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Experimental study on static thrust
characteristics of Master Airscrew E9x6
propeller with duct

Nguyen Ho Nghia and Ngo Khanh Hieu

Abstract— Previous studies at HCMUT have been
carried out on free propellers in static condition for
Unmanned Aerial Vehicle (UAV), not much data
exists for ducted propellers. According to theory, the
ducted propeller has some better characteristics than
than the free propeller. The paper presents an
experimental design, based on load-cell deformation,
for the small ducted propeller. The experimental
model will be carried out for the Master Airscrew
E9x6 propeller in the case with duct and without
duct, in the static condition. The results obtained will
be compared with the manufacturer's results
(conducted by the University of Illinois, without duct,
in static condition), and compared to the numerical
simulation results. From there, choose the kind of
propeller that match the design of the UAV.

Index Terms— thrust measurement system, ducted
propeller, Master Airscrew E9x6 propeller

1 INTRODUCTION

ropeller performance at low Reynolds numbers

has become increasingly important in the
design and performance prediction of unmanned
air vehicles (UAVSs). While propeller performance
for full-scale airplanes has been well documented
since the pioneering days of aviation, data on
propellers at low Reynolds numbers has been
scarce.
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The Small Unmanned Aerial Vehicle (SUAV)
now has two popular types: the fixed-wing aircraft
(fixed-wing SUAV) and a type with multiple
propellers (multi rotors SUAV). Advantages of the
"fixed-wing SUAV" that allows a rapid
deployment to the location of a task with greater
stability and better control ability, time tasks can
be up to 2 hours. However, this unmanned aircraft
requires a space large enough, there is a certain
flatness for the take-off and landing. Meanwhile,
the type "multi rotors SUAV" does not require the
takeoff and landing space which is a large area, it
can easily take off and land on a variety of
different terrains; in return it has many limitations
on stability and control (because the main
dependence on circuit boards and control
algorithm of the system), and mission time
(usually no more than 1 hour).

Due to the rapid-deployment features, compact,
easy to carry, the unmanned aerial vehicle used
more multiple propellers is currently popular in
civilian applications for the purpose of observing
in the near range. To increase the operational
efficiency of the air propeller as well as the safety
use, the propeller was developed into propeller in
nozzle (see Fig. 1). A ducted propeller consists of
a combination of an annular airfoil and an
impeller, acting as a propulsion unit.
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Fig. 1. An UAV used 3 ducted propellers [1]

Compared to the unducted propeller, ducted
propeller shows a higher performance. With the
same power generating, the propeller in nozzle
will have lower requirement of capacity. This
development will help greatly to improve the flight
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time of the unmanned aircraft with the propeller in
nozzle.

Previous studies in the Department of
Aerospace Engineering, Ho Chi Minh City
University of Technology (HCMUT) - Vietnam
National University — Ho Chi Minh City were
successful with a thrust measurement system for
unducted electric propeller [2] (see Fig. 2) used for
many small UAVs.

In this paper, we will present how to set up a
thrust measurement system for ducted propeller to
evaluate the effect of the duct on the thrust
characteristics of electric propellers. The tests were
performed in static condition. However, this
testing system could be integrated in the test
section of wind tunnel for the experiments in
dynamic conditions.

Fig. 2. Experimental performance characteristics of the free
propeller at HCMUT [2]

The electric propeller used for experiments is a
Master Airscrew E9x6 propeller, named MA 99x6
(see Fig. 3).

Fig. 3. Master Airscrew E9x6 propeller

2 EXPERIMENTAL PRINCIPLES & EQUIPMENTS

2.1 Principles

Principle diagram of a thrust measurement
system are as follows:

When the system is powered, the speed of the
propeller is adjusted by the electronic speed
controller. The thrust generated by the propeller is
captured by strain-gages in form of an active-
dummy full wheatstoe bridge. Due to the

characteristics of the propeller operating in static,
stable conditions and reaching established status
rapidly under its revolution, a frequency sampling
of 10 Hz with a sample time of 10 minutes is
sufficient for this propeller’s static thrust
characteristics.

The electrical parameters during tests such as:
supplied voltage, electric current, revolution of
electric motor... were logged by the V4 E-Logger
of Eagle Tree Systems [2].
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Fig. 4. Principles of the thrust testing system [2]

2.2 Error of the thrust measurement system

The load cell type used to obtain the thrust data
is an active dummy full wheatstone bridge.
According to [3], a strain-gauge with a Poisson
coefficient of 0.286, the K; of -0.2% would have a
measurement error due to manufacture of 0.041%,
resulting an overall error of strain-gauge of
0.141%. However, with the same Poisson
coefficient, if the value of K; is —3.0%, the
measurement error generated by manufacture
would be 0.654%, resulting an overall error of
strain-gauge of 0.754%. So for the design of a low-
cost testing system, the selected load-cell (see Fig.
5) having a transverse sensitivity coefficient (Ky)
of -3.0%. Hence, the error circuit of the thrust
measurement system is 3.0% (= 4x0.754%).

Fig. 5. Load cell VLC A-314 [4]

The choice of data acquisition device influences
the uncertainty of the measurement result captured
by the force balance. Most of data acquisition
devices are built on industry standards, so they
incorporate the noise filters. However, the
reliability and the accuracy of these devices are
quite different. For example, a low-cost data
acquisition device like Jadever JWI-3100 of
Taiwan has a tolerance of +3.0% (see Fig. 6); a
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high-cost device like NI myDAQ of National
Instrument has an error of £0.5%.

Fig. 6. Jadever JWI-3000 [5]

With low-cost acquisition device such as
Jadever JWI-3000, the overall error of thrust
measurement system presented in this paper is
about £6%.

2.3 Calibration
The calibration process is as follows:

- Thread the wires to the motor shaft, making
sure the wires are horizontal. Then through the
pulley to be able to hang the balance.

- Use standard weights weighing in the range of
force that the engine can generate: 10g, 20g,
30g... in turn to set the balance.

- Record the value displayed on the loadcell for
each weight, then output the calibration curve
of the loadcell.

- Use the calibration curve to serve the
experimental process.

2.4 Experimental process

Experimental process of propeller’s thrust
characteristics in static condition is carried out in
the following steps:

a. Installation of the system by the thrust of the
pedal to the pedestal. Check the installation to
ensure that the measuring system is fixed to the
mounting base.

b. Connects the load-cell resistor to the Jadever
JWI-3000. Check the display of the "load-cell"
signal on the Jadever JWI-3000.

c. Connect the Jadever JWI-3000 to your
computer via the RS-232 interface. Check the
display and output of the Jadever JWI-3000 to
the computer at a sampling frequency of 10 Hz.

d. Wire connection of the brushless electric motor
to the ESC speed regulator, check the direction
of rotation to ensure correct rotation required
during the experiment.

e. Connect the ESC accelerator signal to the V4
E-Logger, and connect the V4 E-Logger to the
computer via a device-powered cable. Check

the output from the V4 E-Logger displayed on
the computer.

f.  Power supply for electric motors.

g. Activate the Jadever JWI-3000 in processing
mode and output the results to the computer.

h. Activate the V4 E-Logger in processing mode
and output the results to the computer.

i. Controlling the rotation of the electric motor to
a desired value (the rotation setting time for the
brushless electric motor in this case is quite
short, seconds to tens of seconds).

j. Record the empirical value for the rotation
determined from step (j) with a minimum
duration of 10 minutes.

k. Put the rotation of the electric motor to zero.
And wait about 30 to 60 seconds for the system
to return to its pre-experimental state.

I. Stop the processing and export of the results to
the computer of the Jadever JWI-3000, which
stores the previously recorded data into a data
file for post-test analysis.

m. Stop the processing and output to the computer
of the V4 E-logger, store the previously
recorded data as a data file for post-test
analysis.

n. Proceeding from (h) to (n) with another set of
electric motors.

0. End the experiment by disconnecting the power
supply to the motor, disconnecting the
connections to the computer and with the
measuring system, remove the force gauge
from the pedestal.

3 DESIGN OF DucT

There are two main nozzle types: acceleration
and deceleration, the difference between these two
types is the velocity distribution in inlet/outlet of
the nozzle. For the first one, the velocity of the
input stream is smaller than the output and the
other is opposite (see Fig. 7).
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Fig. 7. General form of streamlines enforced by different nozzle
types [6]

The main geometrical characteristics of a duct
have shown in Fig. 8, where:
- L:duct’s length

- C: the gap between the wingtip and the trailing
edge.

- t: the maximum thickness of the duct.

- Cx = Ax/A: the ratio between the inlet area and
cross-sectional area of duct.

- Cy = Ay/A: the ratio between the outlet area
and cross-sectional area of duct.

Fig. 8. Profile of nozzle [6]

Based on the standard of the research center of
Wageningen in Netherlands [6], the current
manufacturing technology at HCMUT, the duct is
designed by Wageningen 19A standard and
manufactured by 3D printing method.

Fig. 9 and table 1 show the geometry of duct
and its geometrical parameters.

TABLE 1
GEOMETRICAL PARAMETERS OF DUCT

Quantity Value
Inner diameter (Diy) 450 mm
Outer diameter (Dou) 300 mm
Duct’s length 160 mm
Location of the propeller (from the front 185 mm
edge of the nozzle)

Distance between the wingtip and the edge 1 mm

of the nozzle

Fig. 9. Duct for experiments

4 RESULTS

The proposed thrust measurement system is
used for testing of propeller’s thrust in static
conditions in case of free propeller (non duct) and
ducted propeller (see Fig. 9).

SHRLEY o e

Fig. 10. Propeller’s experiments in cases of non duct and with
duct

The static thrust of propellers could be
expressed by static thrust coefficient (Cro). Where:
Cr, =Ty /(PN Djroy )
- T static thrust

- pisair density

- n: revelutions of propeller per second
(n = RPM/60)

- Dyrop: diameter of propeller.
Tables II, 11l show the testing results of static

thrust of the Master Airscrew E9x6 in cases of
with duct and non duct.
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TABLE 2
EXPERIMENTAL RESULTS IN CASE WITH DUCT
RPM THRUST (GRAM) Cro
2509.8 80.191 0.1343
3553.7 166.82 0.1394
4182.6 238.73 0.144
4861.1 324.97 0.1451
5421.5 408.76 0.1468
5871.7 500.71 0.1533
6282.5 578.4 0.1546
6746.5 673.6 0.1562
7217.1 777.9 0.1576
TABLE 3
EXPERIMENTAL RESULTS IN CASE WITHOUT DUCT
RPM THRUST (G) Cro
2570 60.3 0.0962
3640 122.0 0.0976
4030 153.0 0.0996
4750 218.0 0.1018
5090 246.0 0.1001
5330 277.0 0.1029
5820 330.0 0.1026
6080 365.0 0.1043
6620 449.0 0.1080

The results showed that the ducted propeller has
better thrust performance than the non duct
propeller, in static conditions (see Fig. 11 and Fig

12).
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Fig. 11. Comparison of thrust between ducted propeller and non
duct propeller

For electric power (calculated by measuring the
voltage and electric current to the motor), in the
same capacity, the value of the thrust generated by
the ducted propeller is larger (see Fig. 13), at low
power levels, the differences are not significant,
but when the power supply is increased, the
difference value increase up.
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Fig. 12. Comparison of static thrust coefficient between ducted
propeller and non duct propeller
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Fig. 13. Thrust versus electric power in cases of ducted
propeller and non duct propeller

5 EVELUATION OF THE RESULTS

The University of Illinois (USA) had been
conducting experiments for the Master Aircrew
E9x6 propeller in the static conditions. Fig. 14
shows the comparison between the results of the
HCMUT and the results of the Illinois University.

So, in case of non duct propeller, at the propeller
speed of RPM 6000, the static thrust coefficient
captured by HCMUT tests was about 0.105. In
comparison with the static thrust coefficient from
the experiments at University of Illinois which is
0.114, the error is approximately 7%. As described
in section 2, the error of the testing system is about
6%, consequently, the error of 7% comes mainly
from the equipment used. So, the proposed thrust
measurement system has good methodology and
procedure, the obtained results are reliable. And
they could be improved with more expensive
equipments.
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Fig. 14. Static thrust coefficient of MA E9x6 in case of non

duct propeller [7]

In case of ducted propeller with duct shape
presented in Fig. 8, the tests show that the static
thrust coefficients at RPM 5421 is about 0.1468.
The numerical analysis model based on the same
duct shape shows that the static thrust coefficient
at RPM 5000 is 0.1616. Therefore, the error of the
numerical model is approximately 10% (see Fig.
15). The results of the simulation, which have been
validated by the thrust measurement system with
errors below 10%, is acceptable.
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Fig. 15. Use of the thrust measurement system to validate the
numerical analysis of MA E9x6 with duct [8]

As a result of this validation, the performance
characteristics of the MA E9x6 with duct, in form
of Wageningen 19A standard, could be obtained
by the numerical analysis model (see Fig. 16).
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Fig. 16. The characteristics of the MA E9x6 propeller in the
duct were constructed by numerical simulation [8]

6 CONCLUSION

The thrust measurement system, presented in
this paper, is used for the experimental study on
the static thrust characteristics of the Master
Airscrew E9x6 in cases of with duct and without
duct. The results obtained indicate that it could be
applied not only to test the thrust characteristics of
small UAVS’s propellers but also to validate the
numerical analysis model for theirs performance.
As the results, the thrust testing system could be
served as an effective design tool for the selection
of small UAVs’s propulsion system based on
propeller-driven.

In the future, the thrust measurement system
should be improved for more realiable and more
accurate in order to put on a wind tunnel to study
thrust characteristics of ducted propeller.
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Khao sat thuc nghiém dac tinh cua luc déy
tinh cua chong chong Master Airscrew
E9x6 trong truong hop co6 6ng dao luu

Nguyén Hd Nghia va Ngo Khanh Hiéu

Tém tit— Cac nghién ctu trude day & Pai hoc Bach Khoa hau hét déu thuc hién véi truong hop chong chong tir
do, khong c6 dit heu cho truO‘ng hop chong chéng ndm trong dng dao luu. V& mit ly thuyét chong chéng trong éng
dao Iuu ¢6 mot sé dic tinh tdt hon so voi tru(yng hop tu do. Bai bao trinh bay thiét ké thi nghiém cho chong chong cd
nho. Mo hmh thi nghiém s& dwoc thuc hién dbi voi chong chéng AirScew E9x6 trong treong hop co ong dao luu va
khéng c6 éng dao luu, & diéu kién tinh. Cac ket qua thu duoc s& duoc so sanh véi két qua cua nha san xuét (tién hanh
bdi Pai hoc Ilhn01s truong hop khong co ong dao luu, trong didu kién tinh), va so v&i cac két qua mod phong sb
(trudng hop c6 dng dao luu). Tir d6 dua ra két luén cho viée lya chon loai chong chong phu hop v6i muc dich st

dung cua loai UAV.

Tir khéa— chong chéong trong éng dao luu, chong chéng Master Airscrew E9x6



