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Abstract. The heliostat is different from the ordinary low building because of the special shape
of the heliostat. The wind tunnel pressure test is carried out the model of heliostats in the range of
azimuth angles are between 0° to 180° and the range of elevation angles are between 0° to 90. The
wind pressure time history of each measuring point on the mirror panel are obtained. On this basis,
the mean wind pressure distribution of the mirror panel under typical working conditions is
obtained, and then the maximum (minimum) value of the mean wind pressure under all working
conditions and corresponding working conditions and measuring points are obtained. Then 10
representative measuring points are selected to study the variation law of wind pressure with wind
direction angle and pitch angle respectively, and then the variation law of the mean wind pressure
of 10 measuring points under all working conditions is obtained. Finally, the interference effect
of the mean wind pressure of heliostats is studied, and the variation law of the interference effect
of the mean wind pressure is obtained, and the maximum value, minimum value and
corresponding working conditions of the interference effect are obtained. The results show that
the maximum value of the mean wind pressure of heliostats under all working conditions is
appeared at the measurement point of the lower edge of the mirror panel and on working condition
15-60 (wind direction angle - elevation angle), and the minimum value is appeared at the
measurement point of the upper left corner of the mirror panel and on working condition 150-20.
The variation law of the mean wind pressure of 10 measuring points under all working conditions
is similar, and the position of measuring points has little effect on the variation law of the mean
wind pressure under all working conditions. Only the working condition of the maximum value
and minimum value are affected by the position of the measuring points. The mean wind pressure
distribution under the most unfavorable working condition of heliostats is obtained, the maximum
(minimum) value of the interference effect and corresponding working conditions are obtained.
Which can be a reference for structural design and research.

Keywords: heliostats, wind tunnel test, wind pressure, interference effect.
1. Introduction

Development and utilization of solar energy is an important development trend in the field of
renewable energy. The predict of International Energy Agency (IEA) is that solar power
generation will account for more than 20 % of the global power supply by 2040. Various solar
thermal power generation systems have been studied and developed in recent years. Advantages
of tower solar thermal power station are large scale, small heat loss, high spotlight ratio and high
temperature, and tower solar thermal power station is one of the lowest cost solar thermal power
generation systems [1]. Heliostats are one of the main components of a tower solar thermal power
station. Not only most of the site are occupied by heliostats, but also at least half of the investment
of power station are occupied by heliostats [2]. Heliostats are mostly built in open and gentle areas,
and often accompanied by strong winds. Because of its own characteristics, the heliostat structure
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is sensitive to wind load and the wind resistance stability of heliostat is poor. Heliostats are
damaged under the action of strong wind easily, so the wind resistance design of heliostat can not
be ignored [3]-[9]. It is important to analyze the wind load of heliostats and to study the
performance of heliostats and research are becoming more and more extensive and comprehensive
[10]-[16].

Research on the wind pressure of the heliostat was began in 1960s. Peterka [11] found that the
mean wind pressure of the mirror panel can be reduced by 70 % and the fluctuating wind pressure
also can be reduced relatively when the heliostat in certain positions of heliostats was compared
with isolated heliostat. Wang Y. G. [17] found that the wind pressure distribution is mainly
affected by the nearby turbulence when the wind direction angle is 0° to 90°, and when the wind
direction angle is 90° to 180°, the wind pressure of the mirror panel is smaller than the wind
pressure when the wind direction angle is 0° to 90° due to the influence of the rotating shaft and
support arms. Gong [18] presented selected results of wind tunnel measurements of wind pressures
on the heliostat. Wind pressure distributions are presented under typical working conditions and
fluctuating wind pressure characteristics are analyzed. However, existing researches on wind
pressure of heliostats are insufficient and contents of tests are not comprehensive. Only the wind
pressure distribution of the mirror panel under some working conditions and the variation law of
measuring points under some working conditions are studied by existing researches. The variation
law of the wind pressure of the mirror panel with the change of the wind direction angle and the
elevation angle has been less studied, and the variation law of the wind pressure of the mirror
panel under all working conditions has not been studied. So the wind pressure of heliostat’s mirror
panel needed to more comprehensive researches.

Since the tower solar thermal power station is composed of heliostats, the interference effect
cannot be ignored in strong winds. However, the research is still few in this area, researchers often
draw on the previous research results of building interference. Hussain [19] explored the effect of
the external dimensions of low buildings on the wind pressure of buildings surface. Based on
results of the wind tunnel test, Surry [20] thought is necessary to pay attention to the interference
of special-shaped buildings. English [21] considered that the interference effect has a large impact
which is produced by distance of low buildings and the wind direction angle. Zhang [22]
considered that the influence of interference is greatest when the angle between the axis of two
adjacent buildings and the wind direction angle is 30°-45°. Kareem [23] tested the interference
effect of 1, 2 and 3 disturbing cylinders on the disturbed cylinders respectively based on different
arrangement methods. Xie [24]-[25] tested the interference effect of 1 and 2 disturbing high-rise
buildings respectively, and drew the contour map of interference factors for design reference.
However, the heliostat is different from common low-rise buildings, interference effect of wind
load is more complex because of the shape size of heliostat, working characteristics, terrain
conditions and other factors. The interference effect of heliostats cannot be evaluated by research
results of common low-rise buildings interference effect accurately. And due to excessive working
conditions, it is still a lack of sufficient test data. Therefore, the interference effect of wind load
should be studied.

This article is based on the existing research on the wind pressure and wind pressure
interference effects of heliostats. The most common rectangular independent column bracket type
heliostat is studied in this paper [26]. Based on the wind tunnel test of heliostats, the variation law
of the mean wind pressure distribution of heliostats under all working conditions is studied. Ten
representative measuring points of heliostats’ mirror panel were screened and the variation law of
the mean wind pressure of ten representative measuring points with change of wind direction angle
and pitch angle was studied. And then the variation law of the mean wind pressure under all
working conditions of these 10 measurement points are studied. Finally, the interference effect of
wind pressure in heliostats is studied, and the variation law of wind pressure interference effect of
heliostats is obtained. The deficiency of the analysis of wind pressure of heliostats and the research
on the interference effect of wind pressure of heliostats are made up by the research on wind
pressure of heliostats in this article. The theoretical basis for the design and further research of
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heliostats can be provided by these research results.
2. Overview of the wind tunnel test
2.1. Pressure measuring equipment of the wind tunnel

The experiment is conducted in the HD-3 atmospheric boundary layer wind tunnel field at
Hunan University. The model is the heliostat of a tower solar thermal power station in northwest
of China. The measurement and control system in the HD-3 is mainly composed of fan control
system, wind measuring system, force and moment measuring system, pressure measuring system,
turntable control system and monitored control system. The Australian TFI cobra probe is used in
the wind measuring system (Fig. 1 [27]). The wind measuring system can be used to measure wind
speed and turbulence of the flow field. The wind field is simulated by the arrangement of
roughness elements, spires in the upstream region of the incoming wind, the purpose of which is
to promote the uniform flow to form a flow field that meets the requirements in the vicinity of the
measured model. The simulated wind speed and turbulence profile can be obtained by adjusting
the spacing and arrangement of the roughness elements and spires in the upstream region (Fig. 2,
Fig. 2 were taken by Xiong Qiwei in the HD-3 atmospheric boundary layer wind tunnel field at
Hunan University in May 2017).

Fig. 1. The Australian TFI cobra probe

The pressure measuring system are composed of hardwares and softwares. Hardwares are
mainly composed of computer main controller, pressure controller, electronic pressure scanning
valve of DSM3400 (including wind pressure acquisition module of ZOC33 of 8 groups, each
module has 64 channels) (Fig. 3 [27]). Softwares are composed of signal acquisition software and
data processing software, the sampling frequency is 312.5 Hz.

Computer main

controller DSM3400

Fig. 3. Pressure measuring system of the wind tunnel
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2.2. Heliostat model and layout of measure point

The prototype of heliostat’s mirror panel is composed of 35 sub-mirror panels. According to
results of Gong report [28], it is not necessary to take account of the gap size effects on the wind
load during the design process of heliostats. Therefore, in order to facilitate the study, the mirror
panel of the heliostat model is composed of the whole panel, but the mirror panel is still divided
into 35 sub-mirror panels with equal area (Fig. 4 and Fig. 5 were taken by Xiong Qiwei in the
HD-3 atmospheric boundary layer wind tunnel field at Hunan University in May 2017). In order
to measure the wind pressure on the front and back side of the mirror panel, the double-facing
symmetrical placement pressure taps are used. 32 pairs of pressure taps are arranged on the mirror
panel. Because the sub-mirror panel area is very small, the pressure tap is arranged in the middle
of each sub-mirror panel, and the wind pressure measured by pressure taps is represents the wind
pressure of the sub-mirror panel approximately. The front pressure taps are arranged from Al to
A32, the back pressure taps are arranged from B1 to B32, the same numbers of Al to A32 and B1
to B32 in pressure taps are the sub-mirror front and the back facing symmetrical pressure taps.
Because of the existence of the simplified support plate, pressure taps of numbered 9, 13, 16, 20,
23 and 27 cannot be arranged on sub-mirror panels. Due to the existence of the rotating shaft,
pressure taps of numbered 17,18 and 19 cannot be arranged in the middle of sub-mirror panels.
So four pressure taps are arranged the position on the front and back of the sub-mirror panel 17,
18 and 19 without affecting the wind pressure test, and the measured wind pressure is represented
the upper and lower 1/2 sub-mirror wind pressure respectively. In the preparation stage of the
pressure measurement test for heliostats, 32 pairs of pressure taps on the mirror panel of the
heliostat model are checked, all pressure taps are in good condition. Pressure taps’ setting of the
heliostat model can be found in Fig. 6.

Fig. 4. The frot of the heliostat model

Fig. 5. The back of the heliostat model
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Fig. 6. Layout of pressure taps and sub-mirror panel number
2.3. Layout of heliostats

The radial grid method is usually used for the arrangement of heliostats, and the method was
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proposed by professor Lipps [29] and professor Vanthull [29] at the University of Houston.
Heliostats are arranged on many concentric rings with the endothermic tower as the center, the
center of the circle is radially distributed outwards, and the distance between the different rings is
not the same. The radius of the first ring is related to the height of the endothermic tower, while
the radius of other rings is determined by the radial spacing between adjacent rings. The
circumferential spacing between heliostats should ensure that the heliostat does not interfere with
each other during operation, and the farther away from the endothermic tower, the circumferential
spacing between the heliostat is greater. The occlusion effect between mirror reflected light can
be reduced by this arrangement method. In this wind tunnel test, heliostats are arranged according
to the radial grid method (Fig. 7). Because numbers of heliostats are too much, only radial five
rows and circumferential five rows of heliostats (a total of 9 heliostats) are chose.

1218
/561\ Laboratory
turntable
<
R
&l
5y —
= =
Test heliostat
e .
[V] Endothermic tower
Fig. 7. Radial grid distribution Fig. 8. Distribution of heliostats (mm)

Heliostat models are fixed on the turntable of the wind tunnel during the test, and different
wind direction angles are simulated by turntable rotates. The interval between heliostat models
can be calculated according to the following formula. When the reflectivity is greater than 90 %,
the radial spacing “R” and circumferential spacing “Z” of heliostats can be calculated according
to the following formula:

R = H,, x (1.44tan"10, — 1.094 + 3.0860, — 1.12562), (1)

Z =1L, X xK(H)x(1749+06399+ 0.2873 ) 2
oom t ' ' L7 6, —0.04902/) @)

2R —H,R
where H,, is the width of the heliostat mirror panel and L,, is the length of the heliostat mirror
panel, 6, is the height angle of the absorber on the tower relative to the heliostat, K(H;) = (1 —
H,R/2H,R)™! is the correction factor for the height H, of endothermic tower. This article
H; = 180 m, the nearest heliostat from the endothermic tower is 80 m. The layout size between
actual heliostats is obtained by calculation, and then the layout size between heliostat models of
the laboratory is obtained by geometric scaling ratio of 1:30 (Fig. 8 and Table 1). The “R;.s;” and
the “Z;,¢:” are determined by the calculation formula and the scale ratio of the laboratory turntable
is set in 1:1, other layout dimensions are measured by the "Auto CAD" software with its own
measuring tools.

2.4. Wind field simulation

The simulated atmospheric boundary layer of the measured wind field in the northwest of
China and wind tunnel experimental conditions have been discussed in detail in the document by
Xiong [30] and Li [30]. The wind speed and turbulence intensity profile of the measured wind
field in the northwest region simulated at the center of the wind tunnel turntable is shown in
Fig. 10. The fluctuating wind speed power spectrum of the wind tunnel simulation is shown in
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Fig. 11, the power spectra profile of wind tunnel test is at the height of 0.4 m.

Table 1. Layout size of heliostats

Row number of heliostats | First row | Second row | Third row
H., (m) 5.490 5.490 5.490
L, (m) 7.350 7.350 7.350
g, (rad) 1.153 1112 1.073
Royrototype (M) 8.826 9.095 9.357
Zprototype (m) 16.834 18.355 18.609
Rt (mm) 294 303 312
Ztest (mm) 561 612 620
1297 Wind tunnel test wind speed 12+ —— GB50009-2012 ( a =0.12)
—®— Theoretical wind speed (o =0.12) —@— AlJ-2004 (a =0.1)
—A— Field measurement wind speed —A— ESDU 85020 (z(=0.001)
9 9 —<— Wind tunnel test turbulence
—~ —w— Field measurement turbulence
) B
5 £
[} ‘g
a s
34 34 X y
.
0 T T T | 0 : T |
0 2 10 40

4 6 20 o030
Wind speed (m/s) Turbulence intensity (%)
Fig. 9. Wind speed profile and turbulence intensity profile
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Fig. 10. Downwind fluctuating wind speed power spectrum

From Fig. 10, it can be seen that the agreement between the wind speed spectra obtained from
wind tunnel test and field measurement is reasonable with a deviation in the peak frequency
between signals. It is because of the boundary layer wind tunnels are usually designed for testing
at scales of the order of 1:100 or smaller. For the wind tunnel test of low-rise structures below
10 m, the scale ratio is relatively larger (1:30-1:10). After the wind profile and turbulence intensity
are satisfied, it is difficult to satisfy some other wind characteristics of actual topographic
conditions simultaneously. In comparing the measured spectrum, test spectrum with the empirical
spectrum, the longitudinal fluctuating wind power spectrum is in good agreement with von
Karman’s spectrum. Therefore, von Karman's spectrum is most suitable for the characterization
of the distribution of fluctuating wind energy in the frequency domain at the heights of 10 m from
the ground in the desert area.
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3. Test working conditions and data processing
3.1. Test working conditions

The test is consisted of 130 working conditions and each working condition is corresponded
to a combination of a wind direction angle and a elevation angle. The wind direction angle £ is
varied from 0° to 180° with increment of 15° from the front of the mirror panel in anti-clock wise
to the back of the mirror panel. The elevation angle « is varied from 0° to 90° with increment of
10° from the mirror panel parallel ground to the mirror panel perpendicular ground. The coordinate
system of the wind direction angles and elevation angles is shown in Fig. 11.

0°~90°
-X
-Y
Y B -X
a) The coordinate system of wind direction angle b) The coordinate system of elevation angle a

Fig. 11. The coordinate system of heliostat’s wind tunnel test
3.2. Definition of parameters

In the field of structural wind engineering, wind pressure coefficient (non-dimensional) is
generally used to represent the wind pressure acting on the surface of the structure. For the
heliostat, the wind pressure coefficient is defined as the net wind pressure coefficient of the mirror
panel (the wind pressure coefficient at the front pressure taps of the mirror panel minus the wind
pressure coefficient at the back pressure taps of the mirror panel). Eq. (3) is the calculation
equation of net wind pressure coefficient for each measuring position on mirror panel:

P/(t) - PP
Cpi(t) = +———= ®) T l(t). 3)

2pV3

where Cp; is wind pressure coefficient, i is the number of pressure tap, Pif (t) and PP (t) are the
wind pressures of pressure taps on front side and backside. p is the air density, Vy is the mean
wind speed at the height of H during the test, and H is the reference height of wind tunnel test,
H = 0.4 m which corresponds to a prototype height of 12 m. With a sampling frequency of
312.5 Hz, 10,000 P; data were recorded for each pressure tap, and the sampling time is 32 s. By
analyzing Cp;, the mean wind pressure coefficient could be calculated according to Eq. (4):

1 N
Cpi,mean = N Z Cpi (®), “4)
i=1

where Cp; meqn is the mean wind pressure coefficient of the pressure tap i, Cp; is the time history
value of the wind pressure coefficient of a certain pressure tap, i = 1, 2,..., N, N is the number of
samples.

In order to study the effect of wind pressure interference of heliostats in the wind tunnel test,
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Eq. (5) is the calculation equation of interference factor of mean wind pressure coefficient
(IFpi,mean):

Cpimean(group)
IF... — %’ (i=12,-,32), 3
ptmean Cpi,mean(Slngle) ( )

where Cp;mean(single) and Cp; mean(group) are the mean wind pressure coefficient of isolated
heliostat and heliostats.

4. Wind pressure coefficient of heliostats
4.1. Mean wind pressure distribution of heliostats

S. Becker [31] conducted an experimental study on the flow field structure of rectangular
obstacles with different aspect ratios in two different types of boundary layers. Where the size of
the rectangular obstacle thickness is much smaller than the size of length and width, which is
similar to the shape size of the mirror panel of heliostat. The schematic diagram of the flow
direction when the incoming flow encounters a rectangular obstacle and the heliostat is shown in
Fig. 12.

. | Separation , | Separation
: jSmgﬂation'painr ——— ! ) ¢ iSl:‘xgnatianpainl —_— |
o /;;:“\\\ vi o /;E:"\\\ Vi
: 777NN N 7NN N
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AN~ // ) NSV,
— \\\\ N // — \\\\ =
—— \\\\_—’ —— \\\:—‘
Vo 7=\ _— N~ Voi =) _— N
~ ~ -~ ~ -
s (;/j; K R, -7 (C/J’ (5 >~>--C

| ) | )
Fig. 12. The flow direction when the incoming flow encounters a rectangular obstacle and the heliostat

The incoming flow has a stagnation point about 2/3 of the height of the heliostat mirror panel
(Stagnation point in Fig. 12) by the analysis of S. Becker. The incoming flow is dispersed in all
directions after meeting the heliostat. The airflow above the stagnation point crosses the top of the
heliostat, and forms a large clockwise vortex on the back of the heliostat. So the wind pressure
back of the heliostat is negative pressure. While the airflow below the stagnation point meets the
ground and forms a clockwise vortex.

The influence of change of wind direction angle and elevation angle on the wind pressure
distribution of the mirror panel should be taken into account in the wind resistance design of
heliostats. Due to limited length of article, the contours of mean wind pressure coefficient of the
mirror panel under typical working conditions are shown in Fig. 13.

When the working condition is 0-0, values of Cp;,eqn Of heliostats are basically positive in
the upper half of the mirror panel and negative in the lower half of the mirror panel. The variation
law of mean wind pressure coefficient is decreased from the middle to the bottom of the mirror
panel, and increased from the middle to the upper of the mirror panel and then decreased. As the
increase of @, values of Cp;eqn Of heliostats are all positive. The variation law of mean wind
pressure coefficient is increased from top to bottom of the mirror panel, and the maximum value
is reached in the middle of the bottom of the mirror panel.

The incoming wind which is touched at the edge of the side of the mirror panel will be shunted.
Due to the existence of the rotating shaft and the support plate, a large vortex is generated when
the airflow is contacted the axis of rotating shaft and the support plate, and which is acted on the
back of the mirror panel, so the mean wind pressure coefficient is negative which is on the back
of the mirror panel.
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Fig. 13. Mean wind pressure coefficient contours of heliostats
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Therefore, the positive wind pressure coefficient on the front of the mirror minus the negative
wind pressure coefficient on the back of the mirror panel is equal to the net wind pressure
coefficient in the Fig. 13.

When the working condition is 30-0, the incoming wind which is touched at the edge of the
mirror panel will be shunted. Air flow is acted on the back of the mirror panel, and values of
Cpimean Of this area are negative. So that values of Cp; eqy in half area of the mirror panel which
is contacted the incoming wind at first is basically negative and the other half area is positive. As
the increase of @, the maximum value of Cp; jeqn 1S Teached in the middle of the bottom of the
mirror panel. The variation law of mean wind pressure coefficient is decreased from bottom to top
of the mirror panel and decreased from middle to outside of the mirror panel. When the working
condition is 30-90, the maximum value of Cp; yeqyn is reached in the middle of the mirror panel
and in the middle of the bottom of the mirror panel, and then decreased in the other parts of the
mirror panel.

When the working condition is 60-0, the incoming wind which is touched at the edge of the
short side of the mirror panel will be shunted. Air flow is acted on the back of the mirror panel, so
that the Cp; meqn 1S took the mirror panel diagonal as the boundary, and values of Cp; jeqn Of the
lower left area are negative and values of Cp; ;04n Of the upper right area are positive. When the
working condition is 60-30, the variation law of mean wind pressure coefficient is decreased from
the upper left corner and lower right corner to the middle of the mirror panel. When the working
condition is 60-60, the variation law of mean wind pressure coefficient is decreased from four
corners to the middle of the mirror panel. When the working condition is 60-90, The negative is
appeared in 1/4 position of upper of the mirror panel and the minimum value of Cp; ;047 is Teached
in the lower left corner of the mirror panel, and the maximum value is reached in the upper left
corner of the mirror panel.

When 8 = 90°, values of Cp;meqn Of the 1/4 area of the mirror panel which is touched the
incoming wind at first is negative. The variation law of mean wind pressure coefficient of the
negative region is decreased from the distal end to the proximal end. The minimum value of
Cpimean 1s reached in the edge of the mirror panel that is touched the incoming wind at first.
Values of Cp; yeqn Of other parts of the mirror panel is positive, and values of positive region are
small, close to 0.

From f =90°to f = 180° and a = 0°, the incoming wind which is touched at the edge of the
mirror panel will be shunted. Air flow is acted on the back of the mirror panel, and values of
Cpimean Of this area are negative. So that the Cp; peqn is took the mirror panel diagonal as the
boundary, and values of Cp; 1eqn Of the upper left area are negative and values of the lower right
area are positive. As the increase of a, values of Cp;eqn Of heliostats are all negative. The
variation law of mean wind pressure coefficient is increased from proximal end to the distal end
of the mirror panel which is touched the incoming wind, and the minimum value is reached at the
proximal end of the mirror panel which is touched the incoming wind.

When the working condition is 180-0, the variation law of mean wind pressure coefficient is
decreased from top and bottom edge to the middle of the mirror panel. The negative is appeared
in 1/4 position of upper of the mirror panel, and values of Cp; jeqn in the middle of the mirror
panel are trended to 0. When the working condition is 180-30, the variation law of mean wind
pressure coefficient is decreased from bottom to the top of the mirror panel, and the minimum
value is reached in the upper right corner of the mirror panel. When the working condition is
180-60, the variation law of mean wind pressure coefficient is decreased from the lower left corner
to the upper right corner of the mirror panel, and the minimum value is reached in the upper right
corner of the mirror panel. When the working condition is 180-90, the minimum value is reached
in the left edge, right edge and lower right corner of the mirror panel. Then values of Cp; peqn are
increased in the other parts of the mirror panel. The maximum value is reached in the middle of
the upper edge of the mirror panel and in the 2/5 position of lower of the mirror panel.
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4.2. Maximum (minimum) mean wind pressure coefficient of heliostats

The maximum (minimum) mean wind pressure coefficient under all working conditions and
corresponding working conditions are shown in Table 2 and Table 3.

Table 2. Maximum (minimum) value of mean wind pressure coefficient at different elevation angles

Maximum value of Cp; mean Minimum value of Cp; 1meqn
« B Pressure tap | Cpimean B Pressure tap | Cp;mean
0° | 150° A25 0.395 15° A28 —0.576
10° | 30° A28 0.759 165° A2 -1.218
20° | 30° A28 1.201 150° A2 —1.546
30° | 30° A28 1.160 150° A2 -1.336
40° | 15° A28 1.227 165° A2 -1.296
50° | 15° A28 1.348 165° A2 —-1.165
60° | 15° A28 1.427 165° A2 —1.248
70° | 15° A28 1.279 165° A2 —-1.132
80° | 15° A28 1.209 150° A2 -1.163
90° | 0° A28 1.152 165° A28 -1.178
Table 3. Maximum (minimum) value of mean wind pressure coefficient at different wind direction angles

Maximum value of Cp; mean Minimum value of Cp; mean

B a | Pressuretap | Cpjmean | @ | Pressuretap | Cp;mean
0° | 50° A28 1.240 0° A28 —0.544
15° | 60° A28 1.427 0° A28 —0.576
30° | 40° A28 1.231 0° A28 —0.470
45° | 40° A29 0.675 0° Al3 —0.376
60° | 40° A8 0.484 0° Al3 —0.468
75° | 40° Al4 0.235 90° Al3 —0.565
90° | 40° A27 0.184 | 60° Al3 —0.828
105° | 50° Al2 0.302 50° Al3 -1.109
120° | 90° A25 0.265 | 40° A8 —-1.260
135° | 0° A28 0.202 30° A8 —-1.240
150° | 0° A25 0.395 20° A2 —-1.546
165° | 0° Al8 0.222 | 20° Al -1.326
180° | 0° A27 0.243 30° A7 -1.173

When the elevation angle is constant, these maximum values of Cp; 104y are appeared in the
case of f < 90° except for « = 0°, and when a = 0°, the maximum value of Cp; yeqy 1S appeared
in the case of § = 150°. The pressure tap of maximum value is appeared in the middle of the lower
edge of the mirror panel. When the elevation angle is constant, these minimum values of Cp; jmean
are appeared in the case of f > 90° except for & = 0°, and when a = 0°, the maximum value of
Cpimean 1 appeared in the case of f = 15°. The pressure tap of minimum value is appeared in the
upper left corner of the mirror panel. The maximum value is 1.427 and the corresponding working
condition is 15-60 in Table 2. The minimum value is —1.546 and the corresponding working
condition is 150-20 in Table 2.

When the wind direction angle is constant, the pressure tap of maximum value is appeared in
the lower edge, right edge and middle of the mirror panel. The pressure tap of minimum value is
appeared in left edge, lower edge and upper left corner of the mirror panel. It can be seen from
Table 2 and Table 3, the maximum value is 1.427, the corresponding working condition is 15-60,
and the pressure tap is A28. The minimum value is —1.546, the corresponding working condition
is 150-20, and the pressure tap is A2. The mean wind pressure coefficient contours of working
conditions corresponding to the maximum (minimum) values (the most unfavorable working
conditions) are shown in Fig. 14.

The maximum value of the working condition 15-60 is appeared in the middle of the lower
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edge of the mirror panel, which is proximal end edge of the mirror panel that is touched the
incoming wind at first. Then the variation law of mean wind pressure coefficient is decreased from
the middle of the lower edge to the upper right corner of the mirror panel. The minimum value of
the working condition 150-20 is appeared in the upper left corner of the mirror panel, which is
proximal end corner of the mirror panel that is touched the incoming wind at first. Then the
variation law of mean wind pressure coefficient is increased from the upper left corner to the lower
right corner of the mirror panel.
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a) Working condition 15-60 b) Working condition 150-20
Fig. 14. The mean wind pressure coefficient contours
of the most unfavorable working conditions of heliostats

5. The variation law of mean wind pressure coefficient of heliostats
5.1. The variation law of mean wind pressure coefficient with change of wind direction angle

In order to analyze the influence of the wind direction angle on Cp; peqn Of pressure taps in
different areas of the mirror panel, 10 representative pressure taps are selected (indicated by the
number on the front of the mirror panel): A1, A7, A9, Al1, Al5, A18, A22, A24, A26 and A32.
Among them, Al, A7, A26 and A32 are pressure taps of four corners of the mirror panel. A9,
All, A22 and A24 are pressure taps in the middle circle of the mirror panel. A15 and A18 are
pressure taps in the middle of the mirror panel. The variation law of mean wind pressure
coefficient of these pressure taps with change of wind direction angle is obtained.
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Fig. 15. The variation law of mean wind pressure coefficient

of a pressure tap with change of wind direction angle
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Ten representative pressure taps can be divided into three categories: pressure taps A7 and
A32 are category I. When a = 0°, the curve is fluctuated near the value of 0. When « is the other
angle, the curve is decreased monotonously with the increase of 8, the value of Cp; pean is the
maximum when = 0° and the value of Cp; ;¢4 1s the minimum when f = 180°. However, the
absolute value of minimum value of A7 is much greater than the maximum value of A7, while the
absolute value of minimum value of A32 is equivalent to the maximum value of A32.

Pressure taps A9, All, A15, A18, A22 and A24 are category II. When a = 0°, the curve is
fluctuated near the value of 0. When « is other angle, from § = 0° to § = 90°, the curve is tended
to flatten and then decreased, and from 8 = 90° to f = 180°, the curve is decreased and then
increased or tended to flatten. The value of Cp; peqn 1S the maximum when f = 15° or § = 30°,
and the value of Cp; jpeqn 18 the minimum when § = 150° or f = 165°.

Pressure taps A1 and A26 are category III. When a = 0°, the curve is fluctuated near the value
of 0. When «a is other angle, from § = 0° to f = 105°, the curve is decreased, and from f = 105°
to f = 180°, the curve is tended to flatten. The category III is the transition stage of category I
and category II, and the characteristics of both curves of category I and category II are shown in
curves of category II1.

Pressure taps A1 and A26 are belonged to the left area of the front of the mirror panel, pressure
taps A7 and A32 are belonged to the right area of the front of the mirror panel, and other six
pressure taps are belonged to the middle area of the front of the mirror panel. From = 0° to
B = 180°, the incoming wind will be acted on the area where pressure taps A1 and A26 are located
at first, then the incoming wind will be acted on the area where pressure taps A9, Al11, A15, A18S,
A22 and A24 are located, and finally the incoming wind will be acted on the areas where pressure
taps A7 and A32 are located. Therefore, the curve of the mean wind pressure coefficient of
pressure taps are similar in the same area, and variation law of the mean wind pressure coefficient
will also be exhibited the in Fig. 15.

0 50 100 150 200

a) Elevation angle 0° b) Elevation angle 30° c) Elevation angle 60° d) Elevation angle 90°
Fig. 16. The variation law of mean wind pressure coefficient
of 10 pressure taps with change of wind direction angle

When a = 0°, the curve is fluctuated near the value of 0. However, there is a little differences
of ten curves: curves of A9, A11 and A15 are trended to decrease, the curve of A7 is trended to
be horizontal, and other curves are trended to increase.

When a = 30°, as the increase of S, curves of ten pressure taps are trended to decreased.
However, the decline interval of A18, A22, A24 and A32 is from 0.5 to —0.5, while the decline
interval of other pressure taps are from 0.5 to —1.0. Curves of A18, A22, A24 and A32 are flat,
while curves of other pressure taps are steep, relatively.

When a = 60°, as the increase of [, curves of ten pressure taps are trended to decreased. But
the decline interval of ten pressure taps are from 1.0 to —1.0. When a = 30°, differentiation of the
slope of curves is more obvious than differentiation of the slope of curves when a = 60°. But
curves of Al and A26 are still the most obvious floating curves in curves of ten pressure taps.

When a = 90°, as the increase of 8, curves of ten pressure taps are trended to decreased and
the decline interval of ten pressure taps are from 1.0 to —1.0. The slope of curves are more similar.
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5.2. The variation law of mean wind pressure coefficient with change of elevation angle

When f =0° and 8 = 30°, curves of the pressure taps A1~A15 are increased with the increase
of a and reached the maximum at @ = 90°. As the increase of a, curves of the pressure taps A18,
A22 and A24 are increased to the maximum, and then curves are trended to be flat. As the increase
of a, curves of the pressure taps A26 and A32 are increased at first and then decreased.

When f = 60°, as the increase of @, the curve of pressure tap Al is increased to the maximum,
and then curves are trended to be flat. As the increase of a, the curve of pressure tap A9 is
fluctuated near the value of 0.25, and curves of other pressure taps are fluctuated near the value
of 0.

When 8 = 90°, as the increase of @, the curve of pressure tap Al is decreased. As the increase
of @, the curve of pressure tap A26 is decreased at first and then increased, and curves of other
pressure taps are fluctuated near the value of 0 and curves are closest to 0.

When B = 120°, as the increase of @, curves of pressure taps Al and A26 are decreased. As
the increase of a, curves of pressure taps A7, A9, A1l and Al5 are fluctuated near the value of
—0.25, and curves of other pressure taps are fluctuated near the value of 0.

When = 150° and f = 180°, as the increase of a, the curve of pressure tap Al is decreased
at first and then increased. As the increase of a, curves of pressure taps A7, A9, A1l and Al5 are
decreased to the minimum, and then curves are trended to be flat. As the increase of «, curves of
other pressure taps are decreased.

)

f) Pressure tap A18

T T
i) Pressure tap A26 j) Pressure tap A32
Fig. 17. The variation law of mean wind pressure coefficient
of a pressure tap with change of elevation angle

From 8 = 0° to S = 90°, as the increase of a, curves of ten pressure taps are increased to the
maximum and then trended to be flat.

When 8 = 90°, curves of pressure taps Al and A26 are fluctuated greatly. As the increase of
a, the curve of pressure tap Al is decreased, and the curve of pressure tap A26 is decreased at first
and then increased. As the increase of a, curves of other pressure taps are fluctuated near the value
of 0.

From 8 = 90° to § = 180°, curves of ten pressure taps are trended to decreased, the variation
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law is divided into two categories. Pressure taps A1~A15 which are in the upper half of the mirror
panel are category I. As increase of 8, curves of pressure taps A1~Al5 are decreased to the
minimum, and then curves are trended to be flat. Pressure taps A18~A32 which are in the lower
half of the mirror panel are category II. As increase of 8, curves of pressure taps A1~A15 are
trended to be flat at first, and then curves are decreased to the minimum. Finally, the difference
between two categories is obvious.

20 40 60 80
@)

a) Wind direction b) Wind direction ¢) Wind direction d) Wind direction
angle 0° angle 30° angle 60° angle 90°
04 0.

0 20 40 e )GO 80 100 0 20 40 ¢ )60 80 100 0 20 40 ©) 60 80 100
e) Wind direction angle 120° f) Wind direction angle 150° g) Wind direction angle 180°
Fig. 18. The variation law of mean wind pressure coefficient

of ten pressure taps with change of elevation angle

5.3. The variation law of mean wind pressure coefficient of pressure taps under all working
conditions

The variation law of mean wind pressure coefficient under 130 working conditions is analyzed
by selected ten representative pressure taps in the mirror panel.

As increase of 3, values of the mean wind pressure coefficient under all working conditions
of ten pressure taps are decreased. The maximum value of the mean wind pressure coefficient is
appeared in § = 0°, and values of the mean wind pressure coefficient are reduced to 0 at § = 90°,
and the minimum value of the mean wind pressure coefficient is appeared in § = 180°.

As the position of pressure taps are moved from the top edge to the bottom edge of the mirror
panel, the range of larger values in contours is moved downward from upper left corner of
contours, and the range of smaller values in contours is moved from the middle of the right side
to the upper right corner of contours. It can be found from the 3D diagram that the maximum is
also moved from working condition 0-90 to working condition 0-30, and the minimum is moved
from working condition 180-30 to working condition 180-90.

Values of the mean wind pressure coefficient of ten pressure taps are fluctuated near the value
of 0 when a = 90°, and curves is also distributed horizontally at value of 0. From a = 0° to
a = 90° (except for @ = 0°), as increase of f, the variation law of the mean wind pressure
coefficient of ten pressure taps is decreased from the maximum to 0 and then fluctuated near the
value of 0, and then decreased to the minimum. The 3D diagram is distributed in step shape.

Therefore, the variation law of the mean wind pressure coefficient under all working
conditions of ten pressure taps is similar. The position of pressure taps has little effect on the
variation law of the mean wind pressure coefficient under all working conditions. Only the
working condition of the maximum and minimum is affect by the different position of pressure
taps.
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Fig. 19. The variation law of mean wind pressure coefficient
of ten pressure taps under all working conditions

As shown in Table 4, maximum values of ten pressure taps under all working conditions are
concentrated between 0.742 to 1.098, and the corresponding working conditions are 0-30, 0-70,
0-90, 15-30, 15-40, 15-70 and 15-90, respectively. The corresponding working conditions of the
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maximum value of ten pressure taps under all working conditions are divided into two categories.
The working conditions 0-30, 15-30 and 15-40 are categories I. The characteristic of categories I
is that the mirror panel is basically facing upwind, and elevation amplitude is not large, the range
of elevation is 30° to 40°. The working conditions 0-70, 0-90, 15-70 and 15-90 are categories II.
The characteristic of categories II is that the mirror panel is basically facing upwind with a large
elevation angle, and the mirror panel is almost perpendicular to the ground, the range of elevation
is 70° to 90°.

Minimum values of ten pressure taps under all working conditions are concentrated between -
0.614 to 1.326. The corresponding working conditions of the minimum value of ten pressure taps
under all working conditions are also divided into two categories. The working conditions 165-20,
165-30 and 180-30 are categories III. The characteristic of categories I1I is that the back of mirror
panel is basically facing upwind, and elevation amplitude is not large, the range of elevation is
20° to 30°. The working conditions 165-70, 165-80, 165-90 and 180-80 are categories IV. The
characteristic of categories IV is that the back of mirror panel is basically facing upwind with a
large elevation angle, and the mirror panel is almost perpendicular to the ground, the range of
elevation is 70° to 90°.

Table 4. Maximum (minimum) value of mean wind pressure coefficient
under all working conditions of ten pressure taps

Maximum value of Cp; mean Minimum value of Cp; mean
Pressure tap Working condition | Cp;mean | Working condition | Cp; mean
Al 15-40 0.939 165-20 -1.326
A7 0-90 0.742 180-30 -1.173
A9 15-90 0.920 165-70 -1.037
All 0-90 0.822 165-30 —0.954
AlS 15-90 0.998 165-70 —0.965
Al8 15-70 0.773 165-80 —0.614
A22 15-40 0.915 165-90 —0.669
A24 0-70 0.968 180-80 —0.784
A26 15-30 1.098 165-80 —0.789
A32 0-30 1.064 180-80 —0.907

6. Interference effect of mean wind pressure in heliostats

Distribution of interference factor “IF”” of mean wind pressure coefficient are shown in Fig. 20.

According to the analysis of the interference effect of mean wind pressure of ten pressure taps
under all working conditions, four characteristics of I Fy; eqn Of ten pressure taps are as follow:

From a = 0° to @ = 20°, the mirror panel is almost parallel to the ground. And from = 90°
to f = 105°, the mirror panel is almost parallel to the incoming wind. Values of I Fy; yeqn are both
large in the range of @ = 0° to @ = 20° and in the range of § = 90° to f = 105°. And the shape
of distribution of larger value is similar to the English letter “T”. Values of I Fy; 104y, under most
working conditions are concentrated between 0.7 to 1.0, which are indicated that the interference
effect is small. The maximum value of IFp;mean is 1.0, which is indicated that peripheral
heliostats are not interfere the middle heliostat.

In the range of § = 45° to f = 75°, @ = 20° to @ = 90° and in the range of § = 120° to
B = 135°% a = 20° to a = 90°, values of IFy;meqn are small. Regions of smaller values
distribution are on both sides of regions of larger values distribution. Values of [ Fy; ;eqn under
most working conditions are concentrated between 0.1 to 0.4, which are indicated that the
interference effect is large and peripheral heliostats are interfered the middle heliostat.

In the range of § = 0° to f = 30°, @ = 20° to @ = 90° and in the range of § = 150° to
B = 180° a = 20° to a = 90°, the mirror panel is almost facing the incoming wind or the back
of mirror panel is almost facing the incoming wind. Values of /F; meqn under most working
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conditions are concentrated between 0.4 to 0.6.
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Fig. 20. Distribution of I Fy; ;peqn of heliostats

If the occlusion area is divided into 0 % to 100 %, the interference effect of peripheral heliostats
to the middle heliostat is small when the occlusion area is almost 0 %. However, the interference
effect of peripheral heliostats to the middle heliostat is large when the range of occlusion area is
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almost 50 %, and the interference effect of peripheral heliostats to the middle heliostat is in the

middle when the range of occlusion area is almost 100 %.
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In order to obtain the parameters of mean wind pressure coefficient interference factor which
can be provide reference for the design, the maximum value of mean wind pressure coefficient in
isolated heliostat are taken as values of denominator in Eq. (5), and envelope figures of mean wind
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pressure coefficient interference factor are obtained.

Due to the influence of heliostats occlusion, values of IFp;meqn is less than 0.6 in most
working conditions. From = 0° to f = 90°, as increase of 8, value of IF; meqn is decreased,
and from § = 90° to § = 180°, as increase of §, value of [ Fy,; rpeqy is increased. Maximum values
of IFp; mean in the envelope diagram are appeared in the range of § = 0° to f = 15° and in the
range of f = 165° to B = 180°. Minimum values of IFy,;meqn in the envelope diagram are
appeared in the range of § = 75° to § = 105°. The 3D diagram of Envelope diagram of I F; pmean
is similar to the English letter “U”. The maximum value and the corresponding working condition
of interference factor of mean wind pressure coefficient in the envelop diagram are shown in
Table 5.

The maximum value in the envelope diagram of interference factor of mean wind pressure
coefficient is the ratio of the maximum value of mean wind pressure coefficient of heliostats to
the maximum value of mean wind pressure coefficient of isolated heliostat. The maximum
interference effect of mean wind pressure coefficient of heliostats can be analyzed, and the
reference for the design of heliostats can be provided by the analysis result. Therefore, researchers
should pay attention to the mechanical properties of heliostats under working conditions in
Table 5.

Table 5. The maximum value and the corresponding working condition
of interference factor of mean wind pressure coefficient in the envelop diagram

Interference factor of mean wind
pressure Coefﬁciel’lt IFpl,mean IFp7,mean 1Fp9,mean IFpll,mean IFplS,mean
Maximum value 0.510 0.684 0.520 0.489 0.534
working condition 165-20 180-30 165-70 165-30 15-90
Interference factor of mean wind
pressure coefficient IFplS,mean IFpZZ,mean IFp24,mean 1Fp26,mean IFp32,mean
Maximum value 0.397 0.467 0.509 0.435 0.615
working condition 15-70 15-40 0-70 15-30 0-30

7. Conclusions

In the wind tunnel test, contours of the mean wind pressure coefficient of mirror panel of
heliostats under the typical working conditions are obtained. Ten representative pressure taps are
selected to analyze the variation law of wind pressure coefficient with change of wind direction
angle and elevation angle. Then the variation law of wind pressure coefficient of ten pressure taps
under all working conditions is analyzed. Finally, the interference effect of mean wind pressure
coefficient of heliostats is studied. The conclusions are summarized as follow:

When a = 0°, the incoming wind that is touched at the edge of mirror panel will be shunted.
Air flow is acted on the back of the mirror panel, the minimum value of Cp; 14y 15 in the edge of
the mirror panel that is touched the incoming wind at first and then increased from the edge to the
distal end edge or distal end corner.

From a = 0° to a = 180° (except for & = 0°) and when 8 < 90° (except for f = 60°), the
maximum value of Cp; peqn is in the lower edge of the mirror panel and then decreased on the
other parts of mirror panel. When f > 90°, values of Cp;meqn in the mirror panel are almost
negative. The minimum value of Cp; 104y is in the edge or corner of mitror panel that is touched
the incoming wind at first and then increased from the edge or corner to the distal end edge or
distal end corner.

The variation law of wind pressure coefficient of ten representative pressure taps with change
of wind direction angle and elevation angle are analyzed. And the maximum (minimum) value of
the mean wind pressure coefficient of ten representative pressure taps of heliostats mirror panel
under all working conditions are analyzed. The most unfavorable working condition to be
considered in structural design and to be provided a reference for the analysis.
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The variation law of mean wind pressure coefficient of 10 pressure taps of different position
under all working conditions is analyzed. The variation law of the mean wind pressure coefficient
under all working conditions of ten pressure taps is similar. Only the working condition of the
maximum and minimum is affect by the different position of pressure taps. It should be studied
and analyzed the corresponding working condition of the maximum (minimum) value of the mean
wind pressure coefficient according to the working condition in actual. The basis for the research
and analysis of the key working conditions of the screening of heliostats can be provided by the
result.

The variation law of mean wind pressure coefficient interference effect is obtained. In the
range of § = 0°to § = 180°, & = 0° to @ = 20° and in the range of § = 90° to f = 105°, @ = 0°
to ¢ = 90°, values of interference factor of mean wind pressure coefficient is large. It is indicated
that the reduction of the mean wind pressure coefficient of heliostats is small and the interference
effect is also small. The mean wind pressure coefficient of heliostats are decreased under other
working conditions and the interference factors are decreased accordingly. It is indicated that the
interference effect is increased. The maximum (minimum) value and corresponding working
condition of interference effect can be obtained. The basis for the research and analysis of the key
working conditions of the screening of heliostats also can be provided by the result, and the
reference for the design of heliostats also can be provided by the result.
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