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+e aerodynamic characteristics of radar antennas should be considered in computing their wind resistance and designing
pedestal servo systems. In this paper, the aerodynamic characteristics of a flat plate antenna with azimuthal rotation are explored
using a wind tunnel, and the effects of the antenna elevation angle and reduced frequency on the aerodynamic coefficients are
analyzed. +e corresponding results of numerical simulation are given to compare with the experimental results. +e variation of
aerodynamic coefficients with respect to the azimuth angle is found to depend on the reduced frequency and the antenna elevation
angle. When the increase in antenna elevation angle is slight, the mean and root mean square values of the aerodynamic
coefficients are not monotonic with respect to increases in elevation angle and may increase at individual elevation angles. When
the elevation angle increases significantly, the mean, maximum, and root mean square values of the aerodynamic coefficients all
significantly decrease. +e simulation results are in good agreement with the experimental results, which verify the feasibility of
using unsteady numerical simulations to obtain the flow field structure when the antenna is rotating. +is approach allows the
influence mechanism of the elevation angle change on the aerodynamic characteristics of the rotating antenna to be identified.

1. Introduction

For the radar antenna working in the open air, wind load is
the main source of its load. In recent years, there are many
researches on the electrical performance of radar antenna
[1], but with the increase in the volume and weight of radar
antenna, the importance of antenna aerodynamic charac-
teristics (aerodynamic coefficient, surface pressure coeffi-
cient) in its wind resistance performance design, structural
strength check, and servo system design are gradually
highlighted [2]. +e influence of antenna attitude (e.g., el-
evation angle, azimuth angle) on the steady aerodynamic
characteristics (e.g., aerodynamic coefficient and surface
pressure distribution) of antenna has become the research
focus of many scholars [3–5].

With the large-scale application of the radar antenna
azimuth scanning method, there are strict restrictions on the
gradient of the rotation angular velocity when the antenna is

running [6]. Compared with the static antenna, the con-
tinuous rotation of the antenna causes it to be subject to the
time-varying dynamic wind load. Excessive dynamic wind
load will increase the fatigue damage of the antenna
structure and decrease the scanning precision. Previously, in
the structural design of radar antennas, designers mostly
used the root mean square (rms) value of the steady aero-
dynamic coefficient when the antenna was at rest as the
reference data for structural design.

In addition, most of the existing wind tunnel tests and
numerical simulations focus on the steady aerodynamic
characteristics of the antenna [7–10]. In the field of radar
antenna study, there is lack of study on the influence of
antenna elevation on the unsteady aerodynamic charac-
teristics of the antenna in azimuth rotation, yet little study
has been undertaken on the specific differences between the
steady aerodynamic characteristics of the antenna in sta-
tionary rotation and the unsteady aerodynamic
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characteristics of the antenna in azimuth rotation.+erefore,
the difference between the two has become an urgent
concern for designers. In order to solve this problem, Sachs
[11] proposed a semiempirical formula to calculate and
predict the dynamic azimuth torque of a rotating antenna by
using the drag and azimuth moment of the antenna at rest.
However, the application scope and accuracy of the formula
are worthy of further study. Lombardi [12] pointed out, in
his research through wind tunnel force test, that the
semiempirical formula does not consider the influence of the
lateral force on the dynamic azimuth moment of the radar
antenna. In addition, Lombardi’s experimental results show
that the maximum drag coefficient when the antenna is
rotating is about 30% higher than that when the antenna is
stationary. Muggiasca et al. [13] also pointed out, in their
research, that the peak torque of the motor driving the
antenna in the rotation is significantly different from that in
the static state. Gumusel et al. [14] studied the influence of
rotating motion on the vibration and noise of antenna and
considered that the aggravation of vibration and noise was
caused by the antenna rotating motion cutting off the
downstream propagation of the shedding vortex.

For the research on the unsteady aerodynamic charac-
teristics of the antenna with azimuth rotation, on the one
hand, the existing research objects are mostly focused on the
drum type radar antenna. Although there are many types of
radar antennas (e.g., flat plate, parabola, hyperboloid, hollow
out, drum, etc.), flat plate is always the most classic shape
structure of radar antenna. +erefore, the research on un-
steady aerodynamic characteristics of flat plate antenna
becomes extremely urgent [7, 8]. On the other hand, the
existing research only studies the antenna drag, lift, and
azimuthmoment, while it is not adequate for the research on
the lateral force, pitchingmoment, and the root mean square
value of aerodynamic coefficient involved frequently. +ese
are also important parameters in the structural design of
antenna with azimuth rotation function.

+rough the establishment of an antenna dynamic force
test platform, wind tunnel dynamic force measurement tests
were performed on flat antenna models at different elevation
angles and reduced frequencies, and the unsteady aerody-
namic characteristics of the antenna were obtained when the
antenna rotated at different reduced frequencies compared
to the elevation angle changes. Compared with the nu-
merical simulation results, the feasibility of the numerical
simulation method to study the unsteady aerodynamic
characteristics of the antenna is verified. +erefore, the
influence of the change of elevation angle on the distribution
of the flow field around the rotating antenna is analyzed, so
as to provide reference and basis for the design of the radar
antenna with azimuth rotation.

2. Experimental Method

2.1.WindTunnel andModel. A radar antenna dynamic force
measurement test was carried out in the NH-2 closed-loop
low-speed wind tunnel at Nanjing University of Aeronautics
and Astronautics. +e size of the test section is
(length×width× height) 3m× 2.5m× 6m, the degree of

turbulence can be varied from ε≤ 0.10–0.14%, and the
maximum wind speed is 90m/s, and the overall schematic
diagram of the wind tunnel is shown in Figure 1(a). +e
antenna modal is a flat plate antenna, and the model consists
of a support rod, an elevation angle adjustment mechanism,
and an antenna array. +e antenna array has a length of
L� 0.5m, a width of W� 0.2m, a thickness of C� 0.02m,
and an antenna height of H� 0.36m; it can adjust the ele-
vation angle of α� 0°, 10°, 20°, and 30°, as shown in
Figure 1(b). +e field installation of the test model is
depicted in Figure 1(c), and the shooting direction is
assigned in the positive direction of the x-axis of the co-
ordinate system.

2.2. Definition of the Coordinate System and Aerodynamic
Parameters. +e aerodynamic load acting on the model is
measured in the body-axis system with a six-component box
strain balance.+e body-axis system is converted into a wind
shaft system using a coordinate-transformation formula
[15]. Finally, the aerodynamic load on the model is given in
the wind-axis coordinate system. As shown in Figure 2, the
reference position for the balance moment is point O, and
the reference coordinate system for the force measurement
test platform is OXYZ. In the wind-axis coordinate system,
the three force components of strain balance are drag (Fx),
lift (Fy), and lateral force (Fz); the three-moment compo-
nents are the rolling moment (Mx), azimuth moment (My),
and pitching moment (Mz). +e flow direction and positive
drag direction are opposite to the positive direction of the x-
axis in the reference coordinate system. When the front of
the array is vertical to the incoming stream, the antenna
elevation (α) is defined as 0°, and the antenna elevation angle
in Figure 2 is positive.

In the stage of radar design, the wind load must be tested
and validated, in order for the stiffness and strength of the
structure to meet the operational requirements, and the
power of the selected servo motor meets the standard
working requirements of driving the radar antenna.+e drag
and azimuthmoment of the antenna is used to determine the
power of the servo motor, and the lateral force and pitching
moment of the antenna are used to determine the lateral and
longitudinal wind load stability of the antenna.

+e primary purpose for studying the unsteady aerody-
namic characteristics of the rotating antenna is to provide a
design basis for the mechanical analysis of the servo drive
system and antenna pedestal. +is study only discusses the
aerodynamic coefficient components essential for the design
load and stable operation for the servo system of a radar an-
tenna, which are the drag coefficient Cx, lateral force coefficient
Cz, azimuth moment coefficient Cmy, and pitching moment
coefficient Cmz. Because the aerodynamic load changes peri-
odically as the antenna rotates, we only analyze the aerodynamic
coefficient results over one rotation period (β� 0–360°).

Using the formula for calculating the aerodynamic co-
efficients, the drag coefficient Cx, lateral force coefficient Cz,
azimuth moment coefficient Cmy, and pitching moment
coefficient Cmz in the wind-axis coordinate system are
shown in formulas (1)∼(4) [11].
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Cx �
Fx

1/2ρV
2
S
, (1)

Cz �
Fz

1/2ρV
2
S
, (2)

Cmy �
My

1/2ρV
2
SL

, (3)

Cmz �
Mz

1/2ρV
2
SL

, (4)

where ρ is the air density, V is the wind speed, L is the
reference length (L� 0.5m), and S is the model reference
area (S� L×W� 0.1m2).

2.3. Dynamic Force Test Platform. +e dynamic force test
platform has three main components: antenna model part,
servo drive part, and data acquisition and processing part,
and the schematic diagram for the antenna dynamic force
test platform is presented in Figure 3.

+e antenna model part includes an antenna array,
support rod, and elevation angle adjustment mechanism,
which can adjust the elevation and ground height of the
model. +e servo drive part includes a servo motor, driver,
encoder, motion control card, and computer with a motion
control program, which can drive model rotation and set
motion parameters.+e data acquisition and processing part
includes a six-component box strain balance, slip ring, signal
amplifier, photoelectric switch, data acquisition card, and
computer with a data acquisition and processing program.
+e antenna model is connected to the six-component box
strain balance with a flange, and both are installed on the
servo motor. +is part provides real-time monitoring of the
aerodynamic coefficient during the azimuthal motion of the
radar antenna.

After the model rotation becomes stable in the wind
tunnel test, a photoelectric switch fixed at β� 0°, the data
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Figure 1: Radar antenna test model and wind tunnel test installation. (a) Overall schematic diagram of the wind tunnel (mm). (b) Schematic
diagram of the radar antenna model (α� 0°, ß� 0°). (c) Wind tunnel test installation for the radar antenna model (α� 30°, ß� 0°).
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Figure 2: Definition of reference systems and aerodynamic pa-
rameters (wind-axis coordinate system).
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acquisition program will be triggered to collect the output
signal for the balance. A “zero data set” is obtained before the
wind tunnel is starting (V� 0m/s) at each data point, and these
data are deducted from the blowing data to consider the gravity
and inertial forces of the antenna. +e data obtained from the
balance are mixed with the noise data generated by the vi-
bration of the dynamic force test platform. In this study, a
fourth-order Butterworth filter with a 5Hz cutoff frequency is
used to filter the original data, and zero phase filtering tech-
nology is adopted to avoid data lag caused by filtering [16].+e
voltage signal is converted into the filtered unsteady aerody-
namic coefficients using the balance formula and coordinate-
conversion formula.+e raw data and filtered data of the strain
balance outputs in the wind-axis coordinate system, after
deducting the “zero data set”, are given in Figure 4. +e figure
indicates that this filtering method eliminates all high-fre-
quency noise, and the filtered data follow the raw data well.

2.4. Test Parameters. +e main similarity parameter for the
rotating dynamic force measurement test for a radar antenna
is the reduced frequency (K) [11], as shown in formula (5). In
the design of the test, the influence of the periodic unsteady
airflow inertial force is presented as a ratio of unsteady
inertial force to steady airflow inertial force. +is similarity
parameter ensures that the velocity of each point in the flow
field is proportional to that of the correspondence between
the model and the real object, and the azimuth angles of
corresponding velocity vectors are equal, allowing the test
data to be directly applied to the real object.

K �
N D

V
, (5)

where N is the angular velocity of the rotation (rad/s), D is
the rotation diameter (m), D� L, and V is the wind velocity
(m/s). In the wind tunnel tests, the inflow wind speed was set
toV� 15m/s, and the magnitude of the reduced frequency is
varied by changing the angular velocity of rotation N. Tests
at reduced frequencies of K� 0.2, 0.24, and 0.4 were con-
ducted for the antenna, and its elevation angle was set to four
values in turn: α� 0°, 10°, 20°, and 30°.

3. Experimental Results and Discussion

3.1. :e Aerodynamic Coefficients of the Antenna Changes
with Respect to Elevation Angle at Different Reduction
Frequencies. When verifying the wind load stability of the
antenna under the azimuthal rotation, the peak and peak-to-
peak aerodynamic coefficients of the antenna are important
reference indicators for the design of the antenna leveling
system and wind resistance structure [13]. Figure 5 shows
the change of aerodynamic coefficient with respect to the
elevation angle at different reduced frequencies during a
rotation period. Cx has positive peaks near ß� 180° and 360°,
and negative peaks near ß� 90° and 270°. +e difference of
drag coefficient among different elevation angles mainly
occurs in the azimuth area corresponding to the maximum
windward area of the antenna, that is, near β� 0° and 180°,
where the flow separation on the antenna surface is serious
[17].

+e change of Cx relative elevation angle will be affected
by reduced frequency. As the reduced frequency increases,
the peak-to-peak value of Cx will increase significantly.
When K� 0.2, the positive peak of Cx decreases with an
increase in elevation angle, and the peak-to-peak values ofCx
are not significant among different elevation angles. When
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Figure 3: Schematic diagram of the dynamic force test platform, (α� 0°, ß� 0°). (a) Sectional view of test device. (b) Measurement and
control system.
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K� 0.24, the peak value of Cx first increases and then de-
creases with respect to the elevation angle, and the azimuth
angle corresponding to the peak value is advanced. When
K� 0.4, the difference of the peak-to-peak value of Cx among
different elevation angles increases significantly and is in-
versely proportional to the elevation angle. Besides, at the
reduced frequencies of 0.2, 0.24, and 0.4, the maximum value
of drag coefficient peak appears at elevation angles of 0°, 10°,
and 0°, respectively. When the antenna rotates in azimuth at
a largely reduced frequency, the sensitivity of peak and peak-
to-peak of Cx to the elevation angle will increase; on the
contrary, if the antenna is operated at a minor reduced
frequency, the sensitivity of peak and peak-to-peak of Cxwill
decrease with increasing elevation angle.

+e positive peaks ofCz appear near ß� 45° and 215°, and
the negative peak of Cz appears near ß� 135° and 315°.
Increasing the elevation angle will cause the peak advance or
lag of the azimuth angle corresponding to the peak value.
When K� 0.2, 0.24, and 0.4, the maximum value of lateral
coefficient peaks appears at elevation angles of 10°, 0°, and 0°,

respectively. Indeed, the change of Cz with azimuth is sig-
nificantly affected by elevation angle. Compared with α� 0°,
when α� 30°, the peak and peak-to-peak value of Cz decrease
significantly. When the elevation angle is large, the peak-to-
peak value of Cz is inversely proportional to the elevation
angle and the reduced frequency.

+e positive peaks of Cmy appear at ß� 135° and 315°,
and the negative peak of Cmy appears near ß� 45° and 215°.
Increasing the elevation angle will make the peak advance or
lag at the azimuth angle corresponding to the peak value.
+e maximum value of azimuth moment coefficient peaks
appeared at elevation angles of 10°, 0°, and 20°, respectively,
at K� 0.2, 0.24, and 0.4. In addition, when α� 30°, the peak-
to-peak value of Cmy is the smallest, and it is irrelevant to the
change of the reduced frequency. Note that the peak and
peak-to-peak values of the azimuth moment coefficient
decrease when α� 30°, and the peak-to-peak value is smaller
in a rotation period.

+e positive peaks of Cmz appear near ß� 90° and 270°,
and the negative peaks of Cmz appear near ß� 180° and 360°.
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Figure 4: Raw and filtered data for the electrical signal output from the balance (α� 0°, K� 0.4, t� 1 s). (a) ΔVx–t. (b) ΔVz–t. (c) ΔVmy–t.
(d) ΔVmz–t.
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Figure 5: In one rotation period, aerodynamic coefficient with respect to elevation angle and reduced frequency. α� 0–30°, Δ� 10°; (a)–(d):
K� 0.2, (e)–(h): K� 0.24, (i)–(l): K� 0.4.
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Figure 6: In one rotation period, mean, maximum, and root mean square values of the aerodynamic coefficients with respect to elevation
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Obviously, an increase in the elevation angle does not make the
azimuth angle corresponding to the peak advance or lag.When
K� 0.2, 0.24, and 0.4, the maximum value of pitching moment
peaks appears at the elevation angle of 10°, 10°, and 20°, re-
spectively. It is worth noting that the change of Cmz is slower
than that of azimuth angle at ß� 90° and 270°, and this phe-
nomenon becomes more evident with an increase in reduced
frequency, but it is not sensitive to the elevation angle.

Increasing the elevation angle does not necessarily reduce
the peak or peak-to-peak values of the aerodynamic coefficient,
and the effect of reduced frequency should also be considered. At
the same reduced frequency, the change of peak or peak-to-peak
values of aerodynamic coefficient compared with the elevation
angle does not showmonotonicity. In addition, the peak-to-peak
value of Cx, Cz, and Cmy is the smallest at α� 30° at different
reduced frequencies. +is indicates that a larger elevation angle
can reduce the peak-to-peak values of aerodynamic coefficients
to a certain extent compared with reduced frequencies.

3.2. Influence of Antenna Elevation Angle on the Mean,
Maximum, and Root Mean Square Value of Aerodynamic
Coefficients at Different Reduced Frequencies. +e mean,

maximum, and root mean square values of the aerodynamic
coefficient for the antenna are important design references
when designing the antenna pedestal. Figure 6 shows the
mean, maximum, and root mean square values of aerody-
namic coefficients with respect to the elevation angle in a
rotation period, where α� 0–30°, K� 0.2, 0.24, and 0.4 from
Figures 6(a), 6(e), and 6(i), when K� 0.24 and K� 0.4,
|Cx_mean|, |Cx|_max and Cx_rms have little change with respect
to the reduced frequency and elevation angle, but when
K� 0.2, they are affected by the elevation angle. When
K� 0.2, |Cx_mean|, |Cx|_max and Cx_rms value is generally
small. At different elevation angles, |Cx|_max and Cx_rms have
a minimum value when α� 30°, but the elevation angle
increases from 0° to 30°. |Cx_max| and Cx_rms do not show a
monotonic decreasing trend, especially K� 0.24, α� 10°.

From Figures 6(b), 6(f), and 6(j), |Cz_mean| changes
significantly with respect to elevation angle and reduced
frequency and increases with an increase in elevation angle
and reduced frequency; that is, |Cz_mean| is sensitive to the
change of reduced frequency and elevation angle. At the
same reduced frequency, as the elevation angle increases,
|Cz|_max and Cz_rms do not show significant fluctuations, but
compared with the reduced frequency, |Cz|_max and Cz_rms
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are less affected by the elevation angle. It should be noted
that when K� 0.42, |Cz_mean|, |Cz|_max and Cz_rms are least
affected by the elevation angle.

From Figures 6(c), 6(g), and 6(k), |Cmy_mean| is more
sensitive to the change of the reduced frequency and ele-
vation angle. When K� 0.4 and α� 10°, |Cmy_mean| is sig-
nificantly greater than the results at other elevation angles.
Moreover, |Cmy|_max and Cmy_rms also showed higher sen-
sitivity to the change of reduced frequency and elevation
angle. When K� 0.2 and α� 10°, |Cmy|_max and Cmy_rms
results are largest; when K� 0.24 and α� 0°, |Cmy|_max and
Cmy_rms results are the largest; when K� 0.4 and α� 20°,
|Cmy|_max and Cmy_rms have the largest results. At three
reduced frequencies, |Cmy|_max and Cmy_rms are both the
minimum when the elevation angle α� 30°.

From Figures 6(d), 6(h), and 6(l), during the antenna
rotation at K� 0.24, changing the elevation angle cannot
make |Cmz_mean|, |Cmz|_max and Cmz_rms decrease signifi-
cantly. In addition, the minimum values of |Cmz_mean|,
|Cmz|_max, and Cmz_rms all appear at α� 30°. Increasing the
elevation angle can reduce |Cmz_mean|, |Cmz|_max and Cmz_rms
to a certain extent, but it is not as significant as reduced
frequency.

In summary, as the same reduced frequency, the mean,
maximum, and root mean square values of the aerodynamic
coefficient at α� 0–30° do not show monotonicity compared
with elevation. When the elevation angle is large, the mean,
maximum, and root mean square value of the aerodynamic
coefficient can be reduced to a certain extent, especially
when α� 30°. It is not feasible for the azimuthal rotating
antenna to reduce the mean value of the aerodynamic co-
efficient by a lower elevation angle. In contrast, a higher
elevation angle can significantly reduce the maximum and
root mean square value of the aerodynamic coefficient.
+erefore, when obtaining the mean, maximum, and root
mean square values of the aerodynamic coefficients under
the azimuthal rotation of the antenna, the reduced frequency
and the influence of the elevation angle need to be
considered.

4. Verification of the Numerical
Simulation Results

+e unsteady numerical simulations obtain the unsteady
flow field, as the antenna rotates in azimuth. +e numerical
simulation calculation domain was established according to
the size of the wind tunnel test section, and the scale of the
numerical simulation model is consistent with the wind
tunnel test model. At the reduced frequency of K� 0.4, at
α� 0°, 10°, 20°, and 30°, the flow field around the antenna is
simulated when the antenna is rotated in azimuthal, and the
numerical simulation results of the antenna aerodynamic
coefficient are compared with the wind tunnel test results.
+e influence of elevation angle on the unsteady aerody-
namic characteristics of the antenna and the correlation
between unsteady flow and aerodynamic characteristics are
also investigated.

Figure 7 shows the boundary conditions of the com-
putational domain, and the results of grid generation in the

computational domain cover a static domain, refinement
domain, and rotational domain, from the outside to the
inside, respectively. +e static domain is divided by a
structured mesh, whereas the refinement domain and the
rotational domain are divided by an unstructured mesh. +e
surface of the antenna model is refined with an expansion-
layer grid, with a total of approximately 8 million grid cells.

+e shear-stress transport k-ω (SST k-ω) [18] turbulence
model was used to simulate the unsteady flow field. +e
boundary for the velocity inlet was set to 15m/s, the
boundary for the pressure outlet was adopted, and the
relative pressure was set to zero. Fixed-wall boundary
conditions were used at the top, bottom, and side of the
calculation domain. +e aerodynamic coefficients of the
antenna model in the wind-axis coordinate system were
calculated and output.

Figure 8 shows the changes in aerodynamic coefficient
wind tunnel test data and numerical simulation data with
respect to the azimuth angle when K� 0.4, α� 0°, 10°, 20°,
and 30°. +e changing trends of the two are in good
agreement, and the experimental result and the simulation
result are slightly different in individual positions. +e
reason for this difference is that turbulence is an irregular
flow of multiscale vortices. Compared with the direct nu-
merical simulation, the contribution of small-scale vortices
is absent in the simulation results after adding turbulence
model [13, 19]. Wang et al. [20] also pointed out, in their
research, that, for a flat plate with pitch motion, the local
separation of small-scale vortices has a certain influence on
the peak value of the aerodynamic coefficient. +erefore, the
numerical simulation data are not completely consistent
with the wind tunnel test data for the antenna in strong
turbulence.

Although the turbulence model cannot accurately re-
produce the vortex structure, especially the motion of dif-
ferent scale vortices, as the pressure distribution on the
surface of the flat plate is related to the spatial structure of the
large-scale vortex, and the small-scale vortices have little
effect on the aerodynamic characteristics of the model
[21, 22]. +is further shows that the use of numerical
simulation is feasible to analyze the correlation between the
flow field distribution around the antenna and the unsteady
aerodynamic characteristics. Indeed, Muggiasca et al. [13],
Scarabino et al. [23], andWu et al. [24] also reached a similar
conclusion in their study.

4.1. :e Wind Pressure Coefficient on the Antenna Surface
ChangeswithRespect to the ElevationAngle. In the structural
design of the antenna truss, the node position should be
reasonably arranged according to the force, so that the
position of the antenna surface with a more significant load
is at the node of the truss, and the local stress on the wall is
concentrated. In addition, in the finite element simulation
analysis of the antenna antioverturning bracket, the time
history curve of the wind pressure load on both sides of the
antenna array is needed as the wind pressure load curve used
in the finite element simulation. +e following discusses the
wind pressure coefficient changes at several antenna position
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points with respect to the azimuth angle. Figure 9 shows the
positions of the wind pressure coefficient monitoring points
distributed on the front and rear sides of the antenna. Six
monitoring points are arranged on the front and rear of the
antenna, respectively, where A is the front of the antenna,
and B is the back of the antenna. Figure 10 shows the wind
pressure coefficient variation at the monitoring point on the
antenna surface with respect to the elevation angle. As ß
increases from 0° to 360°, for the front of the antenna, the
wind pressure coefficient at monitoring points A1, A2, and
A3 first decreases rapidly and then increases rapidly relative
to the increase in azimuth angle, and the minimum value
appears near ß� 150°. For the rear of the antenna, the wind
pressure coefficient at B5, B6, and B7 first increases with
respect to the azimuth angle and then decreases rapidly, and
the minimum value appears near ß� 330°. With an increase
in the elevation angle, the positive peak values of wind
pressure coefficient at B3 and B6 around the lower edge of
the antenna decrease significantly, while the positive peak
values of wind pressure coefficient at B1, B2, B4, and B5

change little. +e negative peaks of the wind pressure co-
efficient at the monitoring points A2 and A5 in the middle of
the antenna gradually decrease, the negative peak values of
the wind pressure coefficient atA1 andA3 on the front of the
antenna gradually increase, and the negative peak values of
the wind pressure coefficients at A4 and A6 decrease. It
shows that as the elevation angle increases, the positive
pressure concentration area of the antenna is moving to the
upper edge.

When α� 0°, the wind pressure coefficients at moni-
toring points 1 and 3, as well as points 4 and 6, are highly
correlated with the change in azimuth angle. When ß� 150°,
the difference in wind pressure coefficients between the front
and rear side of monitoring points 1, 2, and 3 is the largest;
when ß� 330°, the difference of wind pressure coefficients
between the front and rear side of monitoring points 4, 5,
and 6 is the largest. When α� 10°, the wind pressure co-
efficient at monitoring point 1 and point 3 has similar
changes with respect to the azimuth angle. Due to the in-
crease in the elevation angle, the wind pressure coefficient at
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Figure 10: Wind pressure coefficient of the monitoring point on the antenna surface changes with respect to the elevation angle, α� 0–30°,
ß� 0–360°. (a) α� 0°. (b) α� 0°. (c) α� 10°. (d) α� 10°. (e) α� 20°. (f ) α� 20°. (g) α� 30°. (h) α� 30°.

–1.0

–0.5

0.0

0.5

1.0

y/
L

x/L
–11 0 –2 –3

(a)

–1.0

–0.5

0.0

0.5

1.0

y/
L

z/L
0.0–1.0 –0.5 0.5 1.0

(b)

–1.0

–0.5

0.0

0.5

1.0

z/
L

x/L
–11 0 –2 –3

(c)

Figure 11: Definition of three views of antenna. (a) Side view. (b) Rear view. (c) Top view.

12 International Journal of Antennas and Propagation



the front monitoring point fluctuates with respect to the
azimuth angle. Besides, when ß� 155°, the difference of wind
pressure coefficients between the front and rear side of

monitoring points 1, 2, and 3 is the largest, especially near
ß� 330°. +e difference in wind pressure coefficients on the
front and rear side of monitoring points 4, 5, and 6 reached
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the maximum. When α� 20–30°, the wind pressure coeffi-
cient of each monitoring point fluctuates with respect to the
azimuth, and the correlation of the wind pressure coefficient
at each monitoring point decreases. When ß� 160°, the
difference in wind pressure coefficients at monitoring points
1, 2, and 3 is the largest; when ß� 335°, the difference in wind
pressure coefficients at monitoring points 4, 5, and 6 is the
largest.

As the antenna rotates, increasing the elevation angle
will decrease the positive peaks of the wind pressure coef-
ficient around the lower edge of the back of the antenna and
reduce the negative pressure value of the monitoring point
around the middle of the front of the antenna. When α� 0°
and ß� 0°, the wind pressure coefficients for A1–A3 are
almost the same. As the elevation angle increases, the wind
pressure coefficient for A1 at ß� 0° decreases significantly.
Note that the wind pressure coefficient at B1–B6 on the back
of the antenna is more sensitive to the change of elevation
angle. With an increase in the elevation angle, the azimuth
angle, at which the maximum difference between the wind
pressure coefficients at the front and rear of the antenna
corresponding to the monitoring point appears, is almost
unchanged, that is, ß� 155°. Although the mean, maximum,
root mean square value of aerodynamic coefficient may
increase with an increase in the antenna elevation angle, it
can significantly reduce the wind pressure coefficient around
the middle of the front of the antenna and the lower edge of
the back, as shown in curves B3 and B6 in Figure 10.

4.2. :e Vortex Core Trajectory around the Antenna Changes
with Respect to the Elevation Angle. +e wind pressure co-
efficient depends on the separation position of the airflow
separation and vortex shedding.+e existence of both affects
the symmetrical distribution of the pressure coefficient. +e
position of severe vortex impact will lead to the failure of
antenna structure due to fatigue load; for the antenna with
azimuthal rotation, the surface pressure distribution is
greatly affected by the vortex core distribution [22, 25, 26].
+e pressure at the vortex core is negative, and the pressure
on the antenna surface is proportional to the distance of the
vortex core. +e smaller the distance, the lower the pressure
value. To further investigate the mechanism of the influence
of unsteady flow on the pressure distribution on the antenna
surface at different elevation angles, Figure 11 shows the
position of the antenna in three views when α� 0° and ß� 0°,
respectively. When α� 10°, 20°, and 30°, the antenna position
does not change, but the elevation angle changes. Figure 12
shows the vortex core trajectory distribution with respect to
the elevation angle change in the three views.

From the side view, when the elevation angle of the
antenna increases, the two vortex core trajectories generated
by the vortex shedding from the upper and lower edges are
moving in the positive direction of the y-axis, and the
distance between the vortex core trajectories is reduced, and
the vortex core trajectory drawn from the upper edge is
further than the antenna surface distance. In addition, with
an increase in elevation angle, the track of the vortex core
around the antenna becomes short and discontinuous.

From the rear view, the vortex core distribution around
the left and right edges of the antenna is asymmetric, and the
distribution of the vortex core trajectory in the negative
direction of the z-axis is short and denser than the other side.
As the elevation angle increases, the asymmetry of the left
and right vortex core distribution decreases, and the
asymmetry of the vortex core distribution on the upper and
lower sides increases.

From the top view, when α� 0°, the upper and lower edge
shedding vortices propagate downstream simultaneously,
and the vortex core trajectory around the antenna is con-
tinuous and concentrated. After the elevation angle in-
creases, the vortex core trajectories become short and
dispersed, while the upper edge vortex sheds early and starts
to propagate rapidly downstream, and the distance between
them in the x-axis increases.

Figure 12 shows that when α� 0°, the vortex core tra-
jectory is mainly distributed in the rear side of the antenna,
and the distance between the shedding vortices generated at
the upper and lower edges and the antenna surface is the
same. Compared with other elevation angles, the drag co-
efficient is the largest, as shown in Figure 5(i). When α� 10°,
most of the vortex core is in the z-axis forward region, but
there is a certain distance from the antenna surface, which
has little effect on the pressure distribution on the antenna
surface. +e vortex core located in the negative region of the
z-axis is continuous and close to the antenna surface, while
the vortex core trajectories at other elevation angles are far
away from the antenna, scattered, and discontinuous. When
ß� 0°, the lateral force coefficient is the smallest among all
elevation angles, and the azimuth moment coefficient is the
largest among all elevation angles, as shown in Figure 5(g).
When α� 20°, the shedding vortices at the upper and lower
edges of the antenna move towards the negative direction of
the x-axis and the positive direction of the y-axis, and the
vortex cores are continuous and primarily distributed in the
positive direction of the y-axis. In addition, the edge
shedding vortices at the upper and lower edges are closer to
the antenna surface than that at α� 0°. +e pitching moment
coefficient for the antenna at α� 20° and ß� 0° is the largest
among all elevation angles, as shown in Figure 5(l). When
α� 30°, the vortex core trajectories distributed directly be-
hind the antenna are mostly scattered and discontinuous.
+e vortex core trajectories generated by the upper edge are
significantly farther from the antenna surface than other
elevation angles, and the vortex core has less influence on the
pressure distribution on the antenna surface. +erefore, the
pitching moment coefficient for the antenna at β� 0° is the
smallest, as shown in Figure 5(l).

5. Conclusions

Based on dynamic force testing in a wind tunnel, a flat plate
antenna was tested at a range of elevation angles and reduced
frequencies. Four elevation angles (α� 0°, 10°, 20°, 30°) of the
antenna at three reduced frequencies (K� 0.2, 0.24, 0.4) were
selected for comparison. +e variation curves of the aero-
dynamic coefficients with respect to the azimuth angle under
the influence of elevation angle and reduced frequency in a
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rotation period were given, focusing on the mean, maxi-
mum, and root mean square value of the aerodynamic
coefficients with respect to elevation angle and reduced
frequency. A comparison of the numerical simulation results
for the aerodynamic coefficients at different antenna ele-
vation angles shows that the two sets of results are in good
agreement, indicating the possibility of using numerical
simulations to obtain the unsteady aerodynamic charac-
teristics of the antenna, and the influence mechanism,
whereby the unsteady flow field structure on the aerody-
namic characteristics of the antenna is also briefly intro-
duced. +e conclusions are as follows.

When the antenna rotates at the same reduced fre-
quency, the changes in the peak or peak-to-peak values of
the aerodynamic coefficients relative to the elevation angle
are not monotonic; that is, increasing the elevation angle
does not necessarily reduce the aerodynamic coefficient peak
of the peak-to-peak value. +e mean, maximum, and root
mean square values of the aerodynamic coefficients increase
monotonically with respect to the elevation angle. At dif-
ferent reduced frequencies, the peak-to-peak values of Cx,
Cz, and Cmy are the smallest at α� 30°, which shows that,
compared to the reduced frequency, a large elevation angle
can reduce the peak-to-peak value of the aerodynamic co-
efficient to a certain extent.

+erefore, the aerodynamic coefficient is affected by the
elevation angle and the reduced frequency. Note that, in the
range of α� 0–30°, when the elevation angle is large, the
mean, maximum, and root mean square value of the
aerodynamic coefficients are significantly reduced relative to
the increase in elevation angle. +erefore, when the antenna
elevation adjustment range is allowed, the antenna should be
prevented from rotating under a slight elevation angle to
avoid large fluctuations in wind load and ensure the wind
resistance performance of the antenna.

As the elevation angle increases, there is almost no
change in the position of the greatest difference in wind
pressure coefficients between the front and rear of the an-
tenna corresponding to the monitoring point, that is, near
ß� 155°. In a small range of antenna elevation angles, it is
possible to increase the mean, maximum, and root mean
square values of the aerodynamic coefficients by increasing
the elevation angle, but this significantly reduces the wind
pressure coefficient around the middle of the front and the
lower edge of the back of the antenna. +is is because as the
elevation angle of the antenna increases, the asymmetry of
the left and right distribution of the vortex core near the
antenna weakens, while the asymmetry of the vertical dis-
tribution increases.
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