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Abstract. The aerodynamic loads on heliostats have been investigated through an extensive range of experimental studies
at the University of Adelaide in association with the Australian Solar Thermal Research Institute (ASTRI). Applied
modelling techniques using spires and roughness elements were adopted for generation and characterisation of the temporal
and spatial turbulence fluctuations, matching those in the lower region of the atmospheric boundary layer (ABL) where
full-scale heliostats are positioned. Heliostat wind loads were found to be highly dependent on the critical scaling
parameters of the heliostat and the turbulence intensities and scales in the ABL flow. The peak drag and lift coefficients on
heliostats followed a similar variation with elevation and azimuth angles to those previously reported in the literature at a
similar turbulence intensity. However, the current study revealed a linear increase of the peak drag and lift coefficients on
heliostats in operating and stow positions with a parameter defined by the product of the turbulence intensity and the ratio
of the turbulence length scales to the heliostat chord length.

INTRODUCTION

This article presents a comprehensive report on the aerodynamic wind loads on heliostats conducted by the
University of Adelaide over the past six years, as part of the Australian Solar Thermal Research Institute (ASTRI).
The experimental study significantly expands previous datasets produced in 1988-1992 by Peterka et al. [1, 2]
through detailed characterization of turbulence intensities and length scales representing the atmospheric boundary
layer (ABL) flow approaching heliostats at heights below 10 m in terrains ranging from a flat desert to a suburban
area. Heliostat subcomponents influenced by wind loads — the elevation and azimuth drives, pedestal, foundation
and mirror support structure — account for up to 80% of the capital cost of the heliostat field in a concentrating solar



thermal plant [3]. These costs can be most effectively reduced through improved estimation of the wind loading on a
heliostat, leading to lower strength and stiffness requirements, hence the manufacture of lighter components that
maintain their structural integrity during high wind periods while achieving good optical performance during
operation of the field [4].

In the past six years, a series of experimental investigations [5-9] of the static and dynamic wind loads have been
carried out using high-frequency force and surface pressure measurements on a range of heliostat sizes and azimuth-
elevation configurations in the University of Adelaide wind tunnel. The results have been used to predict the design
loads based on the critical scaling parameters of the heliostat and the surrounding terrain of a heliostat field site.
This complements the maximum loading cases reported by Peterka and Derickson [1] that are commonly used for
heliostat design based on a simulated ABL over an “open country” terrain at a turbulence intensity I, = 18%. The
data in the current study forms part of “Heliostat wind load guidelines” that can be used to design any heliostat
structure. The load distributions and aerodynamic coefficients have formed part of the structural design of the tilt-
roll CSIRO heliostat and assisted in the design of the drive units, pedestal and foundation in a conventional
elevation-azimuth heliostat.

METHODOLOGY

Experimental measurements were taken in a closed-return wind tunnel at the University of Adelaide. Figure 1
shows a schematic diagram of the tunnel with the setup used for generation of the ABL, instrumentation used for
characterization of the turbulent flow characteristics and measurement of the loads on scale-model heliostats. The
test section of the tunnel has a development length of 17 m and a cross-section expanding to 3 m x 3 m to allow for
a pressure gradient resulting from growth of the boundary layer. Following the empirical method of Irwin [10],
truncated wooden spires of various heights and base widths [5, 7, 8] were used to simulate the lower region of the
ABL and roughness elements were placed in a staggered arrangement over a fetch of 10 m with spacing of 0.5 m in
the longitudinal x and lateral y directions. The spires, ranging from heights of 1.3 m to 2 m and base widths of 0.155
m to 0.56 m, produced boundary layer velocity and turbulence profiles characterised in the lowest 100 m of terrain
ranging from a flat desert to a suburban area [8]. Three components of velocity were sampled at 1 kHz at different
heights and spanwise positions using a Turbulent Flow Instrumentation Cobra probe and a two-dimensional traverse
(Figure 2c). The wind tunnel freestream velocity U,, = 11 m/s, giving a minimum Reynolds number of Re,, =
U6 /v = 8.8x10° based on an estimated full-depth boundary layer thickness of § = 1.2 m [5, 7]. Differential
pressures between the upper and lower surfaces of a single square-facet heliostat were acquired simultaneously at a
sampling frequency of 1 kHz using 24 high-frequency pressure sensors at the tap locations shown in Figure 2a. Each
sensor has a pressure range of + 1 psi (6.9 kPa) with an accuracy of £0.2% of full scale. The heliostat facet of chord
length ¢ = 0.8 m is attached to a circular hollow section pylon by a hinge pin joint to adjust the elevation angle « in
increments of 15° between 0° and 90°, and an electronic turntable adjusts the azimuth angle £ in increments of 30°
between 0° and 180°. The telescopic pylon design of the heliostat (Figure 2b) allows for an adjustable elevation axis
height H between 0.3 m and 0.6 m [5]. Forces on the model-scale heliostats in single and tandem (d/c from 1to 5
with longitudinal distance d between heliostat pylons) arrangements were calculated using four 500 N three-axis
load cells with an accuracy of £0.5% of full scale, mounted on ball joints at the corners of the force balance and
turntable structure (Figure 2b, inset). To improve the accuracy of the measured forces on smaller model heliostats, a
second force balance was added, equipped with three three-axis Bestech load cells, each with a capacity of +50 N
and maximum error of £1.5% of the measured forces. Static and dynamic wind loads on single and tandem
heliostats in a range of operating and stowed configurations were investigated for a range of heliostat model sizes,
with square-mirror chord lengths ¢ from 0.1 m to 0.8 m and elevation axis heights H between 0.15 m and 0.65 m.
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FIGURE 1. Schematic diagram of the methods used for ABL simulation and heliostat load measurements in the wind
engineering test section of the University of Adelaide wind tunnel.
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FIGURE 2. Experimental setup in the wind tunnel: (a) differential pressure tap positions on the heliostat surface at a range of

elevation a and azimuth g angles; (b) load cell force measurements on a single square-mirror (c X c) heliostat with adjustable

pylon height H and inset, the turntable and force balance system; (c) testing of tandem heliostats and two-dimensional traverse
for velocity measurements in the atmospheric boundary layer generated using spires and roughness elements.

RESULTS AND DISCUSSION

Applied Modelling Techniques in Wind Tunnel Experiments

Figure 3 presents the velocity characteristics in the longitudinal and vertical directions generated using two wind
tunnel boundary layer (WTBL) arrangements of spires and roughness elements, in comparison with the theoretical
logarithmic velocity profiles and ESDU 85020 [11] data of the full-scale ABL. Figure 3a shows the mean velocity
profiles of WTBL1 and WTBL2 compare well with a logarithmic profile corresponding to a flat “open country”
terrain (z, = 0.018 m) and a suburban terrain (z, = 0.35 m) at the range of measurement heights (0.15m < z <
0.65 m) of the heliostat models of different sizes. The turbulence intensities normalised by the local mean velocity in
the longitudinal direction I,, = g, /U and vertical direction I, = a,,/U (Figure 3b—c) are I, = 13% and I, = 9% at
z=0.3min WTBL1, and I, = 26% and I, = 11% at z = 0.3 m in WTBL2. Jafari et al. [8] showed that the



turbulence intensities scaled to the full-scale ABL are within the allowable bandwidth of £20% from the predicted
values in ESDU 85020 [11]. However, the vertical turbulence intensity in WTBL2 is larger than ESDU estimations,
which is related to the increased flow separation around the edges of the larger spires in WTBL2 generating an
anisotropic, turbulent field. Figure 3d—e shows the longitudinal Ly, and vertical turbulence length scales L}, in the
wind tunnel boundary layers compared to the ESDU profiles. The vertical integral length scales, in general, increase
with height from the ground. The longitudinal length scales are larger near the ground as the larger width of the
spires generates larger turbulence structures. A similar trend is found to occur in the lowest 10-20 m of the full-scale
ABL [8]. The growth of the turbulent structures in the wind tunnel is however constrained by the limited cross
section of the tunnel, such that the integral length scales do not grow at the same rate as in the full-scale ABL [8].
Despite the smaller length scales that can be generated in the WTBL in comparison with the full-scale ABL, the
focus of the experimental study was to determine how the size of the integral length scales relative to the heliostat
chord length affect the heliostat loads.
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FIGURE 3. Wind characteristics of the ABLs generated in WTBL1 (I, = 13%) and WTBL2 (I,, = 26%) compared to ESDU
85020 [11] data and theoretical profiles shown by the solid lines: (a) mean velocity profiles compared to logarithmic velocity
profiles; (b—c) longitudinal and vertical turbulence intensity; (d—€) longitudinal and vertical turbulence length scales. The orange
(zo = 0.018 m) and blue (z, = 0.35 m) lines indicate the upper and lower bounds of +20% from the mean values of full-scale
ESDU 85020 [11] data. Reproduced from Jafari et al. [8].

Figure 4 shows the non-dimensional form of the longitudinal (S,,) and vertical (S,,) power spectra of velocity
measurements at z = 0.3 m in the two WTBLS, as a function of the non-dimensional frequency defined in terms of
the frequency, mean wind speed U and heliostat chord length ¢ = 0.5 m. The longitudinal turbulence spectra (Figure
4a) in the WTBLSs follow a similar distribution to the modified form of the von Karman spectrum in ESDU 85020
[11], which indicates the similarity between the WTBLs and the lower region of the ABL. However, the peaks of the
vertical turbulence spectra in Figure 4b are shifted to higher frequencies in the wind tunnel due to the different
mechanism of turbulence generation in the wind tunnel, as has previously been reported in the literature [5, 12]. It
must be noted that a limitation of the wind tunnel experiments on small-scale structures is that identical simulation
length scale factors for the boundary layer and the heliostat model cannot be achieved. It was found that heliostat
geometric scaling ratios of 1:17 and 1:24 could be used for measurement of the unsteady drag forces on the vertical
heliostat, whereas measurement of the unsteady lift force on the horizontal heliostat in stow position required
models to be scaled down further from full-scale by a 1:60 ratio. The differences in the turbulence spectra and
aerodynamic admittance functions of these two heliostat configurations are discussed by Jafari et al. [13]. It is
recommended that the model scale should consider the importance of matching the relevant turbulence parameters to
the full-scale conditions in the reduced frequency range that contribute to the unsteady wind loads [13].
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FIGURE 4. Non-dimensional power spectra based on a model heliostat (¢ = 0.5 m) at z = 0.3 m in the WTBLs compared to the
modified von Karman form of ESDU 85020 [11]: (a) longitudinal velocity component; (b) vertical velocity component.
Reproduced from Jafari et al. [8].

Static Wind Load on Operating and Stowed Heliostats

Figure 5 shows the peak drag and lift force coefficients on single heliostats (8 = 0°) as a function of elevation
angle a and turbulence intensity at the heliostat hinge height in the simulated ABLs. The peak drag force (Figure 5a)
and peak lift force (Figure 5b) coefficients for operating elevation angles at I,, = 13% in the current study follow a
similar trend to those of Peterka et al. [14] at I, = 14%. When comparing the peak load coefficients reported by
Peterka et al. [14] at I, = 18% with the current study at I,, = 26%, the peak drag coefficient at « = 90° increases by
29% from 4.0 to 5.16 and the peak lift coefficient at @ = 30° increases by 34% from 2.8 to 3.75. This confirms the
approximately linear increases of the peak drag and lift coefficients on heliostats in operating [2] and stow [5, 12]
positions observed with increasing turbulence at I, = 10%. The largest differences in the peak load coefficients
between the two studies at &« = 0° and 90° are likely to be caused by variations in the ratio of the turbulence length
scales relative to the heliostat chord length [8, 15].
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FIGURE 5. Peak aerodynamic coefficients on a single heliostat calculated as a function of longitudinal turbulence intensity I,,
(%) and elevation angle and azimuth angle compared with Peterka et al. [14]: (a) drag force (b) lift force. Error bars represent one
standard deviation of the coefficients from their mean values. Reproduced from Emes et al. [16].

The unsteady wind loads on stowed (@ = 0°) and vertical (@ = 90°) heliostats of different characteristic length
dimensions between 0.5 m and 0.7 m were measured within WTBL1 and WTBLZ2 to investigate the effect of
turbulence intensity and integral length scales. It was found that the peak drag force coefficient on a vertical



heliostat (Figure 6a) is well correlated with both longitudinal turbulence intensity and longitudinal integral length
scale [14]. The peak lift force on the stowed heliostat (Figure 6b) was found to be mainly dependent on vertical
turbulence. Hence, the peak lift coefficient is a logarithmic function of a turbulence parameter defined by vertical
turbulence intensity and length scale [6].
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FIGURE 6. Peak aerodynamic coefficients on a single heliostat: (a) effect of longitudinal turbulence intensity and length scale
on the peak drag force coefficient on a heliostat at & = 90°; (b) effect of vertical turbulence intensity and length scale on the peak
lift force coefficient on a stowed heliostat. Reproduced from Jafari et al. [15] and Jafari et al. [8].

The effect of heliostat hinge height design on the stow loads was investigated by measurement of the peak lift
force for a range of H/c between 0.2 and 0.8. Figure 7 shows the normalised peak lift force coefficient on a stowed
heliostat as a function of H/c for different terrain roughness values. The normalised peak lift force coefficient on
stowed heliostats within the ABL is a linear function of H/c, nearly independent of the terrain roughness. This
relationship indicates that decreasing H/c from 0.5 to 0.2 reduces the peak lift force coefficient on stowed heliostats
by 80% for all of the terrain types. Hence, the peak lift force in stow can be reduced by up to 80% by lowering the
stow height so that H/c decreases from 0.5t0 0.2 [8].
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FIGURE 7. Effect of heliostat hinge-to-chord ratio H/c on the peak lift force coefficient in stow position normalised with
respect to the peak lift force coefficient on a conventional azimuth-elevation heliostat with H/c = 0.5. The lift coefficients are
presented as a function of the surface roughness length z, based on the turbulence parameter n defined in Figure 6b applied to

full-scale ESDU 85020 [11] data. Reproduced from Jafari et al. [8].



Dynamic Wind Load on Single and Tandem Heliostats

Figure 8 presents the dynamic wind load characteristics of the high-frequency differential pressures between the
upper and lower heliostat surfaces (Figure 2a) due to the turbulent fluctuations in the simulated ABL. The majority
of the spectral energy distribution of the pressure fluctuations on a single heliostat in stow position (Figure 8a) is
concentrated near the leading edge (x = 0 m) at frequencies below 5 Hz. In contrast in Figure 8b, the break-up of
the energy-containing eddies by an upstream stowed heliostat decreased the peak spectral energy by an order of
magnitude on a tandem heliostat (Figure 2c) in stow position and shifted the energy distribution to higher
frequencies [6]. This shows that the upstream heliostat in stow configuration was very effective at breaking up the
large energetic eddies, similar to a large-eddy break-up (LEBU) device [17]. The Strouhal number corresponding to
the frequency of the largest spectral peak of the pressure fluctuations on heliostats in operating positions in Figure
8c increased by a factor of between 2 and 3 on tandem operating heliostats at d /c = 3 compared to those on a single
operating heliostat [7]. The variation of the Strouhal number with elevation angle at each of the gap ratios d/c is
similar. The increase in the fluctuating pressure frequency is therefore strongly dependent upon the existence of an
upstream heliostat, but less dependent upon the positioning of the downstream heliostat. This has implications for
the operating wind load design of in-field heliostats in the second row from the prevailing wind direction.
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FIGURE 8. (a) Power spectral distributions of the fluctuating pressures at different positions A-D (x, y) on the surface of a
single stowed heliostat with ¢ = 0.8 m; (b) power spectral distributions of the fluctuating pressures at different positions A-D
(x,y) on the surface of a tandem stowed heliostat (d/c = 2) with ¢ = 0.8 m; (c) Strouhal number corresponding to the peak
frequencies of the fluctuating pressure spectra on a tandem heliostat relative to a single heliostat as a function of elevation angle
a and the gap ratio d/c between the tandem heliostats.

Figure 9 shows the non-dimensional peak loads on a tandem heliostat to a single heliostat as a function of the
gap ratio d/c between the heliostat pylons in tandem. The peak drag force on a tandem heliostat at small elevation
angles a < 30° during operation (Figure 9a) is reduced by approximately 70% relative to a single heliostat. In
comparison, the drag reduction is less than 50% on tandem heliostats at « > 45°. As d/c increases from 2 to 4, the
non-dimensional drag force on heliostats with & > 45° approaches 1 as the two heliostats act as independent bodies.
The peak drag force on a tandem normal heliostat (« = 90°) with d/c = 4 increases to 10% above that on a single
heliostat, whereas the normal heliostat at d/c = 2 has a negative drag force with approximately half of the
magnitude of the single heliostat. The negative value represents a net thrust force upstream, which is significant for
in-field heliostats in low-density regions at the periphery of a field during operation [7]. A different trend is
observed in the variation of the non-dimensional peak lift force (Figure 9b) on a tandem heliostat in stow position
relative to a single stowed heliostat. The non-dimensional lift on a tandem heliostat is up to 10% larger than a single
heliostat at d /c < 1 for high-density field regions close to the tower. As d/c increases in stow position, there is a



significant decrease in the tandem lift force to maximum reductions of 20% at d /c = 2.5 in a moderate-turbulence
(I, = 13%) ABL and 30% at d/c = 3.5 in a low-turbulence (I, = 8%) ABL. As d/c increases further to 5, the non-
dimensional tandem lift force increases (approaching 1) more rapidly in the higher-turbulence flow due to the faster
flow recovery downstream of the upstream heliostat. The results from the tandem investigations in the current study
have implications for the loads on heliostats in different regions of a heliostat field. Significant reduction in the
mean drag forces on operating heliostats is likely to be observed with distance into the dense region of the field
close to the tower, due to the increased shielding effect of upstream heliostats with small gaps d/c < 2 between
rows. However, the dynamic wind loads in these high-density regions can become significant with increased
turbulence intensity induced by vortex shedding in the near wake of the upstream operating heliostats. In contrast,
there is a smaller variation in the peak lift force on in-field stowed heliostats at different d /c than the drag force
variation on operating heliostats. Hence, the dynamic wind loads on heliostats in stow position are most influenced
by the approaching boundary layer turbulence, particularly with increasing distance from the tower at larger gaps
d/c < 5 near the outer boundary of the field.
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FIGURE 9. Non-dimensional peak load coefficients on a tandem heliostat relative to a single heliostat as a function of gap ratio
d/c between heliostats in a tandem arrangement: (a) drag force in operating angles of elevation [7]; (b) lift force in stow position
[6]. The dashed lines indicate when the load on the tandem heliostat is equal to the load on a single heliostat. The error bars
represent a 10% variation of the tandem loads based on the measurement uncertainty.

The drive units and supporting pedestal-foundation of a conventional azimuth-elevation heliostat are most
sensitive to the maximum wind loads, since capital cost increases at higher wind speeds due to the larger quantity of
steel (per m? of surface area) required to maintain a rigid structure. Lowering of the heliostat mirror to the ground in
stow position using a spindle drive [18] or a telescopic pylon [5, 8] during high-wind conditions reduces the effect
of the velocity and turbulence length scales, and thus the wind load requirements and cost of the wind-bearing
heliostat components. For instance, lowering the maximum operating design wind speed for stowing the heliostat
from 15 m/s to 10 m/s can reduce the heliostat cost by 34% [4]. Furthermore, a 40% reduction in the peak hinge
moment on the elevation drive of a conventional heliostat can lead to a 24% saving in the representative gear
reducer cost [19]. The turbulence length scales that are of the same order as the heliostat characteristic length
contribute most significantly to the unsteady heliostat wind loads [12, 13], and the turbulence length scales at
constant height tend to increase with decreasing surface roughness of the surrounding terrain [11]. The range of
cost-effective sizes of a heliostat design for minimum wind loads therefore varies depending on the site location,
such as a flat desert with relatively smaller mean and gust wind speeds than in open country terrain. This area
warrants further investigation to quantify the effect of gust velocities and the turbulence intensities and length scales
in the lowest 10 m of the ABL on the design loads on heliostat components and hence, characterise the effect of the



surrounding surface roughness of a heliostat field site on the heliostat cost-load relationships.

Standard practice in the operation of heliostat fields is to stow the entire field during the approach of a high-wind
event, such as gust front when the wind speed exceeds the threshold design wind speed. However, it is apparent that
the estimated cost of the heliostat field is conservative as it adopts maximum wind load coefficients for a single
heliostat, whereas the loads on heliostats in different rows presumably vary throughout the field. As an example,
during operation of a surround field of 500 m radius containing 35,000 heliostats, the elevation angle of the
heliostats located at the edge of the 150 MW field vary between 13° and 77° [20]. Furthermore, the elevation angles
of two heliostats positioned at radial distances R of 100 m and 362 m from a 100-m tower can differ by up to 15°
when tracking throughout a day [21]. For an assumed constant maximum operating design wind speed that would
nominally stow the entire field to reduce the maximum hinge moment on the elevation drive at @ = 30°, the
majority of the heliostats in the outer region of the field (R = 362 m) with @ = 25-40° [21] would need to be stowed
but the in-field heliostats (R = 100 m) close to the tower with @ = 40-55° [21] could continue to operate throughout
this period. Hence, there is a significant potential at some sites to reduce the maximum operating design wind speed
and thus the cost by designing the inner circle of heliostats to be lighter [4]. Development of a smart-control stow
strategy for protecting only the outer exposed region of a field during high-wind events has the potential to yield
additional operating hours of the heliostat field throughout a day over a larger range of wind speeds without
compromising the strength and mass of material in the heliostat design. Alternatively, the positioning of low-cost
slender plate structures aligned horizontally (analogous to a heliostat in stow position) at the outer exposed boundary
of a heliostat field can effectively act as a large-eddy break-up (LEBU) device that attenuates the energy of the
velocity fluctuations and reduces the turbulence length scales of the flow approaching the in-field heliostats during
operation of the plant.

CONCLUSIONS

This study summarised the extensive high-fidelity wind tunnel experiments in the Heliostat Wind Load Project
within the Australian Solar Thermal Research Institute (ASTRI). Applied modelling techniques using a range of
truncated spires and roughness elements were adopted for generation and characterisation of the temporal and spatial
turbulent fluctuations in the lower region of the atmospheric boundary layer (ABL) where full-scale heliostats are
positioned. Heliostat wind loads were found to be highly dependent on the critical scaling parameters of the heliostat
and the energetic eddies in the turbulent flow. The following conclusions can be drawn from the experimental
investigations in the current study:

e Loads on heliostats at elevation angles approaching a normal position during operation were largely
influenced by the longitudinal turbulence components in the ABL, whereas the loads on heliostats in stow
position were closely correlated to the vertical turbulence intensity and length scales.

e A telescopic pylon in the heliostat design revealed that the peak lift force in stow position could be
reduced by up to 80% by lowering the stow height from 50% of the heliostat chord length to 20% of the
heliostat chord length.

e The peak quasi-static loads on tandem heliostats in stow and operating positions were reduced by 30-50%
relative to those on a single heliostat.

e The dynamic loads associated with the peak spectral energy of the fluctuating pressures on the heliostat
surface were reduced by a factor of three on tandem heliostats in operating positions relative to a single
heliostat at the same elevation angle and by an order of magnitude on a tandem heliostat in stow
configuration relative to a single stowed heliostat.

The results in this work can be used to determine heliostat configurations and appropriate design wind speeds in
different terrains leading to the maximum design wind loads on the wind-bearing heliostat drives and foundation.
The objectives of future work in ASTRI are to develop wind load design guidelines for the scaling relationships
between heliostat wind loads and ABL turbulence based on wind tunnel and field experiment data.
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