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Abstract  
For a cost effective design and dimensioning of heliostats and photovoltaic 
trackers the wind loading must be known as precisely as possible. Properties 
of the heliostat itself like size, aspect ratio, gaps in the mirror panel, and the 
kind of stow position are of impact on the wind loads as well as other 
parameters of the heliostat field like wind fence, heliostat field density, and 
position within the field. By atmospheric boundary layer wind tunnel 
investigations these impacts are determined. In the wind tunnel the wind 
conditions at full scale must be matched. The highest Reynolds numbers and 
larger eddies cannot be reproduced by usual boundary layer wind tunnels. It is 
investigated whether these deficits can be neglected for the investigation of 
heliostats and PV trackers. Also the maximum gust duration has an impact on 
the wind loading. By full scale measurements it is investigated whether the 
maximum gust duration is limited enough that the maximum loads could be 
reduced by shock absorbers. The theory of extreme value statistics for the 
determination of the wind load peak values and the correlation between eddy 
diameters and turbulent energy spectra are explained in the appendix. 
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1 Introduction 

1.1 Solar Tower Plants 
This section is reproduced from [Pfahl, A., Coventry, J., Röger, M., 
Wolfertstetter, F., Vasquez, F., Gross, F., Arjomandi, M., Schwarzbözl, P., 
Geiger, M., Liedke, P., 2017. “Progress in Heliostat Development”. Solar 
Energy 152, 3-37]. 

Concentrated solar thermal (CST) energy is a promising renewable energy 
technology capable of large scale electricity production and industrial process 
heating, usually incorporating energy storage. The main CST technologies are 
dish-Stirling systems, linear Fresnel systems, trough systems and tower 
systems. In a solar tower plant, moving mirrors called ‘heliostats’ track the sun 
in two axes and reflect the sun’s rays onto a ‘receiver’ at the top of a tower 
(Fig. 1). The receiver absorbs the radiation and supplies thermal energy via a 
working fluid at a temperature of typically 300-700°C. At solar power plants the 
thermal energy is converted into electrical energy which is then called 
concentrated solar power (CSP). For power towers incorporating energy 
storage, the working fluid is usually also a heat storage medium (e.g. molten 
salt), and is stored in tanks to allow power generation upon demand. 
Alternatively, the energy received by the solar tower plant may be used for 
providing heat to a thermochemical process, such as the production of 
synthetic transport fuels. 

 
Fig. 1: First commercial solar tower plant with storage using molten salt 
(Torresol Energy, 2017), (schematic by DLR) 

A photovoltaic (PV) power plant currently provides electrical energy at a lower 
cost than a CSP plant. However, storage of electrical energy is in general 
more expensive than storage of thermal energy. Therefore, PV plants that 
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would require electrical energy storage are more suitable for power supply 
during sun hours and CSP plants during the night and in cloudy conditions 
because they can use less expensive thermal energy storage. A combination 
of both PV and CSP is seen as a promising solution for future power supply: 
“The cost of solar technologies are falling so quickly that within a few years the 
combination of solar PV and solar towers with storage will be able to compete 
directly with base load fossil fuels” (Padmanathan, 2015). Indeed, this aim was 
reached in 2017 by several bidding prices (see e.g. (Clean Technica, 2017)). 
An important advantage of CSP compared with PV is that during construction 
a high fraction of labour and equipment is sourced locally, which is especially 
attractive for developing countries. 

Examples of industrial processes that could be driven by solar tower plants 
are cement production (Gonzáles and Flamant, 2014) and enhanced oil 
recovery (CSP today, 2013). Solar tower systems can also supply 
competitively heat to thermal processes at 550°C or below, although 500°C 
has been achieved as well by some small CSP demonstration plants with 
trough collectors which had been of lower cost so far. Many industrial 
processes are designed for higher working temperatures, which are provided 
by fossil fuel burners. To incorporate solar input it is sufficient to replace only 
the burner with a solar receiver and the rest of the plant stays almost 
unchanged. With further reduction of the cost of concentrated solar systems, 
applications for solar thermal industrial processes will become economically 
viable. 

1.2 Objective 
The heliostats represent 40-50% of the cost of a solar tower plant, so they 
must be relatively low cost for the cost of energy from the plant to be 
competitive with that of fossil fuels (Mancini et al., 2000). It was shown by 
Gary et al. (2011) that to achieve a levelised cost of electricity (LCOE) of 0.10 
USD/kWh the heliostats must cost no more than 120 USD/m². The heliostats 
must cost about 75 USD/m² if the target LCOE is 0.06 USD/kWh (Gary et al., 
2011). To achieve these targets, innovative designs and solutions regarding 
the complete heliostat concept and its components are needed. Furthermore, 
the dimensions of heliostats must be selected to minimise manufacturing and 
installation costs. This requires accurate estimation of the wind loading on 
both operating and parked (stowed) heliostats to allow structurally efficient 
heliostat designs to be developed with good optical performance 
characteristics, while avoiding structural failure. The objective of the presented 
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thesis is to close knowledge gaps and to reduce uncertainties regarding the 
wind loading of heliostats.  

Some of the main open questions regarding wind loads on heliostats were: 

• How can the wind loads on heliostats be reduced in an economic way? 
• Which is the optimum aspect ratio of the mirror panel? 
• At which heliostat field position do maximum wind loads occur? 
• Are the wind load coefficients of heliostats Reynolds number 

dependent? 
• Which turbulence properties have to be matched by wind tunnel tests? 
• Can the peak wind loads be reduced by shock absorbers? 

These open questions are addressed by the thesis. 

1.3 Structure of the Thesis 
At first, it is shown how the wind loads impact the heliostat design (2). 
Therefore, after a short description of heliostats (2.1) it is explained how the 
wind loads have to be taken into account for the dimensioning of heliostats 
(2.2) and how the wind loading can be reduced by the heliostat design or how 
the resistance of the heliostat against it can be increased (2.3).  

Then it is investigated how heliostat properties impact the wind loading (3). An 
important property is the aspect ratio. For a wide range of aspect ratios the 
wind load coefficients are determined by atmospheric boundary layer wind 
tunnel (BLWT) tests for varying elevation angle and wind direction. Reasons 
for the aspect ratio dependency of the different wind load components are 
given (3.1). Only few heliostat designs have wide gaps between mirror panels. 
Therefore, only one sample heliostat was measured to see whether wide gaps 
could have a significant impact on the wind loads (3.2). 

Regarding heliostat fields (4), it is investigated how wind fences could reduce 
the wind loads at different positions (4.1) to address the question whether a 
wind fence is worthwhile. Peterka and Derickson (1992) measured an 
increase of maximum drag and lift within a field compared to an isolated 
heliostat but give no reasons for this increase. By BLWT tests, this thesis 
provides an explanation for this finding (4.2). 

For realistic results of BLWT tests it is important to match certain wind 
properties (5). At conventional BLWTs the high Reynolds numbers associated 
with a storm cannot be reproduced at reduced scale. For heliostats in 
operation only negligible Reynolds number dependency is expected because 
the separation occurs at the edges of the heliostat. However, for stow position 
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the wind “sees” the round torque tube of the heliostat at which the separation 
points are not fixed and clearly defined. In a high pressure wind tunnel with 
higher possible Reynolds numbers it was investigated whether this leads to a 
significant Reynolds number dependency of the wind load coefficients (5.1). 

Besides the Reynolds number, it is important to match the turbulence 
characteristics of the flow. Turbulent energy spectra characterise the 
distribution of the turbulent energy over the frequencies of the fluctuations of 
the flow. Unfortunately, in conventional BLWTs the spectra cannot be fully 
matched because of the restrictions in size. It is investigated whether this 
mismatch has a significant impact on the measured wind load coefficients and 
pressure distributions and whether the heliostat size and height is of impact on 
the wind load coefficients (5.2). 

The maximum gust duration causing the peak hinge moment in stow is 
measured by full scale measurements in (5.3). If short enough, load reduction 
could be achieved by shock absorbers. 

The background of the BLWT investigations is the theory of extreme value 
statistics and turbulent energy spectra. These theories are shortly described in 
Appendices A and B respectively.  
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2 Impact of Wind Loads on Heliostat Design 
Partly reproduced from [Pfahl, A., Coventry, J., Röger, M., Wolfertstetter, F., 
Vasquez, F., Gross, F., Arjomandi, M., Schwarzbözl, P., Geiger, M., Liedke, 
P., 2017. “Progress in Heliostat Development”. Solar Energy 152, 3-37]. 

Nomenclature  
A [m²] mirror/PV panel surface    
c [-] wind load coefficient     
ffield [-]  field factor:  

  max. wind load in field / wind load isolated heliostat 
F [N]  wind force    
Fx [N] drag force   
Fz [N] lift force    
h [m] chord length of mirror or PV panel (in wind direction) 
H [m] height of mirror/PV panel in stow position 
M [Nm] wind moment         
MHy [Nm] hinge moment    
My [Nm] overturning moment at pylon base 
Mz [Nm] moment about vertical axis  
n [-] exponent of power law of mean wind speed profile  
R [-] gust factor (Upeak / Umean)  
Upeak [m/s] peak horizontal longitudinal wind component  

  (gust wind speed)  
x [m] coordinate, horizontal, in flow direction  
y [m] coordinate, horizontal, perpendicular to flow direction 
z [m] coordinate, vertical   
 
ρ [kg/m³] density of air  
 
BLWT Boundary Layer Wind Tunnel 
DLR German Aerospace Center 
DNI Direct Normal Irradiation 
FEM Finite Element Method 
PV Photo-Voltaic 

2.1 Description of Heliostats 
A good description of heliostats is given by Mancini (2000): “Heliostats provide 
the fuel for a power tower (sometimes referred to as a central receiver) power 
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plant. Heliostats are named helio for sun and stat for the fact that the reflected 
solar image is maintained at a fixed position over the course of the day. They 
are nearly flat mirrors (some curvature is required to focus the sun’s image) 
that collect and concentrate the solar energy on a tower-mounted receiver 
located 100 to 1000 meter distant.”  

The main heliostat sub-functions and their related components (Fig. 2) are the 
following (Pfahl, 2014): 

1. Reflecting sunlight:   mirrors 

2. Fixing mirror shape:    mirror support structure 

3. Ground connection:  pylon and foundation 

4. Offset determination:   control 

5. Rotation of mirror panel: drives 

 
Fig. 2: Heliostat components (Brightsource Energy, 2012) 

Details about the single heliostat components are given by Pfahl et al. (2017a, 
paragraph 4). 
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2.2 Heliostat Dimensioning Regarding Wind Loads 

 Heliostat Size 2.2.1
When the basic parameter of a heliostat, its size, is defined wind loads have to 
be taken into account. “What is the cost optimum size of a heliostat?” is a 
widely discussed but still open question. An analysis of the impact of the 
heliostat size on the cost is given by Kolb et al. (2007, Appendix A), showing 
that the curve of optimum size is quite flat. Therefore, the optimum size 
depends strongly on the specific conditions, and no general answer can be 
given. The main advantage of large heliostats is that less parts and fewer 
foundations are needed. The main advantage of small heliostats is that wind 
speeds are lower because of the low height and that their weight per mirror 
surface can be smaller. The reason for the lower specific weight is the 
following (Pfahl et al., 2017a): 

By increasing the width and the height of the mirror panel the mirror area 
increases to the power of two. All other dimensions of the heliostat must be 
increased according to the width and height to avoid an increase of the stress 
caused by the peak wind loads. Therefore, the volume and the mass of the 
heliostat increase with increasing width and height to the power of three or 
with increasing mirror area to the power of 1.5 respectively (Kolb et al., 2007, 
A.3) (impact of larger wind loads due to larger wind speeds at increased 
height of larger heliostats neglected). Because the weight is a measure for the 
cost, especially for high production rates, small mirror support structures are 
advantageous due to their lower specific weight. Accordingly, for some 
heliostat concepts very small heliostat sizes were chosen (in particular, 2m² 
size in (Ricklin et al., 2014)).  

However, also very large heliostats are realised (e.g. Titan-tracker) at 
comparably low weight and cost. The reason is that for larger heliostats more 
complex structures with low specific weight like frame work cantilever arms 
can be realised. 

 Tracking Accuracy 2.2.2
The tracking error is usually defined as the standard deviation of the difference 
between the actual and the ideal orientation of the optical axis of the heliostat 
across a year. Partly, the deviation can be caused by systematic errors like 
imperfect orientation of the rotation axes or errors in the calculation of the sun 
position. Systematic errors can be calibrated and corrected by aiming the focal 
spot to an extra target which is seen by a camera. The centre of the focal spot 
is determined and the deviation from the given aim point is calculated. This 
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deviation is determined for several incident angles of the sun. With the 
deviations for different incident angles, the single errors can be calculated and 
corrected by the control (Berenguel, 2004). 

The error caused by backlash of the drives cannot be corrected in this way. 
Backlash in combination with (turbulent) wind causes fluctuations of the 
position of the focal spot. If the drives are sufficiently pre-tensioned backlash 
has no impact at all. For the elevation axis, pre-tensioning can be realised by 
unbalancing the mirror panel. However, for the vertical axes, pre-tensioning by 
gravity is not possible. Fig. 3 shows a heliostat with pre-tensioning of the 
azimuth drive by spring elements. Usually, for the azimuth drive expensive 
high precision gears with low backlash are needed. 

 
Fig. 3: Heliostat with pre-tensioned azimuth drive via spring (Brightsource 
Energy, 2012) 
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It is not trivial to calculate the standard deviation caused by a certain backlash 
because the influence of fluctuating wind conditions throughout the year and 
throughout the heliostat field and the breakaway torque have to be 
considered. Teufel et al. (2008) describe a method to calculate the impact of 
the backlash on the annual energy yield of a plant. However, this method is 
yet to be validated. The standard deviation can be determined by measuring 
the deviation of the position of the centre of the focal spot for several 
characteristic periods of time to gain a probability distribution of the deviation. 
A Gaussian distribution can be fitted to it to achieve the standard deviation.  

 Deformation by Gravity and Wind During Operation 2.2.3
The heliostat structure must be rigid enough to avoid significant deformation 
due to changes of the mirror orientation. A deformation of the torque tube 
would lead to a misalignment of the mirror facets. Fig. 4 shows how the focal 
spot splits up for a heliostat with an under-designed torque tube. The facets 
are canted to achieve a small focal spot at solar noon. In early morning and 
late afternoon the mirror panels and the torque tube are oriented differently 
which leads to a different deformation of the torque tube and a different angle 
of the facets relative to the torque tube, resulting in a significant slope error of 
the mirror panel. 
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Fig. 4: Split up of focal spot due to gravity for early morning and late afternoon 
for canting at solar noon caused by too flexible torque tube (Ulmer, 1998) 

Teufel et al. (2008) investigated the impact of gravity and wind loads on the 
annual energy yield. It was found that gravity can have a significant impact on 
optical losses, while wind during operation can usually be neglected. The 
reasons for the low impact of wind on the optical losses are the following: 
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• In operation, only the heliostats at the section of the field perimeter 
facing the wind (which is a very small portion of the total heliostat field) 
see significant wind loads while the others are in the wind shadow of 
the upwind heliostats.  

• The maximum loads occur only at certain angles of attack while for 
other combinations of wind direction and elevation angle the loads are 
much lower. 

• The maximum wind speeds for operation occur quite rarely. 
• When heliostats are attacked with significant wind speeds the focal 

spot will oscillate about a mean position. This will cause only small 
losses of energy while most of the energy will still hit the receiver. The 
reason is that the flux intensity is low at the edge of the focal spot. For 
vibrating heliostats near the tower it is possible no optical loss at all 
may occur, because their focal spot is small compared to the size of 
the receiver.  

• Heliostats must be designed rigid enough to be able to withstand 
storms in stow position and to have only low deformation due to gravity 
during operation. Hence, their deformation in the comparably low wind 
loads during operation is small. 

Therefore, usually the impact of the wind loads on performance during 
operation can be neglected (for conventional heliostats with sufficient stiffness 
for all mirror orientations) which simplifies the design process significantly. 
However, the impact of wind loads on backlash during operation has to be 
taken into account (see section 2.2.2). 

 Survival During Operation and Storm 2.2.4
The peak wind load coefficients are lowest for the heliostat in stow position 
(i.e. a horizontal mirror panel) (Peterka and Derickson, 1992). However, these 
have to be combined with the highest wind speeds occurring during storms. 
Whether the different wind load components reach their highest values during 
operation or during storm in stow position depends on the maximum 
operational wind speed, the highest assumed storm wind speed and their 
corresponding wind load coefficients. As an example, the peak wind loads on 
a 30m² heliostat are calculated. 

Wind and solar irradiation data (DNI) of Almeria, Spain, were analysed to 
define the highest wind speed for which the heliostats still have to be in 
operation. At times with wind speeds below 10 m/s (at 10 m height) already 
about 97% of the solar energy is gained. Therefore, a limitation of the 
operational wind speed to 10 m/s is reasonable. The maximum wind speed 
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that might occur while the heliostat moves into stow position is assumed to be 
15 m/s (Ricklin et al., 2014, Table 1; Emes et al., 2015)). For the maximum 
wind speed usually the 50 year storm event is assumed (Cooke and Mayne, 
1980). A typical value is a peak wind speed of Upeak = 40 m/s at 10 m height 
(NBE-AE-88, 1988, tab. 5.1), (DIN 1055-4, fig. A.1). With the wind load 
coefficients given by Peterka and Derickson (1992) the main peak wind load 
components for a heliostat within a field were calculated. The mirror area is A 
= 30 m², chord length h = 5 m, elevation axis height H = 2.9 m, density of air ρ 
= 1.25 kg/m³ and gust factor R = 1.6. A vertical mean wind speed profile 
according to the power law with an exponent of n = 0.15 is assumed. The 
results are given in Table 1. 

Table 1: Peak wind load components on 30m² heliostat (without safety 
factor) according to Peterka and Derickson (1992) including field factors 
wind load component max. 

cpeak,operation 
max. load 
operation 

cpeak,stow load stow 

Drag (Fx) 5.6 6.4 kN 0.6 4.9 kN 
Lift (Fz) 3.8 4.3 kN 0.9 7.3 kN 
Hinge moment (MHy) 0.6 3.4 kNm 0.2 8.1 kNm 
Moment pylon base (My) 6.2 20 kNm 1.0 23 kNm 
Moment vertical axis (Mz)  0.7 4.0 kNm 0.02 0.8 kNm 

The drag force Fx and the moment about the vertical axis Mz reach their 
highest values during operation while the other wind load components are 
highest for stow conditions with high storm wind speed. For the dimensioning 
of heliostats the highest values of each wind load component have to be taken 
into account. 

By strategic orientation of the mirror panels considering the wind conditions, 
the wind loads can be reduced with almost no additional cost. For example, 
the heliostat can be tilted about the elevation axis to a favourable orientation 
with respect to the wind direction during stow and storms (Gong et al., 2012) if 
the typical local weather conditions allow prediction of the wind direction. 
Alternatively, heliostats oriented in a position with a high wind load coefficient 
could go to stow position at lower wind speeds, or move to a slightly tilted 
orientation to protect other heliostats still in operation. 

2.3 Wind Load Driven Heliostat Concepts 
The highest loads on the structure occur at storm conditions. At these 
conditions the heliostats and PV-trackers are horizontally aligned to minimise 
the surface of wind attack (stow position). The wind loads can be further 
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reduced or the resistance against them can be increased by the following 
heliostat design approaches (Pfahl, 2014). 

 Encased Solar Trackers 2.3.1
The most radical way to reduce wind loads and to protect the heliostats from 
sand and hail is to encase them by light-transmissive material, Fig. 5. Besides 
a reduced dimensioning this would enable the use of front surface mirrors with 
higher reflectivity. Drawbacks of the concept are the additional significant 
reflection at the encasement and the extra material for the light-transmissive 
material with its support structure.  

   
Fig. 5: Left: encased heliostats (Kolb et al., 2007), middle: inflatable heliostat 
(Sankrithi, 2012), right: parabolic trough in glass house (Glasspoint, 2015) 

 Lowering Mirror Panel During Stow 2.3.2
The loads on the mirror support structure could be reduced by lowering the 
mirror panel during stow at storm condition. For concepts with the elevation 
axis at ground level (Fig. 6, left column), the moment about the elevation axis 
at operation is higher than for conventional heliostats because the forces 
above and below the elevation axis are less balanced. For usual operational 
wind speeds, this higher hinge moment is in the same range or even higher 
than for conventional heliostats in stow position at storm. Furthermore, the 
moment is increased due to gravity. Therefore, lowering during stow would not 
lead to cheaper drive systems and also the cost for the mirror panels would 
not be reduced when the elevation drive is positioned and connected to the 
panel at its lower end. 
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Fig. 6: Approaches for lowering mirror panel at storm condition (Pfahl, 2014) 

However, if the elevation drive is connected to the centre of the panel (Fig. 7) 
low cost drives can be used and the maximum stress in the panel can be 
reduced by lowering it during stow. The higher moment about the elevation 
axis during operation due to gravity can be well handled by a spindle drive 
connected to the panel’s centre to achieve a long lever arm. This can be well 
realised in combination with a carousel carriage with wheel drive (Fig. 7).  

 
Fig. 7: Azimuthal rotation of a 50m² carousel type heliostat with wheel drive 
weighted against slippage (DLR) (Pfahl et al., 2017a) 
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For carousel type heliostats usually ring foundations are used on which the 
wheels are running to achieve high azimuthal accuracy (Deflandre et al., 1978; 
Mancini, 2000; Pérez-Rábago et al., 2012). However, such ring foundations 
are comparably extensive. A ring foundation could be avoided and the wheels 
of the azimuth drive could run directly on the ground or a simple pavement 
using a sensor that determines the orientation of the panel independently of 
the drive mechanism (Fig. 7) (Pfahl et al., 2015b). Such a sensor could be a 
camera chip with fish eye optics that detects the positions of the centre points 
of the sun and of the receiver at once. The centre point between these two 
recognised points is driven to the centre of the imaging space (Fig. 8, right). 
The normal of the mirror panel (N) is then centred between the vector to the 
sun (S) and the vector to the receiver (R) so that the rays from the sun hit the 
receiver (Fig. 8, left) (Pfahl et al., 2008). 

 
Fig. 8: Sun-target-sensor (Pfahl et al., 2008) 

In addition with further innovations described in the following, a lowest 
heliostat cost of 75$/m²  (Pfahl et al., 2017a) is achievable (Pfahl et al., 
2017b): 

The main component of the heliostat is a monolithic sandwich concentrator 
which combines the advantages of cantilever-arm and sandwich structures 
(Siegmeier, 2017). The concept avoids the complexity of canting using only 
one single facet. Thin glass mirrors sandwiched with a back structure yield 
high reflectivity and slope accuracy and hence increased optical efficiency. A 
simple carousel carriage with one actuated wheel realises the azimuth 
movement. A low cost linear spindle actuator with the drive housed in the 
spindle passes through the panel’s centre and induces the elevation 
movement. The heliostat uses a closed-loop optical sensor control. Therefore, 
the carousel carriage may run on a simple track of low accuracy requirements, 
which consists e.g. of compressed soil or concrete plates stuck together. The 
carriage is connected to the ground anchor which can be a pile driven into the 
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ground. A weight of a concrete block or a sand-filled container on the actuated 
wheel avoids slippage during high wind loads. For stow, the spindle drive pulls 
the panel to the ground onto the wheels and two extra supports. Thus, the 
panel is well protected in storm. The reduced wind loads relax requirements 
and cost for the cantilever-sandwich concentrator (Fig. 9).   

 
Fig. 9: Heliostat concept for minimum cost of all components (Pfahl et al., 
2017b) 

The disadvantages of the hitherto solutions, innovations, and resulting cost 
targets for producing 10 000 heliostats are listed for each part in Table 2. 
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Table 2: Set of innovations and estimated cost targets for 10 000 heliostats of 50 
m² mirror area (Pfahl et al., 2017b) 
Part Disadvantage of  

hitherto solutions 
Innovation (Patent) Cost  

[$/m²] 

Mirror panel High wind loads Lay-down for stow    29 

Many parts Monolithic cantilever-sandwich panel 
(Siegmeier et al., 2017) 

Expensive canting/mold Low-cost large-size mold  
(Pfahl et al., 2016) 

Azimuth drive 
(carousel  
carriage) 

Large, precise foundation 
ring  

Simple pavement or compact ground 
sufficient due to closed loop control; 
ground anchor 

   12 

Extensive 4-wheel  
carriage 

Low cost 2-wheel carriage sufficient  
due to central elevation drive and  
panel supports for stow  

Expensive drive Weighted wheel drive 

Elevation drive 
(spindle) 

Telescope/scissor-
mechanisms expensive 

Direct spindle drive through central 
opening in panel 

   6 

Drive protection  
expensive 

Drive housed in spindle (Ries, 2017) 

Control/ 
cabling 

High accuracy of  
mechanical parts  
required 

Closed loop control by optical sensor 
(Pfahl et al., 2008) 

   13 

Fabrication/ 
installation/ 
profit 

     20 

Total cost      80 

 Locking Device 2.3.3
For the stow position with its high possible storm wind loads the elevation 
drive can be unloaded by a locking device. Locking of the elevation can be 
easily realised using the azimuth drive as actuator (see Fig. 10: for locking the 
black bolt is positioned by the azimuth drive into the grey cramp). Locking of 
the azimuth drive is not needed because the loads about the azimuth axis in 
stow position are small. 
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Fig. 10: Locking of elevation drive during stow and framework facets, seen at 
Themis solar power plant heliostats 

Presumably, for conventional heliostats no cost reduction can be achieved by 
locking devices because for the elevation usually linear actuators are used: 
they are self-locking anyhow and the dimensioning of their spindles is not 
affected by an additional locking device because buckling is decisive for it 
which is small at stow position when the spindle is retracted. For drive 
concepts with increased lever arm like the rim drive concept (see section 
2.3.4) locking could be realised at lower cost, because the locking device 
could use the lever arm of the drives.  

 Rim Drive Heliostats 2.3.4
The lever arm of the actuators is increased for heliostats with rims (Fig. 11) to 
reduce the torque on the drives and the accuracy requirements to be able to 
use low cost drives. The loads on the mirror support structure and partly on 
the bearings are reduced as well.  

28 
 



  
Fig. 11: Rim drive heliostats; left and middle: with vertical primary axis (Sayre, 
1980; Weinrebe, 2000); right: with horizontal primary axis 

For the rim drive heliostats with vertical (spatially fixed) primary axis shown in 
Fig. 11, left and middle, extensive foundation is needed. When the first axis is 
horizontal this can be avoided (Fig. 11, right) (Pfahl, 2011; Pfahl et al., 2013)). 
Drawback is that an extra guidance for the first rim is needed. By the rims the 
loads on the drives are reduced. Further more, the loads on the bearings, on 
the locking device (see section 2.3.3), on the mirror support structure, and on 
the upper part of the pylon (above the rim) are reduced (Fig. 12). 

 
Fig. 12: The turbulence of the approach flow leads to a resulting force near the 
leading edge of the mirror panel causing a moment at the central bearing. By 
the rim this moment and thus the loads on drives, mirror support structure, 
locking device, central bearing, and upper part of the pylon are reduced. The 
colour change from yellow to red indicates increasing moment. 

The rims can be driven via chains, traction sheaves or simply by winch wheels 
(Fig. 13). Winch wheels and chains (when pretensioned) have almost no 
backlash (Liedke et al., 2015).  
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Fig. 13: Rim driven by chain (left) and by winch wheel (right) (with locking bolt 
(red circle)) 

The diameter of the sprockets of chain gears should be small to achieve a 
high gear ratio. Usually, small sprockets lead to fluctuating tension of the chain 
which reduces its lifetime (Liedke et al., 2015). However, by a special 
arrangement of the sprockets (Fig. 14, right) the fluctuating tension is avoided 
(Liedke et al., 2017). 

 
Fig. 14: DLR 9m² rim drive heliostat with chain gear avoiding fluctuating tension 
of the chain caused by the polygon effect  

Assuming e.g. a ten times longer lever arm for the drives, their torque capacity 
of the drives could be reduced by the same factor to one-tenth (Fig. 15).  
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Fig. 15: Reduction of wind loads on drives and reduction of required precision 
of the drives by rims 

A further advantage of the rims is the additional rigidity they provide, which 
leads to higher natural frequencies (4.7 Hz and 4.9 Hz for the first two modes, 
Fig. 16, left) and thus to lower dynamic loads (Liedke et al., 2017). The 
magnification of the hinge moment due to dynamic effects is only 1.4 (Fig. 16, 
right) compared to conventional structures with values in the range of 2 
(Vásquez-Arango et al., 2015; Vásquez-Arango, 2016). 

   
Fig. 16: Vibration behaviour of the heliostat structure at main modes (left and 
middle), time signals of input and output moment at the elevation axis with 
amplification factor 1.4 (right) (Vásquez-Arango, 2016) 

For heliostats with horizontal primary axis the height of the elevation axis is 
increased by less than 20% compared to azimuth-elevation tracking because 
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it is defined by the diagonal of the mirror panel and not only by the chord 
length. The increased height leads to somewhat increased wind loads 
compared to an azimuth-elevation heliostat of same area, especially at the 
pylon base (Pfahl et al., 2017a). 

 Spoilers 2.3.5
The wind loads on the mirror support structure could be reduced by spoilers 
mounted at the mirror panel (Peterka et al., 1986, Pfahl et al., 2014). Mainly 
the wind loads at storm are decisive for the dimensioning of the heliostat 
structure. Therefore, spoilers would have to be designed mainly for the stow 
position (horizontal mirror panel). Wind tunnel measurements showed a 
reduction of the hinge moment MHy of 40% (Pfahl et al., 2014).  

Without spoilers, the incident flow with vertical velocity component separates 
stronger at the frontal edge causing suction on the opposite side of the mirror. 
The resulting pressure difference between top and bottom of the facet leads to 
high pressure coefficients (cp-values) near the frontal edge (Pfahl et al., 
2011a; Gong et al., 2013) and therefore to a high overturning moment, see 
Fig. 17, left. By a fence like structure at the frontal edge separation and thus 
suction is reduced, see Fig. 17, right. 

 
Fig. 17. Left: Turbulence of the approach flow causing separation at the frontal 
edge leading to high pressure coefficients cp at the frontal edge and a high 
overturning moment. Right: Flow manipulators (fence like structures) reducing 
suction and overturning moment for heliostats in stow position 
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3 Impact of Heliostat Properties on Wind Loads 

3.1 Aspect Ratio  
Partly reproduced from [Pfahl, A., Buselmeier, M., Zaschke, M, 2011. “Wind 
Loads on Heliostats and Photovoltaic Trackers of Various Aspect Ratios”. 
Solar Energy 85, 2185-2201].1  

Abstract 
For the layout of solar trackers the wind loads on the structure have to be 
known. They can be calculated using wind load coefficients given in the 
literature. So far, these values are only valid for aspect ratios of the panel 
(width to height) of about 1.0. Therefore, this study investigates the wind load 
coefficients for heliostats of aspect ratios between 0.5 and 3.0. 

As solar trackers are exposed to the turbulent atmospheric boundary layer, the 
turbulence of the approach flow has to be modelled. As a reliable method with 
reasonable cost, wind tunnel measurements were chosen. Solar trackers of 30 
m² panel size were investigated with a model scale of 1:20. Wind direction and 
elevation angle of the panel were varied to investigate especially the 
constellations for which the highest wind loads are expected (critical load 
cases). By spires and roughness elements a mean wind speed profile and 
turbulence intensity profile of the modelled wind according to typical sites for 
solar trackers were achieved. The loads were measured by a high frequency 
force balance placed underneath the models. Additionally, measurements of 
the pressure distribution on a panel with aspect ratio of 1.2 were performed to 
better understand the effects that lead to the peak values of the wind load 
coefficients. 

Indeed, a significant impact of the aspect ratio was measured. For 
combinations of elevation angle of the mirror panel and wind direction with 
possible maximum wind load components the aspect ratio dependencies of 
the peak wind load coefficients were determined. By these, the peak wind 
loads on solar trackers of various aspect ratios can be calculated.  

Regarding the single solar tracker components the main results are: Higher 
aspect ratios (width to height) are advantageous for the dimensioning of the 
foundation, the pylon and the elevation drive but disadvantageous for the 
azimuth drive. 

1 The BLWT measurements were defined and its results proofed and analysed by the 
main author. The preparation and execution of the measurements were performed by 
the co-authors.  
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Keywords 

heliostat, wind load, aspect ratio, PV tracker, central receiver, solar tower plant 

Nomenclature 
A [m²] mirror area   
b  [m] width of mirror panel 
c [-] wind load coefficient  
cFi,meas [-] measured wind force coefficient  
cFi,meas,ra=1  [-] measured wind force coefficient for aspect ratio ra = 1 
cFi,Pet [-] wind force coefficient according to  

   Peterka and Derickson (1992)  
cMi,meas [-] measured wind moment coefficient    
cMi,meas,ra=1 [-] measured wind moment coefficient for  

aspect ratio ra = 1   
cMi,Pet [-] wind moment coefficient according to   
  Peterka and Derickson (1992) 
cPy [-] wind force coefficient of circular cylindrical pylon 
D [m] diameter of pylon 
dra,Fi [-] aspect ratio dependency of force 
dra,Mi [m] aspect ratio dependency of moment    

   ( = effective force lever arm)  
F [N] force caused by wind      
Fi,meas [N] measured wind force of aspect ratio ra  
Fi,Pet [N] wind force of according to Peterka and Derickson  

   (1992)    
Fi,ra [N] calculated wind force of aspect ratio ra based on peak  

   measurements with various ra 
FxPa [N] drag force of panel 
FxPy [N] drag force of pylon 
h [m] height of mirror panel 
H [m] height of elevation axis  
HP [m] height of elevation axis not wind shaded by panel 
i  indication of x, y, Hy or z 
l [m] characteristic lever arm 
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li [m] characteristic lever arm of Peterka and Derickson  
       (1992)   
M [Nm] moment caused by wind  
Mi,meas [Nm] measured wind moment at aspect ratio ra  
Mi,Pet [Nm] wind moment according to Peterka and Derickson 

     (1992)   
Mi,ra [Nm] calculated wind moment of aspect ratio ra    
  based on peak measurements with various ra 
n [-] exponent of power law describing vertical wind speed  

  profile  
pdyn [N/m²] dynamic pressure  
R  [-] gust factor (peak wind speed / mean wind speed, for 
  2-3 sec. gusts and 18% turbulence intensity R = 1.6) 
ra=b/h  [-] aspect ratio width to height of mirror panel   
v [m/s] mean wind speed at elevation axis height H  
vref [m/s] mean wind speed at mean wind tunnel height (100 cm) 
v(z) [m/s] mean wind speed at height z 
x [m] coordinate, horizontal, perpendicular to elevation axis,  

  at base  
y [m] coordinate, horizontal, along elevation axis, at base 
z [m] coordinate, vertical upwards (azimuth axis); height 
zref [m] reference height 
 

α [°] elevation angle of mirror panel, 0° when horizontal 
β [°] wind direction, 0° when perpendicular to elevation axis 
ρ [kg/m³] density of air   

 Introduction 3.1.1
As photovoltaic (PV) and solar thermal power plants are getting more and 
more important for the worldwide energy supply, heliostats of central receiver 
power plants and PV trackers are built in rising quantities. The higher the 
quantities the more significant is a cost effective design of the structure. For 
their dimensioning the wind loads are decisive and therefore should be known 
as precisely as possible.  
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An important characteristic of solar trackers is the aspect ratio of the panel. 
For the determination of the aspect ratio two contrary aims have to be taken 
into account: First, to reduce the height of the solar tracker and thus the 
average wind speed, wide panels would be favourable. Second, to avoid long 
lever arms and for to reach high field densities (assuming that the distance 
between the solar trackers is determined by the diagonal of the panel), square 
panels would be best. From investigations of simple plates it is known that the 
aspect ratio can have a significant influence on the wind loads (Sakamoto and 
Arie, 1983).  Therefore, the impact of the aspect ratio concerning wind loads 
has to be known for a cost effective design of solar trackers. 

Peterka and Derickson (1992) have extensively investigated the wind loads on 
heliostats through boundary layer wind tunnel (BLWT) tests. By their report, 
the wind load coefficients for the main wind load components are available. 
However, they explicitly remark that the tested heliostats were nearly square 
in shape and that the impact of the aspect ratio is not known from the tests 
leading to their report (Peterka and Derickson, 1992, p. 13). More recent 
publications are based also only on heliostats with aspect ratio around 1 
(Wang and Li, 2008; Wu et al., 2010). Therefore, the aspect ratios 
(width/height) 0.5, 1.0, 1.2, 1.5, 2.0 and 3.0 (see Fig. 18) were investigated. 
Although aspect ratios of 0.5 and 3.0 are usually not chosen for solar trackers, 
these values were investigated to achieve more pronounced results which 
help to understand more clearly the effects that are causing the aspect ratio 
dependencies. 

 
Fig. 18: Heliostat models with aspect ratio 0.5, 1.0, 1.2, 1.5, 2.0 and 3.0 

Background of the investigations was the development of a heliostat with 
hydraulic drive and a mirror area of 30m² (HydroHelioTM). Prior to the present 
investigation it was not possible to decide in a profound way which aspect 
ratio for the mirror panel should be chosen. 

For uniformity reasons, the coordinate system and the characteristic lengths 
are according to (Peterka and Derickson, 1992, p. 11), see Fig. 19.  
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Fig. 19: Coordinate system and characteristic lengths (Peterka and Derickson, 
1992) 

 Method 3.1.2

3.1.2.1 Selection of method 
The wind loads could be determined at real scale heliostat models exposed to 
atmospheric wind. However, the low reproducibility of the wind conditions 
would make it almost impossible to compare the results of heliostats with 
different aspect ratio. With numerical simulations (computational fluid 
dynamics, CFD) and with physical wind tunnel tests using appropriate model 
scales this problem can be avoided.  

For the layout of solar trackers the peak values of the wind loads are decisive. 
Therefore, CFD is not very suitable because especially the peak values of the 
wind load components are highly sensitive to turbulence (gustiness) in the 
attacking wind, as Peterka and Derickson (1992, p. 2) observed in their wind 
tunnel tests and which is also known for other structures (Hucho, 2002, 
section 3.7). Hence, it is important that the turbulence of the attacking wind is 
appropriately modelled. For CFD this means that a turbulent inflow must be 
generated. Fröhlich (2006, p. 207 et seqq.) gives an overview of possible 
methods. A method for synthetic turbulence generation that is already 
implemented in commercial tools is the vortex method (Sergent, 2002; Mathey 
et al. 2006). Furthermore, it must be ensured that the turbulence does not 
dissipate before reaching the investigated body. The common RANS 
(Reynolds averaged Navier-Stokes) simulations do not explicitly resolve the 
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turbulence structures in the flow (Fröhlich, 2006, p. 16 et seqq.). The used 
turbulence models account for this only by a modelling process. Thus, only 
simulation approaches at which at least the largest turbulence structures are 
actually resolved are suitable for determining wind loads. This is especially the 
case for Large Eddy Simulations (LES) or Detached Eddy Simulations (DES) 
(Spalart, 2000). Furthermore, it is necessary to run the simulation for a 
sufficient long time period to be able to apply extreme value statistics to 
determine the peak values of the wind load coefficients (Cook and Mayne 
1980). In combination with the fine grid which is necessary for LES or DES 
this would be difficult to achieve in view of a very large demand of 
computational power and time.  

For some cases it is possible to determine the peak loads by just multiplying 
the loads gained with attacking wind of (almost) no turbulence (measured or 
calculated) with the square of the gust factor R corresponding to the 
turbulence intensity of the site (for a typical solar site turbulence intensity of 
18% R = 1.6) (Peterka and Derickson, 1992, p. 5 et seqq.). However, this 
approach does not work well for cases in which a wind load component is 
sensitive – first – to a change of the wind direction or – second – to an 
unequal pressure distribution on the mirror panel.  

The first is the case for example for the hinge moment MHy at stow position 
(horizontal mirror panel). The mean value for this position is near zero while 
the peak value caused by a temporarily sideward wind attack (caused by a 
vortex passing the panel) is not. Peterka and Derickson (1992, p. 18) 
measured a ratio of peak to mean value of 10 for this case while R² is only 
2.56. Also mean values can be sensitive to the turbulence intensity of the 
attacking wind (Peterka and Derickson, 1992, p. 13 et seqq.). This is 
confirmed by the comparison of CFD simulation and wind tunnel measurement 
of Wu and Wang (2008) at which significant discrepancies occurred. 

The second is the case for example for MHy at upright mirror orientation and 
frontal wind attack. For a low-turbulence approach flow the force on the upper 
and lower part of the mirror panel is relatively equal which causes only a low 
moment about the elevation axis. However, for realistic turbulent approach 
flows temporarily unequal pressure distributions are causing peak hinge 
moments that are in the measurements of Peterka and Derickson (1992, p. 
18) 12 times and in this study 9 times higher than the mean loads. Also in this 
case, CFD or wind tunnel measurements with attacking wind of no or low 
turbulence in combination with the gust factor approach would not lead to 
realistic results for the peak values. 
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For these reasons, boundary layer wind tunnel tests were chosen to determine 
the impact of the aspect ratio on the wind load components. This way, the 
wind conditions can be defined reproducible at comparably reasonable cost.  

3.1.2.2 Specifications 
The mirror area (A = 30 m²) and the distance of the mirror panel to the ground 
at upright orientation (H - 1/2h = 0.4 m) was the same for all aspect ratios. 
This means that the elevation axis height H decreases with increasing aspect 
ratio. For this reason, the wind load coefficients are calculated on the base of 
the wind speed v at elevation axis height H to obtain better comparability. 
Especially for the overturning moments Mx and My, H is of influence. For the 
other wind load components H is of much smaller impact. Nevertheless, for 
ratios of ground distance to mirror area (H - 1/2h) / A much different to the 
value of this study the results might not be valid. 

In reality, the mirror panel is divided by thin gaps between the facets but these 
are of negligible impact on the wind loads as shown by Wu et al. (2010). The 
scale of the models is 1:20. Exemplarily a drawing of the model with aspect 
ratio 1.2 is given by Fig. 20. 

 
Fig. 20: Sketch of heliostat model with aspect ratio 1.2; front view (left) and side 
view along elevation axis (right) 

The wind load components vary with the elevation of the panel α and with the 
wind direction β. The combinations of α and β that lead to the maximum 
values of the wind load components have to be considered for the 
dimensioning of solar trackers (see section 2.2.4 ( Peterka and Derickson, 
1992, p. 17 et seq.)). These relevant load cases were investigated (see Table 
3).  
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Table 3: Critical load cases of combinations of α and β with possible maximum 
wind load components  

critical load case α β wind load components with  
possible maximum value 

1 90° 0° Fx, My 

2 30° 0° Fz, MHy 

3 90° 60° Mz 

4 0° 0° Fx, Fz, MHy, My 

5 0° 90° Fy, Mx 

3.1.2.3 Experimental Procedure 

3.1.2.3.1 Similarity 
In order to obtain realistic wind loads by means of BLWT tests the most 
significant model laws have to be accounted for. These are mainly the 
geometric similarity of the model and the dynamic similarity of the approach 
flow (Plate, 1982).  

Wind events can be classified into those that are mainly caused by large-scale 
meteorological changes and appear usually in periods down to one hour and 
those that are caused mainly by upwind obstacles and ground roughness that 
disturb the wind and appear in periods up to 10 min. The range between 10 
min and 1 h is the so called "spectral gap" with only rare wind events (Cook 
and Mayne, 1979; Van der Hoven, 1957).  

The wind events caused by upwind obstacles and ground roughness in 
interaction with the investigated structure lead to a certain wind loading. The 
loads would have to be measured in a time interval of minimum 10 min (at real 
scale) to capture all possible wind events. For the determination in wind 
tunnels, these fluctuations must be modelled according to the length scale. 
Also the needed time for the measurements scales with the length scale. 
Therefore, for example for the used length scale of 1:20 and accounting for 
the minimum 10 min time interval, a duration of every measurement of 30 
seconds would be necessary. 

Unfortunately, the dimensions of the wind tunnel are far too small to simulate 
vortex structures of a size that corresponds to such duration. In section 5.2 the 
consequences of this limitation are investigated. 
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For a repeated measurement, the maximum peak value could be higher than 
the maximum value of the first measurement. Hence, the more often the 10 
min measurement is repeated, the higher is the most probable maximum peak 
value of all experiments. By extreme value statistics (Cooke and Mayne, 1980) 
it is possible to determine the maximum peak value that would appear within 
an arbitrary period of time (see Appendix A). In building codes usually a period 
of 50 years is used as a standard. Therefore, the peak wind load coefficients 
given here are the ones that together with the expected maximum 10 min 
mean wind speed within 50 years lead to the 50 years peak wind loads (“50 
year event”). Additionally, a safety factor has to be applied to achieve an 
acceptable failure rate. For example, for buildings the failure rate must be of 
course extremely low while it can be higher for heliostat fields.  

With the geometric scale of 1:20 of the wind tunnel models it was ensured that 
the models were big enough in order to deliver highly resolved and accurate 
measurement data but were still of an appropriate size in order to avoid any 
wind tunnel blockage that could influence the measurements (the wind tunnel 
cross section is 1.80 m x 2.00 m, the resulting blockage ratio is 2%). The 
models were equipped with a mechanism allowing to adjust their elevation 
angle and mounted on a turntable which made it possible to rotate them in 
order to model the different wind directions. 

The similarity of the approach flow depends crucially on the upstream surface 
characteristics. For the present case it is appropriate not to consider any 
individual obstacles like buildings or vegetation in the vicinity of the heliostat 
but to characterise the surrounding landscape by its surface roughness. This 
is reasonable because the results of the investigation should be as general as 
possible and not be limited to one particular case. In the laboratory, the 
roughness is realised by placing vortex generators (spires) at the entrance of 
the wind tunnel and roughness elements along the flow upwind of the model. 
A schematic section through the BLWT used for the present investigation is 
given by Fig. 21. 
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Fig. 21: Schematic section through the atmospheric boundary layer wind tunnel 
used for the present investigation. 

In wind engineering, it is common practice to describe the vertical distribution 
of mean wind speed v(z) using the power law approach (see equation (3.1.1) 
and Fig. 22, left). The exponent n is a function of the upwind surface 
roughness. 
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Fig. 22: Vertical mean wind speed profile (left) and vertical turbulence intensity 
profile (right) of the simulated atmospheric boundary layer 

The vertical mean wind speed profile (Fig. 22, left) was measured in the 
middle of the empty turntable. Presumably, two different boundary layers 
separated near a height of 12.5 cm lead to this profile. Besides the vertical 
mean wind speed profile, the roughness also determines the turbulence 
characteristics of the boundary layer flow. Typical surroundings of solar power 
plants are open countries with single trees and buildings. The corresponding 
value for n of the power law approach is n = 0.15 (Peterka and Derickson, 
1992, p. 6). Therefore, it was decided to adjust the roughness elements and 
vortex generators in the wind tunnel in order to reproduce the corresponding 
profile. The distance between the vortex generators and the model test section 
is about 8 meter. This length is sufficient to achieve a sufficient boundary layer 
thickness of more than five heliostat heights. 

The main turbulence characteristic is the turbulence intensity which is defined 
as the standard deviation of the wind speed fluctuations around the mean 
wind speed. The elevation axis of the models varies between 0.10 m (for ra = 
3) and 0.22 m (for ra = 0.5) at model scale. At this height range, a turbulence 
intensity between 17.3% and 18.2% was measured in the wind tunnel (Fig. 22, 
right). It was assumed that at full scale a similar difference occurs and was 
therefore accepted. 
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A further modelling requirement is to ensure equality of the Reynolds numbers 
at reduced scale and at full scale. Especially for curved shapes like circular 
cylinders or spheres or for the flow through openings, the Reynolds number 
similarity is important because for these cases the Reynolds number 
influences the position of the separation point and thus the wind induced 
pressure distribution. However, for sharp edged bodies, the separation point 
(or line) is defined by the edges and therefore is fixed and independent of the 
Reynolds number for the relevant wind speed range (Plate, 1982). By wind 
tunnel measurements at a high pressure wind tunnel with a wide variability of 
the Reynolds number, it could be shown that the dependency of the wind load 
coefficients of heliostats on the Reynolds number is negligible even for solar 
trackers with circular cylindrical torque tube which is exposed to the wind at 
horizontal panel at stow position. This will be shown later in Chapter 5, section 
5.1. 

3.1.2.3.2 Force balance 
For the determination of the wind force coefficients a high frequency force 
balance was used. With it, the bearing forces at the pylon feet of the model 
can be measured directly. The fluctuating and the time-averaged reaction 
forces can be determined. To exclude distortions of the fluctuating load 
reactions, it is important that the resonance frequency of the force balance in 
the three force directions is higher than the frequency of the actuating force. If 
the range of the frequencies of the actuating force would be in the range of the 
resonance frequency of the balance resonance would occur which would lead 
to too high measuring results. The force balance therefore must be as stiff as 
possible with high resonance frequency. Usually, it is sufficient to adjust the 
balance in a frequency range higher 100 Hz. The fixing of the wind tunnel 
model on the measuring table was realised with vacuum technique. 

With the force balance it is possible to determine the forces and moments at 
the pylon feet. By this, the hinge moment at elevation axis height cannot be 
directly measured. However, it is possible to estimate it by equation (3.1.2) 
with sufficient accuracy assuming the following: The total drag force 
(measured at the pylon feet) Fx is composed by the drag force of the pylon FxPy 
and by the drag force of the panel FxPa (equation (3.1.5)). The drag force of the 
pylon can be calculated using the load coefficient for circular cylinders cPy = 
0.7 (equation (3.1.3)). Thereby, only the part of the pylon which is not wind 
protected by the panel (HP) has to be considered (equation (3.1.4)). 
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      (3.1.3) 

2
)sin( hHH P ⋅−= α

       (3.1.4) 

xPyxxPa FFF −=        (3.1.5) 

3.1.2.3.3 Pressure measurements 
In addition to the measurements with the force balance, pressure 
measurements were performed for a heliostat with the most common aspect 
ratio of 1.2 (Fig. 23). The corresponding model was constructed using three-
dimensional printing technologies. The panel was built as a pressure 
measurement module. The mean and the fluctuating wind pressure on front 
and back side of the panel could be measured directly as a function of wind 
direction and elevation angle. Disturbance of the flow by the pressure tubes 
could not be avoided but was assumed to be low enough that by the 
measured pressure distributions the results of the force balance can be 
explained. The measurements were performed simultaneously on front and 
back side and throughout the entire surface area of the panel in order to be 
able to determine the differential pressures. The resulting dimensionless wind 
pressure coefficients (cp-values) describe the relation between the measured 
pressures acting on the panel and the dynamic pressure of the undisturbed 
flow at elevation axis height H.  
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Fig. 23: BLWT model for pressure measurements 

On each side of the panel 28 taps for the pressure measurements were 
positioned, typically 1 mm in diameter. The mirror panel consists of four facets 
“A” – “D” (Fig. 24). Each facet was divided into seven sections with one 
pressure tap delivering an approximately representative value for the 
corresponding section.  

 
Fig. 24: Sections of pressure measurements at four facets “A” – “D”; full scale 
dimensions in meter 
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For facet “A” the positions of the measuring points are given in Table 4. The 
positions of the measuring points of the other sections follow symmetry. 

Table 4: Positions of measuring points for facet A 

 
For load cases for which a symmetric pressure distribution can be assumed, 
only half of the panel was measured to reduce the amount of pressure tubes 
and thus the distortion of the flow. 

3.1.2.3.4 Definitions of Wind Load Coefficients 
The following laws lead to the definitions of the wind load coefficients: 

2

2
~ vpF dyn ⋅=

ρ
       (3.1.6) 

AF ~          (3.1.7) 

FM ~         (3.1.8) 

lM ~          (3.1.9) 

According to equations (3.1.6) - (3.1.9) Peterka and Derickson (1992, p. 10) 
defined the wind load component coefficients as follows: 

𝐹𝐹𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑐𝑐𝐹𝐹𝐹𝐹,𝑃𝑃𝑃𝑃𝑃𝑃 ∙
𝜌𝜌
2
∙ 𝑣𝑣2 ∙ 𝐴𝐴      (3.1.10) 

𝑀𝑀𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑐𝑐𝑀𝑀𝑀𝑀,𝑃𝑃𝑃𝑃𝑃𝑃 ∙
𝜌𝜌
2
∙ 𝑣𝑣2 ∙ 𝐴𝐴 ∙ 𝑙𝑙𝑖𝑖     (3.1.11)           

with i indicating the coordinate direction x, y or z and li indicating a 
characteristic length (lMx = lMy = H; lMHy = lMz = h). 

For the calculation of both the mean and the peak wind loads the mean speed 
at elevation axis height is used. Thus, the differences between mean and peak 
wind loads are directly given by the wind load coefficients. The wind load 
coefficients given by Peterka and Derickson (1992) are intended to be valid 
only for ra =1. 
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To be able to compare the wind load coefficients of the measurements of this 
study with the ones of Peterka and Derickson (1992) they are defined equally: 

𝐹𝐹𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∙
𝜌𝜌
2
∙ 𝑣𝑣2 ∙ 𝐴𝐴     (3.1.12) 

𝑀𝑀𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐𝑀𝑀𝑀𝑀,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∙
𝜌𝜌
2
∙ 𝑣𝑣2 ∙ 𝐴𝐴 ∙ 𝑙𝑙𝑖𝑖     (3.1.13)   

with li indicating the same characteristic lengths as used in the definitions of 
Peterka and Derickson (1992). 

By a fitting of the measured peak values by an exponential function the aspect 
ratio dependencies are obtained. With them, the peak wind loads can be 
calculated for various aspect ratios with the wind load coefficients for aspect 
ratio ra =1: 

𝐹𝐹𝑖𝑖,𝑟𝑟𝑟𝑟 = 𝑐𝑐𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟=1 ∙
𝜌𝜌
2
∙ 𝑣𝑣2 ∙ 𝐴𝐴 ∙ 𝑑𝑑𝑟𝑟𝑟𝑟,𝐹𝐹𝐹𝐹    (3.1.14) 

𝑀𝑀𝑖𝑖,𝑟𝑟𝑟𝑟 = 𝑐𝑐𝑀𝑀𝑀𝑀,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟=1 ∙
𝜌𝜌
2
∙ 𝑣𝑣2 ∙ 𝐴𝐴 ∙ 𝑑𝑑𝑟𝑟𝑟𝑟,𝑀𝑀𝑀𝑀    (3.1.15) 

 Results and Discussion 3.1.3
Most of the following graphs of the measured peak wind load coefficients are 
quite irregular. The reason is the general uncertainty of peak value 
measurements. The aspect ratio dependencies were gained only by the 
measured peak values because for the dimensioning of heliostats mainly the 
peak values are relevant. They are also applied to the mean values to prove 
their general validity.  

3.1.3.1 Fx – horizontal force perpendicular to elevation axis (drag) 
At load case 1 (α = 90°, β = 0°) the heliostat is similar to a vertical flat plate 
with a gap of 0.4 m to the ground. For free standing plates on ground, the wind 
force coefficient decreases with increasing aspect ratio for aspect ratios < 5 
(Sakamoto and Arie, 1983; Letchford and Holmes, 1994). (For slightly lifted 
plates this effect is reduced by only a small portion (ESDU 89050, figure 7c; 
Leder and Geropp, 1993). In the present study, an even more pronounced 
reduction of Fx for increasing aspect ratio was measured (Fig. 25).  
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Fig. 25: Aspect ratio dependency of cFx at load case 1 

For load cases 2 and 3 the projected mirror area is smaller than for load case 
1 and therefore also the drag force. However, for high storm wind speeds and 
relatively low maximum wind speed for which the heliostat is in operation, the 
maximum drag force could occur during storms. At load case 4, the panel is 
horizontal (α = 0°, β = 0°) in stow position which means that the cross bar is 
directly exposed to the wind. The cross bar increases with increasing aspect 
ratio as well as the frontal edge of the panel (Fig. 20, left). Therefore, Fx 
increases with increasing aspect ratio (Fig. 26). The calculated mean values 
are not in good agreement with the measured ones. The reason for it is not 
clear. 

 
Fig. 26: Aspect ratio dependency of cFx at load case 4 
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3.1.3.2 Fy – horizontal force along elevation axis 
The values of Fy at load case 5 (α = 0°, β = 90°) decrease (Fig. 27) because 
the area of attack (pylon and frontal edge of the panel) decrease with 
increasing aspect ratio (Fig. 20, right).  

 
Fig. 27: Aspect ratio dependency of cFy at load case 5 

3.1.3.3 Fz – vertical force (lift) 
The absolute values of Fz at load case 2 decrease slightly with increasing 
aspect ratio (Fig. 28). The reason might be that for bigger width b the gusts of 
maximal wind speed cover a smaller portion of the mirror panel.  

 
Fig. 28: Aspect ratio dependency of cFz at load case 2 

For load case 4, the mean wind has no component normal to the mirror panel. 
Therefore, the mean values of Fz are very low (Fig. 29). The peak values are 
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caused by turbulent gusts which lead to temporarily sideward wind attacks 
causing the high pressure values at the frontal edge (Fig. 30, left). Since this 
edge increases with increasing aspect ratio, Fz increases as well. The high 
differences with the results from Peterka and Derickson (1992) particularly for 
this case are not clear. 

 
Fig. 29: Aspect ratio dependency of cFz at load case 4 

 
Fig. 30: Pressure coefficient distribution for aspect ratio 1.2 at point in time with 
peak Fz with α = 0° and β = 0° (load case 4) (left) and peak Mx with α = 0° and β = 
90° (load case 5) (right) 

3.1.3.4 Mx - moment at pylon base about x axis 
Similar to Fz, the peak values of Mx are caused by a zone of high pressure at 
the frontal edge of the panel (Fig. 30, right). For the wind moments, this leads 
also to an almost constant aspect ratio dependency (which will be discussed 
in section 3.1.3.8) for load case 5 (Fig. 31). By Peterka and Derickson (1992) 
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the definition of Mx is given but no values of the coefficient. Therefore, they are 
missing in the diagram.  

 
Fig. 31: Aspect ratio dependency of cMx normalised by the characteristic lever 
arm H for ra = 1 at load case 5 

3.1.3.5 MHy - hinge moment 
The definitions given by Peterka and Derickson (1992, p. 10) are assumed to 
be valid for all angles of attack and not to apply exclusively to special load 
cases. Furthermore, they are only valid for squared heliostats (p. 13). They did 
not intend to give aspect ratio dependencies of the wind load coefficients. 
However, for the wind moments an effective lever arm is accounted for 
according to equation (3.1.9). These lever arms are aspect ratio dependent 
and therefore an aspect ratio dependency is implicitly given by their formulas 
for the wind moments. For the hinge moment MHy, the effective lever arm ( = 
characteristic length h) lead to a good agreement with the aspect ratio 
dependencies of this study (especially for load case 2, see Fig. 32) and are 
therefore given in the following diagrams.  
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Fig. 32: Aspect ratio dependency of cMHy normalised by the characteristic lever 
arm h for ra = 1 at load case 2 

The reason for this dependency is the almost linear pressure distribution at 
load case 2 (Fig. 33, left). For a linear pressure distribution, the lever arm of 
the resulting force is proportional to h whereas the value of the resulting force 
itself remains the same because the mirror area is not varied (this will be 
further discussed in section 3.1.3.8). Thus, all in all MHy is almost proportional 
to h. 

 
Fig. 33: Pressure coefficient distribution for aspect ratio 1.2 at point in time with 
peak MHy with α = 30° and β = 0° (load case 2) (left) and α = 0° and β = 0° (load 
case 4) (right) 

For load case 4 (Fig. 33, right) the pressure distribution which leads to the 
peak value of MHy is different to load case 2 (Fig. 33, left). At the frontal edge a 
small region of high pressure is measured. Presumably, it is caused by a 
turbulence structure which just hits the mirror panel there. The width of the 
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frontal edge increases with increasing aspect ratio but the lever arm (distance 
of the frontal edge to the y axis) decreases (see Fig. 39). This explains why 
the aspect ratio dependency of MHy at load case 4 is less pronounced 
compared to Peterka and Derickson (1992, equation (4)) (Fig. 34) and to load 
case 2 (Fig. 32). 

 
Fig. 34: Aspect ratio dependency of cMHy normalised by the characteristic lever 
arm h for ra = 1 at load case 4 

3.1.3.6 My - moment at pylon base about y axis 
Peterka and Derickson (1992, equation (6)) calculated My with  

My = Fx · H + MHy        (3.1.16) 

At load case 1, MHy is relatively small so that equation (3.1.16) can be 
simplified to  

My ≈ Fx · H        (3.1.17) 

This explains the decrease of the load coefficient of My with increasing ra (Fig. 
35) for which H decreases. 
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Fig. 35: Aspect ratio dependency of cMy normalised by the characteristic lever 
arm H for ra = 1 at load case 1 

For load case 4, MHy cannot be neglected. For this case, equation (3.1.16) 
leads to too high peak values of My because the peak values of Fx and MHy do 
not occur at the same point in time since they are caused by different flow 
conditions. This partly explains the higher peak values of My of Peterka and 
Derickson (1992) at load case 4 (Fig. 36).  

The values of Mx at load case 5 (Fig. 31) are lower than of My at load case 4 
(Fig. 36) because of the orientation of the crossbar along with the wind 
direction which leads to a smaller area of wind attack. 

 
Fig. 36: Aspect ratio dependency of cMy normalised by the characteristic lever 
arm H for ra =1 at load case 4 
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3.1.3.7 Mz - moment about azimuth axis 
As Peterka and Derickson (1992, equation (5)) assume a squared mirror panel 
they could take for Mz the same definition as for MHy for uniformity reasons. 
However, for varied aspect ratio, a dependency on the width b instead of the 
height h of the mirror panel would be expected for load case 3 (α = 90°, β = 
60°) which is confirmed by the measurements, see Fig. 37. The reason for the 
almost proportional increase of the absolute values of Mz with increasing b is 
the alost linear pressure distribution on the whole mirror panel along b 
comparable to MHy with h at load case 2 (see section 3.1.3.5). 

 
Fig. 37: Aspect ratio dependency of cMz normalised by the characteristic lever 
arm h for ra =1 at load case 3 

3.1.3.8 Comparison of aspect ratio dependencies without impact of vertical 
mean wind speed profile 

The values of Peterka and Derickson (1992) for ra = 1 are for almost all cases 
considerably higher than measured in this study. If a heliostat model as 
described in (Peterka et al., 1986, p. 15) was used, part of the reason would 
be the wide gaps between the three vertical facets. By wind tunnel tests with a 
heliostat model with two vertical facets and a wide gap in between an increase 
of the wind loads could be partly measured (section 3.2).  

The aspect ratio dependencies defined by equations (3.1.14) and (3.1.15) and 
given in Table 5 represent exponential fitting curves of the measured data. 
The fitting was realised by multiplying an appropriate factor and by multiplying 
the aspect ratio by the power of an appropriate exponent. The aspect ratio 
dependencies were also used to calculate mean values for varied aspect ratio 
to prove their general validity. The comparison showed in general good 
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agreement besides Fx for load case 4 for which the reason is not clear. H, h 
and b can also be expressed by ra (the equations for it will be given in the 
following section). However, for clearness and better comparability with the 
values of Peterka and Derickson (1992) they are partly given explicitly in Table 
5. The exponents and factors are rounded to avoid the impression of an 
unrealistic high accuracy which is not attainable for peak wind load 
measurements. 

Table 5: Aspect ratio dependencies of peak load measurements with various 
aspect ratios (without impact of vertical mean wind speed profile) and 
characteristic lengths of (Peterka and Derickson, 1992)  
load 
case 

α β wind 
force 

dra 
according var. ra 
measurements 

wind 
moment 

li 
(Peterka and 
Derickson, 1992) 

dra 
according var. ra 
measurements 

1 90° 0° Fx 1.0 / ra
0.2 My H H / ra

0.2 

2 30° 0° Fz 1.0 / ra
0.1 MHy h h 

3 90° 60° -  Mz h b 

4 0° 0° Fx 1.3 · ra
0.6 MHy h 1.2 · h · ra

0.2 

4 0° 0° Fz ra
0.4 My H 1.3 · H · ra

0.2 

5 0° 90° Fy 1.2 / ra
0.1 Mx H H · ra

0.5 

 

For load case 1 the horizontal wind force Fx reduces slightly with the aspect 
ratio similar to the results of measurements of free standing plates (Sakamoto 
and Arie, 1983). My at load case 1 is the product of the force Fx and the 
corresponding lever arm H. Therefore, the aspect ratio dependency is equal to 
the aspect ratio dependency of Fx multiplied by H. 

The peak values of MHy at load case 2 and of Mz at load case 3 are caused by 
a linear pressure distribution on the panel (Fig. 33, left (MHy)). Such a pressure 
distribution leads to a linear aspect ratio dependency with the chord length h 
for load case 2 (and b for load case 3) which is explained by Fig. 38: The 
resulting force is independent of the aspect ratio because the average 
pressure and the panel area do not vary with the aspect ratio while the 
effective lever arm increases linearly with increasing chord length h for load 
case 2 (or with increasing panel width b for load case 3 respectively). 
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Fig. 38: Resulting force and lever arm at linear pressure distribution for higher 
(left) and smaller (right) aspect ratio for load case 2 

The characteristic lengths li of Peterka and Derickson (1992) are almost equal 
to the effective lever arms for load cases 1 and 2: the elevation axis height H 
for My and the chord length h for MHy. For My, additionally the aspect ratio 
dependency of Fx is of impact which explains the lower agreement. 
Corresponding to MHy, the width b of the panel instead of its height h would 
have to be used for Mz at load case 3 which was confirmed by the 
measurements. 

For load cases 4 and 5 the panel is in horizontal orientation and thus not 
directed against the main wind direction. However, at load case 4, the cross 
bar is exposed directly to the wind and is of higher impact on the wind loads 
than for the other load cases. Furthermore, the thickness of the panel is of 
higher impact. For this load case, the area of wind attack of cross bar and 
frontal panel edge increases with increasing aspect ratio which explains the 
corresponding increase of Fx. At load case 5, the cross bar is in line with the 
main wind direction and therefore of no impact. However, the height of the 
pylon and thus its area of wind attack and the edge of the panel seen by the 
main wind reduce with increasing aspect ratio which explains the reduction of 
Fy with increasing aspect ratio. For the peak values of Fz, the length of the 
frontal edge is decisive because of high pressure in this region which leads to 
increased values for higher aspect ratios.  

High pressure at the frontal edge occurs also at the flow conditions which lead 
to the peak values of Mx and of MHy and My at load cases 5 and 4 respectively 
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(see Fig. 30, right (Mx) and Fig. 33 right (MHy)). The impact of it on the aspect 
ratio dependency is explained by Fig. 39: The resulting force increases with 
increasing aspect ratio (because of increased panel width b) while the lever 
arm decreases by the same ratio. Therefore, the wind moment would be 
constant for varied aspect ratio. In fact, the aspect ratio dependencies are less 
pronounced as for the cases with linear pressure distributions and correction 
terms which increase with increasing aspect ratio (by the power of 0.2 or 0.5 
respectively) are multiplied. 

 
Fig. 39: Resulting force and lever arm for increased pressure at one edge for 
higher (left) and smaller (right) aspect ratio for load case 4 

3.1.3.9 Total impact of aspect ratio on wind load components inclusive 
vertical mean wind speed profile 

Finally, the aspect ratio dependencies are given as functions of ra only using 

aa rrAb ∼⋅=        (3.1.19) 

aa rr
Ah 1
∼=

       (3.1.19) 

ar
hH 1

2
1

∼≅
.      (3.1.20) 
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Furthermore, the impact of the solar trackers height is taken into account for 
all load cases using equation (3.1.1) with n = 0.15 and equation (3.1.6) which 
leads to 

3.0Hpdyn ∼ .        (3.1.21) 

The resulting total impact of the aspect ratio on the wind load components are 
given in Table 6. 

Table 6: Impact of aspect ratio on wind load components (impact of vertical 
mean wind speed profile included) 
load case α β wind force  impact ra wind moment impact ra 

1 90° 0° Fx ∼ 1 / ra
0.35 My ∼ 1 / ra

0.85 

2 30° 0° Fx ∼ 1 / ra
0.25 MHy ∼ 1 / ra

0.65 

2 30° 0° Fz ∼ 1 / ra
0.25 -  

3 90° 60° -  Mz ∼ ra
0.35 

4 0° 0° Fx ∼ ra
0.45 MHy ∼ 1 / ra

0.45 

4 0° 0° Fz ∼ ra
0.25 My ∼ 1 / ra

0.45 

5 0° 90° Fy ∼ 1 / ra
0.25 Mx ∼ 1 / ra

0.15 

 Conclusions  3.1.4
The wind load components vary partly significantly with the aspect ratio of the 
panel. Therefore, the aspect ratio must be considered for the layout of the 
components of solar trackers. The main components of solar trackers are the 
foundation, the pylon, the mirror panel, and the elevation and the azimuth 
drive.  

Foundation and pylon must resist the moment at pylon feet My. Especially for 
upright orientation of the panel (load case 1) but also for the stow position with 
wind direction along the panel height h (load case 4), My decreases 
significantly with increasing aspect ratio. Therefore, the solar tracker in stow 
position could be turned with the elevation axis orthogonal to the main wind 
direction to take advantage of this load reduction (if it is possible for the given 
site to predict the main wind direction at storm conditions). Anyhow, a higher 
aspect ratio is advantageous regarding the layout of the foundation and of the 
pylon which could be designed weaker and would be also shorter. 

The elevation drive is loaded by the hinge moment MHy. Usually, the 
conditions at which the drive is in operation and maximal loaded (load case 2) 
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are decisive for its layout. Also for the stow position (load case 4) a significant 
load reduction of MHy with increasing aspect ratio was determined. Hence, 
also for the elevation drive a high aspect ratio would be favourable.  

For the stow position, the peak value of the moment about the vertical azimuth 
axis Mz is small even for high storm wind speeds. Thus, for the azimuth drive 
the upright orientation of the panel with sideward (30° to the panel) wind attack 
(load case 3) is relevant. For load case 3 an increase of Mz with increasing 
aspect ratio was determined. This increase is less pronounced compared to 
the decreases of MHy with increasing aspect ratio at load cases 2 and 4 (which 
are decisive for the layout of the elevation drive) but is of more importance for 
most conventional heliostats for which the azimuth drive is more expensive 
than the elevation drive.  

For a reasonable determination of the aspect ratio, the costs of all 
components of the solar tracker for different aspect ratios would have to be 
taken into account. 

Please note that different turbulence intensity and unusual flow conditions (for 
example caused by surrounding buildings or for sites at hilltops), unusual 
distinctive back structures of the mirror panel or of the torque tube, 
significantly different relative distance of the mirror panel to the ground at 
upright position and dynamical effects which are design dependent and not 
considered in the present study, can lead to different wind loads. Especially in 
these cases, specific wind tunnel tests are necessary. 
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3.2 Gaps in Mirror Panel 
Partly reproduced from [Pfahl, A., Buselmeier, M., Zaschke, M., 2011. 
“Determination of Wind Loads on Heliostats”. Proc. SolarPACES 2011 
conference, Granada].2  

 Introduction 3.2.1
Most heliostats are designed with closed panels with only small gaps between 
the facets. Wu et al. (2010) found that these small gaps are of negligible 
impact on the wind loads. However, it was not investigated yet whether wide 
gaps are of impact. Peterka and Derickson (1992, p.12) state that up to a 
portion of 15% of openings the mirror panel can be treated as a solid surface 
area.  

 Method 3.2.2
The impact of wide gaps on the wind loads was analysed by comparison of 
the wind load coefficients of a heliostat with no gap and one with two 
separated mirror facets. The total mirror area (30 m² at full scale, modelling 
scale 1:20) was the same for both models. The gap was 0.5 m wide at full 
scale which means that the portion of the opening was 8% (Fig. 40). The wind 
tunnel set up was the same as described in sections 3.1.2.3.1 and 3.1.2.3.2. 

    
Fig. 40: Heliostat models for investigation of impact of wide gap between mirror 
facets 

 Results and Discussion 3.2.3
For almost all critical load cases at which one of the loads may have its 
maximum peak value only small differences between the heliostat models 

2 The BLWT measurements were defined and its results proofed and analysed by the 
main author. The preparation and execution of the BLWT measurements were 
performed by the co-authors.  
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were measured (Table 7) in line with the findings by Peterka and Derickson 
(1992). However, for the hinge moment MHy the mean and peak values at load 
case 2 and the peak value at load case 4 are about 20% higher. The drag 
force Fx at load case 4 is also increased for the heliostat with wide gap 
because of the wider torque tube which is of impact especially in the stow 
position where it is not wind shadowed by the panel. The increased drag force 
Fx together with the increased hinge moment MHy lead also to an increased 
overturning moment at ground level My. 

Table 7: Impact of wide gap on peak and mean wind load coefficients 

load 
case α β wind 

force 

cpeak, no gap 

(cmean, no 

gap) 

cpeak,wide gap 

(cmean, wide 

gap) 

wind 
moment 

cpeak, no gap 

(cmean, no gap) 
cpeak,wide gap 

(cmean, wide gap) 

1 90° 0° Fx 3.3 (1.5) 3.2 (1.5) My 3.2 (1.4) 3.1 (1.4) 

2 30° 0° Fx 1.6 (0.71) 1.6 (0.65) MHy -0.45 (0.15) -0.56 (0.18) 

2 30° 0° Fz 
-2.1 (-
0.97) -2.1 (-0.92) - - - 

3 90° 60° - - - Mz 
-0.50 (-
0.15) -0.49 (-0.14) 

4 0° 0° Fx 
0.57 

(0.06) 0.78 (0.06) MHy 
±0.18 
(0.00) ±0.22 (0.00) 

4 0° 0° Fz 
±0.50 
(0.00) ±0.50 (0.00) My 0.69 (0.05) 0.82 (0.05) 

5 0° 90° Fy 
0.43 

(0.05) 0.42 (0.05) Mx 0.60 (0.03) 0.54 (0.03) 

 Conclusions 3.2.4
Wide gaps in the mirror panel lead to an increase of the pressure distribution 
at the edges of the gap, especially at the windward corners. This causes an 
increase of the hinge moment of about 20% for an angle of attack of 30° to the 
panel and for a main flow direction along the gap. The peak hinge moment at 
stow position is also increased by this effect because it is caused by an 
instantaneous sideward angle of wind attack. 
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4 Wind Loads Within Heliostat Field 

4.1 Wind Fence and Heliostat Field Density 
Partly reproduced from [Pfahl, A., Buselmeier, M., Zaschke, M., 2011. 
“Determination of Wind Loads on Heliostats”. Proc. SolarPACES 2011 
conference, Granada].3  

 Introduction 4.1.1
Wind loads on heliostats can be reduced by wind fences. Peterka et al. (1986) 
state that a reduction of the mean loads of 70% can be achieved by wind 
shading. The reduction of the peak loads – which are mainly relevant for the 
dimensioning of heliostats – is less and is given in (Peterka and Derickson, 
1992) for heliostats in operation with orientations that lead to maximal wind 
load coefficients (called critical load cases 1-3 in our study, see Table 5). The 
reduction is different for the different wind load components and is between 
20-40%. For the safety position (horizontal mirror panel, called “stow position”, 
load case 4 of Table 5) no values were found in literature. However, the peak 
wind load components usually reach their highest values for the stow position 
because of the high maximum possible storm wind speeds that 
overcompensate the low wind load coefficients of the heliostat with horizontal 
mirror panel in stow. Therefore, in the present study, wind tunnel 
measurements for the stow position (load case 4) were performed and also for 
load cases 1-3 (heliostat in operation) for comparison with the values given by 
Peterka and Derickson (1992). 

 Method 4.1.2

4.1.2.1 Sample Heliostat Field 
The wind shading effect depends on the porosity and height of the wind fence 
and on the distances of the heliostats to the fence and to each other. The 
distance between the heliostats defines the field density (mirror area/ground 
area). The field density varies significantly within the field of solar tower plants. 
To evaluate the benefit of wind fences for solar tower plants the regions of 
different field densities have to be investigated separately. Furthermore, the 
field density distribution must be known.  

3 The BLWT measurements were defined and its results proofed and analysed by the 
main author. The preparation and execution of the measurements were performed by 
the co-authors.  
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Therefore, at first a heliostat field with a typical power range had to be defined. 
Higher power levels lead to higher efficiency and lower specific cost of the 
power cycle but to lower efficiency of the heliostat field especially due to 
atmospheric attenuation because of the bigger fields with in average longer 
distances of the heliostats to the receiver. A reasonable electrical power range 
is 100 MW at the design point in time as basic cost optimisation calculations 
have shown and which is confirmed by the power range of commercial solar 
tower plants. A corresponding heliostat field layout was done with the ray 
tracing tool HFLCal (Schwarzbözl et al., 2009) with heliostats of 120 m² mirror 
area and a resulting receiver centre height of 220 m (Fig. 41).  

 
Fig. 41: Regions of high, medium and low field density of heliostat field of a 
100MWel solar tower plant 

The regions of low (10-20%), medium (20-40%) and high (40-50%) field 
density for the sample field are shown in Fig. 41 and their portions of all 
heliostats of the field are given in Table 8.  
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Table 8: Field density regions 
level of field density value of field density portion of the field 

low 10 - 20% 33% 
medium 20 - 40% 43% 

high 40 - 50% 24% 

4.1.2.2 BLWT Investigations 
Peterka and Derickson (1992, p. 44) recommend a fence porosity of 30-50% 
and a fence height of at least 1.15 to 1.3 times the elevation axis height. 
Therefore, 40% fence porosity and 1.25 times elevations axis height as fence 
height was chosen. The porosity of the fence avoids the development of big 
turbulence structures (Peterka et al., 1986). The main dimensions of the 
heliostat and the wind fence are given in Fig. 42. Model scale is 1:20. The 
reflective mirror area is 30m². 

 
Fig. 42: Dimensions in mm of upright heliostat (α = 90°) and of wind fence (grey, 
in background) at full scale 

Peterka and Derickson (1992) define a Generalised Blockage Area (GBA) for 
the investigation of the effect of wind shadowing on the wind load coefficients 
(Fig. 43): GBA = [solid area of upwind blockage projected to wind direction] / 
[upwind ground area].  
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Fig. 43: Definition of areas for the calculation of the Generalised Blockage Area 
(GBA); red: heliostat for which GBA is calculated, yellow: section of fence that 
is relevant for the calculation of the solid area of upwind blockage, grey: 
sections of fence without relevance for the GBA of the red heliostat; blue: 
upwind ground area; orange: upwind heliostats relevant for the calculation of 
the GBA of the red heliostat for operation mode (for the stow position their 
areas projected to the wind direction are negligible small), green: heliostats 
without relevance for the calculation of the GBA of the red heliostat 

For three different distances between the heliostats (8 m, 19 m, and 30m) and 
for four different distances of the first row heliostat to the fence (5 m, 10 m, 20 
m, and 30 m) and for 1-4 rows behind the wind fence (see Fig. 43) the wind 
load coefficients were determined. The measured combinations and the 
corresponding field densities and GBAs are listed in Table 9. The amount of 
investigated rows is lower for larger distances between the heliostats because 
of size limitations of the wind tunnel. 
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Table 9: Configurations of wind tunnel measurements for different field 
densities and different combinations of α (elevation angle) and β (angle between 
wind direction and elevation axis) for which the maximum values of the wind 
loads (Fx, My, Fz, MHy, Mz) occur (critical load cases) 
distance 
to fence 

distance 
between 

heliostats 

field 
density 

row GBA 
operation 

Fx, My: 
α = 90°, 
β = 0° 

GBA  
operation Fz, 
MHy: α = 30°, 

β = 0° 
Mz: α = 90°, 

β = 60° 

GBA  
stow  

Fx, Fz, My, 
MHy: 

α = 0°, 
β = 0° 

5 m 8 m 47 % 1 
2 
3 
4 

0.32 
0.42 
0.45 
0.46 

0.32 
0.27 
0.26 
0.26 

0.32 
0.15 
0.11 

0.095 
10 m 19 m 8 % 1 

2 
3 

0.16 
0.11 
0.10 

0.16 
0.083 
0.067 

0.16 
0.061 
0.040 

20 m 30 m 3 % 1 
2 

0.080 
0.053 

0.080 
0.042 

0.080 
0.034 

30 m 30 m 3 % 1 0.053 0.053 0.053 

Exemplarily, the test set up for the measurement of a heliostat in stow position 
in row 4 and a distance between the heliostats of 8 m and of 5 m to the fence 
is shown in Fig. 44. The general wind tunnel configuration was the same as 
described in sections 3.1.2.3.1 and 3.1.2.3.2. 
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Fig. 44: BLWT investigation of the impact of a wind fence on the wind loads of 

heliostat fields 

 Results and Discussion 4.1.3

4.1.3.1 Results 
Fig. 45 shows how the peak drag coefficient Fx reduces with increasing 
blockage area for operation mode. The graph is quite irregular because of the 
high uncertainty in the determination of peak values. For heliostats in 
operation the orientation that lead to the highest drag is α = 90° and β = 0° 
(vertical mirror panel, frontal wind attack). The measured reduction for 
operation mode is higher than stated by Peterka and Derickson (1992). 
Presumably, the reason is that Peterka and Derickson (1992) measured more 
configurations with also more disadvantageous ones. The ones with lowest 
load reduction were used by them to determine the load reduction function.  
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Fig. 45: Reduction of peak drag Fz with increasing Generalised Blockage Area 
(GBA) for operation mode 

For the maximum peak lift coefficient Fz in operation mode (for α = 30° and β = 
0°), the measured load reduction is also higher than measured by Peterka and 
Derickson (1992) (Fig. 46). 

 
Fig. 46: Reduction of peak lift Fz with increasing GBA for operation mode 
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Fig. 47 shows the reduction of the overturning moment about the pylon base 
My (for α = 90° and β = 0°). The graph is again quite irregular because of the 
high uncertainty in the determination of peak values. Peterka and Derickson 
(1992) give no values for it but only a formula to calculate it by the hinge 
moment and the drag force (equation (3.1.16)). 
 

 
Fig. 47: Reduction of peak base overturning moment My with increasing GBA for 
operation mode 

For a GBA < 0.15, the values of the hinge moment coefficient MHy for 
operation mode (for α = 30° and β = 0°) are lower than the values of Peterka 
and Derickson (1992). The irregular graph results again from the general 
uncertainty of peak load measurements. For a GBA > 0.25, significantly higher 
values were measured (Fig. 48). Presumably, the reason are turbulence 
structures caused by the fence which impact especially the hinge moment 
coefficient of heliostats close to the fence.  
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Fig. 48: Reduction of peak hinge moment MHy with increasing GBA for operation 
mode 

For a GBA > 0.1, the reduction of the maximum peak moment about the 
vertical axis Mz for heliostats in operation (for α = 90° and β = 60°) is lower 
than measured by Peterka and Derickson (1992) (Fig. 49).  

 
Fig. 49: Reduction of peak moment about vertical Mz axis with increasing GBA 
for operation mode 
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For stow position (α = 0° and β = 0°), a significant load reduction for the peak 
values of Fx, MHy, and My was measured even for low GBA (Fig. 50). However, 
for the peak lift force Fz even an increased value was measured. Presumably, 
the reason is the recirculation area behind the wind fence which leads at 
certain distances and field densities to higher values of the vertical wind 
velocity component which impacts especially the lift force for horizontal mirror 
panel.  
The moment about the vertical axis Mz is negligible low for stow and was not 
investigated. 
 

 
Fig. 50: Reduction of peak coefficients of Fx, Fz, MHy, and My with increasing 
GBA for the stow position 

4.1.3.2 Discussion 
Table 10 gives an overview of the load reductions (relative to an isolated 
heliostat) for the different wind load components for high and for low field 
density for the critical load cases. The negative value indicates that not a load 
reduction but an increase of the load within the field was measured. The 
values are valid for the sample case given in section 4.1.2 with lowest field 
density of 10%. This corresponds to a GBA of approximately 0.1 for Fx and My, 
0.07 for Fz, MHy and Mz for operation mode and 0.04 for stow (Table 9). 
Highest field density is 47% which corresponds to a minimum GBA of 0.32 for 
Fx and My, 0.26 for Fz, MHy and Mz for operation mode and 0.1 for stow (Table 
9). The corresponding load reductions were determined with Fig. 45 - Fig. 49. 

74 
 



In each case, the lower value of the measurements and of Peterka and 
Derickson (1992) was taken into account. 

Table 10: Load reduction for heliostats in operation and in stow position for 
high and low field density 

mode: operation stow relevant for 
component wind load component \ 

field density: 
low high low high 

Fx 10% 50% 60% 70% pylon 
Fz 0% 60% -

30% 10% panel 

MHy 0% 20% 30% 50% elevation drive 
My 10% 40% 30% 50% pylon 
Mz 10% 30% - - azimuth drive 

It must be noted that in this study only a few constellations could be 
measured. There might be other constellations which would lead to higher 
values, especially with rows further away from the fence. To achieve the 
highest values of a specific heliostat field it is necessary to perform wind 
tunnel investigations with models of the special heliostat and of specific 
characteristic field regions (for example corners formed by the fence or aisles 
within the field) and for various wind directions. 

 Conclusions 4.1.4
By wind fences a load reduction of 10% of the horizontal force Fx and the 
moment about the pylon base My in operation mode (relevant for the 
dimensioning of the pylon) at regions of low field density is achievable for the 
investigated field configurations. For the hinge moment MHy and the moment 
about the azimuth axis Mz in operation mode (relevant for the drive’s 
dimensioning) the load reduction is as well only small (0% and 10% 
respectively) for low field densities. Regarding the dimensioning of the mirror 
panel, a wind fence can be even disadvantageous because of the increased 
vertical force Fz at stow position. Therefore, if a uniform heliostat design for the 
complete field is foreseen (which have to take the only low load reduction of 
field regions with low field densities into account, see orange coloured fields of 
Table 10) it is doubtful whether a wind fence is worthwhile. If the heliostats 
could be dimensioned differently, the whole structure and the drives could be 
designed significantly weaker for regions of high field density (see relevant 
green coloured fields of Table 10). 
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4.2 Heliostat Field Corners 

 Introduction 4.2.1
In (Peterka et al., 1992) it is stated that within a heliostat field higher wind 
loads occur at than for an isolated heliostat. The field positions where the 
higher wind loads occur are not given. The factors (ffield = max. wind load in 
field / wind load single heliostat) for the mean and for the peak wind forces as 
determined by these authors are given in Table 11. For the wind moments no 
such increase is stated.  

Table 11: Factors of increase of mean and peak wind loads within field 
according to (Peterka et al., 1992) 
Elevation α Wind  

Direction β 
Wind Force   ffield, mean  ffield, peak 

90° 0° Drag (Fx) 1.5 1.4 
30° 0° Lift (Fz) 1.4 1.3 

The reason for the increased values within the field is not given by (Peterka et 
al., 1992). In the following, it is investigated whether the increase of the drag 
force Fx is caused by an increased wind speed at the corner of the field. 

 Method 4.2.2
The flow around the corner of a heliostat field was simulated in a BLWT. The 
mirror panel of the investigated heliostat is 4m x 4m and the model scale is 
1:30. The boundary layer is generated as described in sections 3.1.2.3.1 and 
3.1.2.3.2. The model for the measurements of an isolated heliostat is shown in 
Fig. 51. 
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Fig. 51: Model for measurements of an isolated heliostat 

16 heliostats were positioned according to Fig. 52. The sideward distance of 
the heliostats is 9 m and the row distance 6 m at full scale.  

 
Fig. 52: Dimensions of heliostat field configuration for BLWT measurement. 
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Fig. 53 shows the BLWT test set up of the investigated field configuration. 

 
Fig. 53: Edge field configuration of wind tunnel measurements  

 Results and Discussion 4.2.3
As expected, the drag coefficient is increased at the corner heliostat of the 
investigated field configuration (Table 12). However, the resulting field factor is 
less then stated by Peterka et al. (1992). There might be other more 
disadvantageous configurations which lead to even more increased loads. 
Especially, a higher field density could lead to a higher field factor. 

Table 12: Factors of increase of mean and peak wind loads at heliostat field 
corner compared to single heliostat 
mean/peak Configuration cFx ffield ffield (Peterka et al. 1992) 

mean 
single 1.36 

1.11 1.5 
field corner 1.51 

peak 
single 3.17 

1.11 1.4 
field corner 3.52 
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 Conclusions 4.2.4
An increase of the drag force at the corner heliostat of a heliostat field was 
measured by boundary layer wind tunnel tests. The effect is much less than 
the increase within a field stated by Peterka et al. (1992) who may have 
investigated more disadvantageous configurations. This should be followed up 
by future wind tunnel investigations.  
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5 Impact of Wind Properties on Heliostat Wind Loads 

5.1 Reynolds Number 
This section is reproduced from [Pfahl, A., Uhlemann, H., 2011. “Wind Loads 
on Heliostats and Photovoltaic Trackers at Various Reynolds Numbers”. 
Journal of Wind Engineering and Industrial Aerodynamics 99, 964-968].4  

Abstract 
Wind loads on heliostats are usually determined by boundary layer, low-speed 
wind tunnels at which the design full-scale Reynolds number cannot be 
reached. In doing so, it is supposed the wind load coefficients are Reynolds 
number independent, which is known to be the case for sharp edged bodies. 
However, for the stow position the usually round torque tube is directly 
exposed to the wind and could influence the wind loads.  

By measurements in a high-pressure wind tunnel, it can be demonstrated that 
the design-relevant wind load coefficients are not Reynolds number 
dependent. However, the inclination of the mirror panel in stow position, due to 
the deflection of the heliostats structure at high Reynolds number, leads to 
increased wind loads and must be considered. The results are also valid for 
photovoltaic trackers of similar shape. 

Keywords 

heliostat, PV tracker, wind load, Reynolds number, high pressure wind tunnel, 
central receiver, solar tower, concentrated solar power, solar thermal 

 Introduction 5.1.1
Solar thermal power plants are a promising option to cover significant parts of 
increasing energy demand. At solar tower plants (Fig. 54), sun-light is 
concentrated by mirrors that track the sun in two axes, the so-called heliostats. 
To reduce the blocking of each other, the heliostats reflect the sun rays to the 
top of a tower. There a receiver absorbs the radiation and supplies thermal 
energy to a power cycle; alternatively, the energy is used by chemical thermal 
processes or concentrated photovoltaic generation. 

4 The BLWT measurements and the FEM-calculations were defined and its results 
proofed and analysed by the main author. The preparation and execution of the 
measurements were performed by the co-author. 
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Fig. 54: Solar tower plant (Brightsource Energy, 2011) 

The heliostat field is the main cost factor of solar tower plants. For a cost 
efficient dimensioning of the heliostats, the wind loads must be known. Wind 
tunnel measurements that have been published so far have all be performed 
at Reynolds numbers (Re) considerably below the maximum values that can 
occur in realty.   

While the drag force coefficient of sharp-edged bodies does not depend on Re 
because the separation is determined by the edges, for structures with round 
edges it may significantly vary beyond a certain critical Re depending on the 
surface roughness (k/d = grain size of sand / diameter of cylinder), see Fig. 
55.  

 
Fig. 55: Drag force coefficient for square and circular profile at different surface 
roughnesses (Scruton, 1981) 
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The usually horizontally aligned, circular torque tube of heliostats might be a 
source of such Re-dependent wind load coefficients. In regular operation, this 
torque tube is not directly exposed to the wind (Fig. 56) and therefore is of 
minor importance for the wind loads.  

 
Fig. 56: Heliostats with mirror panels of 120m² 

For storm protection, the heliostats are horizontally aligned to minimise the 
surface of wind attack. In this stow position the torque tube is exposed directly 
to the wind. Hence, the separation at the torque tube and the following 
recirculation could depend on Re. The recirculation area influences the 
pressure distribution on the back side of the mirror panel (Fig. 57) and thus the 
hinge moment MHy about the torque tube centre line (elevation axis). MHy at 
this position can be maximised and therefore this configuration is relevant for 
the heliostat design. The main objective of the investigations is to determine 
whether a significant dependency of the wind load coefficient of MHy on Re 
exists.  

 
Fig. 57: Stream lines around heliostat in stow position (CFD simulation, only for 
illustration) 
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 Method 5.1.2

5.1.2.1 Specifications and definitions  
The Re-numbers are highest for big heliostats. Therefore, a typical, big 
heliostat with 120m² mirror area (Fig. 56) was investigated. The main 
specifications are: 

h 9.6 m height of mirror panel  
b 12.9m width of mirror panel   
H 5.4 m height of elevation axis 
d 0.6 m diameter of torque tube 
Vmax 40m/s design wind speed at height H 
Red,max 1.7·106full-scale Re based on d at height H    

The investigated wind loads are:  

Fx [N] horizontal wind force perpendicular to el. axis 
Fz [N] vertical wind force 
My [Nm] wind moment at foundation  
MHy [Nm] wind moment about elevation axis 

The definitions of the wind load coefficients are according to Peterka and 
Derickson (1992, p. 10 et seqq.): 

AVcF Fxx ⋅⋅⋅= 2

2
ρ

       (5.1.1) 

AVcF Fzz ⋅⋅⋅= 2

2
ρ

       (5.1.2) 

HAVcM Myy ⋅⋅⋅⋅= 2

2
ρ

      (5.1.3) 

hAVcM MHyHy ⋅⋅⋅⋅= 2

2
ρ

      (5.1.4) 
with 

c [-] wind load coefficient        
ρ [kg/m³] density of air        
V [m/s] mean wind speed at elevation axis height H    
A [m²] mirror area        
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5.1.2.2 Selection of tool   
For the determination of the Re dependency, computational fluid dynamics 
(CFD) is almost not feasible because for the prediction of the position of the 
separation point of round-shaped bodies a very high resolution grid would be 
required for which a supercomputer would be needed.  

The determination of the Re dependency in the atmosphere at full scale is 
hardly possible because the appearance of the needed high wind speeds is 
seldom and not predictable. Investigations in a wind tunnel at real scale would 
demand a huge wind tunnel, which was not available. Measurements in 
conventional wind tunnels would be relatively cheap, but the needed Re 
cannot be reached because Re reduces with the model scale (Re is linear to 
the length scale): 

η
ρ lV ⋅⋅

=Re
        (5.1.5)  

with 

l [m]    characteristic length 
η [kg·m/s] dynamic viscosity       

Even if the required wind speed could be reached, the results of the 
measurements would not be reliable because the Mach number would be 
higher than 1 at regions of high wind speed (especially at the thickest cross 
section of the cylinder). Therefore, the flow could not be regarded as 
incompressible which is a requirement for the assumption of similarity (Hucho, 
2002, p. 439 et seqq.). By roughening of the round shapes the critical Re can 
be reduced (see Fig. 55). However, it is still too high to be reached by 
conventional boundary layer wind tunnels. Furthermore, the flow of the 
recirculation area would be influenced which would distort the results. 

Re can also be increased using a fluid of lower kinematic viscosity (ν=η/ρ) like 
water (15 times lower than air) as realised in water tunnels. However, at high 
fluid speed, cavitation occurs. Therefore, the achievable Re is too low for the 
given task (Hucho, 2002, p. 470).  

In kryo channels, the kinematic viscosity is reduced as well – through cooling 
of the fluid. However, the Mach number is also increased and therefore 
(because of the Mach number limitation) the specified Re number could not be 
reached at the available Kryo Channel of Cologne (Vieweger, 1989).  
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Instead of cooling the fluid it also can be pressurised to increase its density. At 
the High Pressure Wind Tunnel of Göttingen (HDG), up to 100 bars (= 10 
MPa) and a wind speed of 35m/s can be reached (Försching et al., 1981), 
which leads to sufficient high Re. The impact of the Re number on the wind 
load coefficient of isolated circular cylinders (Fig. 55) was investigated in the 
same wind tunnel by Schewe (1983). A scheme of the HDG and its main 
characteristics are shown in Fig. 58. 

 
Fig. 58: High Pressure Wind Tunnel of Göttingen (HDG) 

At the HDG it was not possible to simulate the turbulence of the atmospheric 
boundary layer. The vertical fluctuating component of the turbulent wind 
induces additional lift forces on the torque tube of circular cross-section (Basu 
and Vickery, 1983) and on the heliostat in all (Peterka and Derickson, 1992; 
Pfahl et al., 2011a). Furthermore, by Cheung and Melbourne (2005) an 
increase of the span-wise force correlation with increasing turbulence intensity 
was determined. However, regarding Re dependency, it is expected that by 
measurements with low turbulence intensity, all effects that would appear at 
high turbulence intensity are captured because for circular cylinders the critical 
Re reduces for higher turbulence intensity to lower values (Fage and Warsap, 
1929).  

5.1.2.3 Model and test set-up 
A model scale of 1:50 was chosen to ensure the boundary layer of the side 
walls would not affect the measurements and the blockage was not too high 
(Isyumov, 1999, p.14). The support structure of the mirrors was roughly 
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modelled using the advanced sinter metal rapid prototyping technique (Fig. 
59). In general, the small gaps between the mirror facets are not of significant 
influence on the wind loads (Wu et al., 2010). Nevertheless, they were 
modelled because it could not be excluded that they have an impact on the Re 
dependency. 

 
Fig. 59: Heliostat model in HDG, scale 1:50 

The heliostat model was arranged above a splitter plate, simulating the 
ground, and connected to a strain gauge balance outside the test section. The 
whole set-up is integrated into the side wall. Here, the heliostat model is 
mounted by its pylon to the external balance (Fig. 60). Although possible in the 
HDG, no wind-over-ground profile was simulated because for the stow 
position, it should be of negligible influence. A 90° angle of wind attack to the 
torque tube at horizontal mirror panel was investigated because at this 
configuration the influence of the torque tube should be highest.  
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Fig. 60: Schematic view of the HDG-Set-Up with heliostat model, splitter plate, 
external balance and turn table 

5.1.2.4 Correcting model deflection due to wind loads 
The model is more stressed by the wind loads than the original heliostat 
because: 

σ = M / S        (5.1.6) 
M ~ p ∙ l3        (5.1.7) 
p ~ ρ ∙ V²        (5.1.8) 
S ~ l3         (5.1.9) 

so 

σ ~ ρ ∙ V²        (5.1.10) 

with 

σ  [N/m²] maximal bending stress 
M  [Nm] bending moment  
S  [m3] section modulus  
l [m] characteristic length   
p [N/m²] dynamic pressure   

Assuming a pressure of 70 bar (= 7 MPa) in the wind tunnel and a wind speed 
of 35 m/s to reach Red = 1.7·106, the stress of the model material would be 
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about 50 times higher than the one of the full scale heliostat at the same Re 
(wind speed of 40 m/s). This was partly compensated using solid profiles, 
slightly thicker cross sections and a material with high modulus of elasticity for 
the model. Nevertheless, at high Re, deflection of the model could not be 
avoided which is critical because it influences the results significantly.  

To eliminate the influence of the deflection, the inclination caused by the 
measured loads at high Re was calculated via FEM (finite element method). 
The model was validated by calculating and measuring the deflection at a 
nominal panel inclination angle of the mirror panel of 10° and at Red = 1.7·106. 
Taking the backlash of the bearing also into account, a good agreement 
between measurements and simulation could be assessed (Fig. 61).   

 
Fig. 61: Calculated (left and middle) and measured (right) deflection of wind 
tunnel model at Re = 1.7·106 

With the FEM model, the influence of the deflection could be eliminated by the 
following steps: 

• Wind tunnel measurement of the moment about the pylon base for a 
nominal panel inclination of 0° at Red = 1.7·106  

• Calculation of the pressure distribution according to the typical 
pressure distribution of an even plate at small angles of wind attack 
and adapted according to the measured moment about the pylon base 

• Calculation of the deflection caused by this pressure distribution via 
FEM model and determination of the resulting inclination of the mirror 
panel 

• Measurement of the wind loads at the calculated inclination at low Re 
and determination of the wind load coefficient 
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• Comparison of the wind load coefficients for Red = 1.7·106 and a 
nominal panel inclination of 0° and for the calculated inclination and 
low Re: If a Re dependency exists the values should be different. 

 Results and Discussion 5.1.3

5.1.3.1 Results 
All six components of the aerodynamic loads were systematically measured at 
Red= 0.2·106 - 1.7·106, for nominal inclination (for unloaded mirror panel) and 
yaw angles of 0º (storm idle position). The diagram (Fig. 62, solid lines) shows 
the coefficients of drag (cFx), lift (cFz), and pitching moment about pylon base 
(cMy) over Re. 

According to Schlichting and Truckenbrodt (1969, p. 72 et seqq.), a linear, 
increasing pressure toward the edge of attack can be assumed as pressure 
distribution for even plates at small angles of wind attack. With this approach 
and taking the measured loads into account, the according pressure 
distribution was determined and applied to the FEM model. An average 
deflection of the mirror panel of 4° was calculated. 

For nominal inclination of 4° and low Red= 0.45·106, the coefficients of drag 
(cFx), lift (cFz), and pitching moment (cMy) were measured and are given in Fig. 
62 as single measuring points. 

 
Fig. 62: Wind load coefficients for various Re and resulting 0°-4° inclination of 
the mirror panel due to deformation (solid lines) and for 4° inclination at low Re 

The solid lines of Fig. 62 represent the measured values for the nominal panel 
inclination of 0º, but with the actual load induced inclination between 0º (low 
Re-number) and 4º (highest Re-number). If the measured value at Red= 
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0.45·106 at nominal panel inclination of 4º (which needs no correction) is 
compared with the measured value at Red= 1.7·106 at nominal panel 
inclination of 0º (which has to be corrected to 4º) it can be concluded that the 
design-driving components drag, lift and pitching moment coefficients are not 
depending on Re (dashed line).  

5.1.3.2 Discussion 
At the stow position, the drag force Fx, lift force Fz , pitching moment My and 
hinge moment MHy reach their maximal value at storm conditions. Thus, their 
values at stow position are relevant for the design of heliostats. Since MHy is 
hard to measure directly, it is calculated by the drag force Fx and by the 
moment at the pylon feet My (Peterka and Derickson, 1992, p. 10). As the wind 
load coefficients of Fx and My show no Re dependency, the wind load 
coefficient of MHy is not Re dependent as well. 

cFz shows a slight decrease with increasing Re (dashed line). However, 
compared to the increase due to deflection (solid line), it is small and is within 
the range of the uncertainties of the method.  

 Conclusions 5.1.4
No design-relevant Re dependency of the wind load coefficients of heliostats 
at stow position was measured. Thus, it is valid to determine the wind load 
coefficients at conventional boundary layer wind tunnels at low Re.  

However, for the layout of heliostats their possible deflection through wind 
loads and the resulting increase of the inclination of the mirror panel at high 
Re must be considered. Hence, stiffness and damping of the structure must 
be high enough to avoid torsional divergence, flutter, galloping and resonance 
due to vortex shedding of the structure itself or of upstream structures at any 
possible Re number (Cook, 1985).  

The results of this investigation cannot be transferred to solar trough collectors 
because the round shape of the trough is surely of bigger influence than the 
torque tube of a heliostat. Hosoya et al. (2008, p. 39 et seq.) performed wind 
tunnel measurements for trough collectors with various Re, but the critical Re 
was not reached (compare with Fig. 55). An approval of the Re independency 
of the wind load coefficients of solar trough collectors is still absent and could 
be also examined in the High Pressure Wind Tunnel of Göttingen. 
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5.2 Turbulent Energy Spectra 
This section is reproduced from [Pfahl, A., Zaschke, M., Geurts, C.P.W., 
Buselmeier, M., 2018. “Impact of Turbulent Energy Spectra Characteristics on 
Wind Loading of Heliostats and PV Trackers in Stow Position”. Under review].5  

Abstract 
Panels of PV trackers and heliostats are usually aligned horizontally for stow 
in order to minimise the area of wind attack. Aerodynamically, they constitute 
the simple case of a flat plate aligned in mean wind direction and submerged 
in a turbulent atmospheric boundary layer. Due to the turbulence of the 
oncoming flow, the instantaneous angle of attack varies. In combination with 
separations especially at the leading edge this results in significant fluctuating 
lift forces and hinge moments. Thus, correct modelling of the atmospheric 
boundary layer turbulence is of particular importance for wind load predictions. 

Due to their small size, PV panels and heliostats have to be modelled at 
unusually big geometric scales in the wind tunnel (10 to 30 times above 
common geometric model scales). This makes it impossible to correctly 
capture the low-frequency part of the turbulent energy spectra because the 
corresponding wavelengths would be far above the standard wind tunnel width 
and height. The purpose of this study is to investigate the impact of this 
mismatch on the wind load coefficients.  

At first, an approach is described and validated to overcome the scale 
mismatch. Within this approach it was observed that matching of either the 
longitudinal or the vertical turbulence spectrum could be reached, but not 
these two simultaneously. To investigate the impact of the scale mismatch, 
wind tunnel tests with pronounced differences of the ratio between vertical and 
longitudinal turbulence intensity were performed.  

Admittance functions and the observed strict dependency of the wind load 
coefficients on the vertical turbulence intensity confirm that the match of the 
vertical turbulence intensity is decisive for the peak lift force and peak hinge 
moment. Furthermore, they show that spectra mismatches are of small impact, 
at least for the investigated boundary conditions. Besides, it became clear that 
for heliostats of different height it is important to take different turbulence 
intensities into account because the turbulence intensity varies significantly 
with height.  

5 The BLWT measurements were defined and its results proofed and analysed by the 
main author. The preparation and execution of the measurements were performed by 
the co-authors from Wacker Engineers.  
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As a conclusion, wind tunnel tests of heliostats in stow lead to realistic lift and 
hinge moment coefficients in spite of mismatches in turbulent energy spectra 
as long as the vertical turbulence intensity at elevation axis height is matched 
(for the range of boundary conditions investigated in this study).  

Keywords: heliostat, PV-tracker, horizontal flat plate, turbulent energy spectra, 
turbulence intensity, boundary layer wind tunnel, vortex street 

Nomenclature 
A [m²] mirror/PV panel surface 
a [m] distance of cylindrical tube to heliostat/PV tracker model 
b  [m] width of mirror or PV panel (perpendicular to wind direction) 
c [-] in the present study always peak wind load coefficient  

   for T0 = 3s  
d [m] diameter of circular cylindrical tube for vortex street generation 
D [m] diameter of eddy  
Dencl. [m] diameter of eddy that safely encloses the heliostat mirror panel 
Dmax [m] diameter of eddy that corresponds to BLWT restrictions 
f [1/s] frequency of wind speed fluctuation  
f* [-] normalised frequency of wind speed fluctuation (f* = fh/Umean) 
Fz [N] in the present study always peak lift force  
h [m] chord length of mirror or PV panel (in wind direction) 
H [m] height of mirror/PV panel in stow position 
Iu [-] turbulence intensity of longitudinal wind component at height H 
Iw [-] turbulence intensity of vertical wind component at height H 
Je [-] Jensen number 
Lx

u [m] length scale of turbulence in x-direction relating to u-component 
Lx

w [m] length scale of turbulence in x-direction relating to w-component 
MHy [Nm] in the present study always peak hinge moment  
p [N/m²] dynamic pressure  
r  reference 
Sii [m²/s] Suu or Sww respectively 
Suu, Sww [m²/s] spectral density functions of u and w-components 
St [-] Strouhal number 
T [s] period of time for determination of autocorrelation function  
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T0 [s] averaging time: observation period over which atmospheric  
   wind speeds are measured (as mean values of this time  
  interval) and measuring period for the determination of the peak  
  wind load coefficient  

Tfilter [s] effective filtering time resulting from BLWT spatial restrictions 
Umean [m/s] mean streamwise wind speed component for T0 and H 
Ui [m/s] streamwise wind speed at height zi  
u [m/s] fluctuating streamwise velocity component 
w [m/s] fluctuating vertical velocity component 
x [m] Cartesian coordinate, streamwise 
y [m] Cartesian coordinate, lateral 
z [m] Cartesian coordinate, vertical 
z0 [m] aerodynamic roughness length    
  
α [-] factor in modified von Karman equations 
β1, β2 [-] factors in modified von Karman equations 
γu, γw [-] auxiliary variables for modified von Karman equations 
ρ [kg/m³] density of air 
σu [m/s] standard deviation of streamwise velocity fluctuations 
σw [m/s] standard deviation of vertical velocity fluctuations 
φ [rad] wind attack angle with horizontal plane or elevation 

𝜒𝜒𝐹𝐹𝐹𝐹𝑤𝑤   [-] admittance function of lift for vertical velocity component 

𝜒𝜒𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤   [-] admittance function of hinge moment for vertical velocity  
  component 

ω [1/s] angular frequency = 2πf 
 
BL1-3  BLWT configuration, number 1, 2 or 3 
BLWT  boundary layer wind tunnel 
CYL1-14 measurement with vortex street generation by cylinder,  

number 1 to 14 

 Introduction 5.2.1
Photovoltaics and solar thermal power plants are a promising option to cover 
significant parts of the increasing energy demand. The main solar thermal 
power technologies are parabolic trough, tower, dish, and linear-Fresnel 
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systems. At solar tower plants, sunlight is concentrated by mirrors tracking the 
sun in two axes, the so-called heliostats. The heliostats reflect the sun rays to 
the top of a tower, where a receiver absorbs the radiation and supplies 
thermal energy to a power cycle. Alternatively, the energy is used by chemical 
thermal processes or concentrated photovoltaics. The heliostat field is the 
main cost factor of solar tower plants. It is exposed not only to the sun but also 
to wind. For a cost efficient dimensioning of the heliostats, the wind loads must 
be known. The highest loads on the structure occur at storm conditions. At 
these conditions the heliostats are horizontally aligned to minimise the surface 
of wind attack (stow position). This is also the case for PV-trackers. 

Wind loads on photovoltaic panels and heliostats can be analysed by full scale 
(field) measurements (Geurts and Blackmore, 2016), wind tunnel testing 
(Pfahl and Uhlemann, 2011; Strobel and Banks, 2014; Stenabaugh et al., 
2015), or numerical simulation with Computational Fluid Dynamics (CFD) 
(Blocken, 2014; Jubayer and Hangan, 2016; Reina and De Stefano, 2017). In 
the past decades, several wind tunnel investigations have been published to 
enable heliostat developers to determine the wind loads. Peterka et al. (1989) 
and Peterka and Derickson (1992) introduced a method for the determination 
of wind loads on heliostats of arbitrary size and of aspect ratio (height to width 
of mirror surface) of approximately one. Wind load coefficients were given for 
an isolated heliostat for any possible elevation angle of the mirror panel and 
any wind direction. The strong impact of the turbulence intensity on the peak 
and even on the mean loads was shown by comparison of several BLWT 
investigations with different longitudinal turbulence intensities. Furthermore, 
formulas were given to estimate the impact of a wind fence and of heliostat 
rows upwind to the heliostat (see also (Peterka et al., 1986)). The results of 
full scale measurements by Sment and Ho (2014) bear resemblance to these 
formulas regarding drag force. Wu et al. (2010) investigated the effect of small 
gap (5mm – 40mm) between the facets on the wind loads and considered 
these to be of negligible impact because the difference was in the range of 
measurement accuracy. In contrary, wide gaps cannot be neglected (Pfahl et 
al., 2011b), as a gap of 0.5 m was shown to lead to an increase of the peak 
hinge moment in the range of 20% compared to a closed mirror panel. The 
dependency of the wind load coefficients on the aspect ratio of the mirror 
panel was determined by Pfahl et al. (2011a). The wind load components 
depend significantly on the aspect ratio of the panel. Therefore the aspect 
ratio must be considered at the layout of the components of solar trackers. 
The general assumption that wind loads on heliostats are Reynolds number 
independent (for Reynolds numbers above a value at which separation at the 
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edges occurs, (Plate, 1982)) was validated by Pfahl and Uhlemann (2011). 
Gong et al. (2012) presented a method to determine dynamic effects using 
time series of the wind pressure distribution on the mirror panel (gained by 
wind tunnel tests) for a transient finite element (FEM) simulation of structural 
deformations. A significant impact of dynamic effects was observed especially 
for orientations with the mirror panel parallel to the wind direction. Approaches 
to reduce wind loads on heliostats by shock absorbers and fence like 
structures around the mirror panel were presented by Pfahl et al. (2014). 
Reductions of the peak wind loads of heliostats in horizontal stow position of 
30% and of 40%, respectively, could be reached by these measures.  

In these previous investigations, the impact of the mismatch of the turbulent 
energy spectra between wind tunnel (reduced) scale and full scale was not 
addressed. Especially for the stow position with low mean load and high peak 
load values (resulting from turbulence), a correct modelling of the atmospheric 
boundary layer turbulence is expected to be important. Usually, only the 
matching of the longitudinal turbulence intensity and spectrum is accounted 
for. However, for horizontal flat structures the vertical wind load component is 
presumably of higher impact. For flat building roofs for example, a significant 
impact of the vertical wind angle of attack on the peak-suction pressures near 
the roofs corner was measured (Wu et al., 2001). 

To achieve similarity of the approach flow in a scale experiment, the profiles of 
mean wind speed and longitudinal, lateral and vertical turbulence intensity, as 
well as the turbulent energy spectra should be appropriately scaled. However, 
in general practice of BLWT measurements of heliostats this is not the case. 
Banks (2011) noted that in common wind tunnel tests for solar power 
assemblies, matching of the spectra is poor because of the following reason: 
Due to their small size, heliostats need to be modelled at larger scales (typical 
scales are 1:10 – 1:50) which are not in compliance with the typical wind 
tunnel flow scales (1:100 to 1:300). This large model scale is needed to model 
the details of the structure in sufficient detail and to locate the model at a 
height where mean velocity and turbulence intensity are well matched. For 
heights smaller than the average height of the roughness elements the 
assumptions leading to the logarithmic vertical mean wind speed profile 
formula are not valid (Arya, 1982).  

Matching of the vertical mean wind speed profile is reached by similarity of the 
Jensen number (Jensen, 1958): 

Je =  𝐻𝐻
𝑧𝑧0
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Where H is a characteristic height (here: the height of the panel) and z0 the 
aerodynamic roughness length. Hence, for bigger model scales the roughness 
length must be increased to reach matching of the Jensen number and, as a 
consequence, matching of the vertical mean wind speed profile. The correct 
modelling of the vertical mean wind speed profile has a profound effect on the 
pressure distribution on buildings and on heliostats with vertical orientation of 
the mirror panel (Jensen, 1958). For heliostats in stow with a panel thickness 
more than 100 times smaller than the panel width and height it is assumed 
that it is of less impact. However, when just inserting a large scale heliostat 
into a model boundary layer configured for smaller scales at a specified 
roughness length, the turbulence intensity at heliostat height will generally be 
lower than its target value. Aly and Bitsuamlak (2013) investigated the scale 
effect on ground mounted solar panels of inclination angles of 25° and 40° and 
found an impact on the peak values at big model scales (1:5 and 1:10). The 
peak values of big models were lower than the peak values of the 1:20 model 
because the big models were located in a region of lower turbulence intensity. 
Very small models (1:50) led to erroneous results as they were located too 
close to the ground where the wind conditions were not accurately 
reproduced. 

Matching of the turbulence intensity can be achieved by modifying the 
roughness elements in the wind tunnel. However, an increased roughness 
length leads to a shift of the peak of the energy spectrum towards smaller 
eddy scales (= towards higher frequencies) compared to full scale 
measurements of same turbulence intensity, see Fig. 63, left, because big 
eddies corresponding to low frequencies of the spectra do not “fit” into the 
wind tunnel (Fig. 64) and are missing. For a cube it was shown that this shift 
has a significant impact on the pressure distribution on the top of the cube 
(Richards et al., 2007).  
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Fig. 63: Left: Comparison of energy spectra of the longitudinal velocity 
component for large model scale when turbulence intensity is matched (blue 
line: full scale, red dotted line: BLWT). Right: Reduced turbulence intensity for 
matching of the spectra for small turbulence length scales (blue line: full scale, 
green dotted line: BLWT with reduced Iu) (Dyrbye and Hansen, 1997) 

 
Fig. 64: Schematic of eddies and section through the atmospheric boundary 
layer wind tunnel. The size restrictions of the tunnel limit the size of eddies that 
can be simulated. 

An approach to obtain proper conditions when working with "too-large" 
heliostat models is to focus on the spectral characteristics and to attempt to 
match the high-frequency part of the spectrum (Dyrbye and Hansen, 1997), 
see Fig. 63, right. This may require to further reduce the turbulence intensity. 
However, the latter approach leads even more to an underestimation of the 
impact of larger scales (which cannot be fully modelled due to restricted size 
of the wind tunnel).  
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According to Banks (2011) these underestimated larger scales in the BLWT 
do not need to be properly modelled as long as it is assured that they 
represent eddies which are big enough to engulf the entire structure and to 
cause a quasi-steady wind load response of the structure. This modified 
physical modelling requires a modified evaluation procedure where the quasi-
steady gust wind (typically the three-second gust wind) is used as reference 
wind velocity instead of the mean-hourly or ten-minute-average wind speed. 
Since this method requires only a correct modelling of the smaller-scale 
turbulence (with eddies equal to and smaller than the assumed quasi-steady 3 
s eddies) it is referred to as “high-frequency spectrum matching method” 
(Banks, 2011). This approach was applied by Aly (2016) to reduce 
discrepancies between CFD simulations and BLWT measurements of wind 
loads on solar panels. The corresponding maximum three-second mean wind 
speed would have to be taken into account for the calculation of the maximum 
loads. It can be estimated with (SEI/ASCE 7-02, 2003) or (Durst, 1960) 
respectively if three-second mean wind speed values of the site are not 
available. For example, the ratio of the maximum 3 s mean wind speed to the 
maximum hourly mean wind speed at 10 m above ground in open country is 
1.54 (SEI/ASCE 7-02, 2003, Figure C6-2). 

The purpose of this study is to investigate the impact of the BLWT scaling 
mismatch in turbulent energy spectra on lift force and hinge moment of 
heliostats and PV trackers in stow. Therefore, at first the shift of the 
longitudinal spectrum (of full scale and BLWT measurements) is avoided by 
reducing the observation and averaging time to three seconds. By this, only 
frequencies higher than the frequency corresponding to three seconds are 
measured at full scale which are not too big for to be simulated by the BLWT. 
Hence, it is expected that matching of the complete spectrum can be 
achieved. Then it is investigated whether the remaining differences between 
the turbulent energy spectra of the BLWT and of the standard atmospheric 
boundary layer are of significant impact. Therefore wind tunnel tests with 
different ratios of vertical and longitudinal turbulence intensity and different 
shapes of the spectra are performed. The tests cover three typical boundary-
layer configurations (first results presented by Pfahl et al. (2015)) as well as 
synthetic situations with pronounced peak frequencies generated by circular 
cylinders of two different diameters and varied distance to the heliostat. With 
increased distance the peak frequency reduces as well as the amplitude of the 
spectra (Roshko, 1992).  

In the annex of this section (section 5.2.5), basic definitions and information 
about spectra, averaging time, wind load coefficients, and admittance 
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functions are given to enable also readers specialised in solar energy (and not 
in wind engineering per se) to follow the reasoning. 

 Method 5.2.2

5.2.2.1 Boundary layer wind tunnel configurations 
The cross-sectional dimensions of the test section of the atmospheric 
boundary layer wind tunnel is width x height = 1.80 m x 2.00 m. Roughness 
elements were placed along an upstream fetch of 8 m (Fig. 65). This length is 
sufficient to achieve a boundary layer thickness of more than five heliostat 
heights. For the investigations a heliostat of A = 19 m² with an elevation axis 
height H = 2.4 m was chosen and a model scale 1:20. In order to gain insight 
into the relation between heliostat wind loading and turbulence of the 
approach flow, three roughness configurations with different turbulence 
characteristics were chosen. For this research, the turbulent characteristics at 
heliostat height (z = H = 12 cm in the wind tunnel and 2.4 m at full scale) were 
taken as reference values. 

The different turbulence conditions were achieved by successively removing 
turbulence generating devices from the boundary layer wind tunnel (Fig. 65). 
The BLWT configurations BL1 and BL2 lead for typical model scales of 1:100 
to 1:300 to realistic vertical mean wind speed profiles (Fig. 66) and spectra. 
BL3 was achieved by maintaining the turbulence-generating devices at the 
wind tunnel entrance while removing the roughness elements from the wind 
tunnel bottom. Thus, this configuration does not represent an equilibrium 
boundary layer but a nearly uniform vertical mean wind speed profile with a 
comparatively low level of upstream-generated turbulence at heliostat height. 
To study the dependency on the different turbulence conditions, extensive 
wind pressure measurements along the upper and lower surface of the 
heliostat and high resolution (2 kHz) turbulent incident velocity measurements 
with hot wire anemometers in the absence of the heliostat at its position have 
been carried out. 
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Fig. 65: Spires, fence and roughness elements in wind tunnel to generate 
boundary layers of 22% (BL1, left), 18% (BL2, middle) and 13% (BL3, without 
roughness elements, right) longitudinal turbulence intensity Iu at heliostat 
height z = H = 12 cm 

 
Fig. 66: Velocity profiles (left) and longitudinal turbulence intensity profile (right) 
for BL1 and BL2 

Table 13 gives the measured turbulence intensities of the three BLWT 
configurations and corresponding values at full scale of aerodynamic 
roughness length, mean wind speed, turbulent length scales and filtering time. 
For all configurations a mean wind speed at full scale of 20 m/s at z = 10 m 
was assumed. 
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The low frequencies of the standard longitudinal spectra cannot be simulated 
in the BLWT because of the restricted height of the wind tunnel of 2 m which 
precludes eddies rotating about the y-axis and bigger than 2 m in diameter to 
develop. This corresponds to a maximum size of the eddies of Dmax = 40 m at 
full scale (scaling factor 1:20). With equations (5.15) and (5.16) and the mean 
wind speed Umean for elevation axis height H = 2.4 m (BL1: 12.6 m/s, BL2: 14.4 
m/s, BL3: 17.6 m/s) an effective filtering time Tfilter in the range of 3 s (BL1: 3.2 
s, BL2: 2.8 s, BL3: 2.3 s) follows (see Table 13). Note that for an averaging 
time of T0 = 3 s usually extensive meteorological data are available. For the 
maximum mean speeds of typical sites in the range of 40 m/s filtering with Tfilter 
≈ 1.5 s would be required but for this averaging time usually no wind speed 
data are available. However, the following shows that also with T0 = 3 s good 
agreement between full scale and BLWT spectra is achieved.  

Table 13: Parameters of BLWT configurations BL1, BL2 and BL3 at full scale 
Parameter BL1 BL2 BL3 

Iu 21% 18% 13% 

Iw 13% 10% 8% 

Iw /Iu 0.62 0.58 0.64 

z0 (corresponding to Iu) 8 cm 4 cm 1 cm 

Umean,H=2.4m (ESDU 82026, (7.4) and (A1.10)) 12.6 m/s 14.4 m/s 17.6 m/s 

𝐿𝐿𝑢𝑢𝑥𝑥  (ESDU 85020, Figure 3a/(A2.14)) 18 m 23 m 33 m 

𝐿𝐿𝑤𝑤𝑥𝑥  (ESDU 85020, Figure 3a, (7.2) and (7.4)) 1.5 m 1.9 m 2.8 m 

Tfilter  (equations (5.2.25) and (5.2.26)) 3.2 s 2.8 s 2.3 s 

 
The graphs of the filtering function given by equation (5.2.23) with T0 = 3 s and 
with the mean wind speeds for BL1-3 given by Table 13 are shown in Fig. 67. 
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Fig. 67: Filter for reduced observation period T0 = 3s given by equation (5.2.23) 
(ESDU 83045) 

5.2.2.2 Vortex street generation by circular tubes 
To investigate the impact of the ratio Iw/Iu and of the shift of the peak values of 
the spectra tests in a (non-boundary layer) wind tunnel have been performed. 
In these tests, vortex streets have been generated by a circular cylindrical 
tube mounted across the whole wind tunnel width. Tubes of two different 
diameters d were used. It was not intended to achieve turbulence according to 
the atmospheric boundary layer but flows with pronounced differences in the 
ratio Iw/Iu. Therefore, the distance of the flat plate to the tube a was varied 
between 60 cm and 220 cm (Fig. 68) and ratios Iw/Iu between 0.71 and 0.93 
were achieved. The cross section of the wind tunnel for these measurements 
is 1.3 m x 1.3 m. No spires, fence and roughness elements were used. For 
determination of the spectra, turbulent incident velocity measurements were 
performed at a frequency of 2 kHz with hot wire anemometers in the absence 
of the heliostat at the heliostat position. 

 
Fig. 68: Test set up for measurements of flat plate in vortex street generated by 
circular cylindrical tubes 
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The diameter of the tube d and the free stream mean wind speed upstream of 
the cylinder at the tubes height determine the frequency of the peak value of 
the spectra. Two diameters d = 6 cm and d = 10 cm were investigated. d = 6 
cm was chosen to achieve vortices with a diameter Dencl. that safely (150%) 
encloses the heliostat model mirror panel of h = 20 cm completely: 

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. = 1.5ℎ = 30cm       (5.2.1) 

An eddy may be represented as a mass of fluid with a certain diameter 
rotating around a centre (Cook, 1985, p.20 et seqq.). The diameter Dfpeak of 
eddies causing the peak frequencies can be estimated: 

𝐷𝐷𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

  .       (5.2.2) 

With 

𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = St 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑

,       (5.2.3) 

𝐷𝐷𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.,       (5.2.4) 

From equations (5.2.1), (5.2.2), and St = 0.2 for circular cylinders it follows: 

𝑑𝑑 = St𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. = 6cm.       (5.2.5) 

With equations (5.2.1) and (5.2.2) this leads to a normalised frequency of: 
𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝∙ℎ
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

= ℎ
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.

= 1
1.5

= 7 ∙ 10−1 .     (5.2.6) 

For the second diameter a value of d = 10cm was chosen which leads with 
equation (5.2.3) to a peak value of the normalised frequency of: 

𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

=
St𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑 ℎ

𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
= St ℎ

𝑑𝑑
= 4 ∙ 10−1.     (5.2.7) 

These values are in good agreement with the measured peak frequencies (Fig. 
73; Fig. 74). 

5.2.2.3 Pressure distribution on horizontal flat plate 
For the investigations a heliostat of A = 19 m² and of elevation axis height H = 
2.4 m was chosen and a model scale 1:20. The dimensions of the sharp 
edged measurement plate of 2 mm thickness are b x h = 24 cm x 20 cm for 
both wind tunnels (see Fig. 65 and Fig. 68). The plate was located at a height 
H = 12 cm. Based on former peak wind load measurements (Gong et al., 
2012; Pfahl et al., 2011a), the highest pressure gradients occur within a 
distance to the upwind edge of ¼ of the facet height h and near the sideward 
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edges. Hence, pressure measurement points were foreseen especially in 
these regions (see Fig. 69). Two rows of measurement points were located as 
close as possible to the frontal edge because the highest pressure gradient 
occurs there. The pressures at the different positions of the panel were 
measured on the top side and on the bottom side separately and 
simultaneously with a sample frequency of 2 kHz and correction of the error 
caused by the damping of the tubes. In total, 70 pressure taps were used. At 
former measurement campaigns (Pfahl et al., 2011a) it was observed that 
such a pressure tap density leads to good agreement of pressure taps and 
force balance measurements, having a sufficient spatial resolution and not too 
much disturbance of the flow by the pressure tubes.  

 
Fig. 69: Distribution of pressure measurement points on flat plate;  
b = 24 cm, h = 20 cm 

For the determination of the peak values each measurement of 600 s duration 
was split into 200 windows with measurement period T0 = 3 s. For each 
window the peak value was determined. From all peak values the average 
was calculated to achieve the mean peak value (Aly and Bitsuamlak, 2013). 
The peak wind load and pressure coefficients for T0 = 3 s given in the following 
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are these mean peak net values. The wind load coefficients were calculated 
by integration of the single net pressure values of the different pressure 
measuring points weighted with the area they represent. 

 Results and Discussion 5.2.3

5.2.3.1 Results 

5.2.3.1.1 Turbulent energy spectra 
The graphs with solid lines of Fig. 70 show the turbulent energy spectra of the 
measured longitudinal (left) and vertical (right) velocity components Suu and 
Sww of BL1 (upper blue line), BL2 (middle green line) and BL3 (lower red line) 
at a (heliostat) height of z = H = 0.12 m in BLWT. The dashed lines of Fig. 70 
show the standard longitudinal energy spectra (for z = H = 2.4 m) according to 
ESDU 85020 having approximately the same turbulence intensity Iu Fig. 70, 
left, shows (as expected) that the energy of the BLWT longitudinal spectra is 
shifted towards higher frequencies compared to the full-scale spectra (i.e. the 
relevant higher longitudinal frequencies contain too much energy). For the BL2 
and BL3 vertical spectra also a shift towards higher frequencies compared to 
the standard spectra occurs, see Fig. 70, right. Hence, the eddies generated 
by the BLWT roughness elements of BL2 and BL3 are too small. 

    
Fig. 70: Measured and standard (ESDU 85020) turbulent energy spectra of 
longitudinal (left) and corresponding vertical (right) velocity component; the 
standard spectra are given for T0 = 1h and are shifted to lower frequencies 
compared to the BLWT spectra 

The vertical spectra (Fig. 70, right) show most of the vertical turbulent energy 
is captured at normalised frequencies f* > 10-1. This means, eddies which are 
one order of magnitude bigger (or more) than the heliostat chord length h are 
of small impact on the vertical spectra. The reason is that the vertical wind 
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component at the height of the plate of such eddies is small (Fig. 71). Hence, 
these big turbulence structures impact mainly the longitudinal velocity 
component at the height of the plate and not the vertical one. The impact of 
the distance of the vortex core on the wind load coefficients was observed 
also in other contexts, e.g. helicopter blade wake vortices (Ilie, 2009). The 
aerodynamic coefficients decrease significantly with increasing distance of the 
rotating rotor blade to the core of the vortex hitting the rotor blade.  

 
Fig. 71: Vertical velocity component (red) of eddies of diameter D equal to chord 
length h (f* = 100), (small blue vortex with D = h and large red vertical 
component, left), and of eddies of diameter D equal 10 times the chord length h 
(f* = 10-1), (section of big blue vortex with D = 10 h and small red vertical velocity 
component, right) 

An averaging and filtering time of approximately T0 = Tfilter ≈ 3 s corresponds to 
the spatial BLWT restrictions (see section 5.2.2.1). The corresponding filters 
(equation (5.2.23)) applied to the ESDU full scale spectra of Fig. 70, dotted 
graphs, lead to the modified dotted graphs of Fig. 72. After filtering, the full 
scale and the BLWT longitudinal spectra are in good agreement. The filters 
are of lower impact on the w-spectrum. The reason is that the energy of 
frequencies corresponding to T0 = 3 s and higher (at full scale) is already low 
without filtering because of the small vertical velocity component at 
measurement height. Therefore, Iu is more reduced by the filtering than Iw. As 
a result, the ratio of vertical to longitudinal turbulence intensity is at full scale 
for T0 = 3 s in the range of Iw/Iu = 0.7 while in the BLWT it is Iw/Iu = 0.6 as it 
should be for T0 = 1 h (ESDU 85020, 4.2, equation (4.5)). Hence, good 
matching of turbulence intensity and spectra for T0 = 3 s can be achieved with 
the roughness elements used only either for the longitudinal or for the vertical 
velocity component, but not for both simultaneously. The standard spectra 
shown in Fig. 72 are a compromise: Values for Iu of the standard spectra are 
too low while Iw are too high compared to the BLWT spectra. Furthermore, the 
BL2 and BL3 vertical spectra are still shifted towards higher frequencies in the 
relevant frequency range. 
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Fig. 72: Measured and standard turbulent energy spectra of longitudinal (left) 
and corresponding vertical (right) velocity component; the standard values are 
given for T0 = 3 s and are in good agreement with the BLWT spectra 

Wind tunnel measurements with vortex streets generated by a circular tube 
(described in section 5.2.2.2) were performed to investigate the remaining 
mismatches (too low Iw/Iu and shift of the vertical spectrum towards higher 
frequencies). They provide pronounced differences of the ratios Iw/Iu and of the 
peak frequencies to enable to analyse the impact of these differences on the 
wind load coefficients. Directly behind the circular tube the flow is dominated 
by (circular) eddies with their core centre near the plate’s height which means 
that the vertical component is as large as the longitudinal one (Fig. 71) which 
results in Iw/Iu ≈ 1. This value reduces with the distance to the circular tube 
because some eddies enlarge with distance. The biggest generated eddies 
can enlarge only in upward direction because the distance of the tubes to the 
ground is smaller than the radius of these eddies (equation (5.2.1)). The 
enlarged eddies (causing lower measured frequencies than the smaller eddies 
directly behind the tube) with their core centre significantly higher than the 
plate have only a small vertical but a high longitudinal velocity component at 
height of the plate (Fig. 71). Hence, Iw/Iu reduces with distance a.  

As a further consequence, the peak frequency moves towards lower 
frequencies with increased distance a especially for the u-spectrum, see Fig. 
73, left to right and Fig. 74, left to right (which is in good agreement with 
Shirakashi et al. (1988, Fig. 2)). Two diameters of the circular tube (d = 6 cm 
and d = 10 cm) were chosen for different values of the peak value frequencies 
(compare Fig. 73 with Fig. 74). The peak values of the spectra are getting less 
pronounced with increased distance to the tube a (compare left, middle, and 
right of Fig. 73 and of Fig. 74 respectively). This is a further difference of the 
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spectra of the different measurements. Their impact on the wind load 
coefficients will be discussed in section 5.2.3.2.2. 

  
Fig. 73: Turbulent energy spectra of longitudinal (blue) and vertical (green) 
velocity component for d = 6 cm with a = 80 cm (left), a = 120 cm (middle) and a 
= 220 cm (right) 

  
Fig. 74: Turbulent energy spectra of longitudinal (blue) and vertical (green) 
velocity component for d = 10 cm with a = 80 cm (left), a = 120 cm (middle)  and 
a = 220 cm (right) 

5.2.3.1.2 Turbulence intensities and wind load coefficients 
The measured turbulence intensities and the resulting peak lift and hinge 
moment coefficients are given in Table 14. The time interval within which the 
peak wind load coefficients were measured is T0 = 3 s (at full scale). The peak 
load coefficients increase with increasing turbulence intensity. The turbulence 
intensities decrease with the reduction of roughness elements (BL1 – BL3) 
and with the distance a to the circular tube and increase with increasing 
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diameter d of the circular tube. As expected, the ratio Iw/Iu reduces with the 
distance to the circular tubes a.   

Table 14: Turbulence intensities and wind load coefficients (mean of absolute 
values of positive and negative peak values) of BLWT (BL1-3) and vortex street 
(CYL1-14) measurements for T0 = 3 s 

 d [cm] a [cm] Iu [%] Iw [%] Iw/Iu |cFz| |cMHy| 
BL1 - - 21 13 0.62 0.29 0.087 
BL2 - - 18 10 0.58 0.22 0.065 
BL3 - - 13 8.3 0.65 0.20 0.061 

CYL1 6 60 23 20 0.89 0.49 0.15 
CYL2 6 80 19 15 0.81 0.33 0.11 
CYL3 6 100 16 12 0.77 0.25 0.078 
CYL4 6 120 14 10 0.76 0.21 0.066 
CYL5 6 140 12 9.0 0.76 0.18 0.057 
CYL6 6 180 11 8.1 0.74 0.14 0.045 
CYL7 6 220 9.8 7.0 0.71 0.13 0.041 
CYL8 10 60 26 24 0.93 0.73 0.21 
CYL9 10 80 22 20 0.90 0.51 0.15 

CYL10 10 100 20 17 0.85 0.42 0.13 
CYL11 10 120 18 15 0.82 0.36 0.11 
CYL12 10 140 17 14 0.80 0.31 0.097 
CYL13 10 180 15 12 0.76 0.25 0.077 
CYL14 10 220 15 11 0.72 0.22 0.068 

5.2.3.1.3 Pressure distributions 
Fig. 75 to Fig. 77 show the peak pressure distributions on the flat plate 
averaged over its width for wind attacking from the right (note that torque tube 
and supporting frames and trusses are of impact on the pressure distributions 
but are neglected in these general investigations). The upper green line gives 
the distribution for the lower side of the panel, the middle blue one for the 
upper side and the lower red one the resulting net pressure distribution of both 
surfaces. Positive values indicate pressure acting in direction of the surface 
(pressure) and negative values indicate pressure acting away from the surface 
(suction). The net pressure is related to the upper surface with positive 
pressure values indicating pressure acting downwards. Positive or negative 
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peak lift and hinge moment coefficients occur for instances of time when the 
vertical component of the turbulence structures are attacking the panel from 
above or from below respectively. The figures show the peak pressure 
distributions for upward directed vertical wind component attacking the panel 
from below. The peak hinge moment coefficient results from (positive) 
pressure at the edge of the bottom side of the panel (positive value of the 
green line at the right edge) and from suction at the edge of the top side 
(negative values of the middle blue line). Both leads to an upward directed 
pressure acting away from the upper surface (negative values of the net 
pressure, red lower line). 

The peak pressure distributions of the BLWT measurements are given by Fig. 
75. With reduced turbulence intensities (from left to right) the peak pressure 
on the surfaces reduces. 

 
Fig. 75: Mean of all instantaneous pressure coefficient distributions during 
occurrence of peak hinge moment MHy (with measuring period T0 = 3 s) averaged 
over heliostat width for BL1 (left), BL2 (middle) and BL3 (right) for vortex 
attacking from below (positive pressure at the bottom, suction/negative 
pressure at the top); pressure measurement point locations indicated by “x” on 
the x-axis 

Fig. 76 shows the peak pressure distributions of the wind tunnel tests with 
vortex street generated by a circular tube with d = 6 cm. With the distance to 
the tube (left to right) the turbulence intensity and the peak pressure 
distribution reduces as well. 
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Fig. 76: Mean of all instantaneous pressure coefficient distributions during 
occurrence of peak hinge moment MHy (with measuring period T0 = 3 s) averaged 
over heliostat width for a = 60 cm (left), a = 120 cm (middle) and a = 220 cm 
(right) with d = 6 cm for vortex attacking from below (positive pressure at the 
bottom, suction/negative pressure at the top); pressure measurement point 
locations indicated by “x” on the x-axis 

Fig. 77 shows the peak pressure distributions of the measurements with a 
circular tube of d = 10 cm. The larger diameter leads to higher turbulence 
intensities and thus to higher pressure values on the surface (compare Fig. 76 
and Fig. 77). 
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Fig. 77: Mean of all instantaneous pressure coefficient distributions during 
occurrence of peak hinge moment MHy (with measuring period T0 = 3 s) averaged 
over heliostat width for a = 60 cm (left), a = 120 cm (middle) and a = 220 cm 
(right) with d = 10 cm for vortex attacking from below (positive pressure at the 
bottom, suction/negative pressure at the top); pressure measurement point 
locations indicated by “x” on the x-axis 

5.2.3.1.4 Aerodynamic admittance functions 
The derivatives of the load coefficients with respect to the angle of attack for 
the admittance functions (5.2.33) and (5.2.34) have been obtained from wind 
tunnel measurements with slightly varied elevation angle of the panel: 
𝛿𝛿𝑐𝑐𝐹𝐹𝐹𝐹
𝛿𝛿𝛿𝛿

= 2.02         (5.2.8) 

𝛿𝛿𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀

𝛿𝛿𝛿𝛿
= 0.603  .       (5.2.9) 

Based on these values and the computed ratio of the load and vertical velocity 
spectra, the admittance functions shown in Fig. 78 have been obtained. As the 
plots show, they collapse very well for the different turbulence energy spectra 
of BL1, BL2 and BL3. Hence, the admittance functions do not depend on the 
turbulent energy spectra and therefore are applicable for the computation of 
wind load spectra also for other arbitrary turbulence input spectra.  
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Fig. 78: Aerodynamic admittance functions of the lift (left) and the hinge 
moment (right) coefficients for the vertical velocity component 

5.2.3.2 Discussion 

5.2.3.2.1 Impact of turbulence intensity on peak wind load coefficients 
It is assumed that for heliostats in stow the vertical velocity fluctuations are 
decisive regarding peak lift and hinge moment coefficients and not the 
longitudinal ones because of four reasons:  

1. Mirror and PV panels are quite slick. Therefore, the pressure cannot 
act along the panel but only normal to it. Hence, the pressure vectors 
on the panels are normal to them.  

2. Lift Fz and hinge moment MHy for trackers in stow result only from the 
pressure distribution on the panel. Pressures at other locations (mainly 
pylon) do not affect the hinge moment and are perpendicular to the lift 
force and therefore do not contribute to the lift force.  

3. In stow, the normal pressure vectors on the panel are vertical.  

4. The vertical velocity fluctuations are decisive for the vertical pressure 
vectors. 

This assumption is confirmed by the admittance functions of lift and hinge 
moment coefficients of the vertical spectrum (Fig. 78). For a normalised 
frequency f* < 0.2 the admittance functions are close to 1. Hence, vertical 
velocity fluctuations of frequencies corresponding to eddies five times bigger 
than the heliostat indeed directly impact lift and hinge moment. The angle of 
attack varies linearly with the instantaneous vertical velocity component while 
the longitudinal one is negligible (equation (5.2.31)). For smaller eddies the 
probability to enclose the heliostat completely reduces. Therefore, the value of 
the admittance functions decreases with increasing frequency. 
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The wind load coefficients depend mainly on the vertical velocity fluctuations. 
As a consequence, they collapse well on a continuous graph for varied vertical 
turbulence intensity Iw (Fig. 79) while they do not collapse well for varied 
longitudinal turbulence intensity (Fig. 80).  

   
Fig. 79: Lift (left) and hinge moment (right) coefficients in stow position for T0 = 
3 s and varied Iw; upper graphs: peak values, lower graphs: rms values 

 
Fig. 80: Lift (left) and hinge moment (right) coefficients in stow position for T0 = 
3 s and varied Iu; upper graphs: peak values, lower graphs: rms values 

The wind load coefficients collapse well on a continuous graph for varied Iw 
despite the shapes of the spectra and the values of the peak frequencies of 
the measurements are quite different (Fig. 72 to Fig. 74). Hence, it can be 
concluded that the wind load coefficients depend to a large extent only on Iw 
independently of the spectra mismatches (for the ratio Iw/Iu between 0.6 and 
0.9 and for a shift of the peak frequencies within the range studied here).   

5.2.3.2.2 Comparison of pressure distributions 
The shape of the spectra has no impact on the wind load coefficients but on 
the pressure distributions. This becomes clear when spectra of same vertical 
turbulence intensity Iw (and therefore also same wind load coefficients) but 
different shapes are compared. For example, CYL4, CYL14 and BL2 are of 
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same vertical turbulence intensity Iw (Table 14). The vertical spectrum (green 
lower spectrum) of CYL4 (Fig. 73, middle) is more peaked than the one of 
CYL14 (Fig. 74, right) which is again more peaked than the one of BL2 (Fig. 
72, right, solid middle green line). The BL2 vertical spectrum has the lowest 
peak value frequency and the lowest peak value which means that the eddies 
of peak energy are comparably big but contain low turbulence energy while 
the CYL4 spectrum has the smallest peak energy eddies (highest peak value 
frequency) but these contain highest turbulence energy. The small peak 
eddies of high energy of CYL 4 hitting the edge of the panel are causing high 
pressure/suction at the edge but cannot reach deeply into the panel (see Fig. 
76, middle) while the bigger eddies of lower energy of BL2 cause a wider 
pressure/suction region but will cause less pressure/suction directly at the 
edge (Fig. 75, middle). The vertical spectrum and therefore also the pressure 
distribution of CYL 14 (Fig. 77, right) are in between those of BL2 and CYL4. 
The height and the width of the pressure/suction region at the edge seem to 
compensate each other regarding the wind load coefficients. That explains 
why the wind load coefficients are not sensitive to the shape of the spectra but 
depend mainly on Iw. 

5.2.3.2.3 Statistical independence for T0 < 10min 
Usually, T0 should be between 10 min and 1 h to account for the “spectral gap” 
(Van der Hoven, 1957) between wind events caused by large-scale 
meteorological changes and wind events caused by upwind obstacles/terrain 
roughness (Cook, 1985). For this reason, physical and statistical 
independence of the maximum annual mean wind speed (caused by large-
scale meteorological effects) of the solar tower plant’s site and the peak wind 
load coefficients determined in BLWTs (modelling the upwind terrain 
roughness) is assumed which is a precondition of extreme value statistics of 
wind engineering for the determination of peak loads (Cook and Mayne, 
1980). Hence, for T0 = 3 s statistical independence is usually not given. An 
exception are lift and hinge moment coefficients for the stow position with 
horizontal panel. As shown, they depend mainly on the vertical velocity 
fluctuations (see section 5.2.3.2.1). The vertical velocity fluctuations of 
turbulence structures of one order of magnitude (or more) bigger than the 
panel (which corresponds in our case to T0 ≈ 3 s) are of small impact on the 
wind load coefficients (Fig. 71). In this regard, statistical independence of the 
wind load coefficients and the maximum 3-s-mean wind speed is given. 

Furthermore, the smaller turbulence structures (with significant vertical velocity 
component) do not depend directly on the increase of longitudinal wind 
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velocity due to bigger eddies enclosing them. If the smaller structures would 
depend directly on bigger structures, the vertical spectrum should have a 
significant value for the peak frequency (of low value) of the longitudinal 
spectrum for T0 = 1 h (or T0 = 10 min respectively). However, this is not the 
case: Sww is very low at the frequency of highest Suu (Fig. 70).  

Of course, the higher the turbulent energy of the low frequencies the higher is 
also the energy of the frequencies of relevant size. However, the energy of a 
big eddy is not decisive for the energy of smaller eddies (of relevant scale) 
which the big eddy encloses and transports. Decisive is the energy of former 
big eddies which had decomposed into these smaller eddies. Hence, during 
the 3 s period in which the maximum 3 s mean velocity occurs smaller eddies 
of all possible kind and different rotational speed may occur independently of 
the turbulence structure causing this wind event of maximum longitudinal 
velocity.  

As a consequence, statistical independence of the wind load coefficients and 
the maximum 3-s-mean wind speed can be assumed and extreme value 
statistics can be applied. 

5.2.3.2.4 Variation of Iw with heliostat size 
The height of the panel in stow position H is approximately half the chord 
length of the panel h (for standard heliostats and PV trackers) plus the 
distance to the ground for upright orientation which is assumed to be 0.2 m in 
the present study. Table 15 gives the resulting panel heights and 
corresponding Iw (Fig. 81) for different panel sizes and a typical aspect ratio 
(width to height) of 1.2. The wind load coefficients are normalised by the panel 
area A (equations (5.2.27) and (5.2.28)) which could lead to the conclusion 
that they are independent of it. However, Table 15 and Fig. 81 respectively 
show how the turbulence intensity (which is decisive for lift and hinge moment, 
see Table 14 or Fig. 79) varies with height and therefore with the size of the 
heliostats. Hence, the heliostat size has to be taken into account for the 
determination of the peak wind loads in stow position. For example, the peak 
wind load coefficients for a heliostat of 8 m² (and Iw = 11.4%) are 
approximately 20% higher than for a heliostat of 120 m² (and Iw = 9.7%). 
Therefore, the wind load coefficients for stow position would have to be also 
normalised by Iw to be independent of the heliostat size. 
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Table 15: Panel height H and corresponding vertical turbulence intensities IW for 
different panel sizes A of aspect ratio 1.2, mirror panel 0.2 m above ground and 
T0 = 3 s (values in brackets extrapolated) 
panel size A [m²] 8 16 32 64 120 
panel height H [m] 1.5 2.0 2.8 3.9 5.2 
vertical turbulence intensity Iw [%] (11.4) (10.9) 10.4 10.0 9.7 

 Conclusions 5.2.4
The objective of the investigations was to clarify the impact of scaling 
mismatches in turbulent energy spectra on the wind load coefficients. 

By reducing the averaging time T0 to a value corresponding to the size of the 
BLWT, the frequency shift of the spectra is avoided because only turbulence 
structures smaller than the BLWT have to be modelled. For the used BLWT 
with 2 m height an averaging time at full scale of T0 ≈ 3 s results. By filter 
functions corresponding to 3 s indeed good agreement of the full scale 
standard longitudinal spectra and the BLWT spectra could be achieved.  

For the special case of the lift force and hinge moment coefficients of a flat 
plate in longitudinal turbulent flow and the given height, statistical 
independency of the maximum annual peak wind speed and the wind load 
coefficients can be assumed for T0 = 3 s and extreme value statistics can be 
applied. The reason is that mainly the vertical velocity component is decisive 
for the loads and that the turbulent energy of small eddies with a significant 
vertical velocity component does not depend directly on eddies corresponding 
to T0 = 3 s or larger. 

For loads for which the longitudinal velocity fluctuations are decisive 
(especially drag of upright panel normal to wind direction), matching of the 
longitudinal spectrum is important. Then statistical independence is not given 
for an averaging time T0 < 10 min and the method of reduced averaging time 
T0 described by Banks (2011) may not be applied. It would be necessary to 
investigate whether the statistical dependency is of significant impact on the 
extreme peak values, for example by comparing the dispersion of full scale 
and BLWT measurements. 

For the roughness elements applied in our experiments only matching either 
of the longitudinal or of the vertical turbulence intensity could be achieved. 
Furthermore, vertical spectra are still shifted somewhat towards smaller 
frequencies. The impact of these remaining differences between full scale 
standard spectra and BLWT spectra on lift and hinge moment coefficients 
were investigated by wind tunnel measurements with different ratios of the 
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vertical and longitudinal turbulence intensity Iw/Iu, different frequencies of the 
peak values, and spectra of different shapes. For all these measurements, the 
wind load coefficients collapse for varied Iw well on one continuous graph. By 
this and by analysing admittance functions it could be shown that the wind 
load coefficients depend mainly on the vertical turbulence intensity Iw and not 
on the longitudinal one Iu (at least for Iw/Iu between 0.6 and 0.9 and for a shift 
of the peak frequencies within the relevant range). Hence, for measurements 
of the peak wind load coefficients in stow position a match of Iw is decisive and 
sufficient. For the published wind tunnel measurements of heliostats usually Iw 
is matched. Hence, their results are valid although a significant shift of the 
longitudinal spectrum is given.  

The dependency of the main loads in stow position mainly on Iw and not on the 
complete spectrum would allow a simpler modelling of the inflow just by vortex 
streets, for example generated by circular tubes as done in our experiments. 
However, for application of extreme value statistics (for the determination of 
the peak wind load coefficients (Cook and Mayne, 1980)) the dispersion of the 
wind load coefficients is needed and the mismatches of the spectra may have 
an impact on it.  

Wind load coefficients for heliostats are usually normalised by the mirror area. 
This could lead to the conclusion that they are applicable to any heliostat size 
and that only the roughness length z0 has to be considered. However, by the 
presented results of the BLWT tests it becomes clear that the increase in 
turbulence intensity for lower heliostat heights leads to significantly higher 
peak load coefficients for the stow position. Especially in recent years with a 
trend to smaller heliostats this is getting more important. Hence, for wind 
tunnel investigations of heliostats the turbulence intensity must correspond to 
both, to the heliostat size and to the roughness length z0 of the surrounding of 
the heliostat field. For the stow position general validity of the wind load 
coefficients may could be reached by normalizing them, e.g. with Iw. This 
would have to be analysed in a separate study.  

It can be concluded that wind tunnel tests of heliostats in stow position lead to 
realistic lift and hinge moment coefficients despite of mismatches in turbulent 
energy spectra (investigated in this study) as long as the vertical turbulence 
intensity at elevation axis height is matched. In principle, these results can be 
applied to any horizontal flat plate like structure of similar aspect ratio like for 
example (horizontal) canopy roofs. For high aspect ratios (like bridge decks) 
the vortices may not completely enclose the structure which could lead to 
different results. 
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 Annex: Definitions 5.2.5

5.2.5.1 Boundary layer turbulent energy spectra 
The spectral density function of the u-component (and similarly of the w-
component) is defined by (Panofsky and Dutton, 1984, 3.7): 

𝑆𝑆𝑢𝑢𝑢𝑢(𝜔𝜔) = 1
𝜋𝜋 ∫ 𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏)𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑∞

−∞  , 𝜔𝜔 = 2𝜋𝜋𝜋𝜋    (5.2.10) 

with the autocorrelation function  

𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏) = 𝐸𝐸{𝑢𝑢(𝑡𝑡)𝑢𝑢(𝑡𝑡 + 𝜏𝜏)} = 1
2𝑇𝑇 ∫ 𝑢𝑢(𝑡𝑡)𝑢𝑢(𝑡𝑡 + 𝜏𝜏)𝑑𝑑𝑑𝑑𝑇𝑇

−𝑇𝑇   for  T →∞  . (5.2.11) 

Suu is proportional to the square of the mean wind speed. Hence, for more 
general validity, the spectra is normalised by 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 . Often Suu is normalised 
by σu

2. However, then the impact of different turbulence intensities on the 
spectra cannot be investigated (Richards et al., 2007). A spectrum normalised 
by σu

2 can be transformed into a spectrum normalised by 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2  by the square 
of the turbulence intensity as factor: 

𝐼𝐼𝑢𝑢2 = 𝜎𝜎𝑢𝑢2

𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2  .        (5.2.12) 

The mean wind speed at panel height H is used to define a normalised 
frequency for the turbulent energy spectra: 

𝑓𝑓∗ = 𝑓𝑓 ℎ
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 .        (5.2.13) 

Thereby, a normalised frequency of 𝑓𝑓∗ = 1 represents eddies/wavelengths 
approximately of the size of the heliostat chord length h if Taylor hypothesis is 
assumed to be valid. 

Formulas for the spectra of the atmospheric boundary layer are given by 
ESDU 85020, B4.1 to B4.4 or by Harris (1990) respectively. In combination 
with equations (5.2.12) and (5.2.13) the normalised turbulent energy is defined 
as follows: 

𝑓𝑓∙𝑆𝑆𝑢𝑢𝑢𝑢
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 = 𝐼𝐼𝑢𝑢2 �𝛽𝛽1

2.987𝑓𝑓∗𝛾𝛾𝑢𝑢
[1+(2𝜋𝜋𝑓𝑓∗𝛾𝛾𝑢𝑢)2]5/6 + 𝛽𝛽2

1.294𝑓𝑓∗𝛾𝛾𝑢𝑢
[1+(𝜋𝜋𝑓𝑓∗𝛾𝛾𝑢𝑢)2]5/6 𝐹𝐹1�  (5.2.14) 

𝑓𝑓∙𝑆𝑆𝑤𝑤𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 =
𝜎𝜎𝑤𝑤2

𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 �𝛽𝛽1

2.987[1+(8/3)(4𝜋𝜋𝑓𝑓∗𝛾𝛾𝑤𝑤)2]𝑓𝑓∗𝛾𝛾𝑤𝑤
[1+(4𝜋𝜋𝑓𝑓∗𝛾𝛾𝑤𝑤)2]11/6 + 𝛽𝛽2

1.294𝑓𝑓∗𝛾𝛾𝑤𝑤
[1+(2𝜋𝜋𝑓𝑓∗𝛾𝛾𝑤𝑤)2]5/6 𝐹𝐹2� (5.2.15) 

with 
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𝐹𝐹1 = 1 + 0.455𝑒𝑒−0.76𝑓𝑓∗𝛾𝛾𝑢𝑢𝛼𝛼1.8
      (5.2.16) 

𝐹𝐹2 = 1 + 2.88𝑒𝑒−0.218𝑓𝑓∗𝛾𝛾𝑤𝑤𝛼𝛼1.9
      (5.2.17) 

𝛾𝛾𝑢𝑢 = 𝐿𝐿𝑢𝑢𝑥𝑥

ℎ𝛼𝛼
         (5.2.18) 

𝛾𝛾𝑤𝑤 = 𝐿𝐿𝑤𝑤𝑥𝑥

ℎ𝛼𝛼
 .        (5.2.19) 

Because H is very small compared to the gradient height it follows (ESDU 
85020, B5): 

∝=  0.535         (5.2.20) 

𝛽𝛽1 = 𝛽𝛽2 = 0.5 .       (5.2.21) 

5.2.5.2 Frequency filtering by averaging time T0 
The spectra depend on the time interval T0 within which the spectra are 
measured. A finite T0 filters frequencies with wavelengths longer than the 
wavelength corresponding to T0. This filtering is described by (ESDU 83045, p. 
27): 

𝑆𝑆𝑖𝑖𝑖𝑖(𝑓𝑓∗,𝑇𝑇0∗) = 𝑆𝑆𝑖𝑖𝑖𝑖(𝑓𝑓∗)𝛹𝛹(𝑓𝑓∗,𝑇𝑇0∗)   with     (5.2.22) 

𝛹𝛹(𝑓𝑓∗,𝑇𝑇0∗) = 1 −  sin
2(𝛱𝛱𝑓𝑓∗𝑇𝑇0∗)

(𝛱𝛱𝑓𝑓∗𝑇𝑇0∗)2
    and     (5.2.23) 

𝑇𝑇0∗ = 𝑇𝑇0
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

ℎ
 .       (5.2.24) 

To approximate the values of the lowest frequency that can be modelled in a 
wind tunnel the turbulence is assumed to be a superposition of circular eddies. 
The circular eddies are causing velocity fluctuations of frequencies that are 
approximated by    

𝑓𝑓𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚  ~ 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚

         (5.2.25) 

The size of the circular eddies is restricted by the height of the boundary layer 
(Tennekes and Lumley, 1972, p. 12) which again is restricted by the BLWT 
height. The height restriction acts like a filter for eddies of this height/diameter 
or lager and for corresponding or lower frequencies respectively. 

The effective filtering time is approximated by the time interval an eddy of 
diameter Dmax needs to pass a certain point: 

𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  ~ 𝑇𝑇𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 1
𝑓𝑓𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚

= 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 .     (5.2.26) 
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The effective filtering time at full scale can be calculated by the corresponding 
maximum eddy diameter (Dmax divided by the model scale) divided by the 
mean wind speed at elevation axis height H at full scale. Therefore, a mean 
wind speed must be defined to which the filtering time is related. In the present 
study, an hourly mean wind speed of 20m/s at 10 m height is assumed 
(according to the standard reference wind speed of ESDU 83045 and ESDU 
85020). The mean speed at elevation axis height can be calculated regarding 
the vertical mean wind speed profile which depends on the surface roughness 
length of the surrounding terrain z0 (ESDU 82026, equations (7.4) and 
(A1.10)). 

5.2.5.3 Wind load coefficients 
The force and moment coefficients are lower for the heliostat in stow position 
(horizontal mirror plane) than for the elevated positions because of the small 
area of wind attack. Nevertheless, the peak lift force Fz and the peak hinge 
moment MHy reach their highest values for stow conditions because of the high 
storm wind speed (typically about 42 m/s 3-s-peak value at 10 m height) 
compared to the maximum wind speed when heliostats stop operation and 
move into the horizontal safety stow position (typically about 18 m/s 3s-peak 
value at 10 m height). For horizontal flat plates in flows with little turbulence 
these wind loads would be almost zero. Mainly the turbulence of the flow leads 
to an instantaneous vertical velocity component which, in combination with 
flow separations at the leading edge, is causing the peak loads. Hence, the 
correct matching of the turbulence spectra is of importance for these wind load 
components. Their coefficients are defined by (Peterka et al., 1989): 

𝐹𝐹𝑧𝑧 = 𝑐𝑐𝐹𝐹𝐹𝐹
𝜌𝜌
2
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 𝐴𝐴        (5.2.27) 

𝑀𝑀𝐻𝐻𝐻𝐻 = 𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀
𝜌𝜌
2
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 𝐴𝐴ℎ .      (5.2.28) 

5.2.5.4 Wind and turbulence intensity profiles 
The mean wind speed and the turbulence intensity vary with height. For the 
wind speed the logarithmic vertical mean wind speed profile is assumed 
(Panofsky and Dutton, 1984, 6.2). The turbulence intensity reduces with height 
because of increased distance to the rough surface causing the turbulence. 
Fig. 81 shows the vertical turbulence intensity profile according to ESDU 
85020 and ESDU 83045. For the investigations of horizontal panels matching 
of the wind speed and turbulence intensity mainly at panel height (= elevation 
axis height H) is decisive because of the small extent of the panel in vertical 
direction. 
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Fig. 81: Vertical turbulence intensity Iw profile (for T0 = 3 s, z0 = 3 cm and 
Umean,10m = 20 m/s) according to ESDU 85020 and ESDU 83045 (values below 3 m 
extrapolated) 

5.2.5.5 Aerodynamic admittance 
Following quasi-steady theory, both the lift and momentum coefficient of an 
arbitrary object (here: a plate) can be regarded as a linear function of the 
angle of attack φ (Rasmussen et al., 2010): 

𝑐𝑐𝐹𝐹𝐹𝐹 =  𝑐𝑐𝐹𝐹𝐹𝐹,𝜑𝜑=0 + 𝛿𝛿𝑐𝑐𝐹𝐹𝐹𝐹
𝛿𝛿𝛿𝛿

∙ 𝜑𝜑        (5.2.29) 

𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀 =  𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀,𝜑𝜑=0 + 𝛿𝛿𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀

𝛿𝛿𝛿𝛿
∙ 𝜑𝜑 .     (5.2.30) 

For the stow position, the effective angle of wind attack corresponds to the 
instantaneous ratio of the vertical to the horizontal wind velocity (Fig. 82).  

 
Fig. 82: Instantaneous angle of wind attack 

124 
 



Assuming generally small turbulence (u ≪ Umean), this leads to:   

𝜑𝜑 ≅ 𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚+𝑢𝑢

≅ 𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 .       (5.2.31) 

With cFz,φ=0 ⋍ 0 and cMHy,φ=0 ⋍ 0 it follows: 

𝑐𝑐𝐹𝐹𝐹𝐹 ≅  𝛿𝛿𝑐𝑐𝐹𝐹𝐹𝐹
𝛿𝛿𝛿𝛿

∙ 𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

        (5.2.32) 

𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀 ≅  𝛿𝛿𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀

𝛿𝛿𝛿𝛿
∙ 𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 .       (5.2.33) 

Equations (5.2.32) and (5.2.33) transformed into the spectral domain are: 

𝑆𝑆𝑐𝑐𝐹𝐹𝐹𝐹𝑐𝑐𝐹𝐹𝐹𝐹 ≅ �𝛿𝛿𝑐𝑐𝐹𝐹𝐹𝐹
𝛿𝛿𝛿𝛿

�
2
∙ 𝑆𝑆𝑤𝑤𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 ∙ 𝜒𝜒𝐹𝐹𝐹𝐹𝑤𝑤       (5.2.34) 

𝑆𝑆𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀 ≅ �𝛿𝛿𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀

𝛿𝛿𝛿𝛿
�
2
∙ 𝑆𝑆𝑤𝑤𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 ∙ 𝜒𝜒𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤  .    (5.2.35) 

Thus, a linear relation is established between the force and moment spectra 
and the spectra of vertical velocity fluctuations. The frequency-dependent 
functions 𝜒𝜒𝐹𝐹𝐹𝐹𝑤𝑤  and 𝜒𝜒𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤  are the so-called aerodynamic admittance functions. 
They represent the frequency-dependent impact of the vertical fluctuations on 
the wind load coefficients which cause a variation of the angle of attack. High 
frequencies representing small eddies which not enclose the complete 
heliostat will be of low impact. For larger eddies it is assumed that their vertical 
velocity component is decisive for the load coefficients. This assumption shall 
be confirmed by the determination of the admittance functions. For the low 
frequency end (f → 0) the admittance functions are expected to be 𝜒𝜒𝐹𝐹,𝑀𝑀

𝑤𝑤  ⋍ 1 if 

the assumption is valid.  
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5.3 Gust Duration 
Partly reproduced from [Pfahl, A., Brucks, A., Holze, C., 2014. “Wind Load 
Reduction for Light-Weight Heliostats”. Energy Procedia 49, 193-200].6  

 Introduction 5.3.1
It can be assumed that the fluctuations of the wind velocity are a superposition 
of eddies with different sizes and, hence, frequencies (Geurts, 1997). An eddy 
may be represented as a mass of fluid rotating around a centre (Appendix 
B.2). For high peak loads, eddies with a size in the order of magnitude of width 
and height of the heliostat are decisive. Eddies which are significantly smaller 
than the mirror panel have only local impact. Eddies significantly larger than 
the panel size have their high speed core regions above the heliostat. The 
rotational speed, and therefore the energy that can be transmitted, reduces 
strongly with the distance to the eddy’s core (Cook, 1985, p. 20 et seqq.). 
Hence, the vertical velocity component at panel height of significantly larger 
eddies is lower which leads to lower hinge moments for horizontal panel 
compared to eddies of heliostat’s size with higher vertical wind velocity 
component. Hence, the size of eddies causing the peak moment are of same 
order of magnitude as the chord length of the mirror panel which is about 
double the heliostat’s height (Fig. 71).  

With these assumptions it can be concluded that the duration of peak loads is 
limited to the duration an eddy of relevant size needs to pass the heliostat. In 
this study, the size of the eddy causing the peak hinge moment and its 
duration is determined. If short enough, the peak loads could be reduced by 
shock absorbers. 

The dimensionless pressure coefficients cp are lowest when the heliostat is in 
stow position (horizontal mirror panel). Nevertheless, most of the wind load 
components reach their highest values for stow conditions because of the high 
storm wind speed compared to operational wind speed. Therefore, in the 
present study, the stow position is studied in detail. (Only for the azimuth drive 
the wind loading during operation (moment about vertical axis) is decisive.) 

Wind loads can be reduced by wind fences for high field densities (Peterka et 
al., 1986) (see section 4.1). The field density decreases with increasing 
distance from the tower because usually the heliostats are positioned in a 
staggered configuration to avoid optical blocking. For low field densities, the 

6 The full scale measurements were defined to a large extent and its results proofed 
and analysed by the main author. The preparation and execution of the 
measurements were performed by the co-authors.  
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benefits of wind fences regarding peak loads wear off from the third row on. 
Therefore, the maximum loads in a heliostat field are similar to the ones of an 
isolated heliostat, even if a wind fence is installed. Hence, the isolated 
heliostat without fence in stow position is the most relevant load case and is 
investigated in this study. 

 Method  5.3.2
The higher the resolution of a wind load measurement the higher are the peak 
values because also peaks of smaller duration but higher value will be 
detected. To determine the required resolution it is commonly assumed that 
only gusts larger than the structure are relevant because smaller gusts do not 
encompass the whole structure and are therefore only of local impact and 
cannot lead to the peak loading of the complete structure in the design 
relevant stow position. Often a value of 2-3 seconds is used (Peterka and 
Derickson, 1992, p. 5). However, this value might be appropriate for large 
buildings but not for small heliostats. For the investigated heliostat with a 
chord length of h = 2.5 m and for wind speeds of 10 m/s for example the 
duration of gusts that encompass the complete heliostat is only 2.5 m / 10 m/s 
= 0.25 seconds. Therefore, the high resolution (200 Hz) pressure 
measurements of this study were sufficient.  

The full scale measurements were performed on an isolated heliostat set up 
(Fig. 83) in an “area with low vegetation such as grass and isolated obstacles 
(trees, buildings) with separations of at least 20 obstacle heights” (EN 1991-1-
4, 2005, Appendix A) in the upwind main flow direction which complies with 
area category II.  
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Fig. 83: left: Heliostat (size 8m²) in the field, municipality Lilienthal, Germany. 
The chosen coordinate system according to Peterka is drawn on the facet. In 
the background: telescopic mast with sensors. Right: The heliostat is equipped 
with 84 differential pressure ports. (1) facet, (2) supporting structure, (3) 
elevation inclination, (4) pylon, (5) pedestal, (6) pressure tubing and 
instrumentation boxes, (7) pressure ports. 

The heliostat and its test equipment were set up in Lower Saxony, municipality 
Lilienthal, at a countryside area almost without any houses, trees and bushes, 
or other objects that could disturb the wind (Lat 53°9'59.66 N, Long 8°50'0.40 
E), see Fig. 84. Main wind direction is west. 

129 
 



 
Fig. 84: Location of full scale measurements (source: Google Maps) 

For the performed full-scale tests the single isolated 8 m² (2.5 m x 3.2 m) 
heliostat was equipped with 84 differential pressure gauges (Fig. 83, right; Fig. 
85) to collect time series of the differential pressure distribution of the panel. 
Strain gauges for the measurement of the hinge moment were not foreseen 
because measureable deformation of the pylon occurs only for rare high wind 
speeds. 
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Fig. 85: Positions of pressure ports of full scale measurements, values in mm 

The chosen coordinate system for azimuth and elevation follows (Peterka, 
1988). The orientation of the coordinate system with respect to the heliostat 
and the geographic orientation are shown in Fig. 83, left. The heliostat facet 
(mirror surface) was facing the prevailing westerly winds with compass 
reading 308°. This angle was fixed during measurements.  

The measurement procedure was as follows: 

1. Calibration of pressure sensors 
2. Start of data recording with a sample frequency of 200 Hz 
3. Data acquisition for at least 83 s 
4. Data storage on hard disk  
5. Back to step 2 until 10 min are completed. 

The measurement system consisted of: PC Pentium IV, 3.2 GHz, NI PCI 
6255, 2 x 80 channels, 1.25 MS/s, 16-bit resolution; software: NI Labview 8.5; 
pressure sensors: Sensor Technics, HCLA series between +/- 2.5 mbar and 
+/-12.5 mbar; measurement tube length 5m, inner and outer diameter of tubes 
1.2 mm and 2.7 mm respectively; wind direction sensor: Thies Clima 
4.3150.00.161; wind low inertia cup anemometer: Thies Clima 4.3350.00.161. 
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 Results and Discussion 5.3.3
With the pressure distribution the time dependent behaviour of the hinge 
moment coefficient cMHy (moment about horizontal primary axis, definition 
according to Peterka and Derickson (1992)) for stow position was calculated 
as weighted summation of the point pressures following the method described 
by Hosoya et al. (2008). Fig. 86 shows the 10 s time interval at which the 
maximum peak value of a 10 min measurement occurred (at about t = 7 s). It 
seems that an eddy of Δt = 1.3 s duration (between 6.3 s and 7.6 s) caused 
the peak. The mean wind velocity at this time interval was Umean = 5.5 m/s. 
This leads to an eddy size of D = Umean * Δt = 5.5 m/s * 1.3 s = 7.2 m which is 
of same order of magnitude as the chord length of h = 2.5 m as assumed 
(three times bigger) and of the integral length scale Lx

u ≈ 3 m for z0 = 0.015 
(open country (Peterka, 1992)) and for a height of z = H = 2 m (extrapolated 
from (ESDU 85020, 1985), Figure 3a). For storm conditions with for example 
Upeak = 40 m/s peak wind speed and Umean = 25 m/s mean wind speed at z =10 
m height and resulting Umean = 19.6 m/s mean wind speed at z = 2 m height 
(equation (3.1.1)) a gust duration of Δt = D / Umean = 7.2 m / 19.6 m/s = 0.37 s 
results. Only about half of this time the gust leads to higher hinge moment 
(compared to the mean hinge moment). Hence, the duration of the peak hinge 
moment would be in the range of Δt = 0.2 s. 

 
Fig. 86. Hinge moment coefficient over time, elevation 0° (stow position) 
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Table 16 shows the pressure coefficient distribution at the moment in time of 
maximum hinge moment coefficient (t = 6.995 s). Wind direction was β = 47°.  

Table 16: pressure coefficient distribution at the moment in time of maximum 
hinge moment coefficient 

 
The pressure coefficient distribution of Table 16 leads to a hinge moment 
coefficient cMHy = 0.18 and to a lift coefficient cFz = 1.0 which is in the same 
range as the values given by Peterka and Derickson (1992) for wind direction 
β=0° which confirms the measurements.  

 Conclusions 5.3.4
The diameter of the eddy causing the peak hinge moment of a 10 min full 
scale measurement could be determined. It is about double as big as the 
chord length. This confirms the assumption that gusts of a duration 
corresponding to a size of same order of magnitude as the chord length lead 
to the peak hinge moments. Hence, the peak hinge moment is not of arbitrary 
duration but limited. For the sample case of an 8 m² heliostat the duration at 
storm is in the range of 0.2 s. For such short duration it seems to be feasible 
to use shock absorbers to reduce the peak loads significantly. This may help 
to reduce the cost of facets, bearings, locking devices, pylon, and foundation. 
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6 Summary and Outlook 
General 
For the structural dimensioning of heliostats, wind loading and deformation 
due to gravity are decisive which lead to the following three dimensioning 
criteria: 

1. Tracking accuracy: It is mainly defined by backlash of the drives. If the 
wind loads caused by turbulence overcome the breakaway torque the 
mirror panel fluctuates which cannot be compensated by the control 
and a tracking error results. 

2. Optical accuracy: Deformations during operation are mainly caused by 
gravity. The impact of the wind on the optical accuracy is usually 
negligible which is a new finding that simplifies the design process 
significantly. 

3. Durability: The heliostat must resist the wind loads during operation 
and in stow position during storms. For this, the wind load coefficients 
must be known as precisely as possible to enable a cost effective 
dimensioning. 

Methods to determine the tracking and the optical accuracy with a high 
precession are already developed. Therefore, in the thesis the third point is 
further investigated. The investigations are divided into four main influencing 
factors: heliostat design, general heliostat properties, position within heliostat 
field, and boundary layer wind properties. 
Impact of wind loads on heliostat design 
Several approaches aim to reduce the wind loads: By encasing the heliostat 
the wind loads could be eliminated completely. However, this is costly and 
leads to additional losses. Regarding the vertical mean wind speed profile, the 
wind loads are low close to the ground. Hence, the panels can be lowered for 
stow position to reduce the maximum wind loads. Therefore, a new patented 
heliostat concept was developed with the possibility to stow the mirror panel 
close to the ground by which cost reductions of up to 25% can be achieved. 
Furthermore, it is possible to reduce the loads on the drives by rims in 
combination with a locking device for stow position. A new kind of rim drive 
heliostat was developed and was selected for a small solar tower 
demonstration plant which is under construction. 
Impact of general heliostat properties on wind loads 
The impact of two heliostat properties on the wind loads was investigated: The 
aspect ratio of the panel and the width between panels, which are both 
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fundamental for the heliostat design. The dependencies of the different wind 
load components on the aspect ratio were determined for the first time and 
formulas to calculate these dependencies are given. By measured pressure 
distributions on the panel explanations were found for the aspect ratio 
dependencies. In literature it was stated that up to a portion of 15% of 
openings the mirror panel can be treated as a solid surface area. However, for 
a wide gap between two mirror panels an increase of the hinge moment of 
20% was measured (for both: operational mode and in stow position) and an 
explanation for this increase was found. 
Wind loads within heliostat field 
Economically, it is an important question whether a wind fence should be used 
to protect a heliostat field. BLWT measurements showed that for high field 
densities (near the central tower) the wind loads can be reduced significantly 
by wind fences while for low field densities (typical for regions far from the 
tower) the impact is small. Hence, wind fences seem not worthwhile for 
identical heliostats for the complete field which is usually the case. Similar 
results had been obtained before for heliostats in operation but not for the 
stow position which is the design relevant case. For some locations within a 
heliostat field higher drag and lift forces compared to an isolated heliostat are 
mentioned in literature but no reason for it is given. By BLWT measurements it 
was found that an increase at the windward corners of the field occurs where 
the wind speed is increased when the flow passes around the field.  
Impact of wind properties on heliostat wind loads 
It was validated for the first time that usual BLWT investigations lead to 
realistic results although the high Reynolds numbers of storms cannot be 
reached. Therefore, wind tunnel measurements with high Reynolds numbers 
in a high pressure wind tunnel were performed for a heliostat in stow position. 
Bending of the model could not be avoided because of the extremely high 
loads at the high Reynolds numbers. However, the impact of the bending on 
the wind loads could be determined and it could be concluded that the 
increase of the wind load coefficient with increasing wind speed was caused 
only by the deformation of the heliostat model and not by the increased wind 
speed. Hence, the wind loads are not Reynolds number dependent. 
The longitudinal turbulent energy spectrum of BLWT is shifted towards higher 
frequencies because eddies bigger than the wind tunnel dimensions cannot be 
simulated. This problem is relevant especially for large model scales that are 
required for heliostat investigations. The problem can be solved by reducing 
the averaging time to 3 s. Then bigger eddies are still not captured by the wind 
tunnel but by the maximum wind speed that has to be considered for the 
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calculations of the maximum wind loads. It is shown that also for such a short 
averaging time statistical independence of maximum wind speed and wind 
load coefficients can be assumed which is a precondition of the extreme value 
statistics for the determination of the peak wind load coefficients. This 
independency results from the fact that the wind load coefficients depend to a 
large extent on the vertical turbulence intensity and not on the longitudinal 
turbulence intensity. Also the shape of the spectra is of small impact. For the 
published wind tunnel measurements of heliostats usually the vertical 
turbulence intensity is matched. Hence, their results are valid although a 
significant shift of the longitudinal spectrum is given which was validated for 
the first time. By the presented results of the BLWT tests it became also clear 
that the increase of the turbulence intensity for lower heliostat heights (due to 
the turbulence intensity profile) leads to significantly higher peak load 
coefficients for stow position.  
The vertical velocity component of an eddy at heliostat panel’s height depends 
on the size of the eddy. With increasing eddy size its vertical component near 
the ground reduces. Hence, the size of eddies that may cause the peak loads 
is limited and therefore also the duration of the peak loads which was verified 
for the first time by full scale measurements. Due to the limited duration it is 
possible to reduce the peak loads by shock absorbers which will be 
investigated by the project MAHWIN (0324213B) based on these findings and 
financed by the Federal Ministry for Economic Affairs and Energy (BMWi).  
The presented investigations do not include dynamic effects. Furthermore, it 
was not investigated whether the remaining spectra mismatches of the 
turbulent energy spectra in BLWT tunnels are of impact on the dispersion 
which is needed for the extreme value statistics of the peak loads. This will be 
investigated by the project MAHWIN as well. Furthermore, full scale 
measurements should be performed for further validation of the BLWT 
measurements of isolated heliostats and of heliostats within a field. 
In the appendix, a new figurative explanation of the theory of extreme value 
statistics for the determination of the wind load peak values and the correlation 
between eddy diameters and turbulent energy spectra is given. It may help 
especially readers from the solar energy community to whom these 
fundamental theories of wind engineering might be new to understand them.  
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Appendix A: Extreme Value Statistics 
Nomenclature 
1/ac [-] dispersion of cpeak       
1/aU [m/s] dispersion of 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 
A [m²] mirror/PV panel surface 
c [-] wind load coefficient   
F [N] wind force  
Fz [N] lift force  
H [m] height of mirror/PV panel in stow position 
Iu [-] turbulence intensity of longitudinal wind component at height H 
l [m] characteristic lever arm length 
k1 [-] constant of Weibull distribution 
k2 [-] exponent of Weibull distribution 
M [Nm] wind moment   
Mc [-] mode of cpeak (value of highest probability) 

MHy [Nm] hinge moment  
MU [m/s] mode of  𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (value of highest probability) 

n [-] exponent of power law of mean wind speed profile  
N [-] amount of samples 
P [-] cumulative distribution function (CPF) 
Q [-] probability of exceedance  
p  probability density function (PDF) 

[1/product of dimensions of parameters] 
T [a] return period of 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚      
T0 [s] averaging time: observation period over which atmospheric  

   wind speeds are measured (as mean values of this time    
  interval) and measuring period for the determination of the peak  
  wind load coefficient respectively  

Umean [m/s] mean wind speed 
𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 [m/s] maximum annual mean wind speed   
yc [-] reduced wind load coefficient variate: 𝑦𝑦𝑐𝑐 = 𝑎𝑎𝑐𝑐�𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, −𝑀𝑀𝑐𝑐�  
z [m] coordinate, vertical 
 
ρ [kg/m³] density of air  
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BLWT  Boundary Layer Wind Tunnel 
CPF  Cumulative Probability Function  
CSP  Concentrating Solar Power 
PDF  Probability Density Function  
PV  Photo-Voltaic 

A.1 Background and Task 
Extreme value statistics is required for the determination of peak wind loads. 
The peak loads result from wind velocity fluctuations which have mainly two 
reasons (Mayne and Cook, 1978):  

1. Climatic phenomena causing fluctuating pressure differences and thus 
acceleration of the air. 

2. Ground roughness which disturbs the flow causing eddies.  

By fluctuating climatic conditions wind arises. In interaction of the wind with 
the ground roughness vortices are generated. These are causing additional 
fluctuations but of higher frequencies. Usually, the fluctuations caused by the 
climate have a return period of one hour and more while the fluctuations 
caused by ground roughness have a return period of 10 min or less. Hence, 
fluctuations with frequencies corresponding to return periods between 10 min 
and 1 h are for most locations of comparably low power. This frequency band 
of low power is the so called “spectral gap” (Van der Hoven, 1957; Gomes and 
Vickery, 1977; Wieringa, 1989).  

The rotational speed of eddies caused by the ground roughness increases 
proportional to the mean wind speed. Hence, the turbulent energy increases 
as well proportional to the mean speed in square. Therefore, turbulent energy 
spectra are usually normalised by the mean speed in square.  

Because all velocity components increase proportional to the mean wind 
speed all wind loads increase proportional to the dynamic pressure of the 
mean wind speed (also wind loads which depend mainly on transversal 
velocity components like the lift force for horizontal plate). The impact of the 
turbulence intensity in interaction with the shape of the obstacle is quantified 
by specific peak wind load coefficients. The area of wind attack, or in the case 
of heliostats or PV trackers, the surface of the panel, is usually of linear 
impact. Therefore, all in all the wind loads can be expressed by formulas 
similar to the following and valid for a specific turbulence intensity: 

𝐹𝐹 = 𝑐𝑐𝐹𝐹
𝜌𝜌
2
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 𝐴𝐴         (A1) 
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𝑀𝑀 = 𝑐𝑐𝑀𝑀
𝜌𝜌
2
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 𝐴𝐴𝐴𝐴         (A2) 

with wind force F, wind moment M, wind load coefficient c, mean wind speed 
Umean, panel surface A, and effective lever arm l.  

To determine the wind load coefficients the interaction of the turbulent flow 
with the obstacle is usually simulated in boundary layer wind tunnels (BLWTs). 
The turbulent flow must be similar to the one at full scale. Than all fluctuations 
caused by the ground roughness of the site are captured by the BLWT tests. 
The impact of fluctuations caused by the climate is captured by the mean wind 
speed.  

For the calculation of the maximum loads the maximum mean wind speed of 
the site has to be taken into account. If absolutely no failure would be risked 
the structures would have to become extremely strong and thus heavy and 
expensive because wind loads are stochastic values and may have extremely 
high values for extremely low probabilities. Therefore, it is common practice in 
wind engineering to determine wind load coefficients which leads to a rate of 
one failure every 50 years in average. Additionally, a safety factor has to be 
accounted for corresponding to the importance of the structure. For buildings 
this factors is of course very high so the risk of failure is very low. The 
maximum mean wind speed with 50 years return period is given for many 
countries by wind speed maps of national wind load standards.  

The maximum mean wind loads with 50 years return period can be easily 
calculated with the maximum annual mean wind speed (with as well 50 years 
return period gained by wind speed maps), the mean wind load coefficient 
determined by BLWT tests, and equations (A1) and (A2). However, the mean 
wind loads are of minor relevance because the structures must of course 
resist also the peak wind loads caused by gusts. The determination of the 
maximum peak wind loads with 50 years return period is more complex 
because not only the annual maximum mean wind speed but also the peak 
wind load coefficients have a certain probability of occurrence. The task is to 
find the value of the peak wind load coefficient that leads in combination with 
the 50 year wind speed (which is usually known) to wind load values with a 
return period of 50 years. Therefore, extreme value statistics is needed. An 
appropriate method for it was found by (Cook and Mayne, 1980) and is 
described in the following. It takes advantage of the fact that maximum mean 
wind speed and maximum peak wind load coefficients are physically and 
therefore also statistically independent which is a precondition to calculate 
their joint probability. This is in general the case for an averaging time 
corresponding to a value within the “spectral gap”, which means between 10 
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min and 1 h. In particular, it is also the case for the hinge moment and lift force 
coefficients for a heliostat in stow position and an averaging time 
corresponding to the wind tunnel dimensions (see section 5.2.3.2.3). 

A.2 Single Extreme Value Distribution 
For the calculation of the wind loads with 50 years return period, the maximum 
annual mean wind speed with an annual probability of occurrence of Q = 1/50 
has to be known. Values for it are given by many national wind load 
standards. The determination of these values is based on wind speed data. 
Thereby, the probability function of the annual extreme mean wind speed 
(averaged over one hour) is used. However, it cannot be determined directly 
because values of hundreds of years would be required. Fortunately, it can be 
determined indirectly because the probability function of the hourly mean wind 
speed is of a type (Weibull distribution) for which the probability density 
function of the extreme values is known (Fisher Tippett Type I distribution). 
When the function type of the extreme values is known, the extreme value 
distribution can be determined already with some few extreme values and 
their probability of occurrence (Mayne and Cook, 1978). This is shown in the 
following. 

The mean wind speeds are Weibull distributed (Davenport, 1967). The 
corresponding cumulative distribution function (CPF) is: 

𝑃𝑃(𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 1 − 𝑒𝑒−�
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑘𝑘1
�
𝑘𝑘2

        (A3) 

with probability P, the constant k1 and the exponent k2 of the Weibull 
distribution.  

The corresponding Fisher Tippett Type I distribution (Fisher and Tippett, 1928) 
of the annual maximum mean wind speed is the following:  

𝑃𝑃(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑒𝑒−𝑒𝑒−𝑎𝑎𝑈𝑈�𝑈𝑈
�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈�       (A4) 

with the annual maximum mean wind speed 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, dispersion of 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 1/aU, 
and mode of 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 MU. The mode MU is the 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 of highest probability. The 
dispersion 1/aU is a measure how much 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 varies about MU (parallels can 
be seen between the mode and the mean value of Gaussian distributions and 
between the dispersion and the standard deviation of Gaussian distributions).  

The cumulative annual probability of occurrence is calculated by  

𝑃𝑃(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 1 − 1
𝑇𝑇
         (A5) 
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with return period T (usually 50 years). 

With (A4) and (A5) the annual maximum mean wind speed with return period 
T can be calculated: 

𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑇𝑇 = 𝑀𝑀𝑈𝑈 −
1
𝑎𝑎𝑈𝑈
𝑙𝑙𝑙𝑙 �−ln(1 − 1

𝑇𝑇
)�       (A6) 

however, for this mode MU and dispersion 1/aU must be known. These values 
can be determined on the base of a data set of  𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 for several years N. 
The procedure is the following (Cook, 1985, C.3.2): 

1. The N 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 are listed from the lowest to the highest. 

2. The cumulative probability of the lowest 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is (𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) =
1/(𝑁𝑁 + 1), for the second lowest 2/(N+1) and so on.  

3. 𝑎𝑎𝑈𝑈�𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑀𝑀𝑈𝑈� = −ln (− ln �𝑃𝑃�𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚��) can be calculated for each 

𝑃𝑃(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚). 

4. 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is plotted over 𝑎𝑎𝑈𝑈�𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑀𝑀𝑈𝑈� to achieve the so called Gumbel 
Plot (Gumbel, 1958). The graph is fitted by a straight line. 

5. The 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 value at 𝑎𝑎𝑈𝑈�𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑀𝑀𝑈𝑈� = 0 is the mode MU, the slope of 
the line the dispersion 1/aU. 

An example Gumbel plot is given by Fig. 87 (annual maximum mean wind 
data of Albuquerque with averaging time T0 = 3 s (NIST, 2015) reduced by 
power law with exponent n = 0.15 to a height of 2.4 m). With the graph it 
follows MU = 23.0 m/s and 1/aU = 2.58 m/s. With these values and (A6) the 
annual maximum mean wind speed with a return period of 50 years can be 
calculated: 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑇𝑇=50 years = 33.1 m/s.  
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Fig. 87: Gumbel plot of annual maximum mean wind speed for T0 = 3s and 2.4m 
height, Albuquerque, NM for the years 1933-1977 (NIST, 2015) 

The higher the slope of the CPF for a certain 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 the higher is its 
“probability density” (ΔP/Δ𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚). Hence, the probability density function (PDF) 
corresponds to the derivation of the CPF (Mayne and Cook, 1978, C4): 

𝑝𝑝(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = d
d𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = d
d𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑒𝑒−𝑒𝑒−𝑎𝑎𝑈𝑈�𝑈𝑈
�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈�    (A7) 

                    = −𝑒𝑒−𝑒𝑒−𝑎𝑎𝑈𝑈�𝑈𝑈
�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈� d

d𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑒𝑒−𝑎𝑎𝑈𝑈(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈)  

                    = 𝑒𝑒−𝑎𝑎𝑈𝑈(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈)𝑒𝑒−𝑒𝑒−𝑎𝑎𝑈𝑈�𝑈𝑈
�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈� d𝑎𝑎𝑈𝑈(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈)

d𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
  

                    = 𝑎𝑎𝑈𝑈𝑒𝑒−𝑎𝑎𝑈𝑈(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈)𝑒𝑒−𝑒𝑒−𝑎𝑎𝑈𝑈�𝑈𝑈
�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑀𝑀𝑈𝑈�  

Fig. 88 shows the measured (blue line, NIST, 2015) and corresponding 
calculated CPF (red line, according to equation (A4) and to the method 
described above) and the corresponding PDF (green line, according to 
equation (A7). 
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Fig. 88: Cumulative probability function (CPF) P(Ûmean), measured (blue, (NIST, 
2015)) and calculated (red) and calculated probability density function (PDF) 
p(Ûmean) (green) 

The PDF of peak wind load coefficients is as well of a type to which a Fisher-
Tippett Type I distribution for extreme values corresponds (Mayne and Cook, 
1978, 6). Hence, the PDF of the peak wind load coefficients can be 
determined in the same way as the PDF of 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. As an example, the Gumbel 
plot of the 3s peak lift coefficient 𝑐𝑐𝐹𝐹𝐹𝐹 for a flat plate with surface A = 19 m² at H 
= 2.4 m in longitudinal flow with turbulence intensity Iu = 21% at panel height H 
is given (Pfahl et al., 2015a). By the graph it follows mode Mc = 0.225 and 
dispersion 1/ac = 0.0616 m/s.  
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Fig. 89: Gumbel plot of 3s peak lift coefficient 𝒄𝒄𝑭𝑭𝑭𝑭 for a flat plate with surface A = 
19m² and aspect ratio 1.2 in longitudinal flow with turbulence intensity Iu = 21% 
at panel height H (Pfahl et al., 2015a) 

A.3 Joint Extreme Value Distribution 
For the calculation of the annual probability of a certain wind load value the 
probability distribution of the maximum annual mean wind speed and of the 
peak wind load coefficient are used. The probability density for the case that in 
a certain year a certain value of 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 occurs and that during the averaging 
time interval T0 of this maximum annual mean wind speed a peak wind load 
coefficient cpeak of a certain value occurs is (Mayne and Cook, 1978, 8.2): 

𝑝𝑝(𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑝𝑝(𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)𝑝𝑝(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)       (A8) 

The probability density of a certain peak wind force Fpeak occurring for a certain 
𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is calculated by  

𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜌𝜌
2
𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 𝐴𝐴)𝑝𝑝(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)    (A9) 
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with  

𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜌𝜌
2
𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 𝐴𝐴) = 𝑝𝑝(𝑐𝑐𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2 𝐴𝐴
) 1
𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2 𝐴𝐴
    (A10) 

By the factor 1
𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2 𝐴𝐴
 the integration of 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) for fixed 𝑈𝑈�𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 over all 

Fpeak (area below graph) becomes 1 as generally required. This factor can be 
explained as follows: The result of an integration between two values of the 
peak wind forces Fpeak,1 and Fpeak,2 for 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) has to be equal to the result of 

an integration of 𝑝𝑝(𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2 𝐴𝐴
) between the corresponding wind load 

coefficients cpeak,1 and cpeak,2. Hence, to compensate the differences of (Fpeak,2 
– Fpeak,1) and (cpeak,2 – cpeak,1) at the calculations of the areas below the graphs 
the factor has to be equal to the ratio of these differences. With equation (A1) 
it follows: 

𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝑝𝑝(𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

= 𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,2−𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,1

𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,2−𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,1
=

(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,2−𝐹𝐹𝑝𝑝𝑒𝑒𝑎𝑎𝑎𝑎,1)/(𝜌𝜌2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 𝐴𝐴)

𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,2−𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,1
= 1

𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2 𝐴𝐴
= d𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

d𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 (A11) 

For 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑀𝑀𝑈𝑈 this is illustrated by Fig. 90. This factor leads for the 
integration of 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) (for varied 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) over all possible Fpeak and 
𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  (volume below graph) as well to a value of 1.  

 
Fig. 90: PDF of wind load coefficient cpeak and of corresponding peak force Fpeak 
for example case of fix 𝑼𝑼�𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 =  𝑴𝑴𝑼𝑼 (mode of wind speed); by the factor 𝟏𝟏

𝝆𝝆
𝟐𝟐𝑴𝑴𝑼𝑼𝑨𝑨

 the 

integral of 𝒑𝒑(𝑭𝑭𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 )𝑼𝑼�𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎=𝑴𝑴𝑼𝑼 (area below graph) is also 1 as required 
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Hence, it follows: 

𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 𝑝𝑝(𝑐𝑐𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) d𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
d𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

= 𝑝𝑝(𝑐𝑐𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2 𝐴𝐴
)𝑝𝑝(𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) 1

𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2 𝐴𝐴
 

          (A12) 

An illustration of 𝑝𝑝(𝐹𝐹𝑝𝑝𝑒𝑒𝑎𝑎𝑎𝑎 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) is given by Fig. 91 for the wind speed and 
wind load coefficient examples given in section A.2. 

 
Fig. 91: 𝒑𝒑(𝑭𝑭𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝑼𝑼�𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎) for example wind speed and wind load coefficient 
distributions given in section A.2; green vertical line indicates 𝑭𝑭𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 with an 
annual probability of 0.02 

The probability density of a certain wind force Fpeak results from the integration 
of equation (A12) for this Fpeak over all possible 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚: 

𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) = ∫ 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)∞
0  d𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚      (A13) 

To find the probability that a certain wind force F*peak is exceeded equation 
(A13) must be integrated starting from F*peak over all possible higher wind 
forces: 

1 − 𝑃𝑃(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝∗ ) = 𝑄𝑄(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝∗ ) = ∫ 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) d𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
∞
𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
∗      (A14) 

The probability function of Fpeak exceedance 𝑄𝑄(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) for the given example is 
illustrated by Fig. 92.  
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Fig. 92: Probability function of Fpeak exceedance 𝑸𝑸(𝑭𝑭𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑) for given values 

By the graph the peak load for any return period Fpeak,T can be determined with 

𝑄𝑄(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) = 1
𝑇𝑇
         (A15) 

For example, from Fig. 92 the peak force that is exceeded with a return period 
of T = 50 years is Fpeak,T=50a = 4100N. Hence, the volume below the graph of 
Fig. 91 on the right hand side of the vertical green line through Fpeak = 4100N 
is Q = 1/50 = 0.02. 

A.4 Second (and More) Highest Annual Mean Wind Speed 
The shape of 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) depends on aUMU and acMc. Hence, for constant 
aUMU and acMc the shape stays the same and Fpeak,T is proportional to MU

2 and 
to Mc respectively which is illustrated in the following. Because of this fact a 
method could be developed by which the peak wind loads of a certain return 
period can be determined without the need of any integration (Cook and 
Mayne, 1979) and by which also the impact of the second (and more) highest 
annual mean speed can be taken into account (Cook and Mayne, 1980).  

At the example of Fig. 93 Mc is doubled and ac is of half value for constant 
acMc. The shape of 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) is equal but the values of 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are 
doubled because of the doubled cpeak values. By this, the area below the graph 
is doubled as well. However, the volume below the graph is still 1 (as required) 
because the corresponding values of 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) are only of half value 
(height of the graph given by the column on the right). 
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Fig. 93: 𝒑𝒑(𝑭𝑭𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝑼𝑼�𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎) for doubled Mc and same aUMU, Mu and acMc compared to 
Fig. 91 

The line indicating the area with probability 0.02 must stay at the same 
position (related to the shape of the PDF), see green line of Fig. 93. Because 
𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is doubled in general it is also doubled at the position of the 0.02 
probability line and it follows Fpeak,T=50a = 8200N which is confirmed by the 
value gained by 𝑄𝑄(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) (Fig. 94). Hence, it could be shown that Fpeak,T is 
proportional to Mc. 

 
Fig. 94: Probability function of Fpeak exceedance 𝑸𝑸(𝑭𝑭𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑) for doubled Mc 
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𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is doubled as well by increasing MU (and therefore all 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 values) by a 
factor of √2 because 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝~𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 , compare (A1). All in all the area below the 
graph 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) is stretched by a factor of 2√2. By the same factor the 
values of 𝑝𝑝(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) are reduced (values of column on the right) to get a 
value of 1 for the volume below the graph. 

 

Fig. 95: 𝒑𝒑(𝑭𝑭𝒑𝒑𝒆𝒆𝒂𝒂𝒂𝒂,𝑼𝑼�𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎) for √𝟐𝟐 higher MU and same aUMU, Mc and acMc compared 
to Fig. 91 

As Fpeak is doubled in general Fpeak,T=50a is doubled as well, compare the green 
0.02 probability line at Fpeak = 8200N of Fig. 95 and Fig. 96. Hence, it could be 
demonstrated that Fpeak,T is proportional to MU

2. 

 

Fig. 96: Probability function of Fpeak exceedance 𝑸𝑸(𝑭𝑭𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑) for √𝟐𝟐 higher MU 
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Usually, the peak load coefficients are needed which in combination with the 
maximum annual mean wind speed of 50 years return period 𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑇𝑇=50𝑎𝑎  
(which is usually available by the wind load standards) give with equation (A1) 
or (A2) respectively the wind load for T = 50 years. This value is achieved by 

𝑐𝑐𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇=50𝑎𝑎 = 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇=50𝑎𝑎
𝜌𝜌
2𝑈𝑈�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑇𝑇=50𝑎𝑎

2 𝐴𝐴
        (A16) 

From all this it follows that for constant aUMU and acMc peak wind load of a 
certain return period 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇 is proportional to 𝑀𝑀𝑐𝑐 and to 𝑀𝑀𝑈𝑈

2 . Hence, if 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇 is 
known for certain aUMU and acMc values 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇 can be determined for any 
other values of MU and Mc (for same aUMU, acMc and T) without the need of 
integrations of equations (A13) and (A14). Because of this fact, (Cook and 
Mayne, 1979) are able to provide diagrams for different T by which the values 
of 𝑦𝑦𝑐𝑐,𝑇𝑇 = 𝑎𝑎𝑐𝑐�𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇 − 𝑀𝑀𝑐𝑐� are given for varied aUMU and acMc. With this value 
the required peak wind load coefficient can be determined: 

𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇 = 𝑦𝑦𝑐𝑐,𝑇𝑇
𝑎𝑎𝑐𝑐

+ 𝑀𝑀𝑐𝑐         (A17) 

The method described above accounts only for the annual maximum mean 
wind speeds. However, it could be possible that in one year not the maximum 
mean wind speed lead to the maximum wind loads but the second (or more) 
highest annual mean wind speed. This could happen if during T0 of the 
maximum mean wind speed a comparably low wind load coefficient occurs 
while at the second (or more) highest annual mean wind speed a sufficiently 
higher one. The determination of the diagrams of 𝑦𝑦𝑐𝑐,𝑇𝑇 taking also the 
probability of such events into account is not possible by integration anymore 
and numerical methods using random values (Monte Carlo method) are 
required (Cook and Mayne, 1980). Corresponding tables for yc of wider range 
are provided by Cook (1990). 
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Appendix B: Eddy Diameters and Turbulent Energy 
Spectra 
Abstract 
In this section it is tried to give a figurative explanation of the turbulent energy 
spectra based on the model of the turbulent flow as a superposition of eddies 
of different sizes and hence, frequencies (Geurts, 1997, p. 30). At first, 
equations are given by which the full scale spectra can be calculated (Von 
Karmann Spectra modified according to the results of full scale 
measurements). Then the Rankine model of the velocity distribution within 
vortices is described. The correlation between the diameter of the vortices and 
the frequency of the sinusoidal signal of the wind speed fluctuations caused by 
them is explained by the flow field behind a circular tube generating a vortex 
street. Finally, it is shown how a pure sinusoidal signal would impact the 
autocorrelation function and by this the spectral density function. 

Nomenclature 
dcylinder [cm] diameter of circular cylindrical tube   
Deddy [m] diameter of eddy   
f [1/s] frequency of wind speed fluctuation  
f* [1/s] normalised frequency of wind speed fluctuation (f* = fh/Umean) 
F1, F2 [-] auxiliary variables for modified von Karman equations 
K [m²/s] circulation 
r [m] radius   
Ruu [m²/s²] autocorrelation function of u in x-direction   
Rww [m²/s²] autocorrelation function of w in z-direction   
Suu, Sww [m²/s] spectral density functions of u and w-components  
Sr [-] Strouhal number 
t [s] time         
T [s] time (limit of integration)      
Treturn [s] return period  
u [m/s] fluctuating horizontal longitudinal wind component  
𝑢𝑢� [m/s] amplitude of sinusoidal wind speed signal  
Umean [m/s] mean horizontal longitudinal wind component for T0  
V [m/s] tangential velocity within a vortex  
w [m/s] fluctuating vertical wind component  

165 
 



β1, β2 [-] factors in modified von Karman equations  
Δω [1/s] angular frequency difference  
γu, γw [-] auxiliary variables for modified von Karman equations 
φ [rad] phase shift φ of cosine signal 
σu [m/s] standard deviation of wind fluctuations in longitudinal direction 
τ [s] time shift between two signals      
ω [1/s] angular frequency = 2πf 
 
BLWT  boundary layer wind tunnel 
PV  Photo-Voltaic 

B.1  Boundary Layer Turbulent Energy Spectra 
For the determination of wind loads by a BLWT the spectra of the wind tunnel 
must match the spectra of the atmospheric boundary layer of the site where 
the heliostats or PV trackers are located. The spectral density functions of the 
u- component in the BLWT (and similar the v- and w-components) are 
determined by Panofsky and Dutton (1984, 3.7) with the angular frequency 

𝜔𝜔 =  2𝜋𝜋𝜋𝜋          (B1) 

𝑆𝑆𝑢𝑢𝑢𝑢(𝜔𝜔) = 1
𝜋𝜋 ∫ 𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏)𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑∞

−∞        (B2) 

The autocorrelation function is calculated by 

𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏) = 𝐸𝐸{𝑢𝑢(𝑡𝑡)𝑢𝑢(𝑡𝑡 + 𝜏𝜏)} = 1
2𝑇𝑇 ∫ 𝑢𝑢(𝑡𝑡)𝑢𝑢(𝑡𝑡 + 𝜏𝜏)𝑑𝑑𝑑𝑑𝑇𝑇

−𝑇𝑇     (B3) 

with T →∞. 

(The inverse transform of equation (B2) is 𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏) = 1
2 ∫ 𝑆𝑆𝑢𝑢𝑢𝑢(𝜔𝜔)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑∞

−∞ . The 
factors ½ and 1/π of equation (B2) are needed to reach a complete inverse 
transform.) 

Equation (B2) can be simplified: 

𝑆𝑆𝑢𝑢𝑢𝑢(𝜔𝜔) = 1
𝜋𝜋 ∫ 𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏)[cos𝜔𝜔𝜔𝜔 + 𝑖𝑖 sin𝜔𝜔𝜔𝜔]𝑑𝑑𝑑𝑑∞

−∞      (B4) 

Because of stationarity it follows 

 𝑅𝑅(𝜏𝜏) = 𝑅𝑅(−𝜏𝜏)         (B5) 

and equation (B4) can be written as  

𝑆𝑆𝑢𝑢𝑢𝑢(𝜔𝜔) = 2
𝜋𝜋 ∫ 𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏) cos𝜔𝜔𝜔𝜔 𝑑𝑑𝑑𝑑∞

0       (B6) 
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Formulas for the spectra of the atmospheric boundary layer are given by 
ESDU 85020, B4.1 to B4.4.  

𝑓𝑓∙𝑆𝑆𝑢𝑢𝑢𝑢
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 = 𝜎𝜎𝑢𝑢2

𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 �𝛽𝛽1

2.987𝑓𝑓∗𝛾𝛾𝑢𝑢
[1+(2𝜋𝜋𝑓𝑓∗𝛾𝛾𝑢𝑢)2]5/6 + 𝛽𝛽2

1.294𝑓𝑓∗𝛾𝛾𝑢𝑢
[1+(𝜋𝜋𝑓𝑓∗𝛾𝛾𝑢𝑢)2]5/6 𝐹𝐹1�    (B7) 

𝑓𝑓∙𝑆𝑆𝑤𝑤𝑤𝑤
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 = 𝜎𝜎𝑤𝑤2

𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 �𝛽𝛽1

2.987�1+(8/3)(4𝜋𝜋𝑓𝑓∗𝛾𝛾𝑤𝑤)2�𝑓𝑓∗𝛾𝛾𝑤𝑤
[1+(4𝜋𝜋𝑓𝑓∗𝛾𝛾𝑤𝑤)2]11/6 + 𝛽𝛽2

1.294𝑓𝑓∗𝛾𝛾𝑤𝑤
[1+(2𝜋𝜋𝑓𝑓∗𝛾𝛾𝑤𝑤)2]5/6 𝐹𝐹2�   (B8) 

B.2  Rankine Vortex  
An eddy may be represented as a mass of fluid rotating around a centre 
(Cook, 1985, p.20 et seqq.). Particles that change their distance to the centre 
would conserve their angular momentum if viscosity could be neglected. In 
this case, the product of tangential velocity V and the distance to the centre r, 
the circulation K, is a constant value at any point of the vortex: 

𝐾𝐾 = 𝑉𝑉𝑉𝑉 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐        (B9) 

However, towards the centre, the velocity gradient would increase and 
therefore viscosity cannot be neglected especially near the centre. In viscid 
flow, any slip between annular elements is resisted by a viscous torque which 
leads to a constant value of the angular velocity ω which is the quotient of 
velocity V and distance to the centre r:  

𝜔𝜔 = 𝑉𝑉
𝑟𝑟

= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐        (B10) 

For large distances, velocity and thus Reynolds number increases and inertia 
dominates viscosity. Hence, far from the centre, the vortex model neglecting 
viscosity is more appropriate while near the centre the model for viscid flow. 
This combined vortex model is called Rankine vortex (see Fig. 97) and is in 
relatively good agreement with real vortices.  
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Fig. 97: Two Rankine vortices with different core radii 

B.3  Vortex Diameters and Frequencies  
Von Kármán and Rubach (1912) developed a model for vortex streets. The 
vortices develop into two lines. Within one line the vortices are of same 
rotational direction but of opposite rotational direction to the vortices of the 
other line. The distance between the vortices is defined by stability 
considerations. The resulting periodicity was validated by many 
measurements (e.g. (Ahlborn et al., 1998)) and simulations (e.g. (Zhang et al., 
1995). A phenomenological model for the vortex shedding process was 
analytically derived by Ahlborn et al. (2002).   

The flow field behind a circular cylinder generating a vortex street is visualised 
by Fig. 98 to explain how the frequencies of the longitudinal and vertical 
velocity fluctuations correspond to the diameter of the vortices of the flow. The 
background colours give the longitudinal velocity component field u. Yellow to 
red is indicating velocity above the approach wind speed and green to dark 
blue velocity below it. The streamlines are given by the black lines. The blue 
circles with arrows indicate the diameter of maximum tangential speed of an 
eddy. When in direction with the main flow, highest u occurs (red regions) 
while when against the flow low u results (light blue regions). The dashed blue 
lines represent the outer diameter of an eddy. Eddies of upper and lower row 
may overlap for regions of same tangential flow direction (Ahlborn et al., 2002, 
Fig. 1). Eddies of same row cannot overlap because their tangential flow 
direction is contrary. Therefore, their distances to each other correspond to 
their diameters. The most intensive fluctuations of the vertical velocity 
component w occur in the centre plane (green line) with highest gradients of 
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the streamlines. The highest fluctuations of u occur in the planes through 
regions of high (red) and low (light blue) u (indicated by dashed purple lines). 
The fluctuations of u and w are of same frequency with a phase shift of +/- п/2 
(Fig. 98, below) (Antonia et al., 1993). 

 
Fig. 98: Top: Von Karman vortex street visualisation of longitudinal velocity 
component u field (background colours) and streamlines (black) (INP-
ENSEEIHT, 2015), diameter of highest velocity of generated vortices (blue 
circles with arrows) and their outer diameter (dashed circles), planes of 
maximum longitudinal (upper and lower dashed purple line) and of maximum 
vertical (central green line) velocity fluctuations; Below: Maximum fluctuations 
of longitudinal (dashed purple lines) and vertical (green line) velocity 
components u and w. 

The return period Treturn of the peak fluctuations corresponds to the time an 
eddy needs to pass a certain point with its outer diameter (Fig. 98): 

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

= 1
𝑓𝑓
 .        (B11) 

Hence, the diameter of eddies corresponding to a certain frequency can be 
calculated by 

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

  .        (B12) 
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The frequencies of the peak fluctuations correspond to the separation 
frequency which can be calculated by 

𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = Sr 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑

       (B13) 

With a Strouhal number of 

Sr = 0.2          (B14) 

for circular cylinders and with equations (B11) and (B13) the ratio of the 
diameter of the eddies Deddy to the diameter of the circular cylinder generating 
these eddies dcylinder follows (compare diameter of circular (white) cylinder with 
outer diameter of eddies (dashed blue lines) of Fig. 98): 
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
= 1

Sr
= 5.        (B15) 

B.4  Spectral Density Function 
Wind speed measurement signals can be regarded as a superposition of an 
infinitesimal amount of sinusoidal signals of varied angular frequency ω and 
different amplitudes. In the following, the spectral density function is explained 
by investigating the ideal case of a vortex street causing a pure cosine signal 
(which is not possible in reality) with angular frequency ω and amplitude 𝑢𝑢�:  

𝑢𝑢(𝑡𝑡) = 𝑢𝑢� cos𝜔𝜔𝜔𝜔.        (B16) 

The spectral density functions of the u- and of the w-component are defined 
by the Fourier transform of their autocorrelation functions (see section 
B.1).With equation (B16) the autocorrelation function (B3) becomes 

𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏) = 𝑢𝑢�2

2𝑇𝑇 ∫ cos𝜔𝜔𝜔𝜔 cos𝜔𝜔(𝑡𝑡 + 𝜏𝜏)𝑑𝑑𝑑𝑑𝑇𝑇
−𝑇𝑇 .     (B17) 

Fig. 99 illustrates how cos(ωt)·cos(ω(t+τ)) varies with ωτ. The integral of 
cos(ωt)·cos(ω(t+τ)) is equal to the area which is enclosed by the graph and 
the abscissa and becomes 0 for ωτ = π/2  and ωτ = 3π/2 because areas of 
positive and negative sign are of same absolute value and cancel each other 
out. The maximum value result for ωτ = 0 (and 2π) and the minimum one for 
ωτ = π because all areas are positive or negative respectively.  
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Fig. 99: Illustration of cos(ωt)·cos(ω(t+τ)) for different ωτ 

For ωτ = π the autocorrelation function (B3) equals the definition of the 
variance (square of the standard deviation): 

𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏 = 0) = 1
2𝑇𝑇 ∫ 𝑢𝑢2(𝑡𝑡)𝑑𝑑𝑑𝑑 = 𝜎𝜎𝑢𝑢2

𝑇𝑇
−𝑇𝑇       (B18) 

The results would be the same for any phase shift φ of the cosine signal 

𝑢𝑢(𝑡𝑡) = 𝑢𝑢� cos(𝜔𝜔𝜔𝜔 + 𝜑𝜑)         (B19) 

because the area below the integral of cos(ωt+φ)·cos(ω(t+τ)+φ) is 
independent of φ.  

All in all it results that the autocorrelation function transfers any sinusoidal 
oscillation (equation (B19)) into a cosine function of same frequency with the 
variance as amplitude: 

𝑅𝑅𝑢𝑢𝑢𝑢(𝜏𝜏) = 𝑢𝑢�2

2𝑇𝑇 ∫ cos(𝜔𝜔𝜔𝜔 + 𝜑𝜑) cos(𝜔𝜔(𝑡𝑡 + 𝜏𝜏) + 𝜑𝜑)𝑑𝑑𝑑𝑑 =𝑇𝑇
−𝑇𝑇 𝜎𝜎𝑢𝑢2 cos𝜔𝜔𝜔𝜔.  (B20) 

The Fourier transform (B6) would be infinite for a pure sinusoidal correlation 
function (B20) for the angular frequency ω:  

𝑆𝑆𝑢𝑢𝑢𝑢(𝜔𝜔) = 𝜎𝜎𝑢𝑢2

𝜋𝜋 ∫ cos𝜔𝜔𝜔𝜔 cos𝜔𝜔𝜔𝜔 𝑑𝑑𝑑𝑑∞
0 .      (B21) 

(Suu(ω) represents the turbulent energy. However, it would not be infinitesimal 
because the width of ω is infinitesimally small.) 

For all other angular frequencies ω + Δω the Fourier transform is 
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𝑆𝑆𝑢𝑢𝑢𝑢(𝜔𝜔 + ∆𝜔𝜔) = 𝜎𝜎𝑢𝑢2

𝜋𝜋 ∫ cos(𝜔𝜔𝜔𝜔) cos((𝜔𝜔 + ∆𝜔𝜔)𝜏𝜏)𝑑𝑑𝑑𝑑∞
0 = 0  for  ∆𝜔𝜔 ≠ 0 (B22) 

because positive and negative sections of the integral (areas enclosed by 
graph and abscissa) would cancel each other out, see Fig. 100. 

 
Fig. 100: Illustration of cos(ωτ)·cos((ω+Δω)τ)) 

At real, no sinusoidal oscillation of only one frequency exist but a mixture of an 
infinitesimal amount of frequencies. A main reason for it is that eddies 
continuously dissociate into smaller ones. Therefore, the autocorrelation 
functions do not look like the graphs given in Fig. 99 but rapidly tend against 
zero. Nevertheless, figuratively speaking, eddies of a certain size and 
frequency will give a certain contribution to the autocorrelation function (B3) 
for this frequency so it becomes somewhat “more similar” to a cosine function 
of this frequency. Hence, they also contribute to the value of the spectral 
density function (B6) at this frequency. In this way, the spectral density 
function “detects” the contribution of a certain frequency and adds it to the 
value of the total turbulent energy.  
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In a solar tower plant, temperatures up to 700°C are reached by moving 
mirror systems called ‘heliostats’ tracking the sun and concentrating its 
radiation to the top of a tower for large scale electricity production and 
industrial process heating. To enable a breakthrough of this solar energy 
technology the heliostat costs have to be further reduced. With precise 
knowledge of the wind loads they can be built lighter and cheaper. The 
objective of the presented thesis is to close knowledge gaps and to reduce 
uncertainties regarding the wind loading of heliostats. Some of the main 
open questions were the following:

- How can the wind loads on heliostats be reduced in an economic way?
- Which is the optimum aspect ratio of the mirror panel?
- At which heliostat field position do maximum wind loads occur?
- Do the wind load coefficients of heliostats depend on the wind speed?
- Which turbulence properties have to be matched by wind tunnel tests?
- Can the peak wind loads be reduced by shock absorbers?

By wind tunnel tests and full scale measurements these questions were 
addressed. The results are also valid for double axis photovoltaic trackers. 
With the gained knowledge, new heliostat designs were developed with 
cost reductions of up to 25%.

W
ind Loads on Heliostats and Photovoltaic Trackers
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