chord length dimensions at different heights within simulated atmospheric boundary layers. 10 

The peak lift force coefficient on the flat plates was correlated with both turbulence intensity 11 

and length scale. The results show that the peak lift force coefficient on the flat plate is a 12 

function of vertical integral length scale (𝐿𝑤
𝑥 ) and vertical turbulence intensity (𝐼𝑤) in terms of 13 

a parameter defined as 𝐼𝑤(
𝐿𝑤

𝑥

𝑐
)2.4, where 𝑐 is the chord length of the plate. An increase in this 14 

turbulence parameter from 0.005 to 0.054, increases the peak lift force coefficient from 0.146 15 

to 0.787. The established relationship is then used to predict the peak wind loads on full-scale 16 

heliostats within the atmospheric surface layer as a case study. It is found that decreasing the 17 

ratio of heliostat height to the chord length dimension of the mirror panel from 0.5 to 0.2 leads 18 

to a reduction of 80% in the peak stow lift force coefficient, independent of the terrain 19 

roughness.  20 

 21 

Keywords: Wind load, turbulence intensity, integral length scale, atmospheric boundary layer, 22 

Heliostat. 23 

 24 

  Nomenclature 25 

𝐴 Plate area (m2) 

𝑐 Plate chord length dimension (m) 

𝐶𝐿,𝑝 Peak lift force coefficient  

𝐶𝐿,𝑝(0.5) Peak lift force coefficient for 𝐻/𝑐=0.5 

𝐹𝐿 Lift force (N) 

𝑓 Frequency (Hz) 

𝐻 Height (m) 

𝐼𝑢 Longitudinal turbulence intensity (%) 

𝐼𝑤 Vertical turbulence intensity (%) 

𝐿𝑢
𝑥  Longitudinal integral length scale (m) 

𝐿𝑤
𝑥  Vertical integral length scale  (m) 
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 26 

1 Introduction 27 

The turbulence within the atmospheric boundary layer (ABL) induces highly fluctuating 28 

aerodynamic loads on the structures within the ABL. An accurate estimation of the wind loads 29 

on structures is of high significance for their design. Wind loads on large civil structures such 30 

as buildings and bridges have been studied thoroughly in the literature. However, their design 31 

guidelines are not applicable to small-scale structures such as solar panels and heliostats. While 32 

these structures, which are placed at lower 10–20 m within the atmospheric surface layer 33 

(ASL), are exposed to highly turbulent wind conditions, the effect of atmospheric turbulence 34 

on their wind loads is not well known. With the increasing popularity of solar energy and the 35 

growth of solar panels and concentrating solar power plants, it is important to provide an 36 

accurate prediction of the wind loads on them since underestimation of the peak loads in the 37 

design process will lead to overstressing and consequently structural failure (Peterka, Tan, et 38 

al., 1987). A common practice for reducing wind loads during extreme wind gusts is stowing 39 

the heliostats and solar trackers by aligning the mirror panel horizontally. In a turbulent flow 40 

such as the ASL, the significant force on stowed heliostats and solar trackers is the lift force 41 

which is caused by the variations in the pressure distribution on the upper and lower faces of 42 

the mirror panel as a turbulent eddy passes over it, as shown schematically in Figure 1. The lift 43 

p Pressure (Pa) 

𝑅 Autocorrelation of velocity 

𝑆𝑢 Power spectral density of the longitudinal velocity fluctuation (m2/s) 

𝑡 Time (s) 

𝜏𝑢
𝑥 Longitudinal integral time scale of turbulence (s) 

𝑈∞ Free-stream velocity (m/s) 

𝑢, 𝑣, 𝑤 Absolute velocity components in the 𝑥−, 𝑦−, 𝑧 − flow directions, respectively 

(m/s) 

𝑈, 𝑉, 𝑊 Time averaged mean velocity components in the  𝑥−, 𝑦−, 𝑧 − flow directions, 

respectively (m/s) 

𝑢′, 𝑣′, 𝑤′ Fluctuating  velocity components in the 𝑥−, 𝑦−, 𝑧 − flow directions, respectively 

(m/s) 

𝑥, 𝑦, 𝑧 Distance in the stream-wise, lateral and vertical directions (m) 

𝑧0 Aerodynamic surface roughness length (m) 

Symbols  

𝜎𝑢 Standard deviation of longitudinal velocity fluctuations (m/s) 

𝜂 Turbulence parameter 

𝜌 Density (kg/m3) 

𝜑 Angle of attack (rad) 
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force then induces a bending moment at the base of the pylon which is important for the design 44 

of solar trackers and heliostats. This study aims to investigate the effect of turbulence on the 45 

peak lift force on stowed heliostats and solar trackers, which can be represented by horizontal 46 

flat plates with a large ratio of characteristic length to thickness.  47 

 48 

Wind loads on flat plates in boundary layer flows are found to increase dramatically with 49 

increasing turbulence intensity as indicated by wind tunnel experiments presented in the 50 

literature (Emes et al., 2017; Emes et al., 2018; Peterka et al., 1989; Pfahl et al., 2011). Peterka, 51 

Tan, et al. (1987) measured the wind loads on heliostat models within a simulated boundary 52 

layer in a wind tunnel, and found that the peak lift force coefficient on a stowed heliostat almost 53 

doubles when longitudinal turbulence intensity increases from 14% to 18%. Furthermore, it 54 

has been reported that the peak lift force coefficient on a stowed heliostat increases by 28% 55 

and 77% when the longitudinal turbulence intensity increases from 13% to 21% (Pfahl et al., 56 

2015) and from 7% to 26% (Jafari et al., 2017), respectively. Emes et al. (2017) found that the 57 

peak lift force coefficient increases linearly as the longitudinal turbulence intensity increases 58 

from 10% to 14%. The reason for this dramatic effect is not yet known. Furthermore, there are 59 

discrepancies between the peak lift force coefficients on stowed heliostats reported by the 60 

different studies which were measured at similar turbulence intensities. As the peak lift force 61 

coefficient on a stowed heliostat at 𝐼𝑢=18% is reported to be 0.9 by Peterka, Tan, et al. (1987), 62 

in contrast to 0.49 by Pfahl et al. (2015). Also, according to Pfahl et al. (2015), the peak lift 63 

coefficient equals 0.46 at 𝐼𝑢=13%, while Emes et al. (2017) reports a coefficient of 0.83 at 64 

𝐼𝑢=12.5%. On the other hand, Pfahl (2018) proposed that that the peak and fluctuating lift force 65 

coefficients on a stowed heliostat depend on the vertical turbulence intensity, not the 66 

longitudinal one. This argument is, however, not well-established as both longitudinal and 67 

Figure 1: Fluctuating pressure distribution on a stowed heliostat within the atmospheric boundary layer based on 

the pressure measurements from (Emes et al., 2017; Gong et al., 2013) (Instantaneous pressure distributions at 

three random time steps are shown). 
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vertical turbulence intensities varied in the experiments by Pfahl (2018). Since in all the 68 

mentioned studies, both longitudinal and vertical turbulence intensities changed 69 

simultaneously, it not clear whether the observed effects were due to longitudinal turbulence 70 

intensity or vertical turbulence intensity. Therefore, this study aims to provide a deeper 71 

understanding of the effect of turbulence intensity on the peak lift force coefficient on a 72 

horizontal flat plate in terms of determination of the dominant turbulence component, i.e. 73 

longitudinal or vertical. 74 

Another parameter which is found to affect the wind loads is the integral length scale of 75 

turbulence which expresses the average size of the most energetic eddies within the turbulent 76 

flow and is a key factor influencing the loads on bluff bodies within a turbulent flow (Bearman 77 

and Morel, 1983). The drag coefficient on a flat plate normal to a turbulent flow is found to be 78 

strongly dependent on the relative size of the longitudinal integral length scale to the chord 79 

length dimension of the plate (Bearman, 1971). The root-mean-square (RMS) of the drag 80 

coefficient increases dramatically by decreasing the plate’s chord length, which as taken equal 81 

to increasing 𝐿𝑢
𝑥 /𝑐 (Bearman, 1971). Measurement of the spectra of the unsteady longitudinal 82 

velocity component upstream of the stagnation point and its comparison with the spectra in the 83 

absence of the plate shows distortion of turbulence along the stagnation line, such that the small 84 

scale turbulence is amplified and the large scales are attenuated (Bearman and Morel, 1983). 85 

The distortion of turbulence when approaching a bluff body is postulated to depend on 𝐿𝑢
𝑥 /𝑐. 86 

According to Holdø et al. (1982), when the integral length scale is much larger than the chord 87 

length of the plate, the flow behaviour is quasi-static and the effect of the bluff body on the 88 

turbulence is similar to its effect on the mean flow. Therefore, the energy of the fluctuating 89 

longitudinal velocity component is transferred to the vertical and lateral components as the 90 

flow approaches the plate. Holdø et al. (1982) proposes that when the integral length scale is 91 

much smaller than the chord length, stretching of the vortex lines is the dominant 92 

mechanism.Hence, the fluctuating longitudinal velocity component and thereby the 93 

longitudinal turbulence intensity increase and turbulence is amplified along the stagnation line, 94 

while the vertical and lateral components remain almost constant (Holdø et al., 1982). If the 95 

integral length scale is in the same order of the body’s cross-flow dimension, a combination of 96 

both effects occurs (Bearman, 1971; Holdø et al., 1982). The behaviour of a flow over a thin 97 

flat plate is however different from bluff bodies. Emes et al. (2017) reported that the peak lift 98 

force coefficient on a stowed heliostat increases by increasing the relative size of the 99 

longitudinal integral length scale of turbulence, 𝐿𝑢
𝑥 , to the chord length of the heliostat panel 100 
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(𝐿𝑢
𝑥 /𝑐). However, in their experiments, both longitudinal and vertical integral length scales 101 

varied, and therefore it is not clear whether the observed increase in the peak lift force 102 

coefficient is due to the effect of 𝐿𝑢
𝑥  or 𝐿𝑤

𝑥 . The vertical length scale, 𝐿𝑤
𝑥 , seems to be important 103 

for a thin horizontal flat plate since the fluctuating lift is mainly dependent on the vertical 104 

velocity component (Rasmussen et al., 2010). In order to provide a better understanding of the 105 

effect of longitudinal and vertical integral length scales on the lift force, it is necessary to 106 

distinguish their effects by further experimentation. Therefore, one of the aims of this study is 107 

to develop an understanding of the major contributor to the lift force, 𝐿𝑢
𝑥  or 𝐿𝑤

𝑥 , and to determine 108 

the correlation between the peak load on a horizontal flat plate in a with the integral length 109 

scale of turbulence. 110 

Turbulence intensity and integral length scale vary with the height from the ground within the 111 

ASL. As the height in the ASL increases, the longitudinal integral length scale tends to get 112 

larger while turbulence intensity decreases (ESDU85020, 2010). Moreover, the effects of 113 

turbulence intensity and integral length scale are interrelated and cannot be separated. For 114 

instance, the peak and fluctuating pressures on a horizontal blunt flat plate (𝛼=0°) are found to 115 

be strongly dependent on both turbulence intensity and length scale ratio such that the effect of 116 

𝐿𝑢
𝑥 /𝑐 on the peak pressure is greater at higher turbulence intensities (Li and Melbourne, 1999; 117 

Shu and Li, 2017). The peak pressure on the plate which occurs near separation is found to 118 

increase with the parameter 𝐼𝑢(𝐿𝑢
𝑥 /𝑐)0.15 (Li and Melbourne, 1995) where 𝐼𝑢 and 𝐿𝑢

𝑥  are the 119 

turbulence intensity and integral length scale, respectively. Furthermore, the pressure 120 

coefficient on a normal flat plate (𝛼=90°)  is also a function of both turbulence intensity and 121 

𝐿𝑢
𝑥 /𝑐 and increases logarithmically with the turbulence parameter 𝐼𝑢(𝐿𝑢

𝑥 /𝑐)2 (Bearman, 1971). 122 

Hence, in order to provide an accurate prediction of wind loads on flat-plate-like structures, it 123 

is necessary to establish a correlation between the aerodynamic lift force coefficient on flat 124 

plates and both turbulence intensity and integral length scale.  125 

The studies in the literature suggest the increase in the unsteady lift force on a horizontal flat 126 

plate with increasing turbulence intensity and integral length scales. However, none of the 127 

studies developed a strong argument, and no conclusion about the effect of turbulence was 128 

reached. While Emes et al. (2017); Peterka et al. (1989); Pfahl et al. (2011) proposed the 129 

longitudinal turbulence intensity to be important, Pfahl (2018) proposed the increase of the lift 130 

force to be due to the effect of vertical turbulence intensity. The main problem in the literature 131 

is that their results are simultaneously affected by both turbulence intensity and integral length 132 

scale, and both longitudinal and vertical components. For example, Emes et al. (2017) reported 133 
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that increasing 𝐿𝑢
𝑥 /𝑐 led to increasing the peak lift coefficient. This result was obtained by 134 

measuring the forces on flat plates of different chord length dimensions at a constant flow 135 

condition, i.e. changing 𝑐 to change 𝐿𝑢
𝑥 /𝑐. However, it was not noted that 𝐿𝑤

𝑥 /𝑐 was also 136 

increasing, and the observed increase in the lift coefficient could be due to the increase of 𝐿𝑤
𝑥 /𝑐. 137 

A similar limitation applies to the reported effect of 𝐼𝑢 by Emes et al. (2017), as 𝐼𝑤 and the 138 

integral length scales did not remain constant. As another example, Pfahl (2018) proposed that 139 

the peak lift coefficient on a stowed heliostat increased with increasing the vertical turbulence 140 

intensity, but could not differentiate the observed effect from the possible effect of longitudinal 141 

turbulence intensity as 𝐼𝑢 increased as well. Furthermore, the integral length scales were not 142 

constant in the reported results by Pfahl (2018). Therefore, it is not yet known which turbulence 143 

component is of main impact on the fluctuating lift force on a horizontal flat plate. Hence, the 144 

objective of the present study is to develop a better understanding of the effect of turbulence 145 

intensity and length scale on the peak lift force on horizontal flat plate-like structures in the 146 

ASL. It aims to establish a correlation between the lift force with both turbulence intensity and 147 

integral length scale. To do so, the lift force on flat plates of different dimensions were 148 

measured at different heights within two simulated boundary layers in wind tunnel 149 

experiments. The turbulence characteristics of the wind tunnel boundary layers are described 150 

in Section 2. In Section 3, the experimental results are presented and a correlation between the 151 

turbulence characteristics and the wind loads is developed. The developed correlation is then 152 

used in Section 4 to predict the lift force on stowed heliostats within the ASL as a case study. 153 

Furthermore, the possibility of reduction of the lift force on a stowed heliostat by decreasing 154 

the stow height is discussed. The results of this study will contribute to a better understanding 155 

of wind loads on structures such as heliostats, solar trackers, and solar panels, and can be used 156 

to reduce wind loads on them.  157 

2 Experimental method 158 

Experiments were conducted in a large-scale wind tunnel at the University of Adelaide. The 159 

rectangular test section of the boundary layer wind tunnel has a cross-sectional area of 3 m × 3 160 

m. The wind tunnel is designed for a maximum air speed of 33 m/s, and a boundary layer 161 

thickness of 0.2 m in the smooth flow at the heliostat location. The level of turbulence intensity 162 

in the empty tunnel is between 1% and 3% outside the boundary layer. As an initial stage, ABL 163 

was simulated in the wind tunnel by use of spires and roughness elements. Two sets of spires 164 

were first designed as non-truncated based on the desired power law exponent and boundary 165 

layer height using the empirical formula given by Irwin (1981). The design was then modified 166 
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for part-depth simulation of the ABL based on Kozmar’s part-depth method (Kozmar, 2011). 167 

In each set, three spires with identical dimensions, shown in Figure 2, were used placed at a 168 

centre-line distance of 0.9 m in the lateral direction. The flat plate model was placed 169 

downstream at a distance equal to 6 times the spire height which is expected to be sufficient 170 

for flow development (Irwin, 1981). The spires were followed by a 10 m fetch of wooden 171 

roughness elements of 90 mm × 90 mm cross section and 45 mm height. The sizing and spacing 172 

of the roughness elements were determined using the empirical equations by (Wooding et al., 173 

1973). The elements were placed with a spacing of 500 mm in all directions covering 174 

approximately 24% of the floor area over the fetch length. The experimental test setup is 175 

illustrated in Figure 3. 176 

 177 

The flat plate models comprise a square aluminium plate mounted on a pylon. In order to 178 

investigate the effect of height, pylons with heights of 0.14 m to 0.64 m, with an increment of 179 

0.1 m, were built. Plates with chord lengths of 0.5 m, 0.6 m and 0.7 m and a thickness of 3 mm 180 

were used. This range of plate chord lengths and pylon heights delivered 𝐻/𝑐 ratios between 181 

0.2 and 1.3. 𝐻/𝑐 =0.2 was the smallest ratio used in the experiments due to the technical 182 

challenges of building models with smaller 𝐻/𝑐 ratios and measuring forces on them. 183 

Heliostats and solar trackers are conventionally designed for height to chord length ratio, 𝐻/𝑐, 184 

of about 0.5 (Téllez et al., 2014). Hence, a range of 𝐻/𝑐 between 0.2 and 1.3 allowed 185 

investigation of the wind loads for higher and lower ratios.  186 

The forces on the flat plate models were measured by three three-axis Bestech load cells 187 

(K3D50), each with a capacity of 50 N. The load cells were calibrated for a range of forces 188 

between 0-25 N. The measurement errors are found to be approximately 1.5% of the measured 189 

Figure 2: Dimensions of the two spire sets (a) Set 1 (b) Set 2. 
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forces. Forces on the model were measured over a sampling period of 120 seconds, sampled at 190 

1 kHz. It was determined through extreme value analysis that the estimated peak loads vary by 191 

less than 2% if the sampling period increases above 120 seconds. Therefore, this period was 192 

found to be sufficient. The peak values were determined based on extreme value analysis and 193 

the assumption of a Gaussian distribution as the sum of the mean value and three-times the 194 

root-mean-square of the fluctuating forces (Simiu and Scanlan, 1996). This method is used to 195 

predict the peak value from a set of data collected over a sampling time with 99.7% probability 196 

that forces will not exceed this value.  197 

The lift force coefficient is found by the following equation: 198 

𝐶𝐿 =
𝐹𝐿

1
2 𝜌𝑈2𝐴

    
(1) 

where 𝐹𝐿 represents the lift force on the plate, 𝜌 is the air density, 𝑈 is the mean velocity at 199 

plate height and 𝐴 = 𝑐2 represents the plate area. It must also be noted that absolute values for 200 

the lift force coefficient are given.   201 

 202 

 203 
 204 

(a) 
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 205 

Figure 3: (a) Experimental test setup, (b) Schematic of the test section containing spires and roughness elements 206 
and the flat plate model. 207 

2.1 Simulation of the atmospheric boundary layer 208 

Three components of velocity (𝑢, 𝑣, 𝑤) were measured by a Turbulent Flow Instrumentation 209 

(TFI) multihole probe (Cobra probe), with an accuracy of ±0.5 m/s. The velocity measurements 210 

were taken downstream of the roughness fetch, with a longitudinal spacing of 500 mm up to 211 

the model position, over an area of 1 m2 in both vertical and lateral directions, in order to 212 

investigate flow development. The flow characteristics at the model position and in the absence 213 

of the flat plate model are reported in this section. Data were sampled at a rate of 1 kHz for a 214 

duration of 150 s at each location. In order to reduce the experimental errors, the velocity 215 

measurements were repeated for five times and the average of five measurements was 216 

calculated. Figure 4 shows the mean velocity profile as a function of height at three lateral 217 

locations in the wind tunnel boundary layers using the two spire sets (hereafter referred to as 218 

WTBL1 and WTBL2) at a freestream velocity of 11.5 m/s. The shaded areas in Figure 4 show 219 

the heights where the flat plate models were placed within the wind tunnel (𝑧=0.14 m to 0.64 220 

m). The mean velocity at the centre line (𝑦=0) shows a maximum of 9% and 14% deviation 221 

from the side lines (𝑦=−0.5, 𝑦=0.5) at the position of the heliostat model for WTBL1 and 222 

WTBL2, respectively. The velocity profiles of WTBL1 show a better lateral homogeneity than 223 

WTBL2 which is due to the higher separation and turbulence produced by the spires of Set 2. 224 

As the flat plate models are placed at a maximum lateral distance of 0.3 m from the centre line, 225 

the lateral homogeneity of both simulated boundary layers is acceptable and the measured 226 

velocity at the centre line is used for calculation of wind loads. 227 

(b) 

Flat plate model 
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  228 

 229 

Figure 4: Mean velocity profiles normalised with respect to the reference velocity (𝑈∞=11.5 m/s) at three lateral 230 
locations for (a) WTBL1, Spire Set 1, (b) WTBL2, Spire Set 2, in model scale (The shaded area shows the 231 

height of the flat plate models in the wind tunnel). 232 

Figure 5(a) shows the mean velocity profiles at the centre-line (𝑦=0) of the wind tunnel 233 

measured at heights up to 1 m compared to the logarithmic profiles of the mean wind velocity 234 

within the ABL. The velocity profile of the boundary layer generated by Spire Set 1 matches a 235 

logarithmic profile with a roughness height of 0.018 m in full scale, with a maximum error of 236 

2.3%. The mean velocity profile of WTBL2 represents a logarithmic profile with a roughness 237 

height of 0.35 m and a displacement height of 0.02 m in full scale, with a maximum error of 238 

5% at the model position. Therefore, the mean velocity profiles of WTBL1 and WTBL2 239 

provide a good representation of the mean wind velocity for 𝑧0=0.018 m and 𝑧0=0.35 m, 240 

respectively. The aerodynamic surface roughness lengths were determined from fitting the 241 

mean velocity profile of each simulation to the logarithmic law. It must be noted that as 242 

suggested by (De Paepe et al., 2016; Holmes, 2007; Kozmar, 2012) the displacement height is 243 

negligible for flat and open country terrains whose surface roughness value is low while for 244 

suburban and urban areas with larger surface roughness, the displacement height must be taken 245 

into account. Therefore, the displacement height is only considered in the log law profile for 246 

WTBL2 with 𝑧0=0.35 m, and it is considered negligible for WTBL1 which represents an open 247 

country terrain with 𝑧0=0.018 m. Comparison of the mean velocity profiles with the power law 248 

profiles, as shown in Figure 5(b), also indicates that the boundary layer generated by Spire Set 249 



11 

 

1 matches a power law for 𝛼=0.18 and WTBL2 represents a power law profile for 𝛼=0.3. The 250 

power-law profiles in Figure 5(b) were determined by assuming a reference height within each 251 

boundary layer. According to De Paepe et al. (2016), an arbitrary height within the simulated 252 

boundary layer can be used as the reference for part-depth simulated boundary layers. the 253 

reference height was chosen as 𝑧𝑟𝑒𝑓 =1 m, as it is not in the vicinity of the ground or the ceiling 254 

of the tunnel, and is therefore not affected by the local effects of the roughness elements or the 255 

secondary boundary layer formed over the ceiling (De Paepe et al., 2016). Furthermore, this 256 

height is larger than the height of the flat plate models in the wind tunnel. The mean velocity 257 

obtained at different heights of each boundary layer are then normalised with the mean velocity 258 

at the reference height, which equals 10.87 m/s and 9.95 m/s for WTBL1 and WTBL2, 259 

respectively. 260 

 261 

  262 

Figure 5: Mean velocity profile of the boundary layers generated by the two spire sets in the wind tunnel in 263 
model scale, (a) comparison with logarithmic profiles. The error bars show the standard deviation calculated 264 

from five measurements, (b) comparison with power law profiles (The shaded area shows the height of the flat 265 
plate models in the wind tunnel). 266 

In order to compare the characteristics of the wind tunnel boundary layers with the ASL, the 267 

simulation length scale factor was calculated for each boundary layer. The length scale factor 268 

was calculated using Cook’s method (Cook, 1978) from the aerodynamic surface roughness 269 

length and integral length scales at different heights within each boundary layer. The length 270 

scale factor of each boundary layer was then determined as the average of the calculated values 271 
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for different heights. Hence, the simulation length scale factor was found to equal 1:151 and 272 

1:90 for WTBL1 and WTBL2, respectively. 273 

The turbulence characteristics of the flow in the two wind tunnel boundary layers including 274 

turbulence intensity, power spectral density and integral length scales are determined. The 275 

turbulence intensity is calculated based on the measured velocity for heights up to 1 m in the 276 

wind tunnel for WTBL1 and WTBL2. Figure 6 shows the longitudinal and vertical turbulence 277 

intensity profiles achieved in WTBL1 and WTBL2 in the wind tunnel scale. The longitudinal 278 

turbulence intensity at the heights where the flat plate model is positioned (𝑧=0.14 m to 0.64 279 

m) in the wind tunnel is between 11% and 13% and between 24% and 28% for the WTBL1 280 

and WTBL2, respectively. The vertical turbulence intensity at the model height in the wind 281 

tunnel is about 9% for the WTBL1, and is about 19% for the WTBL2. Turbulence intensity 282 

profiles from the wind tunnel measurements for heights up to 1 m are converted to match the 283 

full scale height using the simulation length scale factors, 1:151 and 1:90 for WTBL1 and 284 

WTBL2, respectively. Turbulence intensity for a similar terrain type to each WTBL was 285 

estimated according to ESDU85020 (2010) and (ESDU74031, 1974). The longitudinal and 286 

vertical turbulence intensity profiles from WTBL1 and WTBL2 are shown in Figure 6(b-c) and 287 

Figure 6(d-e), respectively. The solid and dashed lines show the upper and lower bounds of the 288 

ESDU 74031 and ESDU 85020 ranges, respectively, which are represented as ±20% from the 289 

calculated mean values which is suggested as the allowable bandwidth (ESDU85020, 2010). 290 

According to Figure 6(b-d), both longitudinal and vertical turbulence intensity profiles of 291 

WTBL1, and the longitudinal turbulence intensity in WTBL2 are within the ESDU range. The 292 

vertical turbulence intensity for WTBL2 is, however, larger than the ESDU estimations (Figure 293 

6(e)). 294 

 
 (a)   
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(b) (c) (d) (e) 

Figure 6: (a) Longitudinal and vertical turbulence intensity profiles for WTBL1 and WTBL2 in the wind tunnel 295 
scale (The shaded area shows the height of the flat plate models in the wind tunnel), (b–c) Full-scale 296 

longitudinal and vertical turbulence intensity profiles in 1:151 ABL simulations for WTBL1 compared with 297 
ESDU 85020 and ESDU 74031 profiles, (d–e) Full-scale longitudinal and vertical turbulence intensity profiles 298 
in 1:90 ABL simulations for WTBL2 compared with ESDU 85020 and ESDU 74031 profiles (The solid and 299 
dashed lines show the upper and lower bound of the estimated range from ESDU 74031 and ESDU 85020, 300 

respectively). 301 

The longitudinal and vertical power spectral density functions of the two wind tunnel boundary 302 

layers, at z=0.3 m, are shown in Figures 7(a) and 7(b), respectively. The non-dimensional 303 

power spectral density is compared with the spectra predicted by the theoretical models of von 304 

Kármán (1948) which is also recommended by ESDU85020 (2010) to compare the distribution 305 

of turbulence energy in the wind tunnel with that at the ASL. The power spectra of both wind 306 

tunnel boundary layers show a similar distribution to that of von Kármán which indicates that 307 

the turbulence energy distribution in both boundary layers at the model heights is similar to the 308 

ASL. Figure 7(b) shows a noticeable shift in the frequency of the peak of the vertical power 309 

spectra to higher frequencies. The shift in the peak of power spectra to smaller length scales, 310 

which is also reported by Pfahl et al. (2015), is due to the different mechanism of turbulence 311 

generation in the tunnel compared to the ABL. Furthermore, the larger magnitude of the 312 

vertical power spectra for WTBL2 indicates the larger vertical turbulence intensity in the wind 313 

tunnel compared to the estimations of the ASL. 314 
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 315 

Figure 7: Power spectral density of (a) longitudinal and (b) vertical velocity fluctuation of WTBL1 and WTBL2 316 
as a function of non-dimensional frequency, 𝑓𝑐/𝑈, at z=0.3 m, for 𝑐=0.5 m (𝑈 is the mean velocity at z=0.3 m). 317 

The longitudinal and vertical integral length scales were calculated based on Taylor’s 318 

hypothesis assuming that the eddies are transported by the mean velocity. In this method, the 319 

integral time scale of turbulence is calculated from equation (2) by integration of the auto-320 

correlation of fluctuating longitudinal or vertical velocity components given by equation (3). 321 

The length scale is then found by multiplying the integral time scale by the mean velocity as 322 

given in equation (4) (Farell and Iyengar, 1999).  This method for calculation of integral length 323 

scales produces smaller errors compared to other methods, i.e. determination of the value of 324 

the spectrum at zero frequency, and semi-empirically from the location of the spectral peak. 325 

The former involves significant errors due to lack of adequate resolution at low frequencies 326 

(Iyengar and Farell, 2001). Determination of the central peak also leads to errors due to the 327 

noise (De Paepe et al., 2016). Therefore, the integral length scales were calculated from the 328 

auto-correlation method in this study. 329 

𝜏𝑖
𝑥 = ∫ 𝑅𝑖(𝜏)𝑑,      𝑖 = 𝑢, 𝑤   

(2) 

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

𝜎𝑢
2  

(3) 

𝐿𝑖
𝑥 = 𝜏𝑖

𝑥  𝑈   (4) 

The longitudinal and vertical integral length scales, 𝐿𝑢
𝑥  and 𝐿𝑤

𝑥 , in the wind tunnel scale for the 330 

two boundary layers are shown in Figure 8. There is some scatter in the length scale values 331 

which is also reported in the literature (De Paepe et al., 2016; Emes et al., 2018; Kozmar, 2011; 332 

Watkins et al., 2006) and is due to limited sampling time and measurement techniques. 333 

However, in order to reduce the scatter in the data and to eliminate the error in the determination 334 

of the integral length scales, velocity measurements in the wind tunnel were repeated for five 335 

times and the average (and standard deviation) of five measurements is reported in Figure 8.  336 



15 

 

According to Figure 8, the vertical length scale generally decreases as the height in the wind 337 

tunnel decreases. In contrast, at heights below 0.2 m, the longitudinal length scale becomes 338 

larger as the ground is approached. Above 0.2 m, the longitudinal length scale overall increases 339 

as the height from the ground increases. This is due to the turbulence generation technique in 340 

the wind tunnel. The spires generate larger turbulence structures close to the ground due to 341 

their larger width near the ground. As the height from the ground increases, the width of the 342 

spires decreases and smaller turbulence structures are developed. The generated eddies then 343 

grow over the longitudinal development length. While at heights below 0.2 m, the development 344 

of the eddies is influenced by the ground effect, as the height from the ground further increases, 345 

the eddies grow and get larger. The growth and development of the eddies is nevertheless 346 

restrained due to the limited cross-section of the wind tunnel as noted in other wind tunnel 347 

simulations of the ABL (Banks, 2011; De Paepe et al., 2016; Iyengar and Farell, 2001; Kozmar, 348 

2012; Leitch et al., 2016; Peterka et al., 1998) which reported that the length scales did not 349 

increase with height at the same increasing rate observed in the atmosphere. Experimental 350 

results in the literature show that the integral length scales in the wind tunnel increase with 351 

height but remain almost constant as the height from the ground further increases to reaching 352 

towards the ceiling of the tunnel (De Paepe et al., 2016; Iyengar and Farell, 2001; Kozmar, 353 

2011). Unlike the longitudinal length scales, the vertical length scales do not get larger with 354 

the increasing width of the spires near the ground since the vertical structures are restrained by 355 

the ground. Despite the different mechanism of turbulence generation in the wind tunnel and 356 

the atmosphere, the increase in 𝐿𝑢
𝑥  and the decrease in 𝐿𝑤

𝑥  near the ground is also observed in 357 

the lower part of the ASL which is due to the elongation of the turbulent eddies near the ground. 358 

In the lower 10 m to 20 m of the ASL, at near-neutral conditions, the eddies, which originate 359 

in the lower parts of the middle layer above the surface layer, get stretched and blocked by the 360 

ground as they impinge upon it. Consequently, the vertical velocity tends to zero near the 361 

ground (Högström et al., 2002; Hunt and Carlotti, 2001).  362 

According to Figure 8, the longitudinal and vertical integral length scales in WTBL2 are larger 363 

than those for the WTBL1. The longitudinal integral length scales at the heliostat positions are 364 

between 0.66 m to 0.75 m for WTBL2, while they are about 0.52 m to 0.67 m for WTBL1. 365 

According to Figure 8, the vertical length scales at the heliostat positions are between 0.2 m to 366 

0.25 m for WTBL1 and between 0.27 m to 0.35 m for WTBL2. Therefore, the flat plate models 367 

can be exposed to different scales of turbulence within the two simulated boundary layers 368 

which allows investigation of the effect of the relative size of the integral length scale to the 369 

chord length on the loads. Figure 8(b–e)  show the longitudinal and vertical integral length 370 
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scales within the two wind tunnel boundary layers converted to full scale in comparison with 371 

the recommended ESDU 74031 and ESDU 85020 ranges for the corresponding open country 372 

and suburban terrains. The integral length scales are in general within the ranges predicted by 373 

ESDU 85020 and ESDU 74031. 374 

 

 (a)   

    

(b) (c) (d) (e) 

Figure 8: (a) Longitudinal and vertical integral length scales for WTBL1 and WTBL2 in the wind tunnel scale 375 
(The error bars show the standard deviation calculated from five measurements), (b-c) Full-scale longitudinal 376 

and vertical integral length scales in 1:151 ABL simulations for WTBL1 compared with ESDU 85020 and 377 
ESDU 74031 profiles, (d-e) Full-scale longitudinal and vertical integral length scales in 1:90 ABL simulations 378 

for WTBL2 compared with ESDU 85020 and ESDU 74031 profiles (The solid and dashed lines show the upper 379 
and lower bound of the estimated range from ESDU 74031 and ESDU 85020, respectively). 380 

A summary of the velocity and turbulence characteristics of the two wind tunnel boundary 381 

layers is given in Table 1.  382 

 383 

 384 

 385 

 386 

 387 

WTBL1, 𝐿𝑢
𝑥  

WTBL2, 𝐿𝑢
𝑥  

WTBL1, 𝐿𝑤
𝑥  

WTBL2, 𝐿𝑤
𝑥  
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Table 1 Summary of the characteristics of the two wind tunnel boundary layers (the turbulence intensity and 388 
length scales are given for the heights of the heliostat models). The aerodynamic surface roughness and the 389 

integral length scale are given in model scale. 390 

 
Length 

scale factor 
𝒛𝟎(mm) 𝑰𝒖(%) 𝑰𝒘(%) 𝑳𝒖

𝒙  (m) 𝑳𝒘
𝒙  (m) 

WTBL1 1:151 0.12 11 9 0.52–0.67 0.2–0.25 

WTBL2 1:90 3.88 26 19 0.66–0.75 0.27–0.35 

3 Results  391 

In order to find the effect turbulence characteristics on the wind loads, forces on horizontal flat 392 

plate models with varying pylon heights (with 𝐻/𝑐 ratios between 0.2 and 1.3) were measured. 393 

The measurements were undertaken at longitudinal turbulence intensities of approximately 394 

11% and 26% and vertical turbulence intensities of approximately 9% and 21% produced 395 

within the wind tunnel boundary layers using the two spire sets. Furthermore, three square 396 

plates with chord length dimensions of 0.5, 0.6 and 0.7 m were used to achieve different ratios 397 

of 𝐿𝑢
𝑥 /𝑐 and 𝐿𝑤

𝑥 /𝑐. Figure 9 shows the variations of the peak lift force coefficient on the 398 

horizontal flat plates with changing the flat plate heights as a function of 𝐻/𝑐. It is found that 399 

𝐶𝐿,𝑝 decreases linearly with reducing 𝐻/𝑐, which agrees with the results reported by Emes et 400 

al. (2017) who found a similar trend for the peak lift force coefficient on stowed heliostats for 401 

𝐻/𝑐 values between 0.5 and 1.3. The results reported by Emes et al. (2017) were limited to 402 

𝐻/𝑐=0.5 and lower turbulence intensity (𝐼𝑢=6–12.5%). The results of the present study shown 403 

in Figure 9 indicate that 𝐶𝐿,𝑝 on a stowed heliostat is further reduced by decreasing 𝐻/𝑐 to 404 

below 0.5. According to Figure 9, reducing 𝐻/𝑐 from 0.5 to 0.2 reduces 𝐶𝐿,𝑝 from 405 

approximately 0.3 to 0.2 at an average vertical turbulence intensity of 9%, and from 0.65 to 406 

0.48 at an average vertical turbulence intensity of 19%. Furthermore, as shown in Figure 9, the 407 

rate of reduction of 𝐶𝐿,𝑝 with reducing 𝐻/𝑐 is larger in WTBL2, where the turbulence intensity 408 

and integral length scales are larger than those in WTBL1, such that the slope of the linear 409 

trend for WTBL2 is three times larger than WTBL1 (
𝑑𝐶𝐿,𝑝

𝑑(𝐻/𝑐)
=0.18 and 0.67 for WTBL1 and 410 

WTBL2, respectively). 411 
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 412 
Figure 9: The effect of height to chord length ratio, 𝐻/𝑐, on the peak lift force coefficient on a horizontal flat 413 

plate, 𝐶𝐿,𝑝, for WTBL1, 𝐼𝑢 = 11% and 𝐼𝑤 =9%,  and WTBL2, 𝐼𝑢 = 26% and 𝐼𝑤 =19%. 414 

Reduction of the peak lift force coefficient with the reduction of the height of the flat plate 415 

shown in Figure 9 is due to the effect of turbulence. As the height of each flat plate within each 416 

boundary layer is reduced from 0.64 m to 0.14 m, it is exposed to a different turbulence 417 

condition. According to Figure 6 and as shown in Table 1, longitudinal and vertical turbulence 418 

intensity remain almost constant (varying by less than 2%) over the range of heights between 419 

0.14 m and 0.64 m. Therefore, the reduction of 𝐶𝐿,𝑝 with height for each plate in each boundary 420 

layer is not related to turbulence intensity. On the other hand, the integral length scales of 421 

turbulence vary with height in each boundary layer. Therefore, the reduction of 𝐶𝐿,𝑝 is due to 422 

the effect of the integral length scale of turbulence. According to Figure 8, as the height reduces 423 

from 0.64 m to 0.14 m in each boundary layer, 𝐿𝑤
𝑥  decreases while 𝐿𝑢

𝑥  does not consistently 424 

decrease and increases at some heights. Hence, reduction of 𝐶𝐿,𝑝 for a single flat plate (constant 425 

𝑐) as 𝐻 reduces is due to the reduction of 𝐿𝑤
𝑥 . The effect of 𝐿𝑤

𝑥  on the peak lift force coefficient 426 

is shown in Figure 10, which presents the change in the peak lift force coefficient as a function 427 

of 𝐿𝑤
𝑥 /𝑐, for each flat plate (constant chord length dimension) as the height of the pylon 428 

changes. As the height of the plates from the ground reduces, the vertical length scales and 429 

consequently 𝐿𝑤
𝑥 /𝑐 for each plate size decrease, which results in the reduction of the peak lift 430 

force coefficient as shown in Figure 10. For instance, reducing 𝐿𝑤
𝑥 /𝑐 from 0.7 to 0.54 reduces 431 

the peak lift force coefficient from approximately 1.18 to 0.57 for c=0.5 m and 𝐼𝑤 =19%. 432 

Similarly, 𝐶𝐿,𝑝 reduces from 0.43 to 0.26 by reducing 𝐿𝑤
𝑥 /𝑐 from 0.51 to 0.43 for c=0.5 m and 433 

𝐼𝑤 =9%. The results in Figure 10 show that 𝐶𝐿,𝑝 increases as a power function of 𝐿𝑤
𝑥 /𝑐, with 434 

an exponent between 2.2 and 2.5.      435 
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436 
Figure 10: The effect of vertical integral length scale to chord length ratio, 𝐿𝑤

𝑥 /𝑐, on the peak lift force 437 
coefficient, 𝐶𝐿,𝑝, on a horizontal flat plate within WTBL1, 𝐼𝑤 =19%, and WTBL2, 𝐼𝑤 =9%.  438 

As the height within the simulated boundary layers decreases, the vertical velocity component 439 

is reduced due to the no-slip effect of the ground. According to Figure 8, with the decrease of 440 

the height within the boundary layer, 𝐿𝑤
𝑥  decreases and the vertical to longitudinal length scale 441 

ratio, 𝐿𝑤
𝑥 /𝐿𝑢

𝑥  reduces, which represents how the eddies are more elongated in the longitudinal 442 

direction at the lower heights near the ground resulting in smaller magnitude of the vertical 443 

velocity component. As the eddy hits the plate, the vertical velocity component, which is 444 

normal to the flat plate, produces the vertical lift force by generating pressure and suction on 445 

the plate surface. 𝐿𝑤
𝑥  represents the longitudinal distance over which the vertical velocity 446 

components are well correlated. 𝐿𝑤
𝑥 /𝑐 is indicative of the extent to which the eddies engulf the 447 

plate. Therefore, less lift is produced on larger plates with smaller 𝐿𝑤
𝑥 /𝑐 since a smaller area of 448 

the plate is impacted by the vertical velocity component of the eddy. Therefore, the reduction 449 

of the vertical length scales at lower heights close to the ground leads to the reduction of the 450 

fluctuating component of the lift force coefficient. 451 

Emes et al. (2017) proposed that the peak lift force coefficient on a stowed heliostat increases 452 

linearly with 𝐿𝑢
𝑥 /𝑐. The trend reported by Emes et al. (2017) was achieved by measuring the 453 

lift force coefficient on flat plates of different chord length dimensions at a constant height and 454 

constant 𝐿𝑢
𝑥  and 𝐿𝑤

𝑥 . The ratio of 𝐿𝑢
𝑥 /𝑐 was varied by changing only 𝑐 while 𝐿𝑢

𝑥  was constant. 455 

While 𝑐 increased, both 𝐿𝑢
𝑥 /𝑐 and 𝐿𝑤

𝑥 /𝑐 decreased. However, the effect of variation of 𝐿𝑤
𝑥 /𝑐 456 

was not taken into account. Therefore, the reported results by Emes et al. (2017) were 457 

simultaneously affected by both longitudinal and vertical turbulence length scales. The method 458 

used in the present study is different from Emes et al. (2017) as the effect of integral length 459 
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scale is investigated by exposing a single flat plate with a constant 𝑐 to different turbulence 460 

length scales by changing the height of the plate in the boundary layer. To achieve a larger set 461 

of data, flat plates of different dimensions were used in two boundary layers. In the results of 462 

the present study shown in Figure 10, 𝐿𝑢
𝑥  and 𝐿𝑤

𝑥  are varied for a constant value of 𝑐 by changing 463 

the height of each plate in the two boundary layers. Although both 𝐿𝑢
𝑥 /𝑐 and 𝐿𝑤

𝑥 /𝑐 are varied 464 

in the current experiments, the results show that 𝐶𝐿,𝑝 is more strongly correlated with 𝐿𝑤
𝑥 /𝑐 465 

(Figure 10). Therefore, the vertical integral length scale, 𝐿𝑤
𝑥 , is the major contributor to the lift 466 

force on the horizontal flat plate, not 𝐿𝑢
𝑥 . This is further supported by comparison of 𝐶𝐿,𝑝 for 467 

cases with similar  𝐿𝑢
𝑥 /𝑐 and different 𝐿𝑤

𝑥 /𝑐, as presented in Figure 11. For instance, the peak 468 

lift force coefficient increases from 0.62 to 1.18 as 𝐿𝑤
𝑥 /𝑐 increases from 0.55 to 0.7 469 

although 𝐿𝑢
𝑥 /𝑐 remains constant at approximately 1.4. Another example is increase of 𝐶𝐿,𝑝 from 470 

approximately 0.54 to 0.99 when 𝐿𝑤
𝑥 /𝑐 increases from 0.45 to 0.59 at 𝐿𝑢

𝑥 /𝑐=1.1. Hence, the 471 

results show that the peak lift force coefficient increases with increasing  𝐿𝑤
𝑥 /𝑐. 472 

 473 



21 

 

 474 

Figure 11: Comparison of the peak lift force coefficient for cases with similar 𝐿𝑢
𝑥 /𝑐 and different 𝐿𝑤

𝑥 /𝑐, (a) 475 
WTBL1, 𝐼𝑢 =11% and 𝐼𝑤 =19%, (b) WTBL2, 𝐼𝑢 =26% and 𝐼𝑤 =21%. 476 

The dependency of the fluctuating lift force on the fluctuating vertical velocity component 477 

found in the present study is in agreement with that reported by (Larose and Livesey, 1997; 478 

Pfahl, 2018; Rasmussen et al., 2010). Assuming quasi-steady aerodynamics, the lift force 479 

coefficient can be defined as a linear function of the angle of attack (𝜑) (Rasmussen et al., 480 

2010),  481 

𝐶𝐿(𝜑) = 𝐶𝐿,0(𝜑 = 0) +
𝜕𝐶𝐿

𝜕𝜑
𝜑 

(5) 

where the instantaneous angle of attack is given by 𝜑 =
𝑤

𝑈+𝑢′
. Rasmussen et al. (2010) shows 482 

that the lift force on a horizontal flat plate caused by the fluctuating wind can be expressed as,   483 

𝐹𝐿 =
𝜌𝑈𝐴

2
(2𝐶𝐿,0𝑢′ +

𝜕𝐶𝐿

𝜕𝜑
𝑤′) 

(6) 

where 𝐶𝐿,0 and 
𝜕𝐶𝐿

𝜕𝜑
 represent the lift force coefficient at 𝜑 = 0 and the slope of the lift force 484 

coefficient at near zero angle of attack, respectively. 𝐶𝐿,0 and 
𝜕𝐶𝐿

𝜕𝜑
 can be determined through 485 

static tests by measuring the lift force on flat plates at small elevation angles according to the 486 

method given by Cigada et al. (2002), and were measured to be equal to −0.11 and 2.90 487 

respectively. The experimental values of 𝐶𝐿,0 = −0.11 and 
𝜕𝐶𝐿

𝜕𝜑
 =2.9 are in agreement with those 488 

reported for bridge decks (Larose et al., 1998) showing that 
𝜕𝐶𝐿

𝜕𝜑
 is much larger compared to 489 
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𝐶𝐿,0 . Based on Equation (6) and since 
𝜕𝐶𝐿

𝜕𝜑
 is much larger in magnitude compared to 𝐶𝐿,0, the 490 

lift force is mainly influenced by the vertical velocity component. 491 

The effect of vertical turbulence intensity can also be seen in Figure 10, as at similar values of 492 

𝐿𝑤
𝑥 /𝑐, 𝐶𝐿,𝑝 is larger for the WTBL2 where the turbulence intensity is larger. For example, at 493 

𝐿𝑤
𝑥 /𝑐=0.5, 𝐶𝐿,𝑝 equals approximately 0.43 and 0.6 for 𝐼𝑤 =9% and 𝐼𝑤 =19%, respectively. 494 

Therefore, the peak lift force coefficient is a function of both integral length scale and 495 

turbulence intensity. This relationship can be expressed in terms of the turbulence parameter 496 

represented by 𝜂 = 𝐼𝑤(
𝐿𝑤

𝑥

𝑐
)2.4. Similar parameters defined by longitudinal turbulence intensity 497 

and length scale have been correlated with the pressure coefficient on a flat plate normal to the 498 

flow in terms of 𝐼𝑢(
𝐿𝑢

𝑥

𝑐
)2 by Bearman (1971), and a thick blunt horizontal plate as 𝐼𝑢(

𝐿𝑢
𝑥

𝑐
)0.15 by 499 

Li and Melbourne (1995) in which the flow is different from the case of a thin horizontal flat 500 

plate in an atmospheric boundary layer flow. As described earlier, the fluctuating lift force on 501 

the flat plate is induced by the vertical velocity component resulting from the variations in the 502 

angle of attack of the flow induced by the turbulent eddies (see Equation 6). The turbulence 503 

parameter is calculated for the three chord length dimensions (𝑐=0.5, 0.6, 0.7 m) of the plates 504 

within WTBL1 and WTBL2 and the investigated 𝐻/𝑐 ratios between 0.2 and 1.3. For the flat 505 

plate in a boundary layer flow, the current experimental data suggest the best fit for 𝐶𝐿,𝑝 is 506 

achieved for 𝜂 = 𝐼𝑤(
𝐿𝑤

𝑥

𝑐
)2.4. Figure 12 shows the peak lift force coefficient as a function of 𝜂. 507 

According to Figure 12, 𝐶𝐿,𝑝 increases logarithmically with the turbulence parameter, which 508 

can be described by the following correlation: 509 

𝐶𝐿,𝑝 = 0.267ln(𝜂) + 1.566 (7) 

This finding is in agreement with that found by Bearman (1971) reporting that the pressure 510 

coefficient on a plate normal to the turbulent flow increases logarithmically with the turbulence 511 

parameter, 𝐼𝑢(
𝐿𝑢

𝑥

𝑐
)2. The turbulence parameter can be interpreted as an expression of the 512 

entrainment of the turbulence energy (Bearman, 1971). The dependency of the lift force on the 513 

turbulence parameter indicates that the force is the result of both spatial and temporal coherence 514 

of vertical turbulence energy. The determined relationship in terms of the turbulence parameter 515 

indicates that the peak lift force coefficient is more sensitive to 𝐿𝑤
𝑥 /𝑐 than to turbulence 516 

intensity, 𝐼𝑤. Therefore, the effect of the spatial distribution of vertical turbulence energy on 517 

the peak lift force coefficient on a stowed heliostat is more significant than the temporal release 518 

of turbulent energy.  519 
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 520 
Figure 12: Variations of the peak lift force coefficient on horizontal flat plates, 𝐶𝐿,𝑝, with the turbulence 521 

parameter, 𝜂. 522 

4 Case study: Lift force on stowed heliostats 523 

The results presented in the previous section indicate that the effect of free-stream turbulence 524 

on the peak lift force coefficient on a thin horizontal flat plate is predominantly affected by the 525 

turbulence parameter. In this section, the correlation between the lift force and the turbulence 526 

parameter developed from the wind tunnel experiments is used to predict the lift force on 527 

stowed heliostats as a case study. Heliostats with square mirror panels with a chord length 528 

dimension between 2 m and 10 m, and with pylon heights between 0.2 𝑐 and 0.5 𝑐 are 529 

considered. First, the turbulence parameter for the heliostats within ASL is calculated from 530 

equation 𝜂 = 𝐼𝑤(
𝐿𝑤

𝑥

𝑐
)2.4 using estimations of the integral length scales and turbulence intensity 531 

at terrains with different surface roughness values. Then the lift force coefficient is predicted 532 

as a function of the turbulence parameter from Equation (7). 533 

To estimate the turbulence parameter for heliostats within the ASL, the vertical turbulence 534 

intensity and integral length scale were calculated for different terrain roughness values and 535 

heights within the ASL using the empirical relationships given by ESDU85020 (2010), and are 536 

given in Figure 13(a). The turbulence parameter was then calculated for heliostats with chord 537 

lengths of the mirror panel between 2 m to 10 m and for different pylon heights, from the 538 

equation, = 𝐼𝑤(
𝐿𝑤

𝑥

𝑐
)2.4, using the turbulence intensity and length scales corresponding to each 539 

height. An example of the calculations is given in Table 2 for a terrain roughness of 0.1 m. 540 

Similar calculations were carried out for different surface roughness values between 0.01 m 541 

and 0.3 m. The results showed that the turbulence parameters for heliostats with different pylon 542 
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heights and chord length dimensions of the panel, which have an identical 𝐻/𝑐, are similar and 543 

can be expressed as a single value with a maximum standard deviation of 15%. Therefore, the 544 

average value of the turbulence parameter can be given for heliostats of constant 𝐻/𝑐 ratio at 545 

each terrain roughness, and the turbulence can be expressed as a function of terrain roughness 546 

and 𝐻/𝑐, i.e. 𝜂 = 𝑓(𝑧0,
𝐻

𝑐
). This is due to the dependence of the turbulence intensity and length 547 

scale on height and the relationship between the height and chord length of the mirror panel of 548 

heliostats. The turbulence parameter for different roughness values (𝑧0 =0.01 m to 0.3 m) as a 549 

function of 𝐻/𝑐 is shown in Figure 13(b). The error bars in Figure 13(b) show the standard 550 

deviation from the average values for a specific 𝐻/𝑐. According to Figure 13(b), the turbulence 551 

parameter is larger for smaller values of surface roughness. For instance, at 𝐻/𝑐=0.5, the 552 

turbulence parameter increases from approximately 0.016 to 0.054 when the surface roughness 553 

decreases from 0.3 m to 0.01 m. This is because the vertical integral length scales tend to 554 

decrease with increase in surface roughness at heights below 10 m where heliostats are 555 

positioned within the ASL, according to ESDU85020 (2010). Furthermore, according to Figure 556 

13(b), at a specific terrain, the turbulence parameter increases with a power function with 557 

increasing 𝐻/𝑐. Decreasing 𝐻/𝑐 from 0.5 to 0.2 leads to a reduction of the turbulence 558 

parameter to below 0.01 for the considered range of surface roughness values. It must be 559 

mentioned that the values of the turbulence parameter within the ABL shown in Figure 13 are 560 

calculated for heights above 3 m since the relationships for integral length scale and turbulence 561 

intensity given by ESDU85020 (2010) hold true for a minimum height of 3 m. 562 

563 

Figure 13: (a) Vertical length scale (solid lines) and turbulence intensity (dotted lines) within the ASL calculated 564 

from ESDU85020 (2010) in full-scale (b) The turbulence parameter, η, within the ASL as a function of terrain 565 

roughness, 𝑧0, and hinge height to chord length ratio of heliostats, 𝐻/𝑐. 566 
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 567 
Table 2: Estimations of the vertical turbulence intensity, vertical length scale and the turbulence parameter for 568 

heliostats with different chord length dimensions of the mirror panel and pylon heights for a terrain with 𝑧0=0.1 569 
m in full-scale  570 

𝑯 [m] 𝑰𝒘 [%] 𝑳𝒘
𝒙  [m] 𝒄 [m] 𝑯/𝒄 𝑳𝒘

𝒙 /𝒄 η 

3 25.83 2.164 6 0.5 0.360 0.022 

3 25.83 2.164 7.5 0.4 0.288 0.013 

3 25.83 2.164 10 0.3 0.216 0.006 

4 24.53 2.859 8 0.5 0.357 0.021 

4 24.53 2.859 10 0.4 0.285 0.012 

4 24.53 2.859 13.3 0.3 0.215 0.006 

 571 

According to Figure 13(b), for industrial-scale heliostats within the ABL with terrain roughness 572 

values between 0.01 m and 0.3 m the turbulence parameter is between 0.005 and 0.054. The 573 

peak lift force coefficient on full-scale heliostats within the ABL can then be predicted based 574 

on the relationship given by Equation (7). According to Equation (7), as the turbulence 575 

parameter increases from 0.005 to 0.054, the peak lift force coefficient on a stowed heliostat 576 

increases from 0.146 to 0.787.  577 

As mentioned in the previous sections, heliostats and solar trackers are conventionally designed 578 

𝐻/𝑐 of about 0.5 (Téllez et al., 2014). According to Emes et al. (2017) the lift force coefficient 579 

on a stowed heliostat model, in a wind tunnel boundary layer with a longitudinal turbulence 580 

intensity of 6%, decreases by about 80% when 𝐻/𝑐 from 1.2 to 0.5. Therefore, there seems to 581 

be a potential to decrease wind loads at stow position by further reducing 𝐻/𝑐. In order to 582 

assess this potential, the turbulence parameter for full-scale heliostats within the ASL with 583 

different height to chord length ratios are calculated from ESDU85020 (2010) and thereafter, 584 

the lift force coefficient is found as a function of the turbulence parameter by Equation (7). The 585 

corresponding values of the turbulence parameter and the peak lift force coefficient for 𝐻/𝑐 586 

ratios between 0.2 and 0.5 are presented in Table 3 for surface roughness values of 0.02 m and 587 

0.1 m as samples of two terrain types. According to Table 3, reducing 𝐻/𝑐 from 0.5 to 0.2 for 588 

a stowed heliostat in a terrain with a surface roughness of 0.02 m, leads to a reduction in 589 

turbulence parameter from approximately 0.042 to 0.004 which decreases the 𝐶𝐿,𝑝 from 0.722 590 

to 0.146. Similarly, stowing at 𝐻/𝑐=0.2 instead of 𝐻/𝑐=0.5 reduces the peak lift force 591 

coefficient from 0.531 to 0.068 at 𝑧0 =0.1 m. The last row in Table 3 shows the peak lift force 592 

coefficient normalised with that at 𝐻/𝑐=0.5, 𝐶𝐿,𝑝(0.5), which is chosen for normalising the lift 593 

force coefficient since heliostats are usually designed for 𝐻/𝑐=0.5.  594 
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Table 3: The turbulence parameter within the full-scale ASL for different surface roughness values and stow 595 
𝐻/𝑐 ratios and its effect on the peak lift force coefficient on a full-scale stowed heliostat 596 

 
𝒛𝟎 = 𝟎. 𝟎𝟐 𝐦 𝒛𝟎 = 𝟎. 𝟏 𝐦 

𝑯/𝒄 0.5 0.4 0.3 0.2 0.5 0.4 0.3 0.2 

η 0.042 0.025 0.013 0.004 0.020 0.014 0.007 0.003 

𝑪𝑳,𝒑 0.722 0.590 0.417 0.146 0.531 0.433 0.249 0.068 

𝑪𝑳,𝒑/𝑪𝑳,𝒑(𝟎.𝟓) 1 0.816 0.577 0.202 1 0.815 0.468 0.108 

 597 

The normalised peak lift force coefficient as a function of 𝐻/𝑐 is shown in Figure 14 for 598 

different terrain roughness values and 𝐻/𝑐 between 0.2 and 0.8. According to Figure 14, the 599 

normalised peak lift force coefficient on stowed heliostats within the ASL is a linear function 600 

of 𝐻/𝑐, nearly independent of the terrain roughness. This relationship indicates that decreasing 601 

𝐻/𝑐 from 0.5 to 0.2 reduces the peak lift force coefficient on stowed heliostats by 80% for all 602 

of the terrain types.  603 

 604 
Figure 14: The peak lift force coefficient, 𝐶𝐿,𝑝, of a full-scale stowed heliostat within the ASL normalised with 605 

that for 𝐻/𝑐=0.5, 𝐶𝐿,𝑝(0.5), as a function of heliostat hinge height to chord length ratio, 𝐻/𝑐. 606 

The results presented in this section show that the turbulence parameter and the peak lift force 607 

coefficient on stowed heliostats depend on 𝐻/𝑐 and are the same for heliostats of various chord 608 

lengths with a similar 𝐻/𝑐 ratio. Although the peak lift force coefficient is the same for 609 

heliostats of different sizes with an identical 𝐻/𝑐, the lift force is larger on heliostats with larger 610 

chord length of the mirror panel due to the larger panel area. Therefore, peak wind loads at 611 

stow position can be reduced by stowing heliostats at lower 𝐻/𝑐 ratios and by reducing the 612 

panel area.    613 

Furthermore, it is noteworthy that the values of turbulence parameter given in Figure 13 are 614 

calculated for a single heliostat and therefore apply to heliostats in the outermost row of a field 615 
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exposed to the wind. Mean wind loads on the heliostats in the inner rows of a field are less than 616 

the first row due to the shielding effect of the first row (Peterka, Bienkiewicz, et al., 1987; 617 

Pfahl, 2011). Therefore, use of a first row of heliostats as a buffer has been proposed. However, 618 

heliostats placed within a field are exposed to different scales and intensities of turbulence. The 619 

dominant frequency of the fluctuating pressure on a second tandem heliostat in stow is an order 620 

of magnitude smaller than that for a single heliostat which indicates that the upstream heliostat 621 

breaks up the large energetic eddies within the flow (Emes et al., 2018). Furthermore, 622 

turbulence intensity is found to increase dramatically after the second row of heliostats (Sment 623 

and Ho, 2014). The dynamic loads are dependent on the turbulence characteristics among the 624 

rows of heliostats. Therefore, it is necessary to investigate turbulence characteristics and wind 625 

loads for heliostats placed within rows of a field in future studies.  626 

5 Conclusion 627 

The effect of turbulence intensity and length scales on the peak lift force on a horizontal flat 628 

plate in a longitudinal turbulent flow was investigated in this study. Comprehensive 629 

experimental investigations were conducted to measure the wind loads on flat plate models at 630 

various heights within a part-depth wind tunnel model of the atmospheric surface layer. The 631 

following conclusions were reached from the obtained results: 632 

 The peak lift force coefficient on a horizontal flat plate in an atmospheric boundary 633 

layer flow increases as a power function, with an exponent between 2.2 and 2.5, of 634 

the ratio of vertical integral length scale to the chord length of the plate.  635 

 The peak lift force coefficient on a horizontal flat plate increases with increasing the 636 

vertical turbulence intensity.  637 

 Turbulence parameter, which expresses the effect of both vertical turbulence 638 

intensity and vertical integral length scales, is the key factor affecting the peak lift 639 

force coefficient on horizontal flat plates, such that the peak lift force coefficient 640 

increases logarithmically with the turbulence parameter.   641 

The developed correlation between the peak lift force coefficient and the turbulence parameter 642 

was used to predict the wind loads on stowed heliostats with square mirror panels as a case 643 

study. The results showed that: 644 
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  The turbulence parameter for heliostats with a chord length dimension below 10 m 645 

is between 0.005 and 0.054 for z0=0.01 m to 0.3 m and can be expressed as a 646 

function of terrain roughness and heliostat height to chord length ratio.  647 

 The peak lift force coefficient on stowed heliostats can be expressed as a linear 648 

function of the pylon height to chord length ratio of a heliostat. Its value is identical 649 

for heliostats regardless of the mirror panel chord length as long as 𝐻/𝑐 is the same, 650 

but it is dependent on the terrain roughness. 651 

 Reducing 𝐻/𝑐 at stow position from 0.5 to 0.2 decreases the peak lift force 652 

coefficient on stowed heliostats by approximately 80%, independent of the terrain 653 

roughness.  654 

Hence, the results of this study show that decreasing the heliostat height and thereby height to 655 

chord length ratio at stow position leads to reduction of the peak lift force at stow. It is 656 

recommended to stow heliostats at lower 𝐻/𝑐 ratios by adjustment of the pylon design, as for 657 

instance, lowering 𝐻/𝑐 to 0.2 or 0.3 will lead to a reduction of the peak lift force coefficient 658 

and thereby the lift force by approximately 50% and 80%, accordingly, for all terrain surface 659 

roughness values. Therefore, there is a great potential for reduction of the cost of heliostats 660 

since the overall required mass and strength of the structure can be decreased. This can be 661 

achieved by design of telescopic pylons with adjustable height to allow heliostats to be stowed 662 

at lower heights while operating at larger 𝐻/𝑐 values. An example of a heliostat design with 663 

adjustable height is the DLR carousel heliostat in which the panel is lowered to the ground 664 

during stow (Pfahl et al., 2017). In order to provide an estimation of the potential cost reduction, 665 

it is necessary to further investigate the cost of the new pylon design in the future studies. 666 

Furthermore, investigation of the hinge and overturning moments at stow position is required 667 

since they must be considered for the survivability of the structure, and they are dependent on 668 

the centre of pressure in addition to the lift force. Moreover, comparison of the wind tunnel 669 

results with measurements of wind loads on full-scale heliostats will be done in future.    670 
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