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Abstract

The article discusses lift force generated by mini quad-rotors. CFD (Computational Fluid
Dynamics) simulations were made on the base of a 3D scanned propeller model. Influence of
some geometrical parameters of propeller (like velocity or pitch) and quadcopter (like gap) on
lifting force was considered. Different propeller pitches were used and pitch influence on
propeller lift force was analyzed. Normally, lifting force will increase with the increasing of
propeller pitch but for different rotation velocities, this increasing is different and in all cases, it
can be approximated by a linear relationship. To obtain dependency functions, an equation for
calculation of lift force given took into account the correction coefficients. This equation gave
reliable results at pitch values equal to 0.3-0.7 of the propeller diameter and at rotation velocities
of 2000 min'-8000 min™".

Lift force dependency from distance between rotors was also considered. Simulations and
experiments showed that the lifting force of a quadcopter increased about 15% on gap distances
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from 5 mm to 35 mm. From a distance of 70 mm, the lifting force will decrease about 2% and
then will stabilize. At increasing of distance between propellers from 5 mm until 25 mm, the
power consumption decreased 8%-10% and after the gap distance equal to 40 mm, it will be
stable and minimal. It can be asserted that quadcopters have different optimal distances between
the propellers at different rotation speeds to generate the same force. Equations for calculation of
optimal gap distances for different multicopters were derived and calculation results are
presented in graphs and tables.

Keywords: UAV, CFD Simulation, Quadcopter, Lift Force, Rotor, Gap, Energy Saving

Introduction

In the last decades, many autonomous and teleoperated vehicles in the applications of robotics
have been developed, including wheeled or tracked and legged vehicles. However, in many
cases, ground vehicles have significant inherent limitations to access desired locations due to the
characteristics of the terrain and the presence of obstacles. In these cases, aerial vehicles are the
natural way to approach the objective to obtain information or even to perform necessary actions
such as the deployment of instrumentation [1]. Unmanned aerial vehicles are widely used in
various civil [2, 3] and military [4] applications, for example for traffic monitoring [5, 6],
navigation [7, 8] and aerial mapping. UAVs are used for agriculture [9, 10] needs, press,
television, cinematography [10-12], marine application, pollution detection and other fields.
UAVs are capable of carrying out work under conditions where the surrounding environment is
dangerous or not accessible to humans. They can carry out many military applications such as
border patrol monitoring [13] and drug smugglers detection, uninhabited combat aerial vehicles
and radar saturation roles. UAVs have generated great interest in industrial and academic areas
[14-16] due to small size [17, 18], unique flight capacities [19-21], outstanding maneuverability
and low cost. A lot of researches related to stability and controllability are being conducted [22-
25]. Mathematical calculation methods, basis of screw theory [26], analysis of joining between
components [27] and optimization of kinematic parameters [28] are also usually used for the
development of UAVS.

One very important part in analyzing UAVS is rotors energy saving and increasing the system
capacity. Many different parameters like mass, design, environment and other influence on
energy consumption [29-31]. The work by [32, 33] tried to save system energy by chattering
reduction during mini UAV control. Work b considered thrust optimization in rotors with two
and three propellers. The main purposes of this research are to consider the influence of rotor
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pitch and gap between rotors on lift force and power consumption of a quadcopter. Analysis will
be done with the help of CFD simulations and laboratory tests. Normally, the increase in
propeller pitch causes increase in lifting force magnitude but it is interesting to know the
influence of different velocities. Relationship between lifting force produced by rotors and
quadcopter mass gives information about system efficiency and it is beneficial to know the
optimal design parameters in a quadcopter.

Methods and materials

Lifting force generated by propeller was carried out owing to an air flow created near the
propeller and directed down (Figure 1). The simulating models (Figure 2 (a)) were created on the
base of real propellers (DF-1050CR from Draganfly Innovations, airfoil type similar to
NACA6409) with diameter of 254 mm and pitch of 127 mm as well as a propeller with diameter
of 203.2 mm and pitch of 101.6 mm, scanned with the help of a 3D scanner. The scanned models
were imported in SolidWorks Flow Simulation as point cloud data [36]. Then, working models
were created and lifting force of propellers was determined at different rotation speeds.

Figure 1. Air stream near the propeller.
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a) b)
Figure 2. Models for CFD simulation for 254 mm propeller (a) 3D scanned data; (b) FVM mesh.

CFD simulations were made using external computational domain with a local rotating region.
The environment was filled by air with a density of 1.2 kg/m?®. Normal environmental conditions
with pressure 101325 Pa and temperature 293.2 K were used. Temperature change effects were
not taken into account. Meshing was done by manual mesh control using planes and mesh
refinement around the propeller’s curved surfaces (Figure 2(b)). Mesh refinement reduced the
number of partial cells (cells that were partly solid and partly fluid). All the simulations were
made in steady-state mode until convergence of the lifting force was less than 0.02 N (around
0.3% of the whole amount of the lifting force). In Figure 3, streamlines and vectors show air
velocity and flow direction. Colors show pressure difference near the rotating propeller. Pressure
difference between the top and bottom surfaces of the propeller generated the lifting force. Edges
of the rotating propeller created a turbulent area, where the flow went upwards and this stream
partially compensated lower pressure region on top and the lifting force decreased.
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Figure 3. Pressure distribution near the propeller.
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Experiments Study

In the experiments, a brushless motor Robbie 2827-34 with propellers 254x127 mm and
203.2x101.6 mm was used. For motor control, a brushless motor controller (ESC) BL-CTRL 1.2
from the Mikrokopter Company was used, operated through RS232 port directly from PC (using
UM232R USB Serial UART Development Module by FTDI Company). For control, freeware
software KopterTool V1-78B from a brushless motor controller developer was used. To
determine motor power consumption, a bypass resistor was used. Experiments were made by
help of a testing device shown in Figure 4. Heavy base was fixed with a strain gauge sensor PS-
08844244 to a motor with a propeller fixed to it. Propeller rotation speed was measured with an
optical laser tachometer Omron CT6. Altogether, ten values of rotational speed were measured
for each propeller size.

Figure 4. Testing device for the determination of propeller lifting force.

Results and discussion

Experiment results (Figure 5) were approximated using non-linear regression analysis software
[37]. Lifting force dependency on the propeller rotation speed can be expressed as follows:

F = 0.486 x 1076, n1-882 (1)
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Figure 5. Data of three experiments and approximated result of the dependency of the lifting
force on the rotation speed (254 mm propeller).

o

Power consumption measurement

Power consumption was measured by a bypass resistor SH-15-30A-75 with voltage 75 mV and
current 15/30 A. Results of the experiments with a 254 mm propeller are shown in Figure 6.
Each step on the graph corresponds to a certain propeller rotation speed and energy consumption
in hovering was stable. Figure 7 shows the dependency of the lifting force on motor power
consumption. Motor power consumption behavior can be described as linear (Figure 7), at least
at working angular velocities (when rotor creates 1.0-7.0 N of lifting force). In the considered
case, the influence of rotation speed on power consumption was also close to linear. Usually, the
dependency of rotation speed on the motor energy consumption has a parabolic form, where the
power consumption is proportionally lower at lower velocities than at higher.
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Figure 6. Motor power consumption in time.
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Figure 7. Dependency of the lifting force on motor power consumption.

Comparison of simulation and experiment results

Figure 8 illustrates force dependency on the propeller rotation speed (Figure8 (a) compares
forces produced by 254x127 mm propeller and Figure 8(b) shows the same data for 203.2x101.6
mm propeller). Experiment force graphs were made on the base of the tests data and CFD force
graphs by simulations. Both methods gave approximately similar results. Maximum deflection
between simulations and experiment data was about 3%. This means that the current CFD
software can be used for similar analysis and comparison of propellers with different parameters.
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Figure 8. Dependency of the lifting force on the rotation speed; (a) 254x127 mm propeller; (b)
203.2x101.6 mm propeller.
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Figure 9. Dependency of the lifting force on pitch for 254 mm propeller.

Propeller Pitch Influence on Lift Force

Propellers with the same diameter can have different pitches. Let us consider pitch influence on
lift load value. Theoretically, the higher the pitch, the higher the lifting force that can be
produced but in reality, an increase in pitch size will generate an additional load on the motor
and its combination with the propeller can be ineffective. Usually, pitch changes in the range of
0.7-1.3 radius of the propeller. Median value of pitch is half of a propeller’s diameter. All the
other calculations have this ratio between pitch and propeller diameter. Let us consider the
influence of pitch on the lifting force. Simulations compare propellers with the same diameter
and rotating velocity but with different pitches. Figure 9 shows the dependence of the lifting
force on the propeller pitch for different rotation speeds. All these functions can be described by
linear laws with a high coefficient of determination. Simulations were made only on “working”
rotation speeds that can be used in reality (2000 — 8000 min-1). Common dependency between
propeller pitch and lifting force can be found by considering all three lines (Figure 9) together.
Change of lift force can be presented by correction values that for example for 254 mm (10 inch)
propeller can be expressed by Eq. 2. The equation takes into account both positive and negative
values, depending on the pitch more or less than 127 mm (half of the propeller diameter). Adding
parameter FC-10 to the value of lifting force (Eq. 1) can show lifting forces generated by
propeller with pitches different from half of the propeller diameter. This equation is not related to
the rotation speed (and therefore unrelated to the exact lifting force) and can be used only for
defined velocities.

F._1o = (P —127).0.037 2)
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Simulations for the determination of the dependency of the lifting force on pitch were also made
for 203.2 mm and 304.8 mm propellers (8 inch and 12 inch). Those dependencies were also
linear and can be described by Eq. 3 (similar to Eq. 2).

Fo_g = (P —101.6).0.018 , Fo_,, = (P —152.4).0.051 3)

Combination of Eq. 2 and 3 will result in the overall correction coefficient Fc (Eq. 4). Using the
parameter Fc, it is possible to forecast how the lifting force will change if the propeller pitch will
be different from half of the diameter. This formula gives reliable results at pitch values equal to
0.3-0.7 of the propeller diameter and at rotation velocities 2000-8000 min-1.

D
F, = (p _ E) (327 X 1074D — 4.72 x 10~2) (4)

Figure 10. Simplified model of a quadrotor helicopter for CFD simulation.

Optimal gap between propellers
Influence of distance between the propellers on the lifting force

The laminar and turbulent flows were created near the rotating propeller (Figures 1 and 3). When
multicopter propellers were very close to each other, flows from them affected neighboring
propellers and their motor power consumption. With increasing distance between the propellers,
the mass and dimensions of the helicopter increased and it is necessary to know an optimal gap
distance between the propellers. In this case, the helicopter mass will be at minimum and
propellers will generate a maximum lifting force as influence of border effect was minimal. To

9
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determine optimal distances, lifting forces of four-rotor flying platforms (mini UAV) with
different distances between propellers were analyzed. The air out-flows from the propellers were
simulated and the lifting force was determined with CFD software. Figure 10 shows simplified
model of a quadrotor helicopter for CFD simulation. Helicopters with different distances
between the propellers at different angular velocities were compared. To compare the obtained
results with real conditions, a series of experiments were done.

Simulations

Simulations for lifting force determination and gap distance optimization were made on the base
of a simplified quadrotor helicopter model with 254 mm propellers. Separate simulations for four
different rotation speeds 1500 min-1, 3000 min-1, 4000 min-1 and 5000 min-1 were done [35].
For each rotation speed, the distance range between the propellers changed from 5 mm to 140
mm (Figure 11). Environmental conditions used were the same as before: air density was 1.2
kg/m?, pressure 101325 Pa and temperature 293.2K. Results of the simulations showed that the
lifting force produced by one propeller in quadrotor increased on distances from 5 mm to 35 mm
(Figure 11) by about 15%. From a distance of 70 mm, the lifting force will decrease by about 2%
and then will stabilize. This magnitude of lifting force was equal to the lifting force produced by
one separately working propeller.

5.0

&2 / — 5000 min!

4.0 e 4000 min!

15 e 3000 min!
= 10 1500 min*t
3
o 2.5 el
=]
s 2.0
=

1.5 |

1.0

0.5

0
0 50 100 150

Distance between propellers, L [mm]

Figure 11. Dependency of the lifting force on the distance between the propellers.

Figure 12(a) shows airflow velocities and their directions of a quadrotor helicopter (front and top
views) with 10 mm distance between the propellers. Velocity range was 0-13 m/s, darker areas
near the propeller showed higher velocities. Small turbulent areas appeared near the propeller
edge where air flow was twisting upwards. There was a space between the propellers where
airflows were running into each other and the resulting flow moved upwards. This stream

10
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partially compensated the lifting force. Figure 12(b) illustrates airflow velocities and their
directions when the distance between the propellers was 140 mm. At this distance, the influence
of airflows from the propellers was insufficient. Each propeller can be considered as separately
working and total lifting force produced by quadcopter can be found as the sum of lifting forces
produced by four propellers.

Figure 12. Air velocity distribution near the propellers. a) Distance between propellers is 10 mm,
and b) distance between propellers is 140 mm

Experiments details

A testing device was designed for experiments that allowed imitating a quadcopter with
changing distance between the propellers. One of the four propellers was fixed on the force
measurement device and the distance between propellers changed with steps of 10 mm.

5.0

2 / Experiment 1, # = 5000 min*

4.0 Experiment 2, » = 4000 min-!
535 Experiment 3, # = 3000 min-!
: ;0 —— CFD simulations
£a25
S 20

15| ="

1.0

0.5

]
0 50 100

Distance between propellers,  [mm]
Figure 13. Dependency of the lifting force on the distance between the propellers. Comparison of
experiment results with the CFD simulations.
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Figure 13 illustrates the dependency of the lifting force on the distance between the propellers
for different rotor angular velocities. Both experiments and CFD simulations gave approximately
similar results (maximum deviation is about 3%). From Fig. 13, it can be seen that at the same
angular velocity, the propeller can produce different lifting forces on different distances between
the propellers. For example, at the angular velocity of 5000 min! a propeller produced 14.82%
higher lifting force at distance between rotors equal to 40 mm than at the distance equal to 10
mm. By increasing the distance between propellers from 5 mm until 25 mm, the power
consumption decreased 8%-10% and after the gap distance equal to 40 mm it will be stable and
minimal. Figure 14 shows the dependency of motor power consumption on the distance between
the propellers for different lifting forces produced by the rotor. Difference between optimal and
the highest power consumption was 9.67% (without taking into account the increasing of
quadcopter mass) while the propeller created a lifting force of 5 N.

100 1 . F-GN
90 c4
_ 80 — ./F=>N
2,707 F=4N
2 60— a
g 50 F=3N
3 P
s 40
304 PN
20 S FIN
10
0 | : : -
5 25 43 65 85

Distance between propellers, L [mm]

Figure 14. Dependency of motor power consumption on the distance between the propellers.

Optimal gap distance determination

Optimal gap distance between the propellers is the distance when the propellers generate a
maximum lifting force as air flows affect each other minimally. This distance should be
considered in the hovering of a quadcopter. Helicopter mass is usually known and this fact
allows easy-to-determine necessary lifting force produced by each propeller. To determine an
optimal distance between propellers, it is necessary to know the energy quantity for producing a
definite amount of lifting force. Since it is impossible to determine the real energy consumption
by CFD software, propeller angular velocity was used as a compared parameter. To convert data,
nonlinear regression analysis was made using Microsoft Excel Analysis ToolPack. Results are
shown in Figure 15. Presented here are the angular velocities necessary for generating a definite
amount of lifting force on a definite distance between the propellers. For example, to produce a

12
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lifting force equal to five newton, the propeller needs to have the rotation velocity of 5698 min-1
at distance between propellers equal to 5 mm and a distance of 41 mm, this velocity should be
only 5319 min™!. For a precise determination of the optimal distance, the mass of the aerial
vehicle had to be taken into account. Hereinafter was assumed that the mass per length of the
UAV girder was equal to 0.25 g/mm. Thus, at the increasing of the distance between the rotors,
the mass of the quadcopter also increased and a bigger lifting force was necessary for holding an
aerial vehicle immovable in air. Figure 16 shows the dependency of the propeller angular
velocity on the distance between the propellers for generating 5 N of lifting force. In this case,
the optimal distance was equal to 41 mm.

— 6.5 F=6N
£ 60 iF=5N
g 5.5 SN~— F=4N
= 4.5 ‘// o
= 40 S~
3 F=2N
&35 r
z B
S 3.0
= F=IN
225 e
® a0

0 50 100 150

Distance between propellers, L [mm]

Figure 15. Dependency of the propeller rotation speed on the distance between the propellers.
The propeller is producing a definite lifting force.

T 58 o

g = Lifting force

§ 57 11 Reduced lifting force
56|

T 55

&

g 54 —
ko

s 53 -

# 0 50 100 150

Optimal distance between propellers, Ly [mm]
Figure 16. Optimal distance between 254 mm propellers at producing of 5 N force.

From Figure 16 it can be seen that the 254 mm quadcopters have different optimal distances
between the propellers at different rotation speeds to generate the same force. The same data

13
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obtained from non-linear regression was used (Figure 15) to find optimal distances that
corresponded to different lifting forces (Figure 17). Distance dependency on the lifting force for
254 mm propellers can be calculated by Eq. (5)

Lo_10 = 0.55F,* — 0.24F, + 29.75 (5)

To create the calculation method of optimal gap distance, CFD simulations, in addition to the
propeller 254x127 mm, were done for propellers 203.2x101.6 mm and 304.8x152.4 mm. The
calculations were done on different distances between propellers and different angular velocities
with the same parameters that were used for 254 mm propeller calculations. Figure 18 shows the
comparison between the lifting forces produced by three different propellers at the angular
velocity of 5000 min™.

Dependencies of optimal distances on the propeller diameter for different lifting forces are
presented in Figure 19. It can be seen that these dependencies can be represented by similar laws
for forces 2 N, 4 N, and 6 N. Common dependency can be described by Eq. 6

Ly, = 0.15D — 38.10 (6)

Lo10=055F12-0.24F1+29.75

Optimal gap, Lo [mm]
v

1 2 3 4 5 6
Lifting force, F [N]
Figure 17. Optimal distances between 254 mm propellers for different lifting forces.

14
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Figure 18. Lifting force produced by the propeller with the rotation speed of 5000 min™’.
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Figure 19. Optimal distances between propellers with different diameters (for generating force of
2N,4 N, and 6 N).

After substitutions in Eq. 5 and 6, Eq. 7 can be obtained. With this formula, it is possible to find
an optimal distance between the propellers for a quadcopter with propeller pitch equal to half of
the diameter at a defined lifting force. The calculation results are shown in Figure 20.

L = 0.55F? — 0.24F + 0.15D — 8.35 7

To ensure that Eq. 7 was applicable to a larger amount of propellers (not only for cases where the
rotor’s pitch was equal to the radius), force correction should be added and the results can be
presented as an equation pair (Eq. 8)

F,. = (P —2) (3.27 X 107*D — 4.72 x 1072)
C 2 . . . (8)

L = 0.55(F + F;)? — 0.24(F + F;) + 0.15D — 8.35
15
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The coefficient of determination gave a very precise result. Changing the optimal distance by +
8%, power consumption will change slightly, around 1%. Equation 8 can be used within the
propeller’s diameter range 177.8 mm-355.6 mm in which the pitch was equal to 0.3-0.7 of the
propeller diameter. Propeller’s rotation speed must be within 2000 min™'-8000 min™.

<9
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E 60
Q 50 |
=
& 40 ¢
o
2 30 |
]
B 20
o°' 10 | > 3556
0 - ) B 2540
1 2 = — " Propeller
3 4 5 p 1778 diameter,
Lifting force, F [N] 7 D [mm]

Figure 20. Optimal distances between the propellers.

To simplify the use of Eq. (8), widely used propeller sizes and masses of quadrotor helicopters
were considered and the calculation results are presented in Table 1. The table contains optimal
distances between propellers for different quadrotors, propeller pitches, and helicopter masses.
Theoretically, the equation pair (Eq. 8) can be used not only for quadrotor helicopters but also
for multicopters with 3, 6, 8, and other numbers of rotors.

Table 1. Optimal distance between axis of propellers, (mm).

Diameter | Pitch UAV mass, [g]

[in] [in] | 1000 | 1250 | 1500 | 1750 | 2000 | 2250 | 2500 | 2750 | 3000
7 3.5 199 201 203 206 209 212 216 220 225
7 4.0 199 201 204 206 209 213 217 221 226

27 4.5 200 202 204 207 210 214 218 223 228
8 4.0 228 230 232 235 238 241 245 250 254
8 7.5 234 237 240 244 248 253 258 264 270
9 4.5 257 259 261 264 267 271 275 279 284
9 6.0 261 263 266 269 273 277 282 287 293
10 3.7 284 285 287 289 2901 294 297 300 304
10 4.7 286 288 290 292 295 298 302 306 311

16
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10 5.0 287 288 291 293 296 300 304 308 313
10 6.0 289 292 295 298 302 306 310 315 321
11 5.5 316 318 320 322 326 329 333 337 342
11 6.5 319 322 325 328 332 336 341 346 352
12 4.5 342 343 343 345 346 349 351 354 357
12 6.0 345 347 349 352 355 358 362 367 371
12 7.0 349 352 355 359 363 367 372 377 383
14 6.0 401 401 402 404 406 408 411 414 417
14 7.0 403 405 407 410 413 417 421 425 430
14 8.0 410 413 416 420 424 429 434 439 445
Conclusions:

Lifting force of a quadcopter depends on different geometrical parameters. Normally, lifting
force will increase with the increasing of propeller pitch. For different rotation velocities, this
increasing is different but in all cases it can be approximated by a linear relationship. To obtain
dependency functions, CFD simulations and laboratory experiments were carried out and an
equation for calculation of lifting force, taking into account the pitch influence, was derived.
Results showed a linear relationship between propeller pitch and the produced lifting force and
proposed calculation equation gave reliable results at pitch values equal to 0.3-0.7 of the
propeller diameter and at rotation velocities 2000 min™'-8000 min™'. Analysis of mini quadcopter
efficiency was carried out, taking into account the vehicle mass and lifting force produced by all
propellers. CFD simulations showed that the lifting force of a quadcopter increased about 15%
on the distances between propellers from 5 mm to 35 mm. From a distance of 70 mm, the lifting
force will decrease about 2% and then will stabilize. Laboratory tests gave practically the same
results. Deviation was about 3%. At increasing of distance between propellers from 5 mm until
25 mm, the power consumption decreased 8%10% and after the gap distance equal to 40 mm, it
will be stable and minimal. Based on the experimental tests and analyses, one can assert that
quadcopters have different optimal distances between the propellers at different rotation speeds
to generate the same force. Equations for calculation of optimal gap distances for different
multicopters were derived and calculation results were presented in graphs and tables. For
example, for a quadcopter with propeller 254 mmx127 mm and total mass of UAV equal to 1 kg,
the optimal gap between propellers would be 33 mm. If the mass of the same design of UAV is
equal to 2.5 kg, then the optimal gap would be 50 mm.
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