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Abstract

Large steerable radio telescopes can rotate in azimuth and elevation, with various upwind postures and complex
wind load characteristics. In order to obtain the wind load distribution on the reflector and the wind force
coefficients in different upwind postures, this work took the reflector of the QiTai Telescope in Xinjiang as the
object. The wind pressure distribution, drag coefficient, side force coefficient, lift coefficient, and total force
coefficient of 361 groups of reflectors with different upwind postures were calculated and analyzed by a numerical
simulation method. The results show that the force on the reflector when the concave surface faces the wind is
significantly greater than when the convex surface faces the wind. The surrogate models for calculating wind force
coefficients were established based on the polynomial response surface model (PRSM) and regularized minimum-
energy tensor-product spline (RMTS). The adjusted R-squared of RMTS is 0.98, and the root mean square error is
below 0.1, which proves RMTS is significantly better than PRSM. Compared with the numerical simulation
values, the absolute errors of the drag coefficient, side force coefficient, lift coefficient, and total force coefficient of
the reflector with azimuth and elevation of 45° predicted by RMTS are 0.02, 0.027, 0.032, and 0.046, respectively.
The relative errors are 2.42%, 2.76%, 2.23%, and 2.43% , respectively. It is proved that the RMTS surrogate model
is reliable and that the predicted data can fast provide sufficient information for the wind-resistant design of the
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1. Introduction

Large steerable radio telescopes are widely used in the
detection, communication, radio astronomy, and other fields
because they provide the highest gain, widest bandwidth, and best
angular resolutions at the lowest costs (Samii & Haupt 2015). The
steerable radio telescopes often work in an open-air environment,
which would inevitably be affected by environmental loads. The
wind force on the reflector surface was proportional to the square
of its aperture radius, and the wind torque was proportional to the
cubic of its aperture radius. For Xinjiang Qitai 110 m Telescope
(QTT) (Wang 2014) and Yunnan Jingdong 120m Radio
Telescope (JRT) (Wang et al. 2022), their giant reflectors are
more prone to deformation due to the influence of wind load,
resulting in the decline of antenna efficiency and pointing
accuracy. Therefore, wind load has become one of the critical
loads that must be considered in the design, operation, and
maintenance of large aperture radio telescopes. Analyzing wind
load characteristics on the reflector under different azimuths and
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elevations has a significant engineering application value for
designing large antenna structures and wind resistance research.
For the research of wind load on steerable radio telescopes,
most of the achievements focused on the primary reflector wind
tunnel experiments funded by NASA and completed by JPL in
the 1960s. Fox and Dayman (Fox & Dayman 1962) summar-
ized the referenced wind tunnel test performed in the Northrop
Subsonic Wind Tunnel in November 1961. The data of solid,
edge porous, and uniform porous parabolic reflectors under
multiple upwind postures were obtained. The integration of
pressure data on the reflector was compared with the directly
measured force and torque data. It was concluded that the solid
reflector structure had a robust local edge load, and the porous
reflector structure could alleviate this situation. In the following
year, Fox (1962) tested a parabolic reflector with an 18-inch
diameter and a focal diameter ratio of 0.33 in a wind tunnel. It
was concluded that the parabolic reflector’s surface roughness
had little bearing on the overall force and torque and could be
ignored. The wind load at the edge of the reflector is typically
lower than that at the center of the reflector for most reflector
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Figure 1. The schematic diagram of the QiTai radio telescope structure and
wind load.

upwind postures. Wyatt (Wyatt 1964) thought that the reflector
was the main factor for the wind load of the parabolic antenna.
It was beneficial only to consider the wind load of the reflector.
At the same time, through the analysis of the wind tunnel data,
it was found that the moment at the top of the paraboloid had a
special relationship with the focal diameter. Scruton (Scruton
1964) studied the wind-induced vibration of the Jodrell Bank
and found that the vibration was most severe when the reflector
was at 15° elevation. The chatter at the edge of the reflector
may be caused by the chattering caused by the shedding eddy
current. The chatter could be reduced or prevented by
strengthening the edge stiffness or modifying the edge shape.
Katow (Katow 1975) conducted wind tunnel tests on solid
reflectors, 25% porous reflectors, and 50% porous reflectors,
pointing out that the drag coefficients of 25% porous reflectors
and solid reflectors were very close when the concave surface
was in direct wind. Gawronski (Gawronski et al. 2005)
measured the average wind torque of the NASA Deep Space
Network (DSS) 34 m antenna, calculated the dimensionless
wind torque under various upwind postures, and compared it
with the wind tunnel test data of the scaled antenna model. It
shows that the difference between the wind tunnel measure-
ment data and the field measurement data is less than 10%,
which proves the reliability of the scale model. The wind load
research on radio telescopes in foreign countries is gradually
decreasing, which may be because there has been no plan to
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build large aperture radio telescopes in foreign countries in
recent years.

At the present time, researchers have a basic understanding
of the wind load characteristics of the reflector. However, only
the analysis of the reflector under specific upwind postures is
not comprehensive enough, and there is a lack of research on
the wind force coefficients of the reflector, such as the drag
coefficient, side force coefficient, lift coefficient, and total force
coefficient. It is worth noting that the wind pressure distribution
and wind force coefficient of 361 groups of reflectors with
different upwind postures are calculated and analyzed by the
numerical simulation method in this work. The surrogate model
is established to predict the wind force coefficients of various
upwind postures based on the wind coefficient data, and the
fast calculation of the wind coefficient under upwind postures
is achieved. The data in this paper will provide a large amount
of reliable data for the wind-resistant design of radio
telescopes. The surrogate model can also be used in the
wind-resistant control system of radio telescopes, which has an
excellent engineering application value.

2. Numerical Models and Methods

QTT will be constructed in the Qitai County of Xinjiang,
China. It uses an axisymmetric modified Gregorian dual
reflector antenna. The mechanical structure mainly includes
the primary and secondary reflectors, quadruped structures,
alidades, and wheel rails. The primary reflector diameter is
110 m, the secondary reflector diameter is about 12 m, the focal
diameter ratio is 0.33, and the weight is about 5500 tons. The
wind load on QTT is mainly due to differential pressure
resistance caused by the normal uneven pressure of the
reflector. The airflow converges in front of the reflector
because of the reflector’s barrier, creating a high-pressure
region. The airflow has a flow-around phenomenon, which
generates an eddy current behind the reflector to form a low-
pressure area. High and low pressure is formed before and
behind the reflector, causing the reflector deformation. Assume
that the direction of the wind in the Cartesian coordinate system
is horizontally pointing to the X-axis. The force on the reflector
in the X-axis is defined as drag, and the torque is the rolling
torque; The Y-axis is the side force and the overturning torque;
The Z-axis is the lift force and the azimuth torque. The force
points to the positive direction of each axis is a positive value.
The schematic diagram of the wind force on the QTT is shown
in Figure 1.

In Figure 1, the azimuth angle (a) represents the horizontal
rotation angle of the reflector, and the elevation angle (3)
represents the vertical rotation angle of the reflector. Azimuth
rotates counterclockwise, elevation rotates clockwise. Azimuth
angle and Elevation angle jointly determined the upwind
postures («, () of the reflector. Figure 2 shows the schematic
diagram of the radio telescope at specific upwind postures. The
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Figure 2. Upwind postures diagram of the reflector. (a) When the azimuth is 0°, the reflector elevation is 0°, 45°, and 90°, and the elevation angle changes clockwise.
(b) When the elevation is 45°, the reflector azimuth is 0°, 90°, and 180°, and the azimuth angle changes counterclockwise.

azimuth angles (0°-180°, at every 10° position) and elevation
angles (0°-90°, at every 5° position) of the upwind postures
were modeled. There are 361 groups of numerical simulation
cases.

2.1. CFD Model Description

The diameter of the primary reflector is 110 m, and the
alidade and backup structure diameters are far less than 1 m.
The mesh technology of the current commercial CFD software
cannot effectively mesh the space truss structure with such a
complex size span. Moreover, Wyatt (Wyatt 1964) pointed out
that it was advantageous to only study the reflector for the wind
load analysis of the antenna. This work only established the
model of the primary reflector and the computational domain.
In the calculation domain setup, the calculation domain’s
smaller size should be selected as far as possible without
affecting the calculation result, which could reduce the
calculation cost. At the same time, it is necessary to ensure
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Figure 3. The computational domain model for wind load analysis of the
reflector.

that the blocking rate is not greater than 3% to avoid the
boundary of the computational domain interfering with the flow
field around the reflector. The reflector diameter D is generally
used as the characteristic dimension in the existing studies. The
reflector is 8D from the entrance of the computational domain
and 20D from the exit. The width of the computational domain
is 9D, and the height is 6D. The main size settings for the
computational domain are shown in Figure 3.
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Figure 4. Comparison of wind force coefficients for different number of
elements in mesh.

Polyhedral Meshing in ANSYS Fluent was used for the
mesh division of the computational domain. The reflector’s
drag, side force, and lift coefficient change with the number of
meshes, as shown by the mesh independence verification in
Figure 4. This work adopted a 1.6 million number of elements
in mesh according to the calculation time and accuracy.

2.2. Boundary Conditions and Numerical Methods

Slip conditions were applied on the upper and side
boundaries of the computational domain. At the same time,
the wall function was used on the lower boundary of the
computational domain and surface of the reflector. The outlet
of the computational domain was at zero pressure, and the
exponential profile formula was adopted for the inlet as
follows,

=L )

Uref Zref
where z is the height, z.¢ is the reference height, which is
generally 10 m, u, is the wind speed at height z, and u, is the
wind speed at height z.r In the simulation, zer = 10m,
Uer = 12m s ', n=0.15. The steady RANS (Reynolds-aver-
aged Navier—Stokes) equation is the primary method for
numerical simulation of the complex viscous flow field. The
accuracy of the RANS equation in calculating force and torque
direction has been dramatically improved after the introduction
of the turbulence model. The Shear Stress Transport k — w
Model (SST k — w) has the characteristics of small dependence
on remote and high precision of the near-wall simulation.
Therefore, this work mainly uses SST k — w turbulence model
to calculate. The turbine kinetic energy k, dispersion rate ¢ and
specific dispersion rate w in the model are determined by the

Li et al.

following formula,

kzgwmz ®)
k3/2

€= C:’M—l 3)
1

where C,, is a constant, usually 0.09, [ and 7; are turbulence
integral scale and turbulence intensity respectively, which can
be calculated by the following formula,

lzl%(ij (5)
30

0.23 2<5m
= &%%?Y 5m<z<350m ©)

where z is the height, u, is the wind speed at height z, n =0.15
(He et al. 2020). All equations adopted the second-order
upwind discrete format. By ensuring that all residuals of the
transport equation fell below a predetermined threshold of
1075, the wind force coefficients no longer changed with
iteration.

3. Fluid Analysis and Discussion
3.1. Distribution of Wind Force Coefficients

This work mainly analyzed the force coefficient of the
reflector rather than the force. The advantage of using the force
coefficient was that it did not change with the change of the
inlet velocity and the diameter of the reflector, which made the
data in this paper more referential. As shown in Figure 1, the
reflector is subjected to forces in three directions. The drag
coefficient CFp, side force coefficient CFs, and lift coefficient
CF, correspond to drag Fp, side force Fg, and lift CF;,
respectively. The coefficients are defined as follows,

F
CFp = ™)
EpurefA
F.
CFs = +—— ®
7purefA
2
F
CF, = - g 9)
EpurefA

where p is the air density (p = 1.225kg/m3), Urer 1s the inlet
velocity of the calculation domain, A is the characteristic area
of the reflector, which is generally used A = w(?)z in the
literature, and D is the diameter of the reflector. At the same
time, this work also analyzed the total force coefficient of the
reflector. The definition of the total force coefficient refers to
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Figure 5. Wind force coefficients of reflector with different upwind postures. (a) Drag coefficient of the reflector, (b) side force coefficient of the reflector, (c) lift
coefficient of the reflector, and (d) total force coefficient of the reflector. The color represents the value of the force coefficient in this upwind posture, corresponding to

the number in the color block.

the definition of the total force,

CFr = /(CFp)* + (CFy)* + (CF.)? (10)

The force coefficients of 361 groups of QTT reflectors
calculated by numerical simulation are shown in Figure 5. The
color represents the value of the force coefficient in this upwind
posture, corresponding to the number in the color block. The
abscissa in the Figure 5 is the azimuth angle. When it is 0°-90°,
the concave surface of the reflector is windward, and when it is
90°-180°, the convex surface is windward. The ordinate is the
elevation angle. When it is 0°, the reflector points parallel to the
ground, and when it is 90°, it points to the sky. The distribution
law of wind load on the reflector was as follows:

The value of the drag coefficient is always positive, which
means that the direction of the drag coefficient is pointed to the
X-axis and is parallel to the wind direction. When the azimuth
angle of the reflector is 80°-100°, the drag coefficient is
relatively small. Because most of the reflector area is parallel to
the wind direction, the influence area of wind pressure is small.
This result is similar to the experimental data on the reflector
model measured by Fox (1962). The maximum drag coefficient
appears at 0° elevation for all azimuths except 0°, 10°, and
180°. The reflector drag coefficient at 0° elevation can be
considered maximum value in that azimuth. As the elevation
rise, the drag coefficient gradually decreases.

When the reflector azimuth is 0°, 170°, and 180°, the side
force coefficient is too tiny compared with the drag coefficient

and can be ignored. When the upwind posture of the reflector is
(0°, 60°), the lift is maximum and points to the ground, which
is entirely consistent with Cohen’s wind tunnel test results
(Cohen et al. 1964). The changing trend of side and lift force
has a certain coordinate rotation symmetry; For example, the
side force coefficient at (60°, 0°) corresponds to the lift
coefficient at (0°, 60°), They are the maximum values of all
upwind postures of the reflector. The coefficient values differ
due to the gap between the ground and the reflector. The
presence of the gap changes the pressure distribution over the
reflector surface. According to Bernoulli’s principle, the wind
speed between the gap increases, and the wind pressure
decreases, which would significantly impact the lift more than
the side force. When the concave is windward, the lift
coefficient is primarily negative, that is, the force points to
the ground; when the convex is windward, the lift coefficient is
primarily positive, that is, the force points to the sky; when the
concave is windward, the lift coefficient is generally higher
than the convex.

The changing trend of the total force coefficient is
symmetrical at about 90° in the azimuth dimension, but the
coefficient values are different. The difference values are
because when the convex is windward, its shape tends to flow
linearly, with a specific coanda effect. When the concave is
windward, its shape is close to the bluff body, and the airflow
separates, shedding at the edge of the reflector, thus increasing
the pressure difference between the front and rear sides. The
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above differences required us to simulate each upwind posture
reflector to obtain accurate wind force coefficients, which
would undoubtedly result in substantial time costs. To solve
this problem, in Section 4, the surrogate model is established
based on the simulation data to fast predict the wind force
coefficients of the reflector under different upwind postures.

3.2. Distribution of Wind Pressure

The wind force coefficients mainly reflect the overall
performance of the wind load on the reflector. The wind
pressure distribution diagram of the reflector can show the
characteristics of the wind pressure on the concave and convex
surfaces, helping to understand the law of changes in the wind
load character of the reflector. The wind pressure distributions
on the reflector are shown in Figure 6, when the elevation of
reflector is 0°, 30°, 60°, and 90°, respectively. The wind
pressure distribution of the 90° elevation reflector at different
azimuths is unchanged and only shown in Figure 6(a).

It can be seen from Figure 6 that when the azimuth is 0° and
180°, the wind pressure distribution of the reflector at each
elevation is symmetrical (except for the 90° elevation). At other
azimuths, the wind pressure distribution of the reflector is
asymmetric so that torque will be generated. This article does
not address the effect of torque on the reflector. The wind
pressure on the windward surface is positive, and the leeward
surface is negative. When the concave is windward, the
maximum pressure appears at the lower edge of the concave,
except when the reflector is at 90° elevation. At this time, the
wind would rise first at the edge of the reflector after separation
and then move to the other edge due to the gravity drop. This
feature mainly occurs on the large-diameter reflector. See the
wind speed streamline diagram in Figure 7 for details. In the
upwind postures of (0°, 0°) and (180°, 0°) reflector, the
maximum wind pressure appears in the center of the reflector.
The maximum pressure distribution in other upwind postures
appears at the edge of the reflector because of the separation
and shedding of airflow from the reflector edge and eddy
current.

4. Prediction of Wind Force Coefficients

More wind force coefficients of reflectors with different
upwind postures can provide sufficient technical data for
antenna control engineers and wind disturbance resistance
design. Obtaining the reflector’s wind coefficient using a
numerical simulation will take too long. For this reason, this
section used the polynomial response surface method (PRMS)
and surrogate model based on regularized minimum energy
tensor product spline (RMTS) to achieve fast prediction of the
wind force coefficients of the reflector (Hwang & Martins
2018). This work only considers the azimuth and elevation of
the reflector and adopts a two-factor polynomial response
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surface proxy model. The expression is,

n—1n—1

n n
z=co+ Yy x4+ D> cxlyl + >0 ¢y (11)
i=1 i=1j=i j=1
Where ¢y, ¢;, ¢;j, and ¢; are undetermined coefficients, x, y are
factors, z is the prediction output, and n is polynomial degree,
nzl,i+j<n.

The RMTS model is a surrogate model for low-dimensional
problems with large data sets with fast prediction capability.
Unlike other methods, such as kriging and radial basis function
(RBF), RMTS is not susceptible to numerical issues when there
are many training points, or they are too close together. The
prediction equation for RMTS is given by,

y=F@x)w 12)

Where x is the prediction input vector, y is the prediction
output, w is the vector of spline coefficients, and F(x) is the
vector mapping the spline coefficients to the prediction output.
RMTS computes the coefficients of the splines, w, by solving
an energy minimization problem subject to the conditions that
the splines pass through the training points. The objective
function of this problem is formulated as an unconstrained
optimization problem with terms representing the approx-
imation error for the training points, the second derivatives of
the splines, and another term for regularization. Consequently,
this optimization issue can be expressed as,

1, 1 11
min —wTHw + —owTw + ——
w 2 27 2@3
x [Fx"yw — yOP (13)

where x,*) is the input vector for the ith training point, y*' is the
output value for the ith training point, H is the matrix of second
derivatives, F (xt(i)) is the vector mapping the spline coefficients
to the ith training output, and ¢ and A are the regularization
coefficients.

In order to evaluate whether the model can accurately predict
the wind load coefficient of the reflector, root mean square error
(RMSE) and adjusted R-square are used to evaluate the
model’s performance. The expression distribution of each
indicator is as follows,

m
Z (ysimulation
i

L _ yiprediction )2 ( 1 4)
mi_i

RMSE = \/

(1 —RH(m — 1)

R?_adjusted = 1 —
m—p—1

s5)

m rediction (simulation 2
zroP —Y )
Z;7I(y51,,[l[[alion _ yisimulz\tion )2

is the

In the above formula, R2 =1 —

determination coefficient, m is the number of samples,
y‘?im“lati"" is the value of the ith numerical simulation,
ypredietion 3¢ the value predicted by the ith model, and p is the
number of model features. The number of samples can be offset

by using the adjusted R-square. The larger the coefficient, the
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Figure 6. Wind pressure distribution on the concave

distribution on reflector at 90° azimuth, and (c) wind pressure distribution on reflector at 180° azimuth.
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and convex surface of reflector. (a) Wind pressure distribution on reflector at 0° azimuth, (b) wind pressure
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Figure 7. Reflector streamline distribution at 90° elevation (color corresponds to speed value).
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Figure 8. Comparison of wind force coefficients predicted by RMTS and simulation. (a) Drag coefficient of the reflector, (b) side force coefficient of the reflector, (c)
lift coefficient of the reflector, and (d) total force coefficient of the reflector.

better the model performance, and the smaller the RMSE, the CFs = —0.046 + 0.986cosa — 0.35cos 3
better the model performance. Based on 361 sets of simulation + 0.547 cos? a + 0.734 cos avcos 8 — 1.31cos? 3
data, v've obt.ain the PBMS of drag coefficient, sidf: force — 0571 cos*a + 0.087 cos? a cos 3
coefficient, lift coefficient, and total force coefficient as 4 0.086c0s a cos? 3 — 04749 cos’ 3
follows, (17
CFp = 0.141 + 0.078 cosax — 0.645cos (3 CF, =—-0.197 — 0.171cosa — 0.426 cos B
— 0.054cos’>a + 0.779 cos accos 3 + 1.73 cos? 8 —0.228 cos>a — 4.331cosarcos 3 — 0.76cos? 3
— 0.16cos*a + 0.999 cos” a cos B + 0.339 cos®* a + 0.243 cos® acos 3
— 0.514cosacos? 3 — 1.01 cos® 8 + 4.051 cosacos? 8 — 1.34cos®8
(16) (18)
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Table 1
Comparison of Prediction Performance between PRMS and RMTS Models
Force Coefficient CFp CFg CF, CFr
PRMS R*_adjusted 0.9513 0.8031 0.9561 0.8441
RMSE 0.0824 0.2035 0.1150 0.2208
RMTS R _adjusted 0.9887 0.9929 0.9931 0.9844
RMSE 0.0396 0.0384 0.0453 0.0695

Table 2
Comparison of Simulated and RMTS Predicted Wind Force Coefficients

(Azimuth, Elevation) Force Coefficient Simulation Prediction Absolute Error Relative Error

(10°, 18°) CFp 1.164 1.20 0.036 3.09%
CFg 0.16 0.137 0.023 14.38%
CF, —0.291 —0.336 0.045 15.46%
CFr 1.197 1.329 0.132 11.03%

(45°, 45°) CFp 0.828 0.848 0.02 2.42%
CFg 0.980 1.007 0.027 2.76%
CF, —1.397 —1.429 0.032 2.23%
CFr 11.896 —1.942 0.046 2.43%

CFr = 0.141 + 0.730cos « + 0.648 cos 3
+0.336cos?>a + 2.479cosacos B + 1.145cos? 3
—0.902cos®*a + 0.247 cos® a cos 3
—2.167cosacos’ 3 — 1.27 cos® 8
(19)

Figure 8 displays the RMTS prediction results and Table 1
displays the PRSM and RMTS model performance evaluation
values. It is clear that the performance was significantly better
than PRSM and that the error based on the RMTS model was
very small.

Two arbitrary numerical examples (10°, 18°) and (45°, 45°)
are chosen at random in this paper to compare with the
predicted value of the RMTS method in order to assess its
efficacy in predicting wind force coefficients. Table 2 presents
the comparison information. As can be seen, the wind force
coefficients predicted by the RMTS model are very close to
the simulation and have reliable prediction performance.
Although the relative error of the predicted reflector lift
coefficient at (10°, 18°) is 15.46%, the absolute error is
minimal. Because the predicted value is conservative,
engineers will have some redundancy in the design process,
which is safer and more reliable. Therefore, the wind
coefficient predicted by the RMTS model meets the
engineering application standards and can significantly reduce
the time for simulation to obtain the wind force coefficients of
the reflector. At the same time, in terms of time cost,
numerical simulation takes roughly 30 minutes to obtain the
wind force coefficients of the reflector with a single upwind
posture using the simulation parameters described in this

study. Under the same computing resources, it takes only
about 5s for RMTS model to predict the wind force
coefficients of the reflector under a single upwind posture.
Moreover, RMTS model can simultaneously predict the wind
force coefficients of reflectors with different upwind postures
without increasing the time-consuming, which shows the
superiority of predicting the wind force coefficients based on
RMTS. Moreover, the RMTS model can be combined with
the wind prediction to jointly predict the force on the reflector
under complex wind environments in the future.

5. Conclusion

The wind pressure distribution and wind force coefficients of
361 groups of reflectors with different upwind postures are
calculated and analyzed by a numerical simulation method. The
RMTS model is established to predict the wind force
coefficients of various upwind postures. Detailed conclusions
are listed below.

1. The reflector drag coefficient at 0° elevation could be
thought of as the maximum value of different elevations
at that azimuth. As elevation rises, the drag coefficient
gradually decreases.

2. The gap between the ground and the reflector changes the
pressure distribution over the reflector surface, which
would significantly impact the lift more than the side
force.

3. The shape difference between the concave and convex
surfaces of reflector leads to a significant difference in
their wind force coefficients.



Research in Astronomy and Astrophysics, 23:024001 (10pp), 2023 February

4. The strong local edge loads are caused by the separation
and shedding of airflow from the reflector edge and eddy
current.

5. The PRMS and the RMTS could quickly predict the
reflector’s wind force coefficients. The performance of
RMTS is significantly superior to PRSM, and the
prediction based on RMTS has little error compared
with simulation, which can be applied to engineering.
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