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The engine performance test at altitudes of 0-7000 m was carried out on the high-performance test bench of the Unmanned Aerial
Vehicle (UAV) piston engine. The ﬂight performance of UAV was studied, including propeller thrust characteristics,
maneuverability, ﬂight envelope, and cruise performance. The results showed that with the increase in altitudes, the UAV climb
rate gradually decreased; the maximum climb rate decreased from 2.5 m/s at 2000 m to 0.5 m/s at 7000 m. The maximum ﬂight
altitude is 7000 m, and the ﬂight speed range is about 47 m/s-52 m/s at the altitude of 7000 m. Maximum navigation range and
endurance of UAV decrease by 5.8% and 8%, respectively, with each increment of 1000 m in altitudes.

1. Introduction
UAV are popular among various militaries due to their fast
discovery, tracking, hit static/dynamic targets, low cost, and
high security [1–3]. The piston engine is regarded as the
“heart” of UAV, and UAV matched with the engine can
achieve the task of reconnaissance/strike [4, 5]. When the
piston engine of UAV operates at high altitudes, the power
and torque decrease due to the decrease in intake air aﬀected
by a decrease in air density and air Reynolds number, which
directly aﬀects ﬂight performance parameters of the UAV
including propeller eﬃciency, speed, climbing rate, maximum range, and ﬂight time of the UAV [6–8].
At present, the main research institutions here and
abroad focused on the design of the propeller blade proﬁle,
the high-altitude thrust characteristic of the propeller, the
relationship between the eﬃciency of the propeller and the
ﬂight height, and the matching of the propeller with the
engine at high altitudes. Wang [9] optimized the key geometric parameters of the UAV propeller to achieve a maximum
lift and drag ratio by using the particle swarm optimization
algorithm. Shan et al. [10] matched the two-stage turbocharged system with a piston engine in a simulation method
and studied the high-altitude ﬂight characteristics of the
engine propeller propulsion system. Two regulation laws of
the engine full power and the power decline were analyzed.

Zijie et al. [11] studied the power output characteristics of a
two-stroke engine and the power absorption characteristics
of the ﬁxed pitch propeller and obtained a method for
matching the ﬁxed pitch propeller with the engine at low
altitudes. Manqun et al. [12] studied the variation of propeller thrust, driving power, and propeller performance curve
under diﬀerent simulated wind speeds by using a highaltitude simulated test bench. They coupled the external
characteristic curve of the engine with the performance
curve of the propeller and evaluated the thrust limit of the
system and the comprehensive performance of the driving
force-wind speed-fuel consumption.
Zhang [13] found that the eﬀective power of the propeller
piston engine decreases with the increase in height. Eﬃciency
of the propeller and available power of the UAV were proportional to the cruising speed when the ﬂight altitude is constant, and the eﬃciency and the available power are inversely
proportional to ﬂight altitudes when the cruising speed was
certain. Ma and Song [14] and Wang et al. [15] summarized
the method of improving the propeller eﬃciency in the entire
ﬂight envelope range, including the selection of the basic
blade proﬁle of the propeller which combined low Reynolds
number with a high lift-drag ratio, relaxing the upper limit
of the Mach number of the propeller tip, and reasonable
matching of the propeller absorption power with the output
power of the engine.
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Figure 1: Performance simulation test system for the UAV engine at high altitudes.

He et al. [16] established the relationship of thrust, engine
speed, ﬂying height, and ﬂight speed from a six-degree-offreedom motion equation of UAV (ﬂight time, yaw angle,
pitch angle, roll angle, ﬂight height, airspeed, elevator deﬂection angle, and aileron angle). Hallissy and Chattot [17] and
Smedresman et al. [18] proposed the propeller vortex theory
(strip theory) to evaluate aerodynamic characteristics of propellers. Zhang [19] used empirical formulas and curve to estimate the available power of the propeller engine and selected
suitable propeller.
At present, major researches on high-altitude performance of UAV are performed below the altitude of 3000 m.
With the equipment of UAV, ﬂying altitudes are generally
above 7000 m. It is signiﬁcant to study technological
enhancement of high-altitude performance of UAV at the
altitude from 0 m to 7000 m. The most important limiting
factor of the ﬂight performance parameters of UAV is the
engine’s high-altitude performance. The paper adopted
empirical formulas and theoretical derivation to get the ﬂight
performance change law of the propeller thrust characteristic, maneuver performance (climbing rate, minimum turning
radius), and ﬂight range and navigation time based on previous bench test results of the UAV piston engine.

2. High-Altitude Simulation Test of an
Opposed-Piston Gasoline Engine and Its
Matching with UAV
The paper studies the power, economy, and thermal balance performance of the opposed-piston engine that relied
on the Key Laboratory of Power Machinery for Plateau
Adaptation. The simulation test system (as shown in
Figure 1) for the high-altitude performance of the engine is
composed of low-pressure simulation system, high-altitude

Figure 2: Simulation test bench of the gasoline engine for
simulating high altitudes.

cooling simulation system, engine state monitoring system,
and engine control system [20], which can simulate the air
pressure and cooling environment at altitudes of 0-7000 m.
2.1. Opposed-Piston Gasoline Engine for Test Research.
Figure 2 shows the test bench of the gasoline engine for simulating high altitudes. The UAV engine is an opposed-piston
gasoline engine (as shown in Figure 3), and the main technical parameters were shown in Table 1. The fuel supply system
of the engine has a dual carburetor structure to achieve the
purpose of uniform oil supply (as shown in Figure 3) [21].
The high-altitude performance test of the engine was carried
out with reference to the performance test method of the
automotive engine (GB-T18927-2001) and the general technical requirements for the adaptability of logistics equipment
at a plateau environment (GJB-7251-2011). The changes in
power, torque, fuel consumption rate, heat load, and heat
ﬂow distribution were studied under external characteristics
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Figure 4: Working principle diagram of UAV rectiﬁer fairing.

Figure 3: The gasoline engine of UAV with double carburetors.
Table 1: Technical parameters of the Rotax gasoline engine.
Name
Type
Displacement
Bore × stroke

t w represents the surface temperature of the cylinder block
(°C), and t f represents the environmental temperature (°C).
The air convection heat transfer coeﬃcient α at the altitude of 0 m was calculated as follows:

UL/F aeroengine
Four-cylinder, four-stroke, and
horizontally opposed engine
12 L
79.5 mm∗ 61.0 mm

Compression ratio
Rated power
Maximum torque
Cooling mode

9:1
73.5 kW/5500 rpm
144 N·m/4900 rpm
Mixed cooling

at 0-7000 m altitudes to evaluate power, economy, and heat
balance performance.
2.2. Simulation of the Cooling Air Environment. Forced convection of cooling air was strengthened by fairing to cool the
cylinder block. Figure 4 introduces the working principle of
the fairing.
At experimental conditions, we simulate high-altitude
wind using two fans, because cooling the heat of the fan to
the cylinder block radiator is equal to theoretical heat dissipation of the cylinder block radiator when UAV is ﬂying at high
altitudes (see the equation below).
Qs = Q m ,

1

where Qs represents the theoretical heat dissipation of the
cylinder block radiator when UAV is ﬂying at high altitude
(kW) and Qm represents the simulated heat dissipation under
the testbed (kW).
Theoretical heat dissipation of the cylinder block radiator
under diﬀerent air convection velocities and diﬀerent altitudes was calculated as follows:
Qs = A ⋅ α ⋅ t w − t f ,

2

where A represents the total area of the cylinder block radiator (m2), α represents the heat transfer coeﬃcient (W/m2·K),

α = 207 × 0 0247 − 0 00372 ×

h0 8
t0 4

· V 0 73 ,

3

where h represents the height of the radiator (cm), t represents the distances between the ﬁns (cm), and V represents
the air velocity (km/h).
Among them, h = 2 0 cm, t = 0 6 cm, and V = 100 km/h200 km/h. The air convection heat transfer coeﬃcient α at
0 m is equal to 3 084 · V 0 73 . The air convection heat transfer
coeﬃcient of the radiator is proportional to the atmospheric
density to the power of 0.7. The air convection heat transfer
coeﬃcient at diﬀerent altitudes is relative to the coeﬃcient
at 0 m:
αH = α 0

ρH
ρ0

07

4

The total area of the cylinder block radiator A is equal to
2.49 m2. The surface temperature range of the cylinder block
was between 100°C and 150°C. We selected the maximum
temperature as 150°C. Heat dissipating capacity of the
opposed-piston engine block was calculated by formulas
(2), (3), and (4).
From Figure 5, theoretical heat dissipating capacity of the
block Qs was from 23 kW to 47 kW. According to formula
(1), wind velocity of the fans was calculated. High-altitude
air convection was simulated using two fans, and air velocity
across by the engine radiator was measured using a wind
speed measuring instrument, which can reﬂect the real
high-altitude cooling environment. Forced convective wind
speed was above 10 m/s from formula (2). We adjusted the
air supply distances and angle of fans, and the measured
maximum wind speed is 11.3 m/s to meet the maximum heat
dissipation requirement (as shown in Figure 6).
We investigated the results of engine performance at simulated high altitudes to evaluate UAV ﬂying quality. Flight
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Figure 5: Theoretical heat dissipating capacity at high altitudes.

Maximum
wind speed
is 11.3 m/s

Air supply fans

The basic motion equation (5) of the UAV was simpliﬁed to a constant horizontal motion equation [13], assuming
that the angle α + φ between the axis of the engine pulling
force and the direction of the ﬂight speed is very small and
the track angle is small cos θ ≈ 1 . The motion equation of
UAV is as follows:
dν
= T − D − G sin θ,
dt
dθ
= L cos γ − G cos θ,
mν
dt
dφ
= L sin γ,
mν cos θ
dt
dν
m
= T − D − G sin θ,
dt
dθ
= L cos γ − G cos θ,
mν
dt
dφ
= L sin γ,
mν cos θ
dt
m

6

where m is the weight of UAV (kg), T is the thrust of the
engine (N·m), D is the drag of UAV, G is the gravity of
UAV, L is the lift of UAV, θ is the tilt angle of the ﬂight
track, φ is the azimuth of the ﬂight track, γ is the angle of
the ﬂight track, and ν is the ﬂight speed of UAV.

3. High-Altitude Flight Performance of UAV

Figure 6: Cooling air condition simulation bench at high altitudes.

performance of UAV [22] contains propeller thrust characteristic, maneuverability, ﬂight envelope, and cruise performance (see Table 2). Figures 7 and 8 are the variations of
the output power and torque of the piston engine with altitudes. Experimental results showed that the torque and
power decrease with increasing altitudes, and circumstances
become worse with higher altitudes.
The main parameters of the surveillance and strike UAV
are selected as shown in Table 3 [24].
There are two methods for calculating the ﬂight performance of UAV: the pull method and the power method.
The power method was suitable for the situation in which
power varies with speed, ﬂight speed, and altitudes. The
basic motion equation of UAV with power as a parameter
is as follows:
dν N k
N
=
cos α + φ − s − G sin θ,
dt
ν
ν
dθ
N
= k sin α + φ + Y cos γ − G cos θ,
mν
dt
ν
m

mν cos θ

dφ
N
= L k sin α + φ + Y sin γ
dt
ν

5

We combined high-altitude test results of the opposed-piston
gasoline engine and theoretical derivation to study propeller
characteristics, maneuverability, ﬂight envelope, and endurance of the UAV at high altitudes.
3.1. High-Altitude Propeller Thrust Characteristics of UAV.
Propeller thrust characteristic [22] is mainly evaluated by
propeller eﬃciency and available power. The propeller eﬃciency is determined by the propeller eﬃciency Cp-J curve
(as shown in Figure 9). Between them, J (the ratio between
propeller distance H a and propeller diameter D) is the relative
distance of the propeller and Cp is the propeller power factor.
J=

Cp =

Ha
υ
=
,
nc D
D

7

Px
,
ρnc 3 D5

8

where ν is the UAV ﬂight speed (m/s), ρ is the air density
(kg/m3), nc is the propeller speed (r/min), D is the propeller
diameter (m), and Px is the available power of UAV (kW).
The available power of UAV is the ratio of gravity and the
lift-to-drag ratio CL /C D at diﬀerent altitudes and ﬂying
speeds, and its calculation formula is as follows:
Px = TV =

G
mg
V=
V,
K
CL /CD

9
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Table 2: Flight performance parameters of UAV.
Flight performance
Propeller thrust
characteristics

Performance index

Index meaning

Propeller eﬃciency

The ability of the propeller to transform the output power of the engine into available
power

Available power of the
propeller

The ﬁnal output power of a propeller under a given operating condition

Maximum climb rate
Maximum vertical velocity of UAV under given operating conditions
Minimum turning radius The minimum horizontal turning radius of a UAV under given operating conditions

Maneuverability

Minimum ﬂight speed
Maximum ﬂight speed

Flight envelope

Service ceiling
Duration performance

Maximum range
Maximum endurance

Stall speed of UAV at the maximum lift coeﬃcient
The maximum speed of the UAV under the maximum output power
The maximum altitude of the UAV under the maximum output power with a
climbing rate of 0.5 m/s
The most distant ﬂight distance of UAV under a given fuel consumption rate
The longest ﬂight duration of UAV under the maximum output power

70
60

Power (kW)

50
40
30
20
10
0
3000

3500

4000

4500

5000

5500

Engine speed (r/min)
0m
1000 m
2000 m
3000 m

4000 m
5000 m
6000 m
7000 m

Figure 7: Output power curves at diﬀerent altitudes.

120

Torque (N·m)

100
80
60
40

where m is the weight of the aircraft (kg), K is the lift-to-drag
ratio of UAV, C L is the lift coeﬃcient, C D is the drag coeﬃcient of UAV, and V is the ﬂight speed of UAV (m/s). The
relative distance J and the power coeﬃcient C p were calculated by formulas (7) and (8), respectively. Flight altitude
was above 2000 m when UAV is carrying out a mission.
The power required for UAV under diﬀerent ﬂight speeds
at a certain altitude was calculated through formula (9) (as
shown in Figure 10).
The propeller eﬃciency was obtained from Figure 9. The
available power of the propeller was calculated by formula
(8). The eﬃciency and available power of the propeller at
2000 m-7000 m altitudes were shown in Figures 11 and 12.
The eﬃciency of the propeller increases with increasing altitudes, especially at high ﬂight speeds (as shown in
Figure 11), because the lift-drag ratio of UAV is limited
by the shape of the wing when ﬂying at high altitudes,
and the ratio value increases slightly with the increase in
the altitude.
The comparison of Figures 7 and 12 (the output power
curve of a piston gasoline engine at diﬀerent altitudes)
showed that there is a diﬀerence between the power of the
UAV and the output power of the engine at high ﬂight speed.
The output power of the engine increases with increasing
ﬂight speed, but the available power of the UAV exceeds
the inﬂection point with increasing speed and the power
remains basically unchanged when the speed exceeds the
inﬂection point. It is mainly because the eﬃciency of the propeller decreases signiﬁcantly at high ﬂight speeds, and the
eﬃciency of the engine output transforming into the available power is low.

20
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0m
1000 m
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3000 m

4000 m
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6000 m
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Figure 8: Output torque curves at diﬀerent altitudes.

3.2. High-Altitude Maneuverability. The maneuverability
performance of UAV mainly includes climbing, horizontal
hovering, and horizontal acceleration. The equation of
motion of UAV in steady straight ascent is as follows:
T cos α + φfd = D + G sin θ,
L + T sin α + φfd = G cos θ

10
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Table 3: The main parameters of UAV.

Length
Maximum width at the front of the fuselage
Maximum width behind the fuselage
Propeller diameter
Empty weight
Maximum task load
0.5

0.3
0.2
0.1
0

휂
0.2 0.3

휃¾
40°
35°
30°
25°
20°
15°

0.88

50°

47.5°
45°
0.4 0.5 0.6 0.7
0.75 0.8

11.45 m2
2.21 m
4.38 m
19.17 m2
295 kg
1020 kg

Wing area
Height
Tail wing
Aircraft upper body area
Weight of fuel
Maximum takeoﬀ weight

0.86

0.85
0.9

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
J

Figure 9: Eﬃciency characteristic curves of the propeller [21].

0.84

Propeller efficiency

Cp

0.4

8.13 m
1.12 m
0.75 m
1.73 m
350 kg
204 kg

0.82
0.80

30

0.78

Power required for flight (kW)

28
26

0.76
30

24

35

40

45

50

55

60

Flight speed (m/s)

22

2000 m
3000 m
4000 m

20
18

5000 m
6000 m
7000 m

Figure 11: Curves of propeller eﬃciency at diﬀerent altitudes.

16
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55
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Figure 10: Power requirements for UAV ﬂight at diﬀerent altitudes.

When the UAV steadily rises linearly, the track azimuth
φfd and attack angle α are not very large, and the motion
equation is simpliﬁed to
T = D + G sin θ,
L = G cos θ,

40

60

11

where T is the maximum thrust of the propeller, L is the lift
of UAV, and D is the minimum resistance in a ﬂying state.
The climb rate is limited by the high-altitude characteristic
and lift-drag ratio of UAV.
ΔT is the diﬀerence between the maximum thrust and the
required thrust; ΔTmax can be found in Figure 13. Thus, the
change curves of the climbing rate at diﬀerent altitudes are
calculated (as shown in Figure 14).

Available power (kW)

30

20

0
30

35

2000 m
3000 m
4000 m

40
45
50
Flight speed (m/s)

55

60

5000 m
6000 m
7000 m

Figure 12: Curves of available power at diﬀerent altitudes.

The climbing rate of UAV gradually decreases with
increasing altitudes as shown in Figure 14, and the maximum
value of 2.5 m/s at 2000 m decreases to 0.5 m/s at 7000 m. It
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Figure 13: Thrust diﬀerences between available and required thrust
at diﬀerent altitudes.
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Figure 15: Turning radius of UAV at diﬀerent altitudes.

where γ is the turning angle, υ is the circumferential line
velocity, and L/G is the normal overload.
L/G is replaced by nZ :

2.5
2.0
Climbing rate (m/s)

45
50
Flight speed (m/s)

r=
1.5

υ2
·
g

1
nZ 2 − 1

13

The required lift coeﬃcient C L at this moment is as
follows:

1.0
0.5

CL =

2nZ G
ρυ2 S

14

0.0
30

35

40
45
50
Flight speed (m/s)

2000 m
3000 m
4000 m

55

60

D=

5000 m
6000 m
7000 m

Figure 14: Climbing rates of UAV at diﬀerent altitudes.

indicates that the climbing performance of UAV decreases
signiﬁcantly with increasing altitudes and the available ﬂight
speed range becomes narrow. The climbing rate increases
ﬁrst and then decreases with increasing ﬂight speeds at the
same altitude. The speed point corresponding to the maximum climbing rate moves to the right to guide route planning considering the maximum climbing mobility of UAV.
The hovering performance of UAV is evaluated by the
horizontal turning radius r.
r=

mυ2
υ2
=
·
L sin γ g

1
L/G 2 − 1

The resistance of UAV in horizontal hovering movement includes zero lift drag D0 and induced drag Di :

,

12

1 2
1
ρυ C D S = D0 + Di = ρυ2 S CD0 + Ai CL 2
2
2

15

Among them, CD0 is the zero lift drag coeﬃcient, Ai C L 2
is the induced drag coeﬃcient, and Ai is the induced drag
factor and is constant at subsonic velocity. The horizontal
rotation radius of UAV at diﬀerent altitudes (2000 m7000 m) was calculated (as shown in Figure 15) in combination with formulas (12), (13), (14), and (15).
The turning radius increases with increasing altitudes
when the ﬂight speed is less than 52 m/s as shown in
Figure 15. When the speed is greater than 52 m/s, the turning
radius increases ﬁrst and then suddenly drops at the altitudes
from 5000 m to 7000 m. This is because the output power and
induced drag decrease with increasing altitudes and the
decrease in the induced drag is greater than that in the output
power, reaching the maximum at the altitude of 5000 m. The
turning radius of UAV ﬁrst decreases and then rises with
increasing ﬂight speed at the same altitude, and the ﬂight
velocity point corresponding to the minimum turning radius

8
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Figure 16: Stall speeds of UAV at diﬀerent altitudes.

Figure 17: Maximum ﬂight velocity of UAV at diﬀerent altitudes.

moves to the right, which is signiﬁcant to guide the design of
urgently changing direction and reconnaissance trajectory at
a ﬁxed spiral point.

6000
Ceiling of UAV (m)

3.3. High-Altitude Flight Envelope. The high-altitude ﬂight
envelope [24] is composed of the minimum ﬂight speed,
maximum ﬂight speed, and rise limit, which indicates the ﬂying range and ﬂying limitation of UAV. The minimum ﬂight
speed is deﬁned as the stall speed of UAV.

7000

5000
4000
3000
2000

V min = V s =

2mg/S
,
ρCL max

16

1000
30

where m is the average weight of UAV (kg), CL max is the
maximum lift coeﬃcient, and S is the total area of UAV
(m2). The variation of the stall speed with altitudes was
shown in Figure 16. The stall speed of UAV increases with
increasing altitudes due to the decrease in the lift-drag ratio
caused by an air density decrease at high altitudes.
The maximum horizontal ﬂight speed V max is mainly
aﬀected by the maximum available thrust of the engine, the
weight of the UAV, and the structural strength.

V max =

2T max
CD ρS

17

The available lift is the maximum height of UAV maintaining a certain climbing ability, which is deﬁned as the
ﬂight height of UAV at a maximum climbing rate of 0.5 m/s.
The maximum ﬂight velocity of UAV at diﬀerent altitudes was shown in Figure 17. The maximum ﬂight velocity
decreased with increasing altitudes and decreased in large
amplitude at the altitudes between 3000 m and 5000 m. It
is because the resistance coeﬃcient increased with decreasing air density at high altitudes, especially at altitudes of
3000 m-5000 m.

35

40

45

50

55

60

Flight velocity of UAV (m/s)
Service ceiling

Figure 18: Service ceiling of UAV.

Ceiling of UAV includes absolute ceiling and service ceiling. The service ceiling was viewed as the maximum height
when UAV maintain a certain climbing ability. As shown
in Figure 18, the service ceiling was low under low-speed
operating conditions. The service ceiling increased with
increasing ﬂight velocity and reached to 7000 m when the
velocity is above 50 m/s.
The ﬂight envelope was shown in Figure 19. The maximum ﬂying lift is 7000 m at ﬂight speeds between 47 m/s
and 52 m/s. The maximum ﬂight speed is about 57 m/s, and
the minimum ﬂight speed is about 30 m/s at the altitude of
2000 m.
3.4. High-Altitude Endurance. Endurance performance of
UAV contains maximum ﬂying distance and maximum
endurance time.
The maximum thrust of the piston gasoline engine was
identiﬁed as the actual thrust when UAV is in cruise ﬂight.
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Figure 19: Flight envelopes of UAV.

Figure 21: Maximum ﬂight distance at diﬀerent altitudes.

0.056
Fuel consumption per kilometer (kg/km)

40

stage. We chose m = 870 kg. The speciﬁc fuel consumption of
UAV was calculated by formula (18), as shown in Figure 20.
The ﬂying distance of UAV at a certain cruise altitude can
be expressed as
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0.048

Lhυ =
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0.038
0.036
35
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Figure 20: Fuel consumption per kilometer of UAV at diﬀerent
altitudes.

Fuel consumption per kilometer of UAV was calculated
as follows:

qL =

C e Px
,
ηυ

18

where Ce represents the speciﬁc fuel consumption of the
engine (g/(kW·h)), Px represents the required thrust when
UAV is ﬂying (N·m), η represents the propeller eﬃciency,
and υ represents the cruising speed (m/s).
The weight of UAV takes the average of full weight at the
takeoﬀ stage and the weight with 5% oil volume at the landing

ΔmT
,
qL

19

where ΔmT is the weight of UAV at 95% of oil under full load
and qL is the fuel consumption rate per kilometer.
The maximum ﬂying distance of UAV was calculated by
formula (19) (as shown in Figure 21). The maximum ﬂight
distance decreases with increasing altitudes: the ﬂight distance value of 6800 km at 0 m decreases to 4800 km at
7000 m. The farthest distance rises ﬁrst and then decreases
with increasing ﬂight speed at the same altitude. This is
mainly because the fuel consumption rate and the drag coefﬁcient of UAV ﬁrst decrease and then rise with increasing
ﬂight speed resulting in the tendency of fuel consumption
per kilometer.
The cruise time of UAV can be calculated using the
cruising distance at a certain altitude and the ﬂight speed
(as shown in Figure 22). Flight time signiﬁcantly decreases
with increasing altitudes. The maximum ﬂight time of 45 h
at 0 m decreases to 27 h at 7000 m. The ﬂight time decreases
with increasing ﬂight speed at a ﬁxed altitude and decreases
sharply when the ﬂight speed exceeds 45 m/s.

4. Conclusion
The paper analyzed the inﬂuence of an opposed-piston
gasoline engine on the ﬂight performance of a UAV by
the engine simulation test and theoretical derivation and
obtained the variation rules of the propeller thrust characteristics, maneuverability, ﬂight envelope, ﬂight distance,
and time of the UAV.
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The data used to support the ﬁndings of this study are available from the corresponding author upon request.
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Figure 22: Maximum ﬂight time at diﬀerent altitudes.

(1) The trend of the propeller thrust characteristic is different from that of the output power with increasing
altitudes. The output power of the engine increases
with increasing ﬂight speed, but the available power
has a “turning point” with increasing ﬂight speed,
and the available power remains unchanged when
the ﬂight speed exceeds the “turning point”
(2) The climbing rate of UAV gradually decreases with
increasing altitudes. The maximum climbing rate of
2.5 m/s at 2000 m decreased to 0.5 m/s at 7000 m,
and the speed area with a climbing rate was greater
than that at 0 m and the available ﬂight area reduces
(3) The available lift limit of UAV is lower under lowspeed operating conditions. The lift limit increases
with increasing ﬂight speed, and the limit reaches
7000 m when the ﬂight speed exceeds 50 m/s. The
maximum ﬂying height of the UAV is about 7000 m
with a ﬂight speed range of 47 m/s-52 m/s, and the
maximum and minimum ﬂight speeds are 57 m/s
and 30 m/s with the ﬂight envelope
(4) The maximum distance and ﬂight time of UAV
decrease with increasing altitudes, and the distance
and time decrease by 5.8% and 8%, respectively, for
every 1 km rise in altitude. The ﬂight distance ﬁrst
increases and then decreases with increasing ﬂight
speed at a ﬁxed altitude. The ﬂight time decreases,
especially when the ﬂight speed exceeds 45 m/s
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