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Abstract: In this paper, unsteady motion tests of a lateral jet adjusting an air vehicle’s attitude are
carried out. Curves of pitch moment amplification factors (KM) for a lateral jet versus angle of
attack (α) are obtained using a wind tunnel free-flight test technique with a jet and data processing
method. This new method overcomes the disadvantage of previous experiments that can study only
one unsteady characteristic. The free-flight test technique in the proposed method ensures that the
test model can be coupled in real-time with multiple parameters (unsteady flow caused by the jet,
unsteady air vehicle aerodynamic force, and unsteady air vehicle motion). This approach simulates
an actual air vehicle’s complete jet test process and ensures more authentic and reliable test results.
In the new data processing method, continuous data curves are fitted to discrete data points, making
it easier to convert the angular displacement versus time curve into the pitch moment versus α curve
to obtain KM. The results show that when the pressure of the micro high-pressure gas cylinder is
2.0 MPa, KM is below 1, indicating that the lateral jet does not significantly promote the pitching
moment. When the gas cylinder pressure is 4.0 MPa and the angle of attack is 5◦ < |α| < 16◦, KM is
greater than 1, and the lateral jet promotes the pitching moment. When 16◦ < |α| < 20◦, KM is less
than 1, and the lateral jet does not significantly contribute to the pitching moment. It was further
found that KM decreases slowly with increasing α. When |α| > 30◦, the influence of the jet on the
pitching moment nearly disappears.

Keywords: moment amplification factor; lateral jet; unsteady motion test; free flight wind tunnel test;
multi-parameter coupling; compressible flow

1. Introduction

Aerospace vehicles are continually being developed to reach higher speeds and alti-
tudes. Jets provide control forces and have the advantages of simple structure, no influence
on the aerodynamic shape, and short response times [1,2]. Moreover, lateral jet control
can effectively prevent the adverse effects of local aerodynamic heating of an air vehicle
at hypersonic conditions. Compared with the conventional control rudder, an air vehicle
using a lateral jet as the reaction control system can still maintain high maneuverability
and low response time even in the low-density or low-speed region [3–5]. The lateral jet
control technique has been applied in many air vehicles because of its good comprehensive
performance. At the same time, the amplification factors are important indexes used to
evaluate the jet effect and are a key area of jet research.

Scientists have performed significant research on jet control. Hu and Lee [6] conducted
a numerical analysis of supersonic lateral jets on a generic missile and a flat plate and
verified the results using wind tunnel test data from the perspective of the vortex structure.
Zhu et al. [7] proposed a new combined spike–aerodrome and lateral jet strategy for ther-
mal protection and drag reduction. Numerical studies were performed on the hypersonic
flow characteristics and structure thermal response. Min et al. [8] studied the supersonic
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flow around a laterally jet-controlled missile. The case studies covered various jet flow
conditions, including jet Mach numbers, jet pressures, and circumferential jet positions.
They also compared the normal force and moment distribution in each region. Luo et al. [9]
performed wind tunnel testing for a novel supersonic fluidic oscillator to study its charac-
teristics and the conditions for jet oscillation. The experimental results showed that periodic
asymmetrical flipping of the supersonic jet appears at certain nozzle pressure ratios.

Meng et al. [10] demonstrated code rationality using experimental results. Compre-
hensive analyses were conducted on the influences of heat reduction performance and the
lateral jet pressure ratio, spike length ratio, and lateral jet location on the drag. Christie [11]
compared the numerical results of a flat plate and a missile with four turbulence models.
DeSpirito [12] used nine turbulence models derived from standard one- and two-equation
models to compare the jet interactions of cold air, hot air, and hot gas jet cases. The jet
interactions of a generic missile at several jet conditions were investigated, and the effects
of flux functions were compared in a previous numerical study [13].

Brandeis and Gill [14] investigated jet interaction on configurations with lifting sur-
faces. Under certain circumstances, the presence of the surfaces resulted in large force
or moment amplification because of the interaction of the jet-induced flow field with the
planar surfaces. The interaction between a lateral jet and the external flow for various
missile body geometries was investigated by Graham et al. [15]. In several circumstances,
lifting surfaces led to force or moment amplification of the jet interaction with the missile
surfaces. Wang and Wu [16] studied the dynamic stall control of a pitching NACA 0012
airfoil. A synthetic jet in a low Reynolds number compressible flow was used to improve
its aerodynamic performance.

In a particularly relevant study, Lai et al. [17] numerically studied motion-induced
unsteady effects on transverse jet interaction. The potential effects were evaluated by
choosing forced oscillation and free-response motion. According to the study, forced pitch
oscillation data show negative interaction force amplification factors at a certain angle of
attack, while interaction moment amplification factors indicate a pronounced decrease at a
relatively high angle of attack.

Researchers have conducted many wind tunnel tests and numerical simulations for
jet problems, accumulated rich research experience, and played a guiding role in aircraft
design. In addition to the above research on the impact of jets on air vehicles, leading
universities have also conducted relevant research on jets. However, these universities
focus more on the research aspects and frontiers of jet mechanisms. Research on the impact
of jets on air vehicles, including air vehicle motion and aerodynamics, is generally lacking.

Representative research from each leading university is as follows. At the University
of Manchester, Xia and Zhong [18] studied the mixing between two liquid flows with the
same velocity in a plane mixing channel enhanced by three lateral synthetic jet pairs. The
synthetic jet pair operates 180◦ out of phase and within a specific driving frequency and
displacement range. Fairweather et al. [19] at Imperial College proposed the application of
a finite difference scheme to solve the hydrodynamic elliptic flow equations for the problem
of vertical discharge of a turbulent reactive jet into an unconfined cross flow.

At Nagoya University, Watanabe et al. [20] used direct numerical simulation (DNS)
to simulate the time evolution of a plane jet and a turbulent boundary layer by implicit
large-eddy simulation (ILES). A plane jet and boundary layer ILES/DNS hybrid method
was tested by comparing the results with the complete DNS from the initial laminar flow.
At Nagoya University, the utility of the dielectric jet barrier controller was studied by
Kozato et al. [21]. A rectangular nozzle (75 × 10 mm) was used with an actuator placed
on the longer side of the nozzle outlet. By changing the modulation frequency, duty cycle,
and phase difference, unsteady driving of the actuator is realized. Gröschel et al. [22] at
the University of Poitiers used computational aeroacoustics to simulate a cold single flow
jet at a Mach number of 0.9. Two mixed methods are used to calculate the jet sound field.
Large-eddy simulation could be used for the jet flow domain to reduce computational costs.
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The primary source of cold jet noise in the acoustic perturbation equations system was
shown to be the Lamb vector.

However, the purpose of the jet is to make the air vehicle move, and the vehicle’s
movement inevitably leads to unsteady changes in the flow field and aerodynamic forces,
which in turn lead to further movement of the air vehicle. A force analysis shows that when
the air vehicle is flying, it activates the jet control in a relatively balanced state. Five action
processes corresponding to 1©– 5© in Figure 1 can be identified by analyzing the jet process.
These five processes can be summarized as follows: 1© The injection of jet gas causes the
variation of the flow field around the air vehicle. Because the flow field is not immediately
stable, the flow field around the nozzle must be unsteady for a short time. 2© The direct jet
force acts on the air vehicle, and breaking its original force balance makes the air vehicle
move differently. Because the direct jet force and the change in the flow caused by the jet
occur simultaneously, the air vehicle begins to move (including linear motion and angular
motion) before the flow is stable. In particular, the change in angle further changes the flow
and produces unsteady flow. 3© When the flow around the air vehicle changes, it causes
the aerodynamic forces on the air vehicle to change. 4© The original force balance state of
the air vehicle is further broken, which again changes the air vehicle motion, including
linear and angular motion. 5© The air vehicle angular displacement change further changes
the flow field.
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Figure 1. The relationship between the jet, flow field, aerodynamic force, and motion of an actual air
vehicle when jet control is activated.

In summary, the changes in the flow field at the nozzle, the aerodynamic forces on
the air vehicle, and the air vehicle motion occur simultaneously. The actual jet process is
coupled with various unsteady factors. Past research on jets has been mainly limited to
unsteady flow field and unsteady aerodynamics research, while research on the motion
caused by the jet is scarce. Using this traditional research approach, in which only the
unsteady characteristics of a specific parameter can be studied, must result in differences
between the lateral jet influence factors obtained and the actual air vehicle, leading to
inaccuracies in the interference factors measured in the pressure test. In the published
literature, there is no relevant research on the unsteady flow field coupling characteristics,
aerodynamic forces, and unsteady motion caused by the jet, and test methods using
unsteady coupling to measure the interference factor are rare. This existing approach
produces inadequate research results, and there are knowledge gaps regarding the unsteady
coupling effect on actual air vehicle jets.

The wind tunnel free flight test technique is a common research approach to under-
standing the unsteady characteristics of an air vehicle and differs from other steady (force
measurement after model support) and capture trajectory simulation (CTS) methods. It has
the unique advantage of no support interference. The test uses high-speed photography
and the curves of the six-degrees-of-freedom parameters of the air vehicle model with
time can be acquired. Later, the dynamic aerodynamic parameters of the air vehicle can be
obtained through data processing. In recent years, Xue et al. [23–26] have greatly improved
the former wind tunnel free-flight test technique and test theory, expanding the research
scope and ensuring its accuracy. Meanwhile, Xue et al. [27,28] also conducted exploratory
research on jet characteristics.
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Model free-flight wind tunnel and traditional jet control test methods each have certain
advantages. If these two approaches could be combined and the wind tunnel free-flight
test method used to study the KM, the jet’s action could be better understood, resulting
in more accurate KM values. For the study of the jet’s influence on the air vehicle, the
wind tunnel free-flight test technology is different from previous methods. For example, in
Refs. [9,10,17], the air vehicle’s tail is equipped with support rods during the wind tunnel
test, preventing the motion of the air vehicle model by the jet force. Each test can only
calculate the jet force in a single state or obtain the jet flow field diagram of a single test
and is inadequate to produce coupling results and the data shown in Figure 1.

By contrast, the approach explored in this paper uses a wind tunnel and an unsup-
ported free-flight test model with a jet, and the jet force can act on the air vehicle model
in real time. Through later data processing, the aerodynamic forces on the air vehicle at
different angles of attack can be obtained. The wind tunnel test also uses high-speed pho-
tography to capture the interaction between the jet and the external flow field at different
angles of attack to fully realize the effects shown in Figure 1. This method ensures that
the wind tunnel test is consistent with actual flight conditions. The results of more than a
dozen wind tunnel tests in the past are obtained using one test.

The research content of this paper is as follows. For the lateral jet attitude control, KM
is obtained. The specific method uses a more realistic six-degrees-of-freedom unsteady
test research method employing a wind tunnel free-flight test technique. The air vehicle’s
corresponding angular displacement time history is obtained in a completely free state. By
deriving a continuous curve and combining the model parameters, the pitching moment of
the air vehicle is obtained for different parameter values. Then, according to the jet pitching
moment of the air vehicle without wind tunnel airflow, the KM under unsteady conditions
is finally obtained. The problem of the error caused by measuring KM using the previous
steady test method is avoided to obtain more realistic KM values.

2. Test Model and FD-12 Wind Tunnel
2.1. Test Model

A special rudderless and wingless revolution body is used to test the influence of the
lateral jet on the air vehicle moment, as shown schematically in Figure 2. The actual test
model, with an overall length of 167 mm, is shown in Figure 3. A high-pressure cylinder
(70 mm long) is installed inside the model. The inertia of the model mass in the pitching
direction is 6.15 × 10−4 kg-m2. The reference length is the rear diameter of the revolution
body, which is 29 mm. The center of mass is 81.6 mm from the head.
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Figure 2. Geometric dimension diagram of revolution body (dimensions are mm).

It is well known that the flow pressure is large during the wind tunnel test, and there is
strong turbulence during wind tunnel operation. The test model and device are installed in
a cavity to avoid damage to the test device and model by turbulence, as shown in Figure 4.

The cavity is beneficial to the test, but the cavity also produces an additional force on
the revolution body, which may affect the subsequent data analysis. Two remedial measures
are taken in this study to reduce the influence of the cavity on the test body. First, the mass
and inertia of the experimental model are increased to improve the anti-interference ability
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of the revolution body experimental model. Second, data far from the cavity are used to
make the data processing results more realistic and further weaken the cavity’s influence on
the attitude of the revolution body. In addition, the experimental Mach number is M = 0.6,
which ensures that the flow is compressible and that there is no shock wave, which can
further weaken the influence of the cavity on the attitude of the revolution body.
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2.2. Jet Characteristics

As shown in Figure 5, the model is fixed on the test bench, and particle image ve-
locimetry (PIV) is used to measure the model nozzle velocity. In Figure 4, when the total
pressure in the high-pressure cylinder exceeds 2.0 MPa, the outlet gas flow can become
supersonic. The camera used in this system is the MegaPlus II ES4020 camera with a pixel
resolution of 2048 (H) × 2048 (V), 12-bit gray resolution, and an electronic shutter. The
shortest time between two frames is 200 ns.
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2.3. FD-12 Wind Tunnel

The FD-12 wind tunnel is a subsonic, transonic, and supersonic three-speed wind
tunnel at the China Academy of Aerospace Aerodynamics, with a Mach number range of
0.3–4.0, a Mach number adjustment accuracy of 0.004, and a 1.2 × 1.2 × 3.8 m test section.
The Mach number used in this test is 0.6, for the reasons described earlier. The parameters
of the FD-12 wind tunnel are shown in Table 1.

Table 1. Parameters of the FD-12 wind tunnel.

M ρ (kg/m3) Ps (Pa) q∞ (Pa) Ts (◦C)

0.6 1.1156 85,834 21,408 268.02

Figure 6 shows a picture of the test aircraft installed in the wind tunnel. The release
mechanism of the revolution body is installed inside the aircraft. The revolution body is
quickly launched into the flow field using an ejection mechanism, causing it to quickly
move away from the aircraft to reach a cleaner flow field area. There is no additional reason
for using the aircraft shape to release the revolution body here, but we wished to find a
release mechanism with less impact on the flow field, and the initial position is near the
observation window, which is convenient for the high-speed photography. We plan to
consider installing the ejection mechanism outside the flow field for future wind tunnel
tests to further reduce interference.
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3. Tests and Results
3.1. Tests without Wind Tunnel Airflow

Compared with the real tests, the tests described in this section only lack an external
flow field. Three tests were conducted: jet with 2.0 MPa cylinder pressure, jet with 4.0 MPa
cylinder pressure, and with the jet off. This test uses high-speed photography at 2000 Hz
with an auxiliary light source for visualization.

In Figure 7, the revolution body model slowly lowers its bow with no jet or wind.
When the revolution body model is free with a 2.0 MPa cylinder pressure jet, as shown in
Figure 8, the jet can turn the model over.

In Figure 9, the black curve is without a jet, the blue curve is for a 2.0 MPa jet, and
the red curve is for a 4.0 MPa. The angle of attack of the revolution body is α, which is
positive when the revolution body head rises. The values in Figure 9 show that the 2.0 MPa
jet makes the revolution body turn over more quickly than when the jet is off. At a 4.0 MPa
cylinder pressure, the jet can turn the model over even faster.
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Figure 10 shows the results for a 4.0 MPa jet with no wind. By processing the pictures
in Figures 7, 8 and 10, discrete data for the model’s angle of attack with time under different
conditions were obtained (Figure 9). The discrete data points shown in Figure 9 are then
fit to obtain equations for the angle of attack versus time [29,30]. After obtaining these
equations, the angular acceleration of the revolution body with time can be computed by
taking the second time derivative of the pitch angle. The pitch moment Mz of the revolution
body can then be calculated by combining the angular acceleration with the pitch inertia of
the revolution body, where the moment is positive when it raises the bow of the revolution
body. Thus, the variation of the revolution body’s pitching moment with angle of attack is
obtained, as shown in Figure 11.
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As mentioned earlier, the data at a certain distance from the revolution body are used
to minimize the force influence of the cavity on the revolution body, which corresponds to
the data for |α| > 5◦. At the same time,|α| < 25◦ is required to reduce the influence of the
large angle of attack effect of the revolution body. Therefore, the data shown in Figure 11
span the range 5◦ < |α| < 25◦.

The feasibility of the newly established test technique is verified from the above three
tests without wind, shown in Figure 11. This ensures that the wind tunnel test model can
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carry out the jet test under completely free conditions, meeting the design requirements.
At the same time, it also demonstrates the jet’s ability to change the model’s attitude.

3.2. Wind Tunnel Tests without a Jet

Figure 12 shows the attitude sequence diagram of the revolution body at M = 0.6
without a jet.
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Figure 12. Test image of the revolution body’s angle of attack change without a jet at M = 0.6.

The angle of attack curve without a jet is not drawn separately. The following section
compares the data curves for the conditions without a jet to those with a jet.

During the tests without a jet, it was found that the background of the picture was too
bright. There was a concern that the nozzle airflow would not be seen clearly during the
tests with a jet; thus, the background was dimmed in subsequent experiments by placing
paper on the observation window.

3.3. Wind Tunnel Test with a Jet at 2.0 MPa

Figure 13 is the test image sequence of the angle of attack change of the revolution
body with a jet at 2.0 MPa for M = 0.6. The interaction between the ejected airflow and the
flow from the wind tunnel can be seen.
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Figure 14 shows the angle of attack curve jet at M = 0.6 with a jet at 2.0 MPa and
without a jet. It can be observed that when the jet is present, the attack angle change of the
revolution body is more pronounced.
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3.4. Wind Tunnel Test with a Jet at 4.0 MPa

Figure 15 shows the attitude sequence diagram of the revolution body at M = 0.6 with
a jet at 4.0 MPa.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 15 
 

3.4. Wind Tunnel Test with a Jet at 4.0 MPa 
Figure 15 shows the attitude sequence diagram of the revolution body at M = 0.6 with 

a jet at 4.0 MPa. 

    
t = 0 ms t = 8 ms t = 16 ms t = 24 ms 

    
t = 32 ms t = 40 ms t = 48 ms t = 56 ms 

Figure 15. Test image of the revolution body’s angle of attack change with a jet at 4.0 MPa for M = 
0.6. 

Figure 15 shows the test images of the angle of attack change of the revolution body 
with a jet at 4.0 MPa for M = 0.6. The mutual interaction of the ejected airflow and the flow 
from the wind tunnel is easily seen, and the jet area and interference area are larger than 
at 2.0 MPa. 

Figure 16 is the angle of attack curve of the revolution body at M = 0.6 with a jet at 
4.0 MPa and without a jet. The change in the attack angle of the revolution body is more 
apparent when the jet is activated. 

 
Figure 16. Angle of attack curve of revolution body at M = 0.6 with a jet at 4.0 MPa and without a 
jet. 

Figure 17 shows the flow interaction between jet flow, ejected airflow, and incoming 
wind tunnel flow for different jet cylinder pressures. The gas in the jet flow is different 
than the incoming flow of the wind tunnel, possibly because the jet flow has a small num-
ber of solid impurities that cause it to be visible. The interaction between the jet and in-
coming wind tunnel flows can be readily observed in the images. 

-60

-45

-30

-15

0

0 0.02 0.04 0.06 0.08 0.1

α/
°

t/s

jet off/M 0.6

jet on 4.0 MPa/M 0.6

Figure 15. Test image of the revolution body’s angle of attack change with a jet at 4.0 MPa for M = 0.6.

Figure 15 shows the test images of the angle of attack change of the revolution body
with a jet at 4.0 MPa for M = 0.6. The mutual interaction of the ejected airflow and the flow
from the wind tunnel is easily seen, and the jet area and interference area are larger than at
2.0 MPa.

Figure 16 is the angle of attack curve of the revolution body at M = 0.6 with a jet at
4.0 MPa and without a jet. The change in the attack angle of the revolution body is more
apparent when the jet is activated.
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Figure 16. Angle of attack curve of revolution body at M = 0.6 with a jet at 4.0 MPa and without a jet.

Figure 17 shows the flow interaction between jet flow, ejected airflow, and incoming
wind tunnel flow for different jet cylinder pressures. The gas in the jet flow is different than
the incoming flow of the wind tunnel, possibly because the jet flow has a small number of
solid impurities that cause it to be visible. The interaction between the jet and incoming
wind tunnel flows can be readily observed in the images.
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4. KM Solution

By taking the derivatives of the curves in Figures 14 and 16 with respect to time, the
variation of the model’s pitching moment with the angle of attack can be obtained when
the jet is on with wind tunnel airflow, as shown in Figure 18.

The range of attack angles considered in solving KM in this paper is 5◦ < |α| < 25◦.
However, the moment is also obtained for the data outside this range, and the results are
provided in the following curves for reference.

Figure 18 shows the moment curves of the revolution body for three conditions (jet on
at 2.0 MPa, jet on at 4.0 MPa, and jet off) at M = 0.6. In Figure 18, the main analysis range
is 5◦ < |α| < 20◦ to reduce interference and to ensure a more realistic test analysis. As
the angle of attack increases, the curves approach each other, indicating that the influence
of the jet becomes less significant, especially when the angle of attack is greater than 30◦,
and the aerodynamic moments for the three conditions tend to be equal. These results
show that the influence of the jet is weakened with increasing angle of attack, and the
moment generated by incoming flow is dominant. This is also in accordance with physical
reasoning, which objectively shows that the data of this test are reliable.
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Figure 18. Moment curves of the revolution body for three jet conditions at M = 0.6.

Let KM = (Mjet on/wind − Mjet off/wind)/Mjet on/no wind, where KM is the pitch moment am-
plification factor of the lateral jet, M jet on/wind is the moment on the revolution body with
wind and jet on, Mjet off/wind is the moment on the revolution body with wind and jet off,
and Mjet on/no wind is the moment on the revolution body no wind and jet on. The curves
corresponding to this paper are Figure 18 for Mjet on/wind and Mjet off/wind, and Figure 11 for
Mjet on/no wind. Thus, curves of KM versus angle of attack with the jet on at 2.0 and 4.0 MPa
can be obtained.

As seen in Figure 19, when the pressure is 2.0 MPa, KM at 5◦ < |α| < 20◦ is gener-
ally less than 1, indicating that the pitching moment provided by the lateral jet has no
pronounced effect. When the pressure is 4.0 MPa, KM at 5◦ < |α| < 16◦ is greater than 1
and even reaches about 2.25 at 5◦, indicating that the lateral jet plays a role in promoting
the pitching moment. When 16◦ < |α| < 20◦, KM is less than 1, showing that the pitching
moment provided by the lateral jet has no significant effect.
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Figure 19. Curves of KM vs. angle of attack at M = 0.6, jet on 2.0 and 4.0 MPa.

5. Conclusions

This paper conducts unsteady motion tests of a lateral jet. By combining jet control
with a wind tunnel free-flight test, curves of pitch moment amplification factors (KM) for
the lateral jet versus angle of attack (α) are obtained. The method used overcomes the
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disadvantage of previous experiments that can only study the unsteady characteristics of a
single parameter (unsteady flow field, unsteady aerodynamic force, or unsteady motion) at
a time. The new method ensures that the test model can be coupled in real-time similar to
an actual air vehicle. In particular, the unsteady flow field, unsteady aerodynamic force,
and unsteady motion of the air vehicle caused by the jet can ensure the unsteady real-time
coupling of the three parameters, ensuring that the test results are authentic.

The primary purpose of this paper is to provide a new test technology and to demon-
strate how to obtain more useful and abundant test data to understand the impact of the
jet on vehicle movement. The following conclusions can be drawn from these tests. These
conclusions summarize these tests and provide reference templates for data analysis by
researchers. It is believed that similar phenomena will be observed when using this paper’s
test method for jet research on other aircraft.

(1) The tests in this paper are carried out for typical test conditions, and the results show
that when the pressure is 2.0 MPa, KM at 5◦ < |α| < 20◦ is generally less than 1, indi-
cating that the pitching moment provided by the lateral jet has no pronounced effect.

(2) When the pressure is 4.0 MPa, KM at 5◦ < |α| < 16◦ is typically greater than 1, even
reaching about 2.25 at 5◦, which shows that the lateral jet plays a role in promoting
the pitching moment. When 16◦ < |α| < 20◦, KM is less than 1, indicating that the
pitching moment contribution by the lateral jet has no significant effect.

(3) It was further found that KM decreases slowly with increasing angle of attack. At
2.0 MPa, 5◦ is the critical angle of attack (where KM crosses 1), while at 4.0 MPa, the
critical angle of attack is 16◦. When the angle of attack is above 30◦, the influence of
the jet on the pitching moment nearly disappears.
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