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ABSTRACT

When designing a fast flying multicopter aircraft
knowledge about propellers at inclined inflow
conditions is important. To investigate this oper-
ating condition a whirl tower was built and sev-
eral propellers were tested in a wind tunnel at
angles of attack of 8°, 15°, 22.5° and 30°. The
inflow speeds were varied between 4 m/s and
30 m/s.

The gained measurement data was used to vali-
date an in-house blade element simulation soft-
ware. The simulations were improved by adjust-
ing airfoil lift and drag polars to static propeller
measurements. Without any further adjustments
to the inclined inflow condition the simulations
showed good agreement with the measurements
of two different propellers operating at an angle
of attack. This means that it is possible for future
projects to gain significant knowledge about pro-
pellers at an angle of attack with the use of static
thrust and performance measurements without
the need for a wind tunnel.

A less complicated semi-analytical approach was
also tested to model the performance of pro-
pellers at an angle of attack. Without further
adjustments to the equations it was not possible
to achieve a good agreement with measurement
data using the simplified approach.

Some measurements were also taken with a
counter-rotating propeller arrangement (coaxial
rotors). A hypothesis is proposed that the thrust
deficit of the bottom propeller due to the influ-
ence of the top propeller is less at forward flight
conditions than at the static operating condition.
This hypothesis could be confirmed by measure-
ments but still needs further validation.

1 INTRODUCTION

In the scope of the ANWIND project a multicopter air-
craft for wind measurements near wind turbines will be de-
signed, built and tested at the University of Stuttgart’s Wind
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Energy Research Group (SWE). The two main challenges in
the development process of this aircraft, called ANDroMeDA
(ANWIND Drone for Measurement and Data Acquisition)
are a reasonable performance in terms of stable flight at
windy conditions and long flight duration as well as placing
the measurement probe away from disturbances of the pro-
pellers.

Since ANDroMeDA will be hovering at wind speeds of
11 m/s ((the design wind speed of a wind turbine) and above
it is important to have knowledge on how the propellers will
perform at an angle of attack and at higher inflow speeds.
Without experiences on thrust and power of inclined pro-
pellers it is even impossible to make a statement about the
resulting flight times.

For static propeller operation or propellers with a straight in-
flow (airplane operation) several open source simulation tools
exist e.g. Qprop, JavaProp, JBlade [1, 2, 3] and some mea-
surement data is also available [4]. Hence it is more or less
easy to calculate the hover performance of a multicopter rotor
in the absence of wind.

For a multicopter that is designed to be able to hover in strong
headwinds or a multicopter designed to be most efficient at
higher forward flight speeds the available simulation tools
cannot be used and propeller measurements are really rare.
Larger helicopter companies have their own in-house blade
element simulation tools. There are also commercial tools
available for example CAMRAD [5]. Since those commer-
cial tools are above the budget of most UAV projects and are
capable of much more than needed for this task the UAV de-
partment at the SWE developed a small custom made blade
element tool, called RotoCalc, which is able to simulate in-
clined propellers.

Since RotoCalc could not be validated with measurement data
in the past and since no wind tunnel measurements for in-
clined propellers are available for the desired propeller sizes
a propeller test rig, called whirl tower, was built and sev-
eral propellers have been tested at inclined inflow conditions.
Two propellers, an APC Thin Electric 13x6.5 and an Aero-
naut CAM Carbon Light 13x6 have been simulated. Because
a counter-rotating propeller configuration is also considered
for the ANDroMeDA multicopter to achieve a higher redun-
dancy another test rig was built for this propeller arrangement
additionally.
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2 DESCRIPTION OF THE TEST SETUP AND
SIMULATION ENVIRONMENT

2.1  Whirl Tower Setup

The whirl tower is shown in Figure 1 and Figure 2. It
measures propeller thrust, propeller torque, propeller RPM,
battery voltage, motor current,motor temperature and the cur-
rent ESC input signal. All measurements are transmitted to a
PC at a rate of 50 Hz. Thrust and torque measurements are
taken using low cost load cells [6] and low cost load cell am-
plifiers [7]. To make sure no aerodynamic forces will disturb
the load cells the whirl tower is covered with a clear plastic
cylinder. The RPM is determined electronically with the help
of one phase of the brushless motor.

All electronics is placed on a single circuit board included in
the whirl tower to keep cable lengths short. The whirl tower
is connected to the data acquisition laptop via bluetooth. This
ensures a galvanic isolation. The PC software (Figure 3) dis-
plays all measurements in real time. It is also possible to send
commands e.g. for taring the load cells and to control the mo-
tor power with this software.

To calibrate the torque and force measurements a special ar-
rangement of pulleys and wires has been designed shown in
Figure 2. The friction of the pulleys at loaded condition could
be determined to be less than 3 g. During calibration the max-
imum relative error in thrust was about 0.6% and the maxi-
mum relative error in torque was about 1.6%. For most load
conditions these errors were much smaller.

The RPM measurement quality is hard to characterize since it
is not known if deviations are originated in the measurement
or in the ESC and motor. After comparison with a strobe lamp
the measurement accuracy is assumed to be about +10 RPM.
Another source for measurement errors is the whirl tower it-
self and its aerodynamic wake which is of course larger than
in the usual multicopter arrangement with a thin motor arm.

2.2 Counter-Rotating Propeller Test Setup

For the counter-rotating propellers another test setup was
used. The thrust of the upper and lower propeller is measured
separately with the same kind of load cells used for the whirl
tower [6]. The RPM of the upper and lower propeller as
well as the motor current of upper and lower motor is also
measured separately. Additionally the battery voltage is
measured. Figure 4 shows the test setup.

Unfortunately the mounting stiffness of the connection
between load cells and motors was too low so that oscilla-
tions occurred. These oscillations only occurred with the
wind tunnel running. All static tests were not influenced by
oscillations. Since the wind tunnel time was limited and the
problem was not revealed before the campaign there was no
time to improve the motor mounts. The load cell stiffness
itself is much higher than the stiffness of the motor mounts
so that thicker motor mounts, also resulting in a slightly
higher propeller distance, should eliminate this problem for
future measurements. The distance of the two propeller is
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Figure 1: Load cell arrangement at the whirl tower.

70 mm from blade tip to blade tip in the current setup.

2.3 Wind-Tunnel Setup

The experiments described in this article were conducted
in the medium size low speed wind tunnel at the Institute
Aerodynamics and Gas Dynamics (IAG) at the University of
Stuttgart. This wind tunnel is a closed Gttinger type tunnel
with an open jet test section. The nozzle used has a diameter
of 1.0 m. Since the whirl tower and counter-rotating pro-
peller test rig are working completely independent from all
other equipment no further measurements were needed from

<

N <2
P \Jl

Figure 2: Left: Calibration Unit with a pair of torque cali-
bration weights applied; Right: Whirl tower mounted in the
wind tunnel and tilted forward.
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Figure 3: Software to control the whirl tower and save mea-
surements.

the wind tunnel except the wind speed measurement. The
wind speed measurement is accomplished with a pitot tube,
a static pressure hole and very accurate humidity and tem-
perature sensors. Since the whirl tower measurements were
averaged over time during post processing and since the wind
tunnel speed fluctuates only very little the time averaged wind
speed was transferred from hand to the whirl tower control
software and saved with each measurement file.

2.4 Simulation Software RotoCalc and Simulation Settings

The Software RotoCalc uses the blade element method as
described for example in [8] and [9]. Since this procedure is
a pretty standard approach a more detailed description is not
part of this article and only the relevant settings are described.
The induced velocity can be determined in three different
ways with RotoCalc. Two of them were used for this in-
vestigation. For the static case the well-known Blade El-
ement Combined Momentum Method (also called BEMT)
was used. This method determines an induced velocity in
a way that each annular ring of the rotor disc will produce the
same thrust whether calculated by simple momentum theory
or by two dimensional airfoil theory. More information can
be found for example in [8] or [9]. The method will result in
a non-uniform induced velocity along the blade radius.
RotoCalc is also able to use the BEMT method for an inclined
propeller. But it appeared that this results in a less accurate
agreement with wind tunnel measurements. For the inclined
propeller operation a uniform velocity along the rotor disc
resulted in a better agreement with measurement data. The
induced velocity v; at the propeller disc for a propeller in-
clined by the angle .., and operated at the thrust 7" while
experiencing an inflow speed V is determined by:

_ T
B 2pf4p'ropv;"es

Vies = \/(Sin(aprop)voo + 'Ui)Q + (COS(Oﬂwop)Voo)2 2)

ey

Vg
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Figure 4: Counter-rotating propeller test setup with calibra-
tion weight for the bottom load cell applied.

Where A, is the propeller disc area and p is the air den-
sity. This semi-empirical equation was first formulated by
Glauert [10]. The equation cannot be solved analytically. Ro-
toCalc solves this equation numerically after each full revo-
lution using the false position method. This is done till the
thrust evaluated by Equation 1 and the the thrust evaluated by
two-dimensional airfoil theory / blade element theory con-
verge.

Tip-losses are modeled quite simple with Prandtl’s tip-loss
factor as described for example in [9]. Therefore the blade
element thrust is neglected at the thrust integration after a cer-
tain radial position. This radial position is called the effective
blade radius R,. It is decreased by the factor B. B = 0.95
was used for this simulations.

The propeller blades can be modeled in RotoCalc by several
radial positions. For each position blade chord and twist as
well as the airfoil to use can be set. Between those radial
positons RotoCalc will interpolate linearly. The number of
blade elements to use for the interpolation can be set to an ar-
bitrary number. For the APC propeller an overall number of
96 radial elements was used and for the Aeronaut Propeller an
overall number of 99 radial elements was used. A finer reso-
lution did not show any change of the simulations results.
Since the inclined propeller does not experience a rotational
symmetric inflow it also has to be discretized in the azimuth
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direction. The azimuth step size can be set freely with Rofo-
Calc. For both simulations 72 azimuth steps (AW = 5°) have
been used. A finer resolution did not change the results.
In-plane or out-of-plane bending as well as twisting of the
propeller was not considered. The propeller was modeled as
a totally rigid propeller without flapping or lagging. In Roto-
Calc different airfoils and hence different lift and drag polars
can be set up. If two different airfoils are set for two follow-
ing radial positions both airfoils will be taken into account
and RotoCalc will interpolate between the two resulting lift
and drag coefficients of both airfoils.

The airfoils are specified by look up tables with an arbitrary
number of angles of attack. To account for Reynolds num-
ber effects several lift and drag polars can be set at several
Reynolds numbers for each airfoil .

Instead of a look up table an equations can also be used to
model lift and drag. This was used to adjust the polars to a
better agreement with static measurements as described be-
low. The angle of attack for a propeller can be set between
Qprop = 0° (helicopter rotor in hover or climb / airplane pro-
peller) and a0, = 90° (helicopter rotor with parallel in-
flow).

3 STATIC PROPELLER MEASUREMENTS

As preparation for the wind tunnel measurements a num-

ber of 18 two-bladed propellers and two three-bladed pro-
pellers between 13 inch and 14 inch diameter have been tested
at static operation on the whirl tower. A complete list of
the results will not be given here. On one hand it is be-
yond the scope of this article to give an extensive propeller
market overview. On the other hand it is really hard to tell
which propeller is the best regarding the maximum thrust at a
given power or the highest figure of merit for a given thrust.
It can be said that the aerodynamic performance of most of
the propellers was not differing very much and differences
were often located in the range of measurement uncertainties.
Because the propellers are very similar regarding the aerody-
namic performance other factors like price and weight start to
play a more important role.
Two general remarks can be given: Wooden propellers had
a slightly lower figure of merit than those made of plastics.
This can be explained by their higher relative airfoil thick-
ness resulting from the lower structural strength of the ma-
terial. Expensive carbon fiber propellers could not proof to
have a better aerodynamic performance. At least not in the
range of the accuracy given by the whirl tower. But these
propellers have of course a lower weight which will result in
a higher weight remaining for the flight battery and hence in
an increased overall flight performance.

4 PROPELLER MODELING

Two different propellers were modeled for BE simula-
tions: An APC Thin Electric 13x6 and an Aeronaut CAM
Carbon Light 13x6 propeller. The geometric properties were
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determined purely manual using a caliper, angle templates
and cutting the propeller at several blade positions to estimate
the used airfoils / proper airfoils to estimate the propeller per-
formance. A more sophisticated method, e.g. involving a 3D
scanner, could be used in the future of course to decrease the
remaining geometric uncertainties.

After determining airfoils with suitable thickness and cam-
ber lift and drag polars between « = —30° and o = +30°
have been determined at several Reynolds numbers with the
help of the two-dimensional panel method simulation soft-
ware XFOIL [11]. To be able to adapt the simulations to
measurements by fine-tuning the polars, the XFOIL results
were then described by the following analytical equations:

¢la) =cl+cda-a 3)

ca(cr) = cd0 + cd2(c; — cled0)? 4)
cd2 = cd2u if ¢; < cledO ®)

cd2 = cd2l if ¢ < cled0 (6)

By using these coefficients it is possible to adjust a polar to-
wards higher/lower lift and higher/lower drag without editing
every single line in the polar lookup table. Modeling lift-
and drag-polars with these coefficients can also be found in
QProp [1] and therefore additionally results in the possibility
to compare static RotoCalc simulations to QProp simulations
easily.

5 FINE-TUNING OF SIMULATIONS

Figure 5 and figure 6 show the measurement results for
the APC and Aeronaut propeller in comparison with the ini-
tial and the tuned simulations. The initial simulations have
been done without any further adjustments to measurement
data. Propeller chord and twist were modeled according to
geometric measurements and the initial lift and drag polars
from XFOIL [11] runs have been used.

Those initial simulations not only suffer from uncertainties
which airfoil is really used for the actual propeller but also
the flow at a rotating propeller can be quite complex. It in-
cludes three-dimensional effects like the effect of centrifugal
force on the blade’s boundary layer, low Reynolds number ef-
fects as well as additional turbulence introduced to the bound-
ary layer by the rotating propeller. Some observations and a
comparison between BE simulations, three-dimensional CFD
simulations and an experiment can be found in [12]. Because
of this circumstances without measurement data the initial
simulations can only be seen as a first guess. To the author’s
knowledge it is also quite common for the development of
manned helicopters to adjust BE simulations to whirl tower
measurements by fine-tuning lift and drag polars.

By manually adjusting the lift and drag polars at three differ-
ent Reynolds numbers, corresponding propeller operation at
n = 2000 RPM, n = 4500 RPM and n = 7000 RPM, a
very good match between simulation and measurement could
be achieved for the static propeller operation. It has to be em-
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phasized that all this steps can be done completely without
the necessity of wind tunnel measurements.
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Figure 5: Static measurements for APC propeller in compar-
ison to the initial and the tuned BE simulation.

6 RESULTS FOR PROPELLERS AT AN ANGLE OF
ATTACK

Table 1 shows the angles of attack and inflow speeds of
all measurements taken. The inflow speeds were adjusted to
cover the steady flight operation of a multicopter.

22.5 30
12;15;20 | 17;20;30

Qprop 1N °© 8 15
Voo inm/s | 811 | 8;11;15

Table 1: Range of the investigated operating conditions.

6.1 Propeller Performance at ANDroMeDA’s Design Oper-
ating Point

At aprop = 8° and aprop = 15° measurements as well

as simulations demonstrate, that a slightly higher thrust can

be achieved with nearly the same or only a little more power.

This can be seen in Figure 7. This fact is very satisfying since
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Figure 6: Static measurements for Aeronaut propeller in com-
parison to the initial and the tuned BE simulation.

this range of propeller angles of attack corresponds with AN-
DroMeDAs design operating point. Even with simple mo-
mentum theory the additional gain in thrust at the same power
can be observed. Equation 1 can be used to calculate the
induced velocity for an inclined propeller and hence the in-
duced power needed for a certain thrust 7":

Pina =T - (Voo - sitn(tprop) + ;) @)

Using equation 1 and equation 7 the induced power for
Qprop = 15° and ay,p = 30° at different inflow speeds can
be calculated. A reduction in power can be seen for the lower
angles of attack while at higher angles of attack the induced
power will always be higher than in static operation (Figure
8). It has to be taken into consideration that for very low an-
gles of attack (ayrop < 10°) the reduction of induced power
will be greatly overestimated by Equation 1.

6.2 Agreement of Simulations with Measurements

In general the RotoCalc simulations agree very well with
wind tunnel measurements. Figure 9 depicts the worst fit at
Qprop = 8° and the best fit at o0 = 30° in case of the APC
propeller. The worst agreement is a deviation from simulated
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Figure 7: Thrust and power at av,.,,, = 15° compared to static
operation.

power of 9.7 % and 11,4 % from simulated thrust at oo, =
8° at Voo = 11m/s. In most operating points the difference
between measurements and simulation is much smaller.

7 ANALYTICAL MODEL FOR INCLINED PROPELLERS

A less computational and less coding intensive approach
to model the performance of inclined propellers is given in

[8]:

Cr=05-cly-0-(0or5/3+0.5- 075 - 1> — N/2)  (8)
Cp=0C% k/(2u) +cd0-0/8- (1 +4.6-1%) (9)

Where 1 = Vo - cos(aprop)/(§2r) is the advance ratio
and A = (Voo - sin(aprop) + v5)/(2r) is the inflow ratio.
cl, is the slope of the blade’s airfoil lift polar and o is the
solidity of the rotor / propeller. 6y75 is the blade’s pitch at
r = 0.75 - R and cd0 is the airfoil’s zero lift drag. & is
an empirical factor accounting for tip-losses, losses of non-
uniform inflow and other losses. Instead of thrust and power
the dimensionless coefficients Cr = T/(p - A - (QR)?) and
Cp=P/(p-A-(QR)3) are used.

Since the induced velocity v; depends on the thrust from
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Figure 8: Induced power according to Equation 1 at different
angles of attack.

equation 1 the above expression cannot be solved analytically
and the problem has to be solved numerically in an iterative
manner.

This simple approach leads to a reasonable agreement of
thrust at low angles of attack when the difference to the static
case is low. For higher angles of attack the agreement is un-
fortunately of poor quality and the thrust will be significantly
underestimated (Figure 10). The power was in general under-
estimated by this method for the investigated cases.

8 SOME OBSERVATIONS ON COUNTER-ROTATING
PROPELLER CONFIGURATIONS

In the static case the maximum thrust of the upper pro-
peller was not influenced significantly by the operation of the
lower propeller. While the thrust changed by less than 2%
the power at full throttle was increased by 6%.The bottom
propeller on the other hand was severely influenced by the
operation of the top propeller. Maximum thrust of the bottom
propeller was decreased by 30% and the power of the lower
propeller was decreased by 10%.

Some theoretical background on static counter-rotating pro-
peller operation can be found in [13]. A very simple approach
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of simulating the counter-rotating configuration is the simu-
lation of the upper propeller as an isolated propeller and the
simulation of the bottom propeller with a uniform inflow be-
tween v; and 2v; of the upper propeller. The highest uncer-
tainty of this method is the estimation of the upper propellers
wake decay. Some investigations on the wake of propellers
from the authors can be found in [14].

The most interesting question that arises during the develop-
ment of ANDroMeDA is how the influence of the top pro-
peller on the bottom propeller changes when the unit is oper-
ated at higher angles of attack and higher inflow speeds. Due
to strong vibrations at the test rig at forward flight conditions
the full throttle test could not be repeated in the wind tunnel
and another test methodology was applied: The bottom pro-
peller was kept at a nominal thrust of about Tytt0m = 650 g
while the top propeller’s thrust was slowly increased up to
Tiop = 1000 g. This test gave some first insight views on the
behavior in forward flight conditions compared to the static
test case scenario. Table 2 compares the static test case to the
forward flight case. It can be seen that in the forward flight
case the bottom propeller suffers much less from the presence
of the top propeller.
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Figure 10: Analytical solution computed with Equation 8 and
Equation 9.

It is assumed that this fact is originated in the “cleaner”
inflow condition for the bottom propeller in the forward flight
case (Figure 11). Of course this hypothesis has to be con-
firmed by further measurements.

9 CONCLUSION AND OUTLOOK

It could be proven that static propeller measurements
alone combined with blade element simulations can be suf-
ficient to calculate the performance of a propeller in forward
flight conditions as they occur at a fast flying multicopter. The
error in the investigated operating conditions was always less
than 10% and in the most cases a lot smaller. It has been
observed that at the design operating point of the planned
vehicle, ANDroMeDA even a slightly higher thrust can be
achieved at nearly the same power than at static propeller op-
eration. This could also be explained by simple momentum
theory. As expected the thrust decreased greatly at higher an-
gles of attack and higher speeds.

Another, simpler approach to model the performance of in-
clined propellers with less computational cost and a lot less
programming effort proved to be only sufficient to predict the
thrust at moderate angles of attack. At higher angles of at-
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ESC Signal | Motor Current | RPM

Static Case +9 % +75 % +25 %

Qprop = 15°; +4 % +20 % +6 %

Voo = 11.88m/s

Table 2: Changes necessary to keep the thrust of the bottom
propeller steady at Tyottom, = 650 g with the top propeller
running at T3,, = 1000 g.

tack the thrust was underpredicted while the power with was
always underpredicted this method. For future projects this
semi-analytical approach could be adjusted to simulation or
measurement data. But it seems unlikely that it is possible
to model the propeller performance of arbitrary multicopter
propellers at fast forwards speeds by this method without BE
simulations or measurements.

Tests with a counter-rotating propeller arrangement revealed
a positive effect of the propellers angle of attack and inflow
speed on the operation of the bottom propeller. While the
bottom propeller is influenced strongly by the wake of the
top propeller this deficiency decreases at an inclined opera-
tion with some inflow speed. Unfortunately the test rig for
counter-rotating propellers suffered from severe vibration so
that only a few clean measurements could be taken. The
proposed hypothesis has to be confirmed by further measure-
ments in the future.
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