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Abstract: The marsupial unmanned aircraft system (UAS) consists of a large parent unmanned aerial
vehicle (UAV) and multiple small children UAVs that can be launched and recovered in the air.
The employment of marsupial UAS can expand the mission range of small UAVs and enhance the
collaborative capabilities of small UAVs. However, the serious aerodynamic interference between the
parent UAV and the child UAV will affect the flight safety during the launch and recovery process. In
this paper, the interference characteristics of marsupial UAS is investigated through ground tests and
CFD simulation. Ground tests compared the lift and power of the child UAV with and without parent
UAV interference in different areas, and the simulation extended the experimental scope. Three
specific interference regions above the parent UAV are defined, including the area above the rotors,
the area above body and the transition area. In the first two aeras, the variation of the disturbed lift is
more than 30% of the child UAV weight. In the transition aera, the child UAV will be subjected to
significant lift variations and asymmetric moments. According to the interference characteristics of
different regions, the safe flight boundaries and the appropriate paths of children UAVs are proposed.

Keywords: marsupial UAS; momentum source method; aerodynamic interference; multiple drones;
safe flight boundary

1. Introduction

In recent years, small unmanned aerial vehicles (UAVs) have developed rapidly in
military and civilian applications due to their strong survivability, good maneuverability,
and low manufacturing cost with small size. However, due to the limit of energy technology,
small UAVs have some shortcomings, such as low flight speed, poor endurance, and limited
load capacity. As a result, the mission range of small UAVs in practical applications is small,
it is difficult to be quickly maneuvered and deployed before the mission begins. At the
same time, the security and reliability of small UAVs are relatively awful.

With the development of intelligent technology, beginning in 2016, the US Defense
Advanced Research Projects Agency (DARPA) launched the development of the “Gremlins”
drone, seeking to use a large aircraft as carrier to recover, transport, and deploy small UAVs
for expanding the mission range of small UAVs. This breakthrough technology enabled
a dispersion of assets while maintaining concentrated effects [1]. In late October 2021,
DARPA successfully captured a Pixie drone using a C-130 transport aircraft. It was the first
airborne recover of the marsupial UAS, although another child drone was damaged during
the test. So far, the aerial recovery of children-UAVs is still a difficult problem to be solved.

In order to solve the problem of aerial collaborative recover of the marsupial un-
manned aircraft system (UAS), the multi-rotor UAV is used as the parent flying platform.
The children UAVs are launched and recovered from the top of the parent UAV to reduce
the aerodynamic interference of the marsupial UAS and improve the flight safety of the
system. UAV visual precision landing technology is adopted to land inside the parent
UAV. Multi-rotors have proven to be a versatile platform for a variety of missions [2].
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Multi-rotors are ideal for disaster management and assessment, rescue search missions,
mapping, photography, and surveillance missions in remote and hazardous areas [3–6].

The difficulty in the air-launch and recovery of the marsupial UAS depends on the
coordinated flight of the parent UAV and the children UAVs. Therefore, it is necessary
to study the aerodynamic interference in the launch and recovery process, so as to break
through the UAS collaborative control technology under multi-drone aerodynamic interfer-
ence. There are two challenges in the aerodynamic analysis of the marsupial UAS. First,
both parent UAV and the child UAV contain multiple rotors and body, and the aerodynamic
interference is complex. Secondly, there are few relevant studies available for reference
since the marsupial system is a new unmanned heterogeneous aerial platform.

The rotor aerodynamic analysis method, which is the basis of the research of the
aerodynamic interference of marsupial UAS, has been extensively studied in helicopter
aerodynamics [2]. However, research interest in multi-rotors has only grown recently.
Related research is mainly divided into two categories: one is to study the interference
between rotors and components of multi-rotor aircraft to optimize the overall design of
the aircraft or to guide flight control [7–9]. Based on the Navier-Stokes (N-S) method,
Kang and Sun [10] introduced the source term to simulate the flow field of single, tandem,
side-by-side, and coaxial rotors operating near the ground. Using a detached-eddy simula-
tion model, Misiorows [8] compared the performance of the plus and cross configurations
under lateral flight conditions. Chiew [11] studied the influence of rotor spacing on wake
interference in hovering state, and determined the optimal configuration.

The other is to study the interaction between the aircraft and the environment, such as
ground effect, near-surface effect [12–15]. The wake propagation and flow development
of multi-rotor are studied. Operating a multi-rotor approaching an obstacle in practical
applications can lead to catastrophic mission failure without adequate understanding of
proximity effects [16]. Raza [17] used time-accurate large eddy simulations to simulate
the wind field behind the building and studied its influence on stable flight control of the
quadrotor. Paz [18] used a numerical simulation method based on a dynamic mesh to
analyze the influence of different flight speeds on the aerodynamic characteristics when the
quadrotor is flying over obstacles. Casalino [19,20] studied the acoustic impact of rotors in
urban traffic based on the LB/VLES method, revealing the importance of multiple vortex-
body interactions in a complex multi-rotor system. Vladimir et al. [21] took into account
the ground-reflected upwash at the rotor disk level and proposed a real-time simulation
method that can be used for flight dynamics. A deep understanding of wake propagation
is critical for accurate predictions, as it can adversely affect the stability of the drone [2].

There is little research on the aerodynamic interference between different multi-rotors
drones. The only relevant ones found are studies by Jain and Fortmuller [22]. By measuring
the position and attitude of the UAV below in the downwash, they calculated the force and
moment of the UAV below. They obtained the downwash velocity distribution of the UAV
above based on the established UAV kinetic model.

However, when the parent UAV below is relatively large (such as marsupial UAS),
or when the two UAVs are nearby (such as a multi-rotor formation), the aerodynamic
interference caused by the UAV below cannot be ignored. In this paper, a ground test
was built to measure the extent of the interference effect between the small child UAV
and the large parent UAV. A quasi-steady analysis method of momentum source based
on the N-S equation is used to analyze interference mechanism and expand the test scope.
This numerical method converts the propeller action effect into the source term, which can
greatly reduce the number of computational grids and improve computational efficiency.

The remainder of this paper is organized as follows. The second part mainly describes
the research model of marsupial UAS. The experimental setup and the numerical simulation
method are presented in detail. In the third part, based on the experimental and simulation
results, the interference mechanism of different interference regions is demarcated. Based
on the change in disturbed force, the safe flight boundary of the child UAV is divided.
Finally, in the fourth part, the main conclusions of this paper are summarized.
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2. Methodology and Research Models
2.1. Ground Test Experiment
2.1.1. Research Models

In the design of the marsupial UAS, we want the parent UAV to carry as many child
UAVs as possible for long-distance flights, and the system has distributed communication
capability. The parameters of the child UAV and the parent UAV are shown in the Table 1.
The launch and recovery process of the marsupial UAS is shown in Figure 1.

Table 1. Marsupial UAS parameters.

Parameters Data

Rotor radius of child UAV(Rc)/cm 5.0
Rotor radius of parent UAV(Rp)/cm 22.85

Diagonal size of child UAV/cm 20.4
Diagonal size of parent UAV/cm 108.0

Size of child UAV/cm 29.0 × 27.0 × 2.7
Size of parent UAV/cm 122.0 × 122.0 × 45.0
Weight of child UAV/kg 0.418

Weight of parent UAV/kg 6.0
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Figure 1. Schematic diagram of the launch and recovery process of the marsupial UAS.

The child UAV model is a ducted small quadrotor. The duct can reduce the mutual
interference between the rotors, increase the lift of the aircraft, and increase the flight safety
to a certain extent. The propeller blade shape of the child UAV is shown in the Figure 2a
and the rotor airfoil adopts DAVIS airfoil. The thickness of the child UAV is 2.7 cm. The
parent UAV is a large X-type quadrotor. The pitch of its carbon fiber propellers is 14 cm. In
this study, only the main components of the system are retained, such as the rotors and the
body. The parent UAV model is shown in the Figure 2b.

Low relative velocity of the child UAV and parent UAV due to the high requirements
on the coordination ability of the child UAV and the parent UAV during the launch and
recovery process is observed. In addition, the unsteady effect of the rotors has little effect
on the time-averaged force. In this paper, the quasi-steady method is mainly used to study
the aerodynamic interference of the marsupial UAS.
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Figure 2. Research model and parameters.

2.1.2. Experimentation Setup

Both the child UAV and the parent UAV were fixed on the ground test shelves. The
measurement stands of marsupial UAS are shown in Figure 3. The rotor of the parent
UAV was fixed at 120 cm from the ground (about 5.2 times the Rp), and the influence of
ground effect can be ignored in this situation. The rotors of the parent UAV were driven by
a high-power brushless motor, and the rotation speed was adjusted by a signal generator.
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Figure 3. Experiment setup of aerodynamic interference.

A six-axis force and torque sensor and four power meters were connected with the
child UAV to measure the changes of the force, torque, and power in real time. The
sampling rate of the sensor used in the test was 1000 Hz. The measurement errors of force
and torque were 0.5 N and 1.2 × 10−3 N·m, respectively. The measurement error of the
power meter was about 0.6 W. The flight control of the child UAV was removed, and the
rotor speed was controlled by using four PWM signal generators to ensure the same speed
of the four rotors. At the same time, a tachometer was used to record the actual rotation
speed of the rotor. An anemometer was used to record the ambient wind field.

The mechanical properties of the power components were calibrated before the exper-
iment. Therefore, the propeller thrust was almost the same under the same signal input.
In the experiment, the rotation speed of the parent UAV rotors and the child UAV rotors
were, respectively, 13,220 rpm and 3410 rpm, corresponding to 60 N lift for the parent UAV
rotor and 4.09 N lift for child UAV. The process of experimental data acquisition is shown
in Figure 4. The test data in the article were the average of multiple measurements, and
each measurement was averaged over multiple time periods.
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2.2. CFD Numerical Method

The analysis methods of aerodynamic interference for muti-rotors are mainly divided
into experimental method [12] and simulation method. Experimentation offers important
benefits such as the realism of the situations, but also presents some drawbacks, such as
the complexity of the infrastructure and the measuring devices, and the economic costs.
Numerical simulation methods can quickly predict analysis results with less cost, but it is
difficult to fully reproduce the real environment.

Simulation methods include rotor vortex theory [23], body-fitted meshes boundary
method [7–9], and momentum source methods [24–26]. Additionally, this paper adopts the
rotor aerodynamic simulation method based on momentum source. Using this method, the
rotor is replaced by a thin disc, and the element force of the blade during the rotation is re-
placed by the momentum source term. The periodic flow is transformed into a quasi-steady
flow state by the method of time averaging. This method ignores the time-varying flow
details close to the blade, which reduces the difficulty of grids generation. It requires less
computational resources and faster solution speed under the premise of high computational
accuracy [25].

The aerodynamic force generated by the propeller is calculated using the blade element
theory, as shown in Equation (1). After the coordinate transformation (Equation (2)), the
aerodynamic forces are equated into the form of momentum source terms added at the
corresponding grid through UDF (user-defined function).

Aerodynamic force of blade section:

dL = N × 1
2 ρV2

r Crk1Cl(α,Rer)dr

dD = N × 1
2 ρV2

r Crk2Cd(α,Rer)dr
(1)
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where, N is the number of blades, Cr is the section chord length. Vr is the relative velocity
(→

Vr
=→

ωr
+ →

Vair
), Vair is the projected velocity of the local airflow velocity of the section,

and ωr is the section velocity due to rotation. Cl and Cd are the lift and drag coefficients
of airfoil associated with α and Rer, respectively. The airfoil lift and drag data used are
from XFOIL software. α is the actual attack angle of the blade element, as shown in the
Figure 5. α = θr − β, where θr is the installation angle of the blade section, β represents
the angle between the relative velocity of the blade element and the XY plane. Rer is the
Reynolds number of the blade section, Rer =

ρVrCr
µ . The range of Reynolds number in this

research was about 0–240,000. k1 and k2 are constants for the correction of the lift and drag
coefficients based on the test results.
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Aerodynamic coordinate conversion:

fX = −(dL·sinβ + dD·cosβ)·sinϕ

fY = (dL·sinβ + dD·cosβ)·cosϕ

fZ = dL·cosβ− dD·sinβ

(2)

where ϕ is the angle between the grid vector position and the coordinate axis. The momen-
tum source terms in the X, Y, Z directions are SX = fX

dV , SY = fY
dV , SZ = fZ

dV , respectively,
where dV is the local grid volume. The governing equations used in this work are the
incompressible three-dimensional Navier–Stokes equations.

Continuity equation:
∂Ui
∂xi

= 0 (3)

Momentum equation:

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1
ρ

∂P
∂xi

+ ν
∂2Ui

∂xi∂xj
+

1
ρ

∂(−ρui
′uj
′)

∂xj
(4)

where Ui denotes the velocity tensor, and ρui
′uj
′ denotes the Reynolds stress.

The CFD solver used in this paper is the commercial software FLUENT. The simu-
lation uses the k-epsilon turbulence model, which performs well for rotor aerodynamic
calculations [27–29]. The ideal gas model and the Sutherland viscosity model are also used.

The validity of the momentum source method was verified comparing the experimen-
tal data from the literature [30]. In the test, the pressure distribution under the propeller
was measured for a single propeller. A comparison of the simulation and test results is
shown in Figure 6. The dynamic pressure distribution at 0.104 times rotor radius under
the propeller is consistent with the experimental results [30], verifying the accuracy of
the method in simulating the rotor flow field. The momentum source method does not
require body-fitted mesh of rotor, which can save a lot of computational resources. The
number of grids cells in the rotor domain is about 40 thousand, and the total grid cells of
the simulation is about 80 thousand.
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Figure 6. Z-velocity distribution in the section of y = 0.175 span.

In this research, the computing domain has a total of about 6 million grids cells for
simulating marsupial UAS, and the grids are shown in Figure 7. The computational domain
is a cuboid with a size of 40 Rp × 40 Rp × 80 Rp (Rp represents the radius of parent UAV
rotors). The boundary conditions for the upper and lateral surface of the far filed are set as
pressure inlet, while the lower surface is set as a pressure outlet, and the propeller boundary
is a non-slip wall. The turbulent intensity of the inlet and outlet was set to 5%, and the
turbulent viscosity ratio is 10. In this paper, some simplifications are made according to the
actual model, and only the characteristics of the body and the rotors are retained.
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In the simulation, the rotation speed of the child UAV and the rotor lift of parent UAV
are set to remain unchanged. The extent of aerodynamic interference will be obtained
through simulation when the child UAV is located in different areas.
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3. Results and Discussions
3.1. The Aerodynamic Interference in the Launch and Recovery Process

According to the position of the child UAV, the area above the parent UAV is divided
into three parts: the interference area above the body, the interference area above rotors,
and the transition area. The scope of the study for the three interference areas are shown
in Figure 8. The characteristics of the three regions will be introduced below. Because the
size and anti-disturbance ability of the parent UAV are significantly stronger than that of
the child UAV, the research in this paper mainly focuses on the influence on the child UAV
under the disturbance by parent UAV.

Aerospace 2023, 10, x FOR PEER REVIEW 9 of 21 
 

 

According to the position of the child UAV, the area above the parent UAV is di-

vided into three parts: the interference area above the body, the interference area above 

rotors, and the transition area. The scope of the study for the three interference areas are 

shown in Figure 8. The characteristics of the three regions will be introduced below. Be-

cause the size and anti-disturbance ability of the parent UAV are significantly stronger 

than that of the child UAV, the research in this paper mainly focuses on the influence on 

the child UAV under the disturbance by parent UAV. 

 

Figure 8. Three interference areas in this study. 

3.1.1. The Interference Area above the Body 

The disturbance of the parent UAV is described in this section when the child UAV 

is located above the body. The effect of the parent body and parent rotors on the thrust 

and power of the child will be discussed respectively. 

First, the body of parent UAV increases the lift of the child UAV. The curves in Fig-

ure 9 quantify the effect of the parent UAV on the lift of the child UAV. When the rotors 

of parent UAV do not rotate, it is approximated that only the body works. Under this 

circumstance, the lift of the child UAV changes dramatically to the height, which ap-

proximates exponential law. When the child UAV is 2 cm above the parent UAV body (H 

= 2 cm), the lift of the child UAV increases by 27.4%. The simulation results show that the 

“limited ground effect” of the body can be ignored at the position of H = 21 cm (4.02 times 

Rc). 

0 20 40 60 80 100
3.6

4.0

4.4

4.8

5.2

5.6

H1 H2

 without parent-UAV rotors_experiment

 without parent-UAV rotors_simulation

 with parent-UAV rotors_experiment

 with parent-UAV rotors_simulation

L
if

t 
(N

)

H (cm)

(H3)

 

Figure 9. The lift curve of the child UAV in the body interference area. 

Figure 8. Three interference areas in this study.

3.1.1. The Interference Area above the Body

The disturbance of the parent UAV is described in this section when the child UAV is
located above the body. The effect of the parent body and parent rotors on the thrust and
power of the child will be discussed respectively.

First, the body of parent UAV increases the lift of the child UAV. The curves in
Figure 9 quantify the effect of the parent UAV on the lift of the child UAV. When the
rotors of parent UAV do not rotate, it is approximated that only the body works. Under
this circumstance, the lift of the child UAV changes dramatically to the height, which
approximates exponential law. When the child UAV is 2 cm above the parent UAV body
(H = 2 cm), the lift of the child UAV increases by 27.4%. The simulation results show
that the “limited ground effect” of the body can be ignored at the position of H = 21 cm
(4.02 times Rc).

Second, the rotors of parent UAV reduce the lift of the child UAV. It also can be seen
from the curve of the child UAV lift with the parent rotors in Figure 9. The effect of the
parent rotor on the lift of the child UAV increases and then decreases with the increase in
relative height. The lift of the child UAV is reduced by 3.5% at a relative height of 2 cm. At
a height of 21 cm (4.02 times Rc), the rotor downwash effect reaches its maximum, with a
lift loss of about 10%.



Aerospace 2023, 10, 175 10 of 20

Aerospace 2023, 10, x FOR PEER REVIEW 9 of 21 
 

 

According to the position of the child UAV, the area above the parent UAV is di-

vided into three parts: the interference area above the body, the interference area above 

rotors, and the transition area. The scope of the study for the three interference areas are 

shown in Figure 8. The characteristics of the three regions will be introduced below. Be-

cause the size and anti-disturbance ability of the parent UAV are significantly stronger 

than that of the child UAV, the research in this paper mainly focuses on the influence on 

the child UAV under the disturbance by parent UAV. 

 

Figure 8. Three interference areas in this study. 

3.1.1. The Interference Area above the Body 

The disturbance of the parent UAV is described in this section when the child UAV 

is located above the body. The effect of the parent body and parent rotors on the thrust 

and power of the child will be discussed respectively. 

First, the body of parent UAV increases the lift of the child UAV. The curves in Fig-

ure 9 quantify the effect of the parent UAV on the lift of the child UAV. When the rotors 

of parent UAV do not rotate, it is approximated that only the body works. Under this 

circumstance, the lift of the child UAV changes dramatically to the height, which ap-

proximates exponential law. When the child UAV is 2 cm above the parent UAV body (H 

= 2 cm), the lift of the child UAV increases by 27.4%. The simulation results show that the 

“limited ground effect” of the body can be ignored at the position of H = 21 cm (4.02 times 

Rc). 

0 20 40 60 80 100
3.6

4.0

4.4

4.8

5.2

5.6

H1 H2

 without parent-UAV rotors_experiment

 without parent-UAV rotors_simulation

 with parent-UAV rotors_experiment

 with parent-UAV rotors_simulation

L
if

t 
(N

)

H (cm)

(H3)

 

Figure 9. The lift curve of the child UAV in the body interference area. Figure 9. The lift curve of the child UAV in the body interference area.

According to the influence intensity of the parent body and the parent rotors, the rotor
dominant area and the body dominant area are divided. Figure 10 shows the influence
extent of the interference area above the body. Red represents the area where the lift of the
child UAV increases, and blue represents the area where the lift decreases. It also means
that in the blue area, the role of the parent-rotors is stronger than the role of the parent body,
and in the red area, the role of the body is dominant. H1, H2, and H3 are characteristic
heights corresponding to those marked in Figure 9.

Aerospace 2023, 10, x FOR PEER REVIEW 10 of 21 
 

 

Second, the rotors of parent UAV reduce the lift of the child UAV. It also can be 

seen from the curve of the child UAV lift with the parent rotors in Figure 9. The effect of 

the parent rotor on the lift of the child UAV increases and then decreases with the in-

crease in relative height. The lift of the child UAV is reduced by 3.5% at a relative height 

of 2 cm. At a height of 21 cm (4.02 times Rc), the rotor downwash effect reaches its max-

imum, with a lift loss of about 10%. 

According to the influence intensity of the parent body and the parent rotors, the 

rotor dominant area and the body dominant area are divided. Figure 10 shows the influ-

ence extent of the interference area above the body. Red represents the area where the 

lift of the child UAV increases, and blue represents the area where the lift decreases. It 

also means that in the blue area, the role of the parent-rotors is stronger than the role of 

the parent body, and in the red area, the role of the body is dominant. H1, H2, and H3 

are characteristic heights corresponding to those marked in Figure 9. 

 

Figure 10. Schematic diagram of the influence extent above the body. 

This paper also compares the law of the child UAV power under undisturbed con-

ditions and disturbed conditions by the parent UAV rotors, as shown in Figure 11. Af-

fected by the body of the parent UAV, the efficiency of rotors will increase. This is at-

tributed to the fact that ground effects can significantly reduce the induced power and 

the profiling power is almost unaffected which is similar to the previous conclusion [21]. 

Affected by the rotation of the parent UAV rotors, the power of the child UAV will be 

reduced in some degree under the same rotation speed of the child UAV, but the reduc-

tion of pulling force is greater than the reduction of power. The reduction of the rotor 

power of the child UAV is due to the reduction of the profile power, which is greater 

than the increase in the induced power. Therefore, in the case of the same pulling force 

of the child UAV, the total power required will be larger due to the influence of the 

downwash. 

Figure 10. Schematic diagram of the influence extent above the body.

This paper also compares the law of the child UAV power under undisturbed condi-
tions and disturbed conditions by the parent UAV rotors, as shown in Figure 11. Affected
by the body of the parent UAV, the efficiency of rotors will increase. This is attributed to
the fact that ground effects can significantly reduce the induced power and the profiling
power is almost unaffected which is similar to the previous conclusion [21]. Affected by
the rotation of the parent UAV rotors, the power of the child UAV will be reduced in some
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degree under the same rotation speed of the child UAV, but the reduction of pulling force is
greater than the reduction of power. The reduction of the rotor power of the child UAV is
due to the reduction of the profile power, which is greater than the increase in the induced
power. Therefore, in the case of the same pulling force of the child UAV, the total power
required will be larger due to the influence of the downwash.
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Figure 11. The lift/power of the child UAV in the body interference area.

3.1.2. The Interference Area above Rotors

When the child UAV is located right above the parent UAV rotors, it is mainly affected
by the rotors. The pressure below the child UAV is lower than that above, reducing the lift
of the child UAV.

Figure 12 shows the lift curve of the child UAV in the interference area above a parent-
rotor. The lift of the child UAV decreases rapidly with the increase in relative height. In this
study, the maximum loss of lift is about 31%, corresponding to a relative height of 13 cm.
When H = 106 cm (4.64 times Rp), the effect of downwash flow on the lift is less than 3.5%.
The simulation results are in good agreement with the experimental results, with an error
of less than 10%.
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Figure 12. The lift of the child UAV in the interference area above a rotor.

Different from the drastic reduction in lift, the power reduction of the child UAV
at different relative heights is less than 5%. The lift/power of the child UAV in this
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interference area as shown in Figure 13. The power results in this research are measured
from the experiment. It means that the child UAV needs more power to maintain flight in
this interference area. The influence extent of the interference area above a rotor is shown
in Figure 14.
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Figure 14. Schematic diagram of the influence extent above a rotor.

3.1.3. The Transition Area

The transition area includes the body-outside transition area and the rotor-outside
transition area. This section mainly studies the impact when the child UAV horizontal
direction changes. The force characteristics of the transition area can clearly reflect the
joint action of the body and rotors of parent UAV. In the following study, the aerodynamic
characteristics of the child UAV moving outward along the X-direction are studied.

When the projection of the child UAV on the body of parent UAV gradually decreases,
the lift changes most obviously, as shown in Figure 15. In this interference area, the flow
field is asymmetric. Both the suction of the nearby parent UAV rotor and the parent UAV
body cause a lateral moment towards the nearby rotor, which will increase as the child
UAV moves outward. The lift and lateral moment change insignificantly beyond the body
dominant area, as shown in Figure 16.
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Figure 16. The lateral moment of child UAV in body-outside transition area.

When the child UAV moves from the center of the parent UAV rotor to the outside,
the effect of the downwash flow on lift decreases approximately linearly. The lift gradient
increases as the relative height decreases as shown in Figure 17. Due to the suction effect
by the nearby parent UAV rotor, the child UAV is subjected to a significant lateral moment,
as shown in Figure 18, and this lateral moment will increase first and then decrease with
distance. The asymmetric lateral moment reaches the maximum when the child UAV is
located at the tip of the rotor of parent UAV, which may pose a threat to the flight safety.
According to the interference extent in the transition aera, the influence extents are shown
in Figure 19.
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3.2. Mechanism Analysis of Aerodynamic Interference

The following describes the influence mechanism of the body and rotors by means of
CFD flow field visualization. When the distance between the child UAV and the body is
relatively close, the airflow accelerated by child UAV rotors is blocked by the body, which
causes a redirection of the flow, and it becomes parallel to the body. The airflow below
the child UAV is squeezed, which leads to a significant pressure increase, as shown in
Figure 20. Affected by this, the positive pressure of the child UAV body and rotors increases.
The pressure change on the lower surface of the child UAV body is shown in Figure 21a.
Therefore, the lift of child UAV becomes larger than hovering state. Meanwhile, due to the
limited size of the body, part of the airflow continues to flow downward along the outside
of the body, which reduces the pressure above the parent UAV. At the same time, a lower
pressure area is formed at the nose and tail of the body. These result in a slight decrease
in lift.
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The downwash effect of the parent-rotors causes a reduction in lift of both the rotors
and the body of the child UAV. On the one hand, according to the blade element theory,
the downwash flow increases the induced velocity into the child UAV rotors. The relative
angle of attack at the rotors decreases, resulting in a slight lift decrease in the child UAV
rotor. On the other hand, the downwash acts on the upper surface of the child UAV, which
increases the pressure on the upper, thus forming a negative lift.

The pressure on the upper surface of the child-body increases with height and then
decreases, as shown in the Figure 21b. The pressure on the upper surface is combined by
the downwash of the rotors and the pressurization of the body. When the child UAV is
closer to the parent-body, due to the shading of the parent-body, the pressure around the
child UAV is large, blocking the influence of the downwash. As a result, the pressure on
the upper surface is slightly higher than the pressure in the hovering state. As the relative
height of the child UAV and the parent UAV increases, the impact of the parent-body drops
dramatically, and the downwash effect of the parent-rotors is enhanced, resulting in a
gradual increase in the pressure on the upper surface of the child UAV. With the relative
height continues to increase, the influence of the rotors of parent UAV gradually decreases
until it is close to the no-interference state.

When the child UAV is above the rotor of the parent UAV, the airflow accelerated
by the child UAV rotors pass through the parent UAV rotor, which changes the pressure
distribution of the parent UAV rotor and reduces the lift of the parent UAV rotor, as can be
seen in Figure 22. The influence of the upper rotor on the lower rotor has been studied in
the research on coaxial rotors [31].
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Figure 22. Flow field figure when the child UAV is right above the parent UAV rotor.

As the child UAV moves to the outside in body-outside transition area, the wake
also gradually moves to the outside. The wake has been fully developed in the hovering
state. The change in pressure distribution under the child UAV during the movement of
the child UAV is shown in Figure 23. On the one hand, the body effect of parent UAV
is obviously weakened. The airflow passing through the child UAV propellers is more
likely to bypass the body of the parent UAV and flow downward, so that the pressure
below is reduced. On the other hand, the “downwash effect” caused by parent UAV rotors
is strengthened. The increase in the downward velocity above the child UAV not only
increases the pressure on the upper surface, but it also causes the induced power of child
UAV rotors to gradually become larger. The reduced “body effect” and the increased “rotor
effect” lead to a continuous lift reduction of the child UAV. Paz’s research on the process
of UAV flying over obstacles has similar conclusions, pointing out that this process has a
considerable impact on the flight stability [18].
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3.3. Analysis of the Safe Flight Boundary of the Child UAV

When the child UAV is in a position with a large lift loss or a fast lift change, the stable
flight control of the child UAV in the launch and recovery process may be challenged. In
this paper, we define a dimensionless parameter γ to describe the rate of change in the lift
with position, γ = (dL·Rc)/(dx·G), where dL/dx is the rate of lift change in the child UAV
over the flight path, Rc is the rotor radius of child UAV, and G is the weight of the child
UAV. The lift loss <10% and γ < 0.3 are used as indicators to plan the safe flight boundary
for the child UAV. This boundary is the minimum flight distance for the child UAV to be
safely launched and recovered.

In the interference area above the body, when H < 6 cm, the disturbed lift of the child
UAV is greater than 10% of the hovering lift. However, when H < 21 cm, the lift of the
child UAV changes rapidly, which has a significant effect on flight safety. The lift of the
interference area around the rotor is interpolated while ignoring the influence of the body
of parent UAV, and the safe flight boundary near the rotor is obtained. These areas should
be avoided as much as possible during the launch and recovery process. The appropriate
release and recovery paths and the safe flight boundary are shown in Figure 24.
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4. Conclusions

(1) The momentum source simulation method used in this paper is in good agreement
with the experimental results. It can be used as a quasi-steady method to calculate the
effects of multi-UAV aerodynamic disturbances.

(2) The results show that the influence of the lower parent UAV on the upper child
UAV cannot be ignored. In the longitudinal direction, there is a strong aerodynamic
disturbance above the parent rotors, with a maximum lift loss of 33% of the child
UAV. In the aera above the body of parent UAV, the lift of child UAV changes rapidly,
from a 27.4% increment to a 10% lift loss. In the horizontal direction, the lift of the
child UAV decreases significantly, and there is an asymmetric moment pointing to the
nearest parent UAV rotor. These interferences may lead to instability of the child UAV,
and this may even lead to collision between the child UAV and the parent UAV when
the system does not respond properly.

(3) A static safe flight boundary and recommended paths in the launch and recovery
progress have been concluded in this paper. This research of aerodynamic interference
between multi-UAVs provides a reference for the safe flight strategy in the progress
of air launch and recovery.
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