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To study the effects of aerodynamic loads on the aerodynamic characteristics of stationary and azimuthally rotating antennas,
wind tunnel force tests are conducted using solid and porous plate antennas. +e variation of aerodynamic coefficient with
azimuth angle is obtained when the antenna is stationary and azimuthal rotation, and the results are compared with those from
numerical simulations. +e variation in the aerodynamic coefficients with respect to the azimuth angle is found to be sinusoidal
for both the solid and porous plate antennas rotating in azimuth. Compared with the antenna stationary, quantitative analysis
indicates that the rotational motion increases the maximum value and root mean square of the aerodynamic coefficient. For solid
plate antenna, |Cx|_max, |Cmy|_max, and |Cmz|_max increase by 41.6%, 15.0%, and 47.3%, respectively; Cx_rms, Cmy_rms, and Cmz_rms
increase by 19.0%, 20.0%, and 19.1%, respectively. For porous plate antenna, |Cx|_max, |Cmy|_max, and |Cmz|_max increase by 30.6%,
71.4%, and 40.9%, respectively; Cx_rms, Cmy_rms, and Cmz_rms increase by 22.9%, 50%, and 20%, respectively. +e wind tunnel tests
verify the feasibility of using numerical simulations to obtain the flow field results. By analyzing the surface pressure coefficient
and vortex core track distribution, the effects of azimuthal rotation on the aerodynamic characteristics of the antenna are
further clarified.

1. Introduction

+e aerodynamic load of large-scale rotating radar antennas
is constantly changing. +us, it is necessary to consider not
only the aerodynamic characteristics of the antenna at rest
but also the aerodynamic characteristics of rotating radar
antennas in terms of the rigidity and strength of the antenna
structure and the servo system [1]. For this purpose, the
dynamic wind loadmust be considered in the design of radar
antennas [2–4]. In the past, researchers have mainly focused
on the aerodynamic characteristics of the antenna when it is
stationary [5–7]. Lombardi [2] and Blaylock et al. [6] ob-
tained the surface pressure distribution of parabolic an-
tennas through wind tunnel pressure tests and studied the
effects of the porosity rate, focal diameter ratio, ground
clearance, rotation center, support structure, and other
factors on the surface pressure distribution of the antennas.

Wyatt [8] and Mart́ın et al. [9] used wind tunnel static force
tests to study the aerodynamic characteristics of radar an-
tennas with different porosity rates and ground clearances.

+e difference in the aerodynamic characteristics of
radar antennas under static and rotating conditions mainly
depends on the antenna type and the rotation parameters
[10]. Lombardi [3] studied the aerodynamic characteristics
of a shipborne radar antenna during azimuthal rotation.
Significant differences were found between the drag, lift, and
azimuth moment coefficient when the antenna is stationary
and the drag, lift, and azimuth moment coefficient when the
antenna is rotating azimuthally. +e limitations of the
semiempirical formula for converting static aerodynamic
data into dynamic aerodynamic data have been verified,
illustrating the importance of wind tunnel dynamic force
tests in studying of aerodynamic characteristics of radar
antenna rotating in the azimuth [10].
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In studies on the aerodynamic characteristics of radar
antennas, numerical simulations can provide more flow field
details than wind tunnel tests [11]. Du and Du [12] studied
the wind pressure distribution on the radar antenna surface
in the atmospheric boundary layer using a time history
method to calculate the wind load on the antenna surface in
the atmospheric boundary layer. +rough numerical sim-
ulations of the surface wind pressure distribution of a phased
radar antenna array, the effect of the atmospheric boundary
flow conditions on the radar antenna surface wind pressure
distribution was analyzed, and the model blocking rate and
wind tunnel wall interference on the rectangular antenna
revealed the effect of using numerically simulated aerody-
namic coefficients. Besides, the numerical results were found
to be in good agreement with wind tunnel test results [13].

Research on the aerodynamic characteristics of radar
antennas using numerical simulations not only considers the
surface pressure and aerodynamic coefficient. As the radar
antenna rotates, the resulting vortex structure affects the
aerodynamic characteristics of the antenna. Gumusel et al.
[14] and Camci and Gumusel [15] used numerical simu-
lations to determine the flow field distribution of an antenna.
+e fluid-structure interaction between the antenna and its
shedding vortices was found to be the main reason for
antenna noise and vibration. Most existing radar antennas
have a mostly blunt body. +e unsteady aerodynamic
characteristics of bluff body models in pitch or azimuthal
rotation have been studied by Yu et al. [16] and Wu et al.
[17], who successfully captured the vortex structure of a plate
in pitching motion using numerical methods. +eir results
show that the difference between the aerodynamic charac-
teristics when the antenna is stationary and the aerodynamic
characteristics when the antenna is rotating may be caused
by significant differences in the shedding vortex structures.
Hargreaves et al. [18] and Gu et al. [19] studied the rotation
of the plate model around a fixed axis and found that the
surface pressure distribution and the vortex structure
around the plate change periodically.

In general, there are several problems to be solved re-
garding the aerodynamic characteristics of radar antennas in
azimuthal rotation. In terms of wind tunnel tests, the lim-
itations of the related dynamic force measurement test
conditions mean that existing research contents focus on the
aerodynamic characteristics of the antenna at rest, while the
aerodynamic characteristics of antenna rotation have rarely
been studied. Without knowing the difference between
them, it is impossible to design a reasonable and effective
antenna servo system or to investigate the wind resistance
performance. Regarding numerical simulations, the shape,
boundary conditions, and material properties need to be
simplified, which will have a certain impact on the simu-
lation results. Additionally, the existing numerical simula-
tion results for radar antennas in azimuthal rotation lack the
support of wind tunnel test data. As the semiempirical
formula only applies to specific antenna shapes, it has sig-
nificant limitations in practical engineering applications,
and its accuracy needs to be verified by wind tunnel tests.

In this study, the aerodynamic characteristics of solid
and porous plate antennas are obtained using a wind tunnel

dynamic force test platform, and the quantitative differences
of aerodynamic characteristics between the stationary and
azimuthal rotation of antenna are analyzed.+e variations in
the antenna aerodynamic coefficients with azimuth angle are
thus obtained. By comparing the wind tunnel test results
with those from numerical simulations, the feasibility of
using numerical methods to analyze the structure distri-
bution of the surrounding pressure field and vorticity field
when the antenna is stationary and rotating is verified.
Comparing the differences in the flow fields then reveals the
effect of the rotation on the aerodynamic characteristics of
antennas.

2. Experimental Methods

2.1. Wind Tunnel and Test Model. Experiments were carried
out in the NH-2 wind tunnel at the Laboratory of Aero-
dynamics at Nanjing University of Aeronautics and As-
tronautics. +e NH-2 wind tunnel is a closed-circuit, low-
speed wind tunnel with a test section measuring 3m
(width)× 2.5m (height)× 6m (length). +e wind tunnel has
a 2.89 :1 contraction ratio, a flow velocity range of 0–93m/s,
and a turbulence intensity range of 0.10–0.14%.

+e radar antenna model for the test has three parts: a
plate antenna, rod, and elevation angle adjustment mech-
anism. Since the solid type and porous type are the two most
commonly used plate antennas that can rotate in azimuth,
two types of plate antenna models are considered in this
study: a solid plate and a porous plate. +e antenna models
are shown in Figures 1(a) and 1(b), the definitions are shown
in Figure 1(c), and the detailed parameters are presented in
Table 1. As the maximum blockage rate of the model is less
than 2.5%, according to Blaylock et al. [6], no blockage
correction has been made.

2.2. Apparatus and Testing Procedure. +e radar antenna is
mounted on a six-component box strain balance, which is
connected to the base below the wind tunnel test section by a
DD motor, as indicated in Figure 2(a). Using amplifiers and
a PCI-1742U high-resolution multifunction data acquisition
card, the aerodynamic loads can be measured at frequencies
up to 1MHz. A PCI-1245 motion control card and a high-
resolution incremental encoder are used to achieve precise
adjustment of the azimuth angle and the rotation speed of
the DD motor. +e model motion control and data ac-
quisition system are shown in Figure 2(b).

+e strain-gage balance provides six-component force
data, which are converted into the load signal using the
balance formula in the AIAA strain-gage standard [20].
Zero-point reference sets are obtained when there is no wind
at each data point, and these are used to subtract gravity
effects and the inertia force from the wind aerodynamic load
of the model.

In the wind tunnel static force test, the sampling aero-
dynamic load is collected at a sampling frequency of 1 kHz
over a sample collection time of 4 s. +e data are then av-
eraged to give the mean aerodynamic force. +e test is
carried out in a uniform flow of 25m/s for the porous plate
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and 28m/s for the solid plate. +e radar antennas are tested
at azimuth angles ranging from 0 to 180° in intervals of 5°.

To study the effects of radar antenna rotation on the
aerodynamic characteristics, dynamic test data are also
measured. +e dynamic wind moment is related to the
dimensionless parameter of reduced frequency K�ND/V,
where N is the rotational angular velocity, D is the antenna
rotation diameter, and V is the flow velocity [10]. +e wind
tunnel test is carried out in uniform flows of 25m/s for the
porous plate and 28m/s for the solid plate, giving values of
K� 0.34 and K� 0.11, respectively. In this study, the ele-
vation angle remains constant while the radar antenna is
rotating. When the model reaches the set speed and rotates
stably, an optoelectronic switch installed at an azimuth angle
of 0° sends a signal to trigger the acquisition program to start
collecting data at 1 kHz for 6 s. To ensure the accuracy of the
wind tunnel test results, monitor the speed during the wind

tunnel test, wait for the antenna model to rotate stably at the
set rotation speed, and then collect the aerodynamic coef-
ficients for multiple rotation cycles and the aerodynamic
coefficient values are displayed over time stable and peri-
odically changing test results.

+e output signal of the balance is mixed with vibration
noise in the system. +e raw data are filtered using a 4th-
order Butterworth low-pass filter, and the cut-off frequency
is set to 5Hz [21]. +e use of a low-pass filter for dynamic
data filtering creates a time delay, which will lead to a phase
lag in the aerodynamic values. +erefore, zero-phase fil-
tering technology is used to eliminate the phase lag in the
system [22]. Figure 3 shows a short segment of the electric
signal output by the balance for the raw and filtered test data
from the solid plate antenna.

+e reference system uses the wind axis system, as shown
in Figure 4. +e spatial reference system is defined by X, Y,

(a) (b)

W

C

L

W


(c)

Figure 1: Radar antenna model in wind tunnel test section. (a) Solid plate; (b) porous plate; (c) definition of models.

Table 1: Test model details.

Antenna type L×W×C Elevation angle (°) Porosity rate (%) Blocking rate (%)
Solid plate 25C× 10C× 1C 0 0 <2.5
Porous plate 32C× 12C× 1C 0 38 <2.5

Rod

DD motor

Elevation angle 
adjustment mechanism 

Base

Plate antenna

Balance

Optoelectronic
switch

(a)

DC power

PC+Data acquistion card

Low-pass filter ampliter

PC+Motion control card

Servo driver
DC power

(b)

Figure 2: Wind tunnel dynamic force measurement test platform. (a) Overall driving and model connection method; (b) motion control
and data acquisition system.
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and Z. +e X direction is opposite to the wind direction, Y is
vertical to the horizontal plane (positive upward), and Z is
vertical to the XOY plane; the reference system follows the
right-hand rule, where the drag is opposite to the positive X
direction.

In designing a radar antenna servo system that has
sufficient structural rigidity, there are five significant aero-
dynamic forces and moments: drag (Fx), lateral force (Fz),
rolling moment (Mx), azimuth moment (My), and pitching
moment (Mz). +e force and moment data of the radar
antenna are expressed in dimensionless form using a drag
coefficient Cx � Fx/(0.5× ρ×V2×S), lateral force coefficient
Cz � Fz/(0.5× ρ×V2 × S), rolling moment coefficient
Cmx �Mx/(0.5× ρ×V2 × S× L), azimuth moment coefficient
Cmy �My/(0.5× ρ×V2 × S× L), and pitching moment coef-
ficient Cmz �Mz/(0.5× ρ×V2 × S× L), where S� L×W is the

area of the plate, L and W are the length and width of the
plate, ρ is the density of the air, and V is the flow velocity.

3. Numerical Simulation Approach

Computational fluid dynamics (CFD) software is used to
simulate the antenna flow field distribution. Numerical
simulations are carried out for the solid plate antenna and
the porous plate antenna.

3.1. Numerical Method. +e continuity equation and mo-
mentum equations are

zu

zx
+ ∇ · (ρμ) � 0, (1)

z

zxj

ρuiuj  � −
zp

zxi

+
z

zxj

μ
zui

zxj

− τij  + Si, (2)

where ρ is the density; p is the static pressure; τij is the
Reynolds stress tensor; ui and uj are the velocity components
in the xi and xj directions, respectively; μ is the dynamic
viscosity coefficient; Si contains other related source terms of
the model, such as porous medium and user-defined source
terms.

+e shear-stress transport k-ω turbulence model is used
in numerical simulations [23]. +e characteristic of the SST
k−ω model is that the standard k-ω model is used in the
boundary layer near the wall, k−ω is used at the edge of the
boundary layer and the free shear layer, and a mixed
function is used to transition between them. +e coefficients
are superimposed and written in k−ω form. In the model
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Figure 3: Raw and filtered voltage data of the balance output as a function of time (the zero-point reference set has been deducted).
(a) ΔVx–t. (b) ΔVmy–t.
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Figure 4: Reference system of strain balance (wind axis system).
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equation expression, the turbulent kinetic energy equation is
as follows:

z

zt
(ρk) +

z

zxi

ρkui(  �
z

zxj

Γk
zk

zxj

  + Gk − Yk + Sk. (3)

+e dissipation rate equation is

z
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(ρω) +

z

zxi

ρωui(  �
z
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Γω
zω
zxj

  + Gω − Yω + Dω + Sω.

(4)

3.2. Boundary Conditions. +e computational domain and
antenna model are established on a 1 :1 scale with respect to
the wind tunnel test section and the antenna test model size.
+e antenna model is positioned in the middle of the
computational domain, 150°C from both the entrance and
exit, and the blockage rate of the model is less than 2%.
Simulations are performed with a uniform inflow (28m/s for
solid plate antenna; 25m/s for porous plate antenna) cor-
responding to the flow velocity in the wind tunnel tests. As
shown in Figure 5(a), the computational domain is divided
into a stationary domain and a rotation domain. A refine-
ment domain is added to the stationary domain around the
antenna. +e rotation domain is used to realize the azi-
muthal rotation of the antenna. Data transmission between
different computing domains is realized by a sliding mesh
dynamic-static interface. +e computational domain is di-
vided into unstructured meshes, and the cells near the
antenna model are refined. +e maximum mesh size of the
stationary domain, refinement, and rotating domain is
80mm, 20mm, and 10mm; the minimum mesh size of the
stationary domain, refinement, and rotating domain is de-
fault, 2mm, and 1mm. +rough a mesh-independence
verification, the total number of cells is determined on the
premise of ensuring the accuracy of the numerical simu-
lations and the integrity of the flow field characteristics. As
an example to verify the mesh independence, the results for
the solid plate antenna are presented in Table 2. Based on
these methods, the number of grids of solid and porous plate
antennas is about 8 million and 10 million, respectively. In
addition, the inlet boundary adopts the velocity inlet con-
dition; the outlet boundary adopts the pressure outlet
condition with a relative pressure of 0 Pa; the nonslip
condition is applied at the other boundaries, as shown in
Figure 5(b). +e SIMPLE algorithm is adopted for the
pressure-velocity coupling. +e first-order implicit scheme
for the unsteady time derivative term is applied. +e stan-
dard wall function is used in numerical simulation.

+e numerical simulations are divided into two parts:
steady numerical simulations and unsteady numerical
simulations. In the steady numerical simulations, the an-
tenna azimuth angle β� 0–180° and Δ� 10° (total 19 posi-
tions), and the iteration number in each simulation is 3000.
In the unsteady numerical simulations, when the reduced
frequency K� 0.11, the calculation time step is 0.002778 s;
when the reduced frequency K� 0.34, the calculation time
step is 0.001389 s; the corresponding azimuth angle is 1°. To

ensure the accuracy of the CFD results, during the numerical
simulation, monitor the residual value and the aerodynamic
coefficient value. For steady simulations, observe whether
the velocity residual value is below 10−4 and the aerodynamic
coefficient remains stable; for unsteady simulations, observe
the change of the aerodynamic coefficient value with the
calculation step. When it shows a stable periodic change,
continue to calculate multiple rotation cycles to obtain the
CFD result with a stable periodic change of the aerodynamic
coefficient with respect to time. +e aerodynamic coefficient
components decomposed by the model in the wind axis
system, that is, Cx, Cz, Cmx, Cmy, and Cmz, are monitored and
recorded. As the antennamodel is symmetric about the XOY
plane, the mean, maximum, and root mean square (RMS)
values of the steady aerodynamic coefficients of the antenna
are the same in the ranges β� 0–180° and β� 180–360°
without considering the direction of the force and moment.

4. Results and Discussion

4.1. Effects ofRotationMotiononAerodynamicCharacteristics
of Solid Plate Antenna

4.1.1. Aerodynamic Coefficient of Solid Plate Antenna at Rest.
Figure 6 shows the wind tunnel test results and numerical
simulation results of aerodynamic coefficient with respect to
the azimuth angle when the antenna is at rest. It can be seen
that the numerical simulation results are in relatively good
agreement with the wind tunnel test results. Without con-
sidering the aerodynamic force and moment direction, the
simulation results of the aerodynamic coefficients for
β� 0–90° and β� 90–180° are symmetric about the position
β� 90°.+e test results show that the positive peaks ofCx and
Cmz appear near β� 0° and 180° and the negative peaks
appear at β� 90°. +e simulation results have positive peaks
of Cx and Cmz near β� 40° and 135°, which indicates that the
numerical simulation method underestimates the size of Cx
and Cmz when the antenna is located at the maximum
windward position (β� 0° and 180°).

4.1.2. Aerodynamic Coefficient of Solid Plate Antenna during
Azimuthal Rotation. Under the effect of wind loading, ac-
curate acquisition of the maximum and RMS value of the
antenna aerodynamic coefficient is particularly important
for antenna servo system design and to ensure structural
stiffness and strength. Larger peak values of the aerodynamic
coefficients will place higher requirements on the ability of
the servo system to resist variable loads, and the volume and
weight of the servo motor will increase accordingly. +ese
parameters ultimately determine the reliability and energy
consumption of the equipment [12].

Figure 7 shows the wind tunnel test results and nu-
merical simulation results of aerodynamic coefficient with
respect to the azimuth angle when the antenna rotates in
azimuth. As shown in the figure, the test results with respect
to the azimuth angle are in good agreement with the sim-
ulation results. Cx and Cmy do not attain the maximum
values at the maximumwindward region of the antenna, and
Cz, Cmx, and Cmy are not equal to zero. Note that, except for
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Cmy, the peak values of the aerodynamic coefficients are
overestimated by the numerical method, whereas the RMS
values of the aerodynamic coefficients are underestimated.
With the exception of the RMS of Cx, the simulation results
for the aerodynamic coefficient RMS values are slightly
smaller than the test results.

+ere are some differences in the peak values given by
the numerical simulations and the wind tunnel tests. +is is
because the turbulence model cannot accurately express the
pressure of vortices and only provides the statistical char-
acteristics of this quantity [18].

4.1.3. Comparison of Aerodynamic Coefficients between
Stationary and Azimuthal Rotation of Solid Plate Antenna.
Figure 8 shows the wind tunnel test results of the aerody-
namic coefficients when the antenna is stationary and the
azimuthal rotation in the range of β� 0–360°. It can be noted
from this figure that the aerodynamic coefficients of the
antenna in azimuthal rotation are continuous and smooth
with respect to the azimuth angle; similar phenomena were
reported by Lombardi [3].

Table 3 gives the wind tunnel test results for the mean,
maximum, and RMS values of the aerodynamic coefficients
of solid plate antennas at rest and when rotating. Quanti-
tative analysis indicates that the mean, maximum, and RMS
values increase when rotating compared with when the
antenna is at rest. |Cx_mean|, |Cmy_mean|, and |Cmz_mean|
increase by 12.4%, 500%, and 13.3%, respectively; |Cx|_max,
|Cmy|_max, and |Cmz|_max increase by 41.6%, 15.0%, and

47.3%, respectively; Cx_rms, Cmy_rms, and Cmz_rms in-
crease by 19.0%, 20.0%, and 19.1%, respectively. +erefore,
changing from a static antenna to azimuthal rotation places a
greater wind load on the whole structure. Moreover, the
radar antenna is subject to a periodic alternating load for a
long time, which will reduce the service life of the servo
motor and increase the shutdown rate of the radar antenna.

When the antenna is stationary, the aerodynamic co-
efficients Cx and Cmz have positive peaks at β� 180° and
negative peaks at β� 90°; Cz and Cmx have positive peaks at
β� 45° and negative peaks at β� 135°, and the opposite is
true for Cmy. However, the rotation motion will lead to some
advance or lag in the azimuthal position corresponding to
the peak aerodynamic coefficient of the solid plate antenna.
+erefore, the effect of the aerodynamic load on the aero-
dynamic characteristics of radar antennas with azimuthal
rotation cannot be ignored. Otherwise, it would be very
difficult to design a lightweight antenna servo system and
transmission mechanism under the premise of ensuring
stability, flexibility, safety, reliability, and a long service life
[24].

4.1.4. Extraction of Surface Pressure Coefficient of Solid Plate
Antenna. As the size and range of application of radar
antennas increase, the vibrations caused by wind loading as
the antenna rotates have an increasingly prominent effect on
their stability and electrical performance. For a rotating
radar antenna, the wind load changes periodically, which
will lead to periodic vibrations of the antenna and periodic
changes in the aerodynamic coefficients. Jin and Xu [25]
reported that, under wind loading, the antenna moment
mainly comes from the pressure rather than the shear stress
and is caused by the negative pressure region formed by the
shedding vortex on the leeward side, which results in uneven
stress on the antenna. +erefore, it is necessary to predict
and analyze the wind pressure distribution on the antenna
surface.

In Figure 9, A and B represent the front and back of the
solid plate antenna, respectively. Six monitoring points are
arranged near the edges of both sides of each surface, giving
a total of 12monitoring points.+ese can be used tomeasure
the changes in the antenna surface pressure coefficient with

150C
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125C

150C 

Stationary 
domain

Rotation 
domain

Refinement 
domain

(a)

No-slip wall

Pressure 
outlet

Y

Z
X

Velocity 
inlet

(b)

Figure 5: Computational domain and mesh division. (a) Computational domain; (b) mesh division around the model.

Table 2: CFD mesh-independence verification for V� 28m/s with
K� 0.11. Data in parentheses are the percentage differences in
aerodynamic coefficient values between the current number and
the finest mesh number (solid plate antenna).

Mesh number 16 million 8 million 4 million
Cx 2.33 2.34 (0.4%) 2.33 (0%)
Cz −1.24 −1.23 (0.8%) −1.25 (−0.8%)
Cmx −0.87 −0.87 (0%) −0.87 (0%)
Cmy 0.11 0.11 (0%) 0.10 (−9%)
Cmz 1.53 1.54 (0.7%) 1.54 (0.7%)
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Figure 6: Wind tunnel test results and numerical simulation results of aerodynamic coefficient with respect to the azimuth angle when the
antenna is at rest (solid plate, β� 0–180°). (a) Cx − β, (b) Cz − β, (c) Cmx − β, (d) Cmy − β, and (e) Cmz − β.
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Figure 7: Wind tunnel test results and numerical simulation results of aerodynamic coefficient with respect to azimuth angle when the
antenna rotates in azimuth (solid plate, K� 0.11). (a) Cx − β, (b) Cz − β, (c) Cmx − β, (d) Cmy − β, and (e) Cmz − β.
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Figure 8: Wind tunnel test results and numerical simulation results of aerodynamic coefficients with respect to the azimuth angle when the
antenna is stationary and azimuthal rotation (solid plate), (a) Cx − β, (b) Cz − β, (c) Cmx − β, (d) Cmy − β, and (e) Cmz − β.
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azimuth angle. +e pressure results at each monitoring
point, as obtained from numerical simulations, are given in
the dimensionless form, and the pressure coefficient (Cp) of
each monitoring point is calculated by
Cp � (pi − pr)/0.5ρV2, where pi is the pressure measured at
monitoring point i, pr is the pressure of the free flow, ρ is the
air density, and V is the flow velocity.

Figure 10 shows the variation of the pressure coefficients
with azimuth angle at each monitoring point when the solid
plate antenna is stationary. It can be seen that the pressure
coefficient at each monitoring point changes irregularly with
the azimuth. +e degree of fluctuation in the pressure co-
efficient at each monitoring point on the antenna surface is
almost the same. Besides, the existence of the antenna rod
leads to the pressure distribution at themonitoring points on
both sides of the front of the antenna, which is more uniform
than that on the back of the antenna, as shown in Figure 11.

Figure 12 shows the variation of the pressure coefficient
at eachmonitoring point on the antenna surface with respect
to the azimuth angle. When the monitoring point is located
on the windward side, the pressure coefficient is positive,
and the positive pressure value at monitoring point 2 is
higher than those at monitoring points 1 and 3 near the
upper and lower edges. When the monitoring point is

located on the leeward side, the pressure coefficient is
negative, and the negative pressure value at monitoring
point 2 is lower than those of monitoring points 1 and 3 near
the upper and lower edges. For β� 83–265°, the pressure
coefficients at monitoring points B1, B2, and B3 are greater
than those at monitoring points A1, A2, and A3. For
β� 90–270°, the pressure coefficients at monitoring points
B4, B5, and B6 are greater than those at monitoring points
A4, A5, and A6. Different from the variation in the aero-
dynamic coefficient with azimuth angle, the variation in the
pressure coefficients does not exhibit symmetry over one
rotation period, which explains why the two positive peak
values (negative peak values) are different in the variation of
the moment coefficient with azimuth angle during antenna
rotation. +e pressure coefficients at the front and back
monitoring points have obvious differences depending on
the azimuth angle.

Figure 13 shows the vorticity nephogram and pressure
isosurface nephogram, the black solid line indicates that the
pressure value is positive, the black dotted line indicates that
the pressure value is negative, and color cloud images
represent vorticity. It can be seen from the figure that the
pressure values in the vorticity intensive area are negative,
and the location of the negative pressure area is greatly

Table 3: +e mean, maximum, and RMS values of aerodynamic coefficients for the solid plate antenna when the antenna is stationary and
azimuthal rotation (the direction is not included in these results).

Solid plate Exp.
Mean Maximum RMS

Stationary

Cx 0.89 1.37 1.00
Cz 0.02 1.01 0.64
Cmx 0.00 0.73 0.45
Cmy 0.01 0.20 0.10
Cmz 0.60 0.93 0.68

Azimuthal rotation

Cx 1.00 1.94 1.19
Cz 0.06 1.12 0.67
Cmx 0.09 0.77 0.47
Cmy 0.06 0.23 0.12
Cmz 0.68 1.37 0.81
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Figure 9: Schematic diagram of pressure monitoring points on the surface of a solid plate antenna (red region represents the windward side
of the antenna, blue region represents the leeward side of the antenna, and rotation is counterclockwise).
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affected by the location of the vorticity intensive area. In
addition, shedding vortices are formed on both sides of the
antenna and propagate downstream. +e area where the
shedding vortices are generated is dark red. +e results show
that the vortices in the flow field around the antenna do not
become completely mixed as the antenna rotates, which re-
sults in an uneven pressure distribution on the front and back
of the antenna. Over one rotation period, the positive peak
pressure coefficients of each monitoring point on the
windward side are almost the same, whereas the negative peak
pressure coefficients of each monitoring point on the leeward
side are slightly different. +is indicates that the shedding
vortex generated by the antenna edge has little influence on
the pressure distribution of the windward side but has a
greater impact on the leeward side pressure distribution.

It can be seen from Figure 8(d) that when the antenna is
stationary at β� 90° and 270°, its azimuthmoment coefficient
is zero; when the antenna rotates, the aerodynamic coeffi-
cient is positive at β� 90° and negative at β� 270°. Figure 10
shows that when β� 90°, the pressure coefficients of points
A1 and B1, points A2 and B2, and points A3 and B3 are
negative, and the pressure differences at these positions are
less than zero. As can be seen from Figure 10, when β� 90°,
the pressure coefficients of points A1 and B1, A2 and B2, and
A3 and B3 are close to zero. +e pressure difference between
the front and back surfaces is about zero. Although the
pressure coefficients of point B4, points A5 and B5, and
points A6 and B6 are also less than zero and the pressure
difference between the front and back surfaces is almost
equal to zero, the positive pressure value at point A4 is
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Figure 10: Pressure coefficients of the surface monitoring points with respect to azimuth angle when the solid plate antenna is stationary,
β� 0–360°, and Δ� 10°. (a) Monitoring points 1, 2, and 3; (b) monitoring points 4, 5, and 6 (A represents the front of the antenna and B
represents the back of the antenna).
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obviously large, resulting in a positive azimuth moment of
the antenna, so Cmy is great than zero. By β� 270°, the
differential pressure coefficients of points A1 and B1, points
A2 and B2, and points A3 and B3 are less than zero, and the
antenna produces a reverse azimuth moment, so the azi-
muth moment coefficient is negative. When the antenna is
near β� 145°, the surface pressure coefficients at the front
monitoring points (A1, A2, and A3) reach the minimum
values, and the pressure differences at monitoring points B1,
B2, and B3, corresponding to the back, reach the maximum
values; the azimuth moment coefficient also attains the
maximum.

From the perspective of quantitative analysis, the surface
pressure coefficients of monitoring points A1–A3 and
B1–B3 change greatly with the azimuth angle, with
−3<Cp < 2; in contrast, the surface pressure coefficients of
monitoring points A4–A6 and B4–B6 change little with
azimuth, with −1<Cp < 1. As the antenna rotates, both the
front and back of the antenna are on the windward side for
some time. However, because there is an elevation angle
adjustmentmechanism and a rod on the back of the antenna,
the variations in the surface pressure coefficients of the
monitoring points near the two side edges of the antenna are
not the same. +is can also be seen from Figure 11.

4.1.5. Extraction of Vortex Structures of Solid Plate Antenna.
As the pressure in a vortex is lowest at its core and increases
with distance from the core, the position distribution of the
vortices will affect the aerodynamic coefficient of the an-
tenna by affecting the pressure distribution around and on
its surface. +erefore, analysis of the vortex core positions in

the flow field can reveal the formation mechanism of dif-
ferent pressure distributions and reveal the differences in
aerodynamic characteristics between static and rotating
antennas [26].

Figure 14 shows the distribution of the spatial vortex
core and the multisection pressure nephogram diagram of
the YOZ pressure field. It can be seen from the figure that the
pressure value at the location of the vortex core is low. To
further explore the reasons for the discrepancies in the
antenna surface pressure distribution, Figure 15 shows the
distribution of vortex core positions in the flow field of a
solid plate antenna at β� 0°, 30°, 60°, and 90°. From
Figures 15(e) and 15(g), combined with Figure 12, when a
continuous vortex core track appears near the antenna, the
surface pressure distribution is greatly affected. It can be
seen from Figures 15(b) and 15(f) that although the vortex
core is close to the antenna, the continuous vortex core track
has a greater impact on the antenna surface pressure dis-
tribution. +e effects of the vortex core on the antenna
surface pressure distribution are not obvious because the
vortex core track is scattered.

As the pressure is proportional to the distance from the
vortex core, the distribution of vortex cores around the
antenna has a large effect on the surface pressure. In Fig-
ure 15, the region with a high density of vortex cores around
the antenna is roughly illustrated by the blue square. Except
in Figure 15(a), the vortex cores near the antenna are mainly
distributed in one or more regions adjacent to the rotation
center. For β� 0°, only a few vortex cores are distributed on
the antenna surface. +e vortex core appears near the lee-
ward side of the antenna, and its track is continuous due to
the rotation. +e vortex core in the negative direction of the
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Figure 11: Nephogram diagram of pressure distribution on the front and back of the antenna. (a)–(d) +e front of the antenna; (e)–(h) the
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z-axis is closer to the antenna, and the antenna produces a
positive azimuth moment. At β� 30°, the rotation motion
increases the dissipation velocity of the vortex core but does
not change the position of the vortex core nearby. By β� 60°,
the vortex cores distributed in the negative direction of the z-
axis are significantly reduced, and several of them are dis-
tributed in the positive direction of the z-axis; at this point, the
antenna produces a reverse azimuth moment. For β� 90°, the
continuous vortex core track near the antenna is broken by
the rotation motion and the distance between the vortex core
and the antenna increases. Combined with Figures 8(d) and
12(b), the aerodynamic coefficient of the antenna is related to
the distribution of the vortex core near the antenna, while for
the solid plate antenna, the antenna moment is mainly caused
by the low pressure formed by the shedding vortex on the
leeward side. A similar conclusion has been obtained by Jin
and Xu [25]. In summary, there is some obvious consistency

between the antenna surface pressure distribution, the vortex
core track distribution, and the antenna aerodynamic coef-
ficient with respect to the azimuth angle.

4.2.Effects ofRotationMotiononAerodynamicCharacteristics
of Porous Plate Antenna. Designs that increase the porosity
rate of the radar antenna can reduce the weight of the servo
system and decrease the wind loading on the antenna, thus
reducing both design costs and energy consumption. +e
aerodynamic characteristics of the porous plate antenna at rest
and azimuthal rotation are studied, and the effects of azimuthal
rotation on its aerodynamic characteristics are analyzed.

4.2.1. Aerodynamic Coefficient of Porous Plate Antenna at
Rest. Figure 16 shows the variation of the aerodynamic
coefficients with respect to the azimuth angle when the
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Figure 12: Pressure coefficients of the surface monitoring point with respect to azimuth angle when the solid plate antenna rotates,
β� 0–360°, and K� 0.11. (a) Monitoring points 1, 2, and 3; (b) monitoring points 4, 5, and 6 (A represents the front and B represents the
back).
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antenna is stationary. It can be seen from this figure that the
numerical simulation results are almost completely con-
sistent with the wind tunnel test results, indicating that it is

feasible to predict the aerodynamic coefficients of a porous
plate antenna at rest using numerical methods. +us, the
simulation results can be used to analyze the flow field
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Figure 13: Vorticity nephogram and pressure isosurface nephogram (black solid line represents positive pressure value, black dotted line
represents negative pressure value, and color cloud images represent vorticity), (a) β� 0°, (b) β� 30°, (c) β� 60°, and (d) β� 90°.
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Figure 14: Vortex core track and static pressure YOZ multisection pressure nephogram distribution with azimuth angle. (a) β� 0°,
(b) β� 30°, (c) β� 60°, and (d) β� 90°.
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structure. From a qualitative point of view, the variation in the
aerodynamic coefficients with azimuth angle is smooth be-
cause the mixing speed of the shedding vortices is fast and
uniform, and few large-scale vortices are generated. In ad-
dition, the positive peaks of Cx and Cmz appear at β� 0° and
180°, and the negative peaks appear at β� 90°. +e positive
peaks of Cz and Cmx appear at β� 45°, and the negative peaks
appear at β� 135°; that is, the peak values of the azimuth
moment coefficient occur in opposite directions.

4.2.2. Aerodynamic Coefficient of Porous Plate Antenna
during Azimuthal Rotation. Figure 17 shows the variation of
the aerodynamic coefficients with respect to azimuth angle
as the antenna rotates. It can be seen that the simulated
results are slightly different from the test results in terms of
peak values, but they are in good agreement with the var-
iation of the azimuth angle. +e simulation results can be
used to analyze the flow field structure of the antenna. In
addition, the test results for the azimuth moment coefficient
have an obvious phase lag compared with the simulation
results, and the numerical simulation results for Cmy at
β� 215° reach the maximum negative azimuth moment
coefficient ahead of the wind tunnel test results. +is is
because the faster rotational angular velocity hinders the
downstream development of vortices; similar phenomena
have been reported by Shields and Mohseni [21].

4.2.3. Comparison of Aerodynamic Coefficients between
Stationary and Azimuthal Rotation of Porous Plate Antenna.
Figure 18 shows the wind tunnel test results of the aero-
dynamic coefficients when the antenna is stationary and the
azimuthal rotation in the range of β� 0–360°. +e aerody-
namic results of the two states are significantly different in

both value size and variation. In addition, when the antenna
changes from static to azimuthal rotation, the azimuth
moment coefficient and pitching moment coefficient exhibit
obvious hysteresis, and the value of the static azimuth
moment coefficient precedes the dynamic aerodynamic
coefficient. Note that, over one rotation period, the azimuth
moment coefficient of antenna rotation is negative at most
azimuth angles, although the direction of the moment is the
same as the direction of rotation. In contrast, the azimuth
moment of antenna rotation is positive at most azimuth
angles, and the direction of the moment is the same as that of
the rotation.

Table 4 gives the wind tunnel test results for the mean,
maximum, and RMS values of the aerodynamic coefficients
of the porous plate antenna. In one rotation period, the
mean, maximum, and RMS values of the aerodynamic co-
efficients of the porous plate antenna rotation are enhanced
compared with the antenna stationary. Quantitatively, |
Cx_mean|, |Cmy_mean|, and |Cmz_mean| increase by 17.6%,
300%, and 14.8%, respectively; |Cx|_max, |Cmy|_max, and |
Cmz|_max increase by 30.6%, 71.4%, and 40.9%, respectively;
Cx_rms,Cmy_rms, and Cmz_rms increase by 22.9%, 50%, and
20%, respectively. +e results show that the aerodynamic
coefficients Cx and Cmz have negative peaks at β� 90° and
positive peaks at β� 180°, Cz and Cmx have positive peaks at
β� 45° and negative peaks at β� 135°, and the peak values of
the azimuth moment coefficients are in opposite directions
when the antenna is stationary. +e peak azimuth moment
coefficient exhibits a lag when the porous plate antenna is
rotating.

4.2.4. Extraction of Surface Pressure Coefficient of Porous
Plate Antenna. In Figure 19, C and D represent the front
and back of the porous plate antenna, respectively. Each
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Figure 15: Vortex cores track at four instantaneous positions for the solid plate antenna. +e wind is blowing from right to left.
(a)–(d) Stationary and (e)–(h) azimuthal rotation. (a) β� 0°, (b) β� 30°, (c) β� 60°, (d) β� 90°, (e) β� 0°, (f ) β� 30°, (g) β� 60°, and (h)
β� 90°.
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Figure 16: Wind tunnel test results and numerical simulation results of aerodynamic coefficient with respect to the azimuth angle when the
antenna is at rest (porous plate, β� 0–180°). (a) Cx − β, (b) Cz − β, (c) Cmx − β, (d) Cmy − β, and (e) Cmz − β.
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Figure 17: Wind tunnel test results and numerical simulation results of aerodynamic coefficient with respect to azimuth angle when the
antenna rotates in azimuth (porous plate, K� 0.34). (a) Cx − β, (b) Cz − β, (c) Cmx − β, (d) Cmy − β, and (e) Cmz − β.
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Figure 18:Wind tunnel test results and numerical simulation results of aerodynamic coefficients with respect to the azimuth angle when the
antenna is stationary and azimuthal rotation (porous plate). (a) Cx − β, (b) Cz − β, (c) Cmx − β, (d) Cmy − β, and (e) Cmz − β.
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surface has six points near the edges, giving a total of 12
monitoring points. +ese are used to monitor the changes
in the antenna surface pressure coefficient with azimuth
angle.

Figure 20 shows the pressure coefficient varies with
azimuth angle at each monitoring point on the surface of
the porous plate antenna when it is stationary. As shown
in the figure, there is no obvious correlation between the
pressure coefficients on the left and right sides of the
antenna front (back). +e fluctuating range of the
pressure coefficient at each monitoring point on the
antenna surface as the azimuth angle varies is within ±1.
+is is because the vortices in the flow field around the
antenna become fully mixed, and so the pressure dis-
tributions on the front and back of the antenna are
relatively uniform, which reduces the pressure difference
between the front and back of the antenna. In addition,
the pressure coefficient values of each monitoring point
tend to zero at β� 90° and 270° on both the front and back
of the antenna. +e fluctuating value and frequency of the
pressure coefficient at monitoring points 1, 2, and 3
change significantly in the range β� 90–270°, as shown in
Figure 20(a).

Figure 21 shows the variation in the pressure coefficients
with azimuth angle at each monitoring point of the porous
plate antenna as it rotates. It can be seen that the rotation
causes the pressure coefficients at all surface monitoring points
to change smoothly with an azimuth angle. +e rotation ac-
celerates the dissipation of the vortices generated by the porous
plate antenna, and the flow field distribution near the antenna
becomes more uniform. +erefore, for pressure monitoring
points on the same side of the antenna, the variation in the
surface pressure coefficient tends to be consistent with respect
to changes in azimuth angle, namely, for points C1, C2, and
C3; points C4, C5, and C6; points D1, D2, and D3; and points
D4, D5, andD6. In addition, near β� 90° and 270°, the pressure
coefficients of the monitoring points on the front and back of
the antenna tend to zero, and the pressure coefficient on the
back is greater than that on the front.

4.2.5. Extraction of Vortex Structures of Porous Plate
Antenna. Figure 22 shows the distribution of vortex core
positions in the flow field of the porous plate antenna at
β� 0°, 30°, 60°, and 90°. It can be seen that when the antenna
is stationary, the vortex cores are evenly distributed around
the antenna, the vortex core distribution region is small, and
the vortex core track is mostly discontinuous segments.
When the antenna rotates, the vortex core track is again
discontinuous, but the number and extent of the vortex cores
increase significantly.

To analyze the effect of the vortex core positions on
the aerodynamic coefficient of the antenna, the region
with the highest density of vortex cores around the an-
tenna is roughly illustrated by the blue squares in Fig-
ure 22. +e vortex core tracks are not continuous. With
changes in azimuth, the positions of the vortex core
appear more random. +e vortex cores near the antenna
are mainly distributed in several regions adjacent to the
rotation center. When the antenna is stationary at β� 0°,
there are almost no vortex cores around the antenna,
except for those on the antenna surface. +e rotation
motion enhances the number of vortex cores on the
leeward side of the antenna, most of which are in the
negative z-axis region, causing the antenna to produce a
positive azimuth moment. When the antenna rotates to
β� 30°, the vortex core distribution region does not
change significantly. When the antenna rotates to β� 60°,
the number of vortex cores originally distributed in the
negative direction of the z-axis decreases, and most of
them become distributed in the positive direction of the
z-axis. At this time, the antenna produces a reverse
azimuth moment. By β� 90°, the vortex cores are dis-
tributed on the leeward side of the antenna, far away from
the incoming flow, by the rotation, and the antenna
produces a negative azimuth moment. Combined with
Figure 18(d), the aerodynamic coefficient of the porous
plate antenna appears to be related to the distribution of
the nearby vortex cores, which also affects the pressure
distribution on the front and back surfaces.

Table 4:+emean, maximum, and RMS values of aerodynamic coefficients for the porous plate antenna when the antenna is stationary and
azimuthal rotation (the direction is not included in these results).

Porous plate Exp.
Mean Maximum RMS

Stationary

Cx 0.74 1.24 0.83
Cz 0.07 0.57 0.32
Cmx 0.02 0.20 0.11
Cmy 0.01 0.07 0.04
Cmz 0.27 0.44 0.30

Azimuthal rotation

Cx 0.87 1.62 1.02
Cz 0.11 0.67 0.36
Cmx 0.05 0.30 0.17
Cmy 0.04 0.12 0.06
Cmz 0.31 0.62 0.36
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Figure 19: Schematic diagram of pressure monitoring points on the surface of the porous plate antenna. Red region represents the
windward side of the antenna, blue region represents the leeward side of the antenna, and rotation is counterclockwise.
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Figure 20: Pressure coefficients of the surface monitoring points with respect to azimuth angle when the porous plate antenna is stationary,
β� 0–360°, and Δ� 10°. (a) Monitoring points 1, 2, and 3; (b) monitoring points 4, 5, and 6 (C represents the front of the antenna and D
represents the back of the antenna).
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Figure 21: Pressure coefficient of the surface monitoring points with respect to azimuth angle as the porous plate antenna rotates,
β� 0–360°, and K� 0.34. (a) Monitoring points 1, 2, and 3; (b) monitoring points 4, 5, and 6 (C represents the front and D represents the
back).
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Figure 22: Continued.
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5. Conclusions

In this study, the aerodynamic characteristics of a solid plate
antenna and a porous plate antenna at rest and during
azimuthal rotation have been studied by means of wind
tunnel force tests. +e variation in the aerodynamic coef-
ficients with respect to the azimuth angle during the antenna
is stationary and during azimuthal rotation were then an-
alyzed. Besides, the numerical simulation results corre-
sponding to the working conditions of the wind tunnel test
are given. +e rationality of the numerical simulation
method used in this paper was verified through comparisons
with the wind tunnel test results. +e pressure and vortex in
the flow field are given, the effect of the rotation distribution
on the aerodynamic characteristics of the antenna is
revealed, and the simulation results provide a reference for
analyzing the flow field structure of radar antennas.

A comparison of the wind tunnel test data for the
aerodynamic coefficients over one rotation period showed
that significant differences occur in the aerodynamic
characteristics of the antenna relative to the azimuth angle
when the antenna is stationary and when the antenna azi-
muth rotates. +e mean, maximum, and RMS values of the
aerodynamic coefficients were found to increase to different
extents. +e mean, maximum, and RMS values of the drag
coefficient, azimuth moment coefficient, and pitching mo-
ment coefficient all increase by more than 10% when the
antenna is a solid plate; when the antenna is a porous plate,
they all increase by more than 14.5%.

+e numerical simulation results show that the aerody-
namic characteristics of the antenna are highly correlated with
the relative position of the vortex cores in the flow field, and the
surface pressure of the antenna decreases as the distance to the
vortex cores decreases. For the solid plate antenna, the vortex
cores in the flow field around the antenna mainly affect the
magnitude and distribution of the pressure on the leeward side
of the antenna; for the porous plate antenna, the vortex cores in
the surrounding flow field have a greater impact on the
pressure on the leeward side of the antenna and on the
windward side of the antenna. In addition, there are scattered
and discontinuous vortex core tracks around the antenna.+is
track has little effect on the surface pressure of the antenna, so
the continuity of the vortex core tracks near the antenna has a
high correlation with the aerodynamic characteristics.
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