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Abstract

At low advance ratios, large sections of UAV propeller blades
are stalled, and the Reynolds number faced by each blade can be
low. Both conditions lead to difficulties in modelling propeller
performance. The aerodynamic models coupled with blade ele-
ment methods usually only provide aerodynamic data for an as-
sumed airfoil section, between the stall angles and for a single
Reynolds number, leading to breakdowns in modelling accuracy
at low advance ratios. Additionally, rotational effects are often
ignored when formulating blade element methods. In this pa-
per, three dimensional scanning is used to accurately obtain the
airfoil sections that make up a propeller blade. An aerodynamic
database is formed for each airfoil section, across a wide range
of angles of attack and Reynolds numbers. These databases are
then modified to include the effects of rotation. The predicted
performance of a number of propellers is then compared to wind
tunnel test data. Significant improvement is shown relative to
a generic blade element-momentum model, in particular when
modelling the performance of smaller propellers.

Introduction

In recent years, an increased focus has been placed on un-
manned aerial vehicles (UAVs). Propellers are the predomi-
nant propulsion type used for UAVs, especially for smaller un-
manned systems [1]. The efficiency of the powertrain and pro-
peller is the key component in the operating range of the ve-
hicle. A great deal of research is therefore focused on more
efficient powertrain technology for small UAVs [2—4], however
the propellers used by most UAV platforms have a fixed pitch
[1,5]. For a fixed pitch propeller, optimal efficiency occurs for
only one advance ratio, meaning UAV propellers will often be
operating away from the optimal design point, especially at low
advance ratios.

Blade element methods are widely used to model propeller
aerodynamics due to their simplicity, efficiency, and relatively
good accuracy. However at low advance ratios, where propeller
sections are stalled and face low Reynolds number airflow, this
accuracy begins to degrade as the aecrodynamic models coupled
with blade element methods are usually simplistic [6,7]. Aero-
dynamic data is often only provided for an assumed airfoil sec-
tion between the stall angles and for a single (typically high)
Reynolds number. The lack of aerodynamic data for both high
angles of attack and varying Reynolds number leads to diffi-
culty in accurately modelling low advance ratio performance
with blade element methods [6,8-11].

To ensure the applicability of the aerodynamic lookup tables
provided to the blade element method, the airfoil sections that
make up the propeller blade must be known. It has been shown
that using 3D scanning to capture the exact airfoil sections can
lead to good agreement with experimental data [17,23].

A number of models have been developed to synthesise high
angle of attack aerodynamic data, using wind tunnel test data
[12,13], flat plate theory [14] and semi-empirical methods [15,
16]. Meanwhile, recent efforts have been made to account for

Reynolds number effects with blade element methods [7,17,18].

First investigated by Himmelskamp [19], rotation is seen to sig-
nificantly affect the aerodynamic coefficients of airfoil sections,
in particular around stall. Efforts have been made to understand
and predict these rotational effects [8,16,20-22], though the im-
plementation of such effects to blade element methods has been
rare [6-8,15,16, 18].

This paper intends to quantify the possible accuracy when
modelling small propeller performance with a blade element-
momentum method. Detailed methodology of the BEMT
method can be found in the work by Phillips [24]. The accu-
racy improvements are made possible through modification of
the aerodynamic database. The originality of the paper is de-
rived from the combination of 3D scanning of a propeller blade
with the application of rotational effects, the extension of aero-
dynamic data to high angles of attack, and the variation of aero-
dynamic data with Reynolds number, all of which have not been
combined previously.

Methodology

To extract the exact airfoil sections that comprise the pro-
peller blade geometry, each tested propeller was scanned us-
ing a David-3D™ SLS-2 3D scanner. This process generates
a high fidelity image of the complete blade geometry, as shown
in Fig. 1a. This allows accurate measurements to be made of
the propeller pitch, chord, and sectional aerodynamic shape at
any radial position. Aerodynamic data can then be found for
each of the relevant airfoils. This is in contrast to relying on
manufacturer specifications or estimation as is often the case
for relatively low fidelity propeller analysis. As seen in Fig. 1b,
the airfoil shape changes significantly as a function of the blade
radius.
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Figure 1: 3D scan of an APC 10x7 Thin Electric propeller

Unstalled aerodynamic analysis

Aerodynamic data has been obtained for a wide range of
Reynolds numbers, allowing accurate representation of the flow
for the appropriate conditions. At any blade section, the aero-
dynamic coefficients are obtained as a function of both the local



angle of attack and the local Reynolds number. As an example,
the variation of NACA 4412 airfoil data with Reynolds num-
ber is shown in Fig. 2, obtained using the computer program
XFOIL.

Examining Figs 2a and 2b, XFOIL is seen to slightly overes-
timate the lift and drag for relatively high Reynolds numbers
(250,000) relative to wind tunnel experimental data. This is
consistent with the findings of [26]. At extremely low Reynolds
numbers (20,000-30,000), XFOIL reproduces wind tunnel data
relatively well, although the lift curve slope is overestimated,
and the drag underestimated, consistent with the trends found
for high Reynolds number data.
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Figure 2: Aerodynamic data for the NACA4412 airfoil with
wind tunnel data obtained from [13] and [27]

High angle of attack aerodynamic coefficients

The raw aerodynamic data generated using XFOIL has been
extended using both flat plate theory and wind tunnel data. The
flat plate method developed by Viterna and Corrigan [14] has
been used, as well as wind tunnel testing of the NACA 4412
section by Ostowari and Naik [13].

The extension of aerodynamic data to post-stall angles of at-
tack is shown in Fig. 3. When compared to wind tunnel tests
[13], it is seen that at angles of attack greater than 45°, the
Viterna-Corrigan [14] method reproduces lift coefficient fairly
well. However the model makes no attempt to reproduce the
initial drop and recovery of the lift coefficient seen in test data.
Tangler and Ostowari [9] note that this omission produces no
significant error. The post-stall drag coefficient produced by flat
plate theory underpredicts drag by a significant amount. Mean-
while the most significant drawback of splining XFOIL polars
to wind tunnel results is the unavailability of data points, par-
ticularly at negative angles of attack. It is especially notable in
Fig. 3 where the data obtained by Ostowari and Naik [13] is
only available to negative ten degrees.
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Figure 3: NACA 4412 airfoil data extended to high angles of
attack (Re = 2.5 x 10°, AR = o) and wind tunnel data [13]

Rotational effects

Rotational effects have been modelled using two different meth-
ods. A method based on the boundary layer equations was de-

veloped by Snel et al. [20]. This ‘3D correction method’ mod-
els three dimensional flow effects due to rotation as an increase
in the aerodynamic lift coefficient. Due to the extremely high
chord to radius ratios at the hub of small propellers, the follow-
ing modified version of the Snel 3D correction is used.
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The dependence on the relative radius term r/R ensures that
the corrected lift coefficient remains realistic towards the blade
root, while maintaining almost the full Snel 3D correction fur-
ther along the blade. The Snel 3D correction is applied from
the zero-lift angle to an angle of attack of 30 degrees. From this
point, the correction is decreased linearly to zero at 50 degrees,
where it rejoins the originally extended airfoil polar, following
the implementation technique used by Lindenburg [16].

Meanwhile Corrigan and Schillings [21] developed a model
whereby the stall of the airfoil is delayed to higher angles of
attack and the maximum lift coefficient is increased. The delay
of stall is expressed with a shift in the angle of attack for the
non-rotating coefficients by the term Ao.. Additionally, the lift
coefficient is increased according to the method used by Lin-
denburg [16]. The effects of the stall-delay model can be seen
in Fig. 4.
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Figure 4: Rotating coefficients of a NACA4412 section pro-
peller (Re = 2.5 x 10, AR = 15, V = 1m/s, RPM = 5000)

When implementing both methods, the drag values have been
held constant, as there are conflicting views about the effects
of rotation on drag [16]. The stall delay method does however
shift the drag values to higher angles of attack, as seen in Fig. 4.
Fig. 4 also shows that the stall delay method shows increased
lift augmentation compared to the 3D correction developed by
Snel et al. [20]. The effects of both methods decrease as the
radius is increased (and the chord to radius ratio is reduced),
though the 3D correction decreases in a far more pronounced
fashion.

Towards the free end of a rotating propeller blade, the radial
‘suction’ due to centrifugal effects reduces significantly. How-
ever this radial flow from the inner part of the blade produces
a reduction in the negative pressure on the upper surface of the
airfoil compared to the non-rotating case. This reduces the lift
coefficient in the tip region to below that of the non-rotating
case. Following the model developed by Lindenburg [16], this
reduction is applied from radial sections outboard of 0.8r/R.

Results and Analysis

To validate the accuracy of developed extensions, two test cases
were chosen. The APC Thin Electric 10x5 and 10x7 propellers
were selected, and also have been wind tunnel tested [18, 29].
Both of the test propellers are model aircraft propellers, which
routinely operate at low Reynolds numbers. The manufacturer



lists that each propeller uses a series of airfoils similar to Clark-
Y and NACA4412 sections [30], however with the use of 3D
scanning, the airfoil sections of each propeller were accurately
identified at a number of radial sections, and are shown in Ta-
ble 1. The geometry of each propeller is also extracted from
the 3D scan, and gridded for analysis. The geometry of each
propeller is shown and compared with geometry measurements
from [18,29] in Fig. 5.

Table 1: Propeller airfoil sections

Propeller
r/R  APC10x5 APC 10x7
0.2 NACA5521 NACA4521
0.3 NACA4515 NACA5515
04 NACA5513 NACAS5514
0.5 NACA5513 NACA5513
0.6 NACA4512 NACA4412
0.7 NACA4511 NACA4411
0.8 NACA4410 NACA4410
0.9 NACA4309 NACA4409
1.0 NACA4309 NACA4309

For each propeller, a number of simulations have been com-
pared. A generic blade element momentum theory model is
presented, using only data from a NACA 4412 section at a
Reynolds number of 1 x 10°. Full Reynolds number depen-
dency and accurate airfoil sections have then been coupled with
different combinations of high angle of attack and rotational ef-
fects methods. Finally the extended BEMT has been coupled
with only a NACA4412 section while allowing Reynolds num-
ber to vary, and vice versa, to show the effect of each extension
in turn.

30 50 55

»,» —Scanned APC Thin Electric 10x5
——Scanned APC Thin Electric 10x7

N
o

=
= S

£ ‘530
= =
5

N 520
+ Brandt APC Thin Electric 10x5 E

51 ° Brandt APC Thin Electric 10x7 10

<« McCrink APC Thin Electric 10x5 -
o » McCrink APC Thin Electric 10x7 J 0
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
/R /R
(a) Propeller chord (b) Propeller pitch

Figure 5: Geometry of APC Thin Electric propellers [30]

Through the simulation of both propellers, seen in Figs 6 and 7,
there are a number of common trends. The generic BEMT
model over-predicts thrust coefficient by a significant amount at
all advance ratios, while also over-predicting power coefficient
at higher advance ratios for both propellers. The generic model
under predicts power at low advance ratios. These inaccuracies
result in modelled efficiency curves that are significantly larger
than those obtained from wind tunnel data.

Coupling the BEMT solution with the extended aerodynamic
database significantly increases modelling accuracy. This is
shown in modelling both thrust and power coefficients in Figs 6
and 7, with corresponding increases in the accuracy of effi-
ciency modelling. Extension of aerodynamic polars to high an-
gles of attack with wind tunnel data or the Viterna-Corrigan flat
plate method produce fairly similar results, with the major dif-
ferences seen at low advance ratios.

The two different methods used to model rotational effects do
however cause significantly different modelled results at low
advance ratios. The stall delay method [21] produces the most
accurate prediction at low advance ratios, which can perhaps be
attributed to the higher augmented lift when compared to the
3D correction [20], seen in Fig. 4. At low advance ratios, each

extended method still over-predicts the power coefficient by a
small margin, however the thrust modelling is highly accurate
at all advance ratios.

When using the extended BEMT with just a NACA 4412 sec-
tion, the results are less accurate than with full airfoil depen-
dency, but not by as large an amount as might be expected. In
the region where the most thrust and power is produced (around
0.7r/R), each propeller has airfoils fairly similar to the NACA
4412 both in camber and thickness, thereby explaining the rela-
tively small difference seen. However without prior knowledge
of the airfoil sections that make up a propeller, estimation of
an airfoil is often crude. In these situations, three dimensional
scanning of the geometry offers invaluable insight into the aero-
dynamic polars required for analysis.

When average Reynolds numbers are used for each section
combined with the extended BEMT, both thrust and power co-
efficients are overestimated throughout the advance ratio range,
with increasing difference relative to wind tunnel data as the ad-
vance ratio is decreased. This can be attributed to the difference
in aerodynamic coefficients when using averaged as compared
to fully variable Reynolds numbers.

Conclusion

For generic blade element methods, aerodynamic analysis is
usually limited to polars obtained for a single airfoil at a sin-
gle Reynolds number, where data is provided for a limited an-
gle of attack range. This leads to increasing inability to model
propeller performance at low advance ratios.

In this paper, a number of extensions are made to the aerody-
namic data upon which a blade element momentum model is
based. Three dimensional scanning has been used to capture
the airfoil sections that make up a propeller blade. Airfoil po-
lars are then generated for each airfoil across a wide range of
Reynolds numbers, allowing interpolation of aerodynamic data.
Following this, aerodynamic data is extended to high angles of
attack using both flat plate theory and wind tunnel data. Fi-
nally, the effects of rotation on the aerodynamic coefficients are
captured using two different models, simulating the effects of
radial flow. Significant improvements in modelling small pro-
peller performance relative to a generic BEMT model have been
shown. However at low advance ratios, power coefficient is still
overestimated relative to wind tunnel results.
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