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Abstract: This paper describes the design, numerical analyses, and wind tunnel tests of the scaled
model of a propeller serving as a propulsive element for the experimental tests of an advanced
regional turboprop aircraft with engines installed on the horizontal tailplane tips. The design has
been performed by complying with the thrust similarity from the full-scale aircraft propulsive
requirements. Numerical analyses with a high-fidelity aerodynamic solver confirmed that the initial
design made with XROTOR would achieve the expected performance. Finally, a strengthened version
of the propeller has been manufactured via 3D printing and tested in the wind tunnel. Test data
include measurements of thrust as well as propeller normal force at different angles of attack. Good
agreement between numerical and experimental results has been observed, enabling the propeller to
be used confidently in the aircraft wind tunnel powered test campaign.
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research program is addressed to the performance improvement of regional aircraft within
the 90-150 passenger segment. Although the market forecasts made by the most important
manufacturers at the beginning of 2020 have been radically changed by the unexpected

Rerospace3030264 COVID-19 outbreak [1], at the end of the pandemic, most of the major airlines will still
Academic Editor: Christian need to replace several hundred heritage aircraft and respond to the market demand
Breitsamter for new aircraft in the 20-150-seat segment [2—6]. This segment is characterized by the

predominance of regional jets. Despite this success, turboprop engines are 10-30% more
efficient in terms of fuel consumption [7]. Thus, the introduction of a large, innovative
turboprop airplane should help in reducing aviation’s environmental impact.

The innovative regional platform investigated within the IRON project is a three-
lifting-surface aircraft with engines mounted on the horizontal tailplane tips. This config-
uration has been largely investigated both numerically [8,9] and experimentally [10,11].
However, the propulsive effects of the rear-mounted engines on this unconventional con-
figuration have not been fully discussed yet. In this paper, the design, analysis, and
testing of the isolated propeller model—later used in the aircraft powered wind tunnel
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tests—are presented. A drawing of the aircraft scaled model with rear-mounted engines
and propellers is shown in Figure 1.

The theory of the propeller has its roots in the design of marine propellers in the
This article is an open access article 1 9th century. As regards aeronautical propellers, a design for minimum energy loss was
distributed under the terms and  researched by Betz, Prandtl, Goldstein, Theodorsen, and others. The theory for minimum
conditions of the Creative Commons  induced loss (MIL) has been resumed by Larrabee [12] and Adkins and Liebeck [13], and
Attribution (CC BY) license (https://  extended by Wald [14]. The application of vortex theory on the design of small propellers
creativecommons.org/ licenses/by / operating at low Reynolds number has been performed in the last 15 years, due to the
40/). recent interest in small UAV design.
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Figure 1. An illustration of the scaled aircraft model [11] with rear-mounted engines.

Youngren and Chang [15] designed a 10 cm diameter propeller for a micro UAV with
XROTOR [16]. They also designed the blade section profile with XFOIL [17] to operate at a
Reynolds number below 50,000. Wind tunnel tests provided efficiency 10% lower than that
predicted by XROTOR, but a significantly higher thrust.

Smedresman, Yeo, and Shyy [18] also designed a small propeller for their micro UAV.
In their case, the measured thrust, torque, and efficiency were significantly lower than
those predicted by vortex codes, but the uncertainty of manufacturing and measurements
was not well quantified.

A comparison among numerical codes with wind tunnel data was made more re-
cently [19,20]. The results showed that XROTOR provides an overestimation of propeller
coefficients up to 15% with respect to experimental data, depending on the number of
blades, advance ratio, and rotation rate. These latter works refer to propellers for full-scale
airplanes, with diameters of approximately 1.5-3.0 m. Despite the differences with test
data, XROTOR was ranked as the best among vortex and blade element method codes,
whereas the use of a high-fidelity RANS solver provided the most accurate results.

The effects of geometric scaling and motor fixture were anticipated by Bass [21,22].
The effects of Reynolds number on the performance of commercial propellers available for
aeromodelling have been investigated by Brandt and Selig [23], whereas Deters, Ananda,
and Selig [24] extended the results of the previous work and also provided data on pro-
pellers realized by them in 3D printing, which included airfoils specifically designed for
this low-Reynolds application.

The scope of this article is to present the design, the analysis, and the wind tunnel
experiments of the isolated propeller to be installed on the model illustrated in Figure 1.
Such a model has a 1:25 scale, which imposes a propeller diameter of around 15 cm. The
limited size of the propeller, together with the relatively high thrust coefficient and advance
ratio required by the condition to simulate, posed a challenge to its design.

The standard procedure entails the design of the full-scale propeller and its testing at
constant axial flow speed and different rotational rates. Design procedures presented in the
literature—such as the above-cited [12-14]—often only solve the problem of aerodynamic
design targeting some required performance indicators such as thrust or power.

The problem faced in this paper is the design, analysis, and testing of a scaled propeller
whose full-scale counterpart does not exist, yet its high-performance target has to be
matched in a low-Reynolds-number wind tunnel to perform experimental investigations
about propulsive effects on aircraft stability and control. The paper attempts to answer the
following questions:

¢ Are the approaches presented in the literature still valid for a small yet high-thrust-
coefficient propeller?
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*  How can we effectively modify the initial propeller geometry to account for possible
structural issues, without impacting the performance?

e s the effect of non-axial flow negligible on such a type of propeller? What is the
predicted impact on aircraft longitudinal stability?

The remainder of the paper is organized as follows. Section 2 describes the approach
used to design the propeller, starting from the requirements of the full-scale propulsive
unit and then presenting the design process, and finally discussing the propeller—-motor
coupling.

Section 3 provides the propeller design in terms of the performance requirements as
well as the geometric and tunnel constraints. The design is performed with XROTOR and
validated with STAR-CCM+®. The blade modification to strengthen the root-hub junction
is discussed and the results are compared with the original design. Moreover, the motor
performance is estimated and matched with that of the propeller. The data acquisition and
control system is introduced. Finally, comparisons between numerical and experimental
tests on the 3D-printed propeller are made for the axial flow condition. As an addendum,
the effects of the angle of attack on thrust and normal force are experimentally measured
and discussed.

Conclusions are drawn in Section 4. It is here noted that the selected approach
performed well in the design and performance evaluation of this low-Reynolds-number
propeller, as the matching between numerical results and wind tunnel data is very close.

2. Materials and Methods

In this section, details on the design procedure and experimental setup are given.

2.1. Propulsive System Scaling

The scale of the aircraft model and the wind tunnel operating speed determine the
scale of the propulsive system. Thrust similarity is a principle stating that both the scaled
model and full-scale propeller must have the same coefficients:

= &
Cr= @
Cr= 57 )
= @

which represent the propeller advance ratio (1), the thrust coefficient (2), the power coeffi-
cient (3), and the propeller efficiency (4), respectively. The terms Ct and Cp are also known
as the Renard coefficients.

A complete thrust similarity—requiring a match on both Cr and Cp—is often impos-
sible to achieve, since the low Reynolds number attainable in a small wind tunnel limits
the maximum achievable values of the propeller coefficients, even with an identical scaled
copy of the real propeller [25]. Moreover, in a wind tunnel test, the flow speed V. is usually
kept constant and it is limited by the maximum power available to the wind tunnel fan or
by the maximum load tolerated by the measurement’s system. Consequently, the desired
advance ratio | is obtained by designing the propeller at the right rotational speed # for a
given wind tunnel speed V. and propeller scale—represented by its diameter D.

For the above-stated reasons, it is expected that the axial and rotational flow speeds
are differently scaled and hence both Renard coefficients cannot be matched with their
full-scale values. As the objective of the wind tunnel powered test campaign on the entire
aircraft is the evaluation of propulsive effects on aircraft stability and control characteristics,
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the authors decided to focus on achieving only the thrust coefficient Cr at the provided
advance ratio J. Details on the design process are given in the following section.

2.2. Propeller Design Algorithm

The aircraft model scale provides a constraint to the propeller size, whose diameter is
of the order of 0.1 m. Therefore, the Reynolds number on the blade chord was expected
to be between 50,000 and 100,000. The challenge was to design a small propeller with a
relatively high thrust coefficient and efficiency, but with an expected maximum rotational
speed of around 10,000 RPM.

The propeller’s initial design has been performed with XROTOR, which is believed to
be one of the best propeller design software programs freely available [19,20]. Its accuracy
increases if the aerodynamic properties of the blade sections are included in the process.
The design workflow is shown in Figure 2 and described in the following. The proposed
algorithm is not fully automated, but it requires different software, as well as data exchange
and interpretation by the user.

Input data

Designer choices

Blades number N Blade section
Lift distribution CL (airfoil shape)
L .

XFOIL analysis

Diameter
RPM (or J)
Power (or Thrust)

Airfoil characteristics

MIL Design
(XROTOR)

i

Performance analysis

Airfoil optimization

?
Performance as expected? (XFOIL)

Hi-Fi CAD generation

!

Structural analysis

No Increase thickness
or change airfoil

Negligible deformation?

Increase thrust by 10%
or relax other parameters

Figure 2. Propeller design workflow.

From the given geometric constraints and performance requirements, the blade of
the propeller is designed aiming for the minimum induced loss loading. The design is
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performed at a given point, which is set by assigning RPM or advance ratio, together with
flow speed. The analysis is then performed to evaluate the propeller performance on a
range of these parameters. If the results do not comply with the required performance, the
designer may change some input parameters or attempt to optimize the airfoil and iterate
the procedure as necessary. From the aerodynamic point of view, the propeller design may
be stopped here.

Since the propeller has to be safely operated in the wind tunnel, a structural analysis
is advised. If stress or displacements are negligible—say, well below material yielding
or less than one millimeter tip displacement at maximum load—the user may proceed
with high-fidelity aerodynamic analyses or directly go to manufacturing. If structural
analysis indicates high stress regions or excessive displacements, the user should revise
some geometric parameters, such as airfoil shape or trailing edge thickness, as well as
strengthen the blade root sections. At this stage, the authors wrote a MATLAB® set of
functions to initiate a high-fidelity CAD file from the geometric data output of XROTOR,
with the possibility to locally edit section profiles.

This high-fidelity CAD file can also be used to perform CFD analyses or directly sent
to manufacturing. If the high-fidelity aerodynamic results from CFD are satisfactory, the
design loop ends; otherwise, it is suggested to increase the required thrust in XROTOR by
10% and iterate the design.

2.3. Propeller—Motor Matching

From the required propeller coefficients, together with the model’s scale and wind tunnel
settings, the scaled engine torque, power, and RPM are derived. These are used to size a motor
or, more realistically, to choose a motor off-the-shelf. An electric motor type has been chosen,
because of the high scalability, availability, operation cleanness, and safety of such a machine.
The motor’s characteristics, such as operating voltage and current per torque load, determine
the power and energy source size, as well as the electronic speed controller characteristics.

Since the propeller is designed with fixed-pitch blades and to be directly coupled with
the motor shaft, it is important to find an electric motor whose torque and rotational speed
match the propeller characteristics. Ideally, the motor map—showing all the possible com-
binations of torque load versus rotational speed—should be provided by the manufacturer.
Given the geometric scale of the test article, the motor size is expected to be within 50 mm
max. diameter and 150 mm max. length, the typical size of the motor of small UAVs or
radio-controlled aircraft models. Often, such motor models are not provided with detailed
performance information. Usually, manufacturers state at most the motor max. power, the
max. RPM, and the max. (peak) absorbed current.

3. Results
3.1. Propeller Design

The coefficients setting the propeller performance requirements are given in Table 1.
These are representative of a climb condition at 1500 m.

Table 1. Desired propeller coefficients.

J Cr Cp Yl
1.46 0.590 1.126 0.77
1.95 0.476 1.152 0.81

Given the propeller diameter D = 146 mm and the test section flow speed Voo = 35m/s,
from the data in Table 1, the propeller’s RPM, thrust T, and shaft power P are calculated
with Equations (1)-(3), respectively. These have been reported in Table 2.



Aerospace 2022, 9, 264 6 of 18

Table 2. Scaled propeller performance requirements (D = 146 mm, Ve, = 35m/s).

i RPM T (N) P (W)
1.46 9801 8.8 403
1.95 7351 4.0 174

However, it is known that XROTOR tends to underestimate thrust by approximately
10% [19]; hence, the algorithm presented in Section 2.2 is initiated with the data reported in
Table 3. An eight-bladed propeller giving a thrust of 10 N at 9800 RPM is then designed.
The number of blades has been chosen after several iterations as the best compromise
between average chord length and rotor solidity. A blade lift coefficient Cy = 0.8 is assigned
along the blade span.

Table 3. Assigned XROTOR input data.

N Blades Voo (m/s) D (m) RPM T (N)
8 35 0.146 9800 10

Prior to starting the propeller design, the profile optimization algorithm was run on
the SDA 1075 airfoil [24] at a Reynolds number of 50,000. However, since the SDA 1075
airfoil is already designed for low-Reynolds-number propellers, the optimization routine
test did not give significant improvements. Moreover, because the optimized shape had a
thin trailing edge, it was discarded in the final design and a thickened version of the SDA
airfoil has been selected to provide enough stiffness.

The blade section thickness value has been fixed to 35% local chord length from the
root station to the 24% blade span, and then linearly decreased to the original 12% relative
thickness at the blade tip. The aerodynamic properties of the blade section profiles have
been evaluated with XFOIL and loaded into XROTOR. The output of the XROTOR design
is illustrated in Figure 3. Geometric data are tabulated in Appendix A.

Designed blade

#bld= 8 R m=0.073 Ou = 0.9275  Bunes 39.292
Vm/s= 35.000 V/0R= 0.4672 P; = 1.u08 L = 17483 Mgsar= 08547
T
RPM =

h km= 0.000 J = 1.4677 = 0.795 Cr = 0.6729 n = D.5643
T kN= 0.0100 P kU= 0.5196 M = 3800.0 Bup = 41.485

0.2 BL/2mA VR .7 S R SERS W 1Y
-

i ! / \

\ /
\ /
~ 1~ Axial Designed blade
#bld - 8 Rm =0.0730 Am =-0.015779

Desi d blade oy = D.9275 Rw = 0.0175
Buns = 39.292 R, = 0.0100

(a) (b)
Figure 3. XROTOR design output: (a) blade data; (b) propeller planform.
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3.2. Propeller Refined Analysis

From Figure 3, the small thickness of the root section in planform view can be observed.
To increase the blade strength at the root, a modification to the original design was made
and a circular cross-section was assigned to the root section, as shown in Figure 4. To
check the performance of the modified propeller, CFD analyses were performed on both
the original and modified design, with the moving reference frame technique (MRF) in
STAR-CCM+®, sweeping the advance ratio ] from 1.4 to 2.4, and keeping the flow speed
constant at 35 m/s. Although the blade Reynolds number based on its characteristic chord
is of the order of 50,000, the flow is modelled as fully turbulent with the k-w model because
of the high RPM and the expected surface roughness due to 3D printing.

The MRF approach is suitable when only the isolated propeller is investigated and
transient phenomena are not of interest. The propeller coefficients are predicted with the
same accuracy as a time-dependent solution, but evaluated 10-15-times faster [20].

A spinner was added to the rotor hub in the CFD analysis. Its geometry is the same of
that of the aluminum spinner installed in the wind tunnel for the experimental analysis.

(@) (b)
Figure 4. Comparison between original and modified propellers: (a) modified blade geometry, which
is blended to a circular cross-section at root; (b) highlighted areas indicate difference in design visible
from planform view.

The CFD setup domain, mesh, and post-processing scenes are shown in Figure 5.
The comparisons among the reference values of Table 2, XROTOR design, and both original
and modified geometries simulated with CFD are shown in Figure 6. It can be observed that
XROTOR overestimates both thrust and power coefficients with respect to the high-fidelity
solver, as expected [20]. The thrust coefficient predicted by CFD is close to the reference
value at the lowest advance ratio. The reference power coefficient—and consequently
the reference propeller efficiency—is different because the full-scale propeller works in a
totally different condition. However, the obtained CFD values are satisfactory for wind
tunnel testing. Moreover, the modified propeller geometry with the strengthened root
did not provide significant losses with respect to the original design. Numerical load
distributions are reported in Appendix B. Therefore, the modified design has been realized
in outsourcing through additive manufacturing in PA11 nylon with selective laser sintering,
while the original design was discarded.
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Figure 5. CFD analysis: (a) computational domain; (b) mesh; (c) vorticity scene.
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Figure 6. Propeller analysis, comparison between XROTOR and CFD results: (a) thrust coefficient;

(b) power coefficient; (c) propeller efficiency; (d) legend.
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Figure 7. Lehner 2280/40 motor map: torque vs. RPM, contour of motor efficiency.

3.3. Motor Selection and Performance Estimation

From the requirements of Table 2, the main characteristics of the electric motor are
derived. From the results of the preliminary analysis, the motor max RPM and power were
estimated as 10,000 RPM and 800 W, respectively. This also gave indications on the motor
constant K,—expressed in RPM/Volt—to achieve the necessary torque with a given voltage.
The selected motor is the Lehner 2280/40 LK. The manufacturer provides performance

tables at constant voltage on its own website [26]. Each table lists the absorbed current,
input (electric) power, RPM, torque, output (shaft) power, and mechanical efficiency, which
is the ratio between shaft and electric powers. It resulted that this motor has a constant
Ky =~ 185 RPM/Volt, which is ideal for relatively high torques and low rotational speeds.
A MATLAB® routine has been written to process several performance tables and generate
motor maps. This software is freely available on GitHub [27]. The classic torque vs. RPM
map with the motor’s efficiency contour is shown in Figure 7. This defines the motor limits.
All the predicted propeller operating points can be tested in the wind tunnel.

70
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Similarly, the alternative motor map of Figure 8 shows the electric current as a function

of RPM (abscissa), applied voltage (dashed lines), and shaft power (iso-lines representing
the motor load). This chart was useful to determine the size of the power supply.

3.4. Motor Control and Data Acquisition System

A scheme for the acquisition of the motor data and RPM control is illustrated in
Figure 9. The software for propulsive data acquisition and motor control has been written
in LabVIEW®.

No torque meter has been installed on the motor. The shaft power and torque
are calculated from the measured electrical power output of the power supply in di-
rect current (DC) and the mechanical efficiency stated by the manufacturer. This last
variable is gathered in a database built from the data provided on the manufacturer’s

website [26,27]. The mechanical efficiency of the motor is represented by the iso-lines of
Figure 7. Therefore, the shaft power is evaluated as:

Pshatt = motor (RPM/ I) Vp.s. Ip.s. (5)
where the electric power is the product of voltage V and direct current I from the power supply,
measured with an LEM sensor. The copper losses in the cables and in the electronic speed
controller (ESC) are neglected in this approximation. The ESC is an MGM Compro HBC series.
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Output (shaft) power, W
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Figure 8. Lehner 2280/40 motor map: current vs. RPM, contour of motor power.
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Figure 9. Motor control and data acquisition scheme.

3.5. Wind Tunnel Testing

The propeller—-motor assembly has been installed in the wind tunnel on an aluminum
supporting frame, as shown in Figure 10. The motor is fixed on an aluminum plate by two
ring clamps. This base is in turn mounted above a thin box containing the ESC, the load cell
frame, and the electronics for signal conditioning. The load cell frame is made up of two
S-type force cells with 10 kgf full-scale value, installed at right angles to measure propeller
thrust and normal force. The motor’s base is constrained on the normal force load cell.
The rest of the supporting frame is made up of FlexLink® rods to allow translation about
three axes and rotation about the lateral axis to provide motor pitch. These degrees of
freedom are useful when the scaled model aircraft is installed in the test section.

In the following, all the measured forces have been corrected for the motor fixture
drag, evaluated in the wind tunnel by removing the propeller, but leaving the spinner, at
several wind speeds and angles of attack. Therefore, the presented results are in terms of
net forces. Moreover, since the ratio between the area of the propeller disk and the test
section area is less than 0.01, no wind tunnel corrections have been applied. Repeated
tests have shown a standard deviation of around 0.05 N for both thrust and normal force
measurements.
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Figure 10. The propeller installed in the wind tunnel.

3.5.1. Propeller Measurements in Axial Flow

The main purpose of the wind tunnel tests is to validate the numerical calculations
described in the previous sections. Figure 11 reports the comparison of wind tunnel data
with CFD results at fixed flow speed. Therefore, the advance ratio is varied by changing the
propeller’s RPM. As can be observed from the charts, the thrust is predicted with significant
accuracy, while the shaft power and the torque are predicted with reasonable accuracy,
with the numerical analysis providing values higher than the experiment. The respective
coefficients show even larger differences, probably because of the small absolute values
compared. For these reasons, the propeller efficiency is higher for the experimental test
article than the numerical model.
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Figure 11. Cont.
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Figure 11. Wind tunnel (WT) data, comparison with CFD results at Vo = 35m/s: (a) thrust; (b) thrust
coefficient; (c) power; (d) power coefficient; (e) torque; (f) propeller efficiency.

It is again remarked that there is no torque meter installed on the test article. The shaft
power and torque are calculated from the measured electrical power output of the power
supply in DC and the mechanical efficiency stated by the manufacturer, as explained in
Section 3.4. It is not clear if the CFD overestimates the torque and the shaft power or the
calculated values from the measured electric current are underestimated. However, since
the primary objective of the test campaign was matching the thrust, it can be concluded
that this has been fully accomplished.

3.5.2. Effects of Angle of Attack

The remainder of the Results section is dedicated to the discussion of the effects of the
angle of attack on thrust and normal force. The propeller normal force is generated by an
asymmetric load distribution on the disk due to non-axial flow. Its magnitude may not
be negligible, especially for small propellers rotating at high RPM. Its effects on aircraft
longitudinal equilibrium and stability may be significant; therefore, its evaluation is as
important as the thrust estimation.

The propeller normal force coefficient may be defined as a Renard coefficient:

N

N = oDt

(6)
where N is the propeller net normal force. With this definition, both thrust and normal force
coefficients have the same normalization quantities and they can be directly compared.

Results of the wind tunnel tests at Voo = 35 m/s and at different angles of attack are
reported in Figure 12. The effects of non-axial flow on thrust are negligible, with a minor
increment when increasing both the advance ratio | and angle of attack. Conversely, the
effects of the latter on normal force are significant, achieving approximately one third of
thrust magnitude at a moderate angle of attack, keeping an almost constant value throughout
the entire investigated advance ratio range. As expected, normal force is generated also with
the propeller in windmilling condition, affecting aircraft longitudinal stability even with
idling engine.

As regards the normal force coefficient defined in (6), it increases with the advance ratio
and inflow incidence. This means that the effects of normal force on aircraft longitudinal
stability depend on both the thrust coefficient and the angle of attack, with the latter having,
of course, the strongest influence.
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Figure 12. Experimental measurements of the effects of non-axial flow: (a) on propeller thrust; (b) on
propeller normal force; (c) on propeller thrust coefficient; (d) on propeller normal force coefficient.

3.5.3. Estimation of Aircraft Neutral Point Shift

To predict the shift in the aircraft neutral point position xyn due to propeller normal
force, an alternative definition of the normal force coefficient must be given [28]:

N
CN= s 7
N 050 V2S, @)
where S, = 7'[%2 is the disk area. The additional pitching moment due to the propeller
normal force acting at a distance [, from the aircraft’s center of gravity can be expressed as:

5,1 d
cM:cgv””<1+dZ) 8)

where S and ¢ are the wing planform area and mean aerodynamic chord, respectively,
I, > 0 if the propeller is ahead of the center of gravity, and de/da is the upwash gradient
(or downwash, if ¢ < 0). To calculate the aircraft’s neutral point shift, Equation (8) must be
derived by the lift coefficient Cy:

©)

A(xiN) _ dCM_ dCMi_ dCQ\,S,,lpl(l d8>
c

~dC, da C,  da ScCp da

so that a propeller placed at the tailplane—behind the center of gravity—generating an
upward normal force would provide a negative pitching moment gradient, i.e., a backward
shift of the neutral point. Equation (9) must be applied for each propeller and the only
aerodynamic interference effect included is the upwash of the lifting surfaces.

Thus, the effect of normal force on aircraft longitudinal stability can be estimated with
the evaluation of the normal force coefficient derivative with the angle of attack dCf\, /da.
The normal force coefficient Cj; can be calculated from the net normal force measurements
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at different angles of attack with Equation (7). Its gradient with the angle of attack can be
finally estimated from the best fit lines of C}; with Cr and «. See Figure 13.
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Figure 13. Evaluation of propeller in-plane forces with thrust and angle of attack: (a) alternative
definition of the normal force coefficient with Equation (7); (b) combined effect of angle of attack and
thrust coefficient.

Observe that the trend of Cf\] is not monotonic, but it first decreases with the advance
ratio J, and then increases when the propeller achieves windmilling and braking conditions
at the highest values of . Moreover, the value of the gradient dC},/da is not constant, but
it depends on C7, and it is positive even for a windmilling or braking propeller. These
results are in accordance with [28-30], despite the magnitude of dC};/da being higher
than the typical values reported in the literature, probably because of the propeller’s high
solidity ratio.

Although this paper is dedicated to the investigation of the isolated propeller, an estima-
tion of the expected value of the neutral point shift for the IRON aircraft scaled model can
be given. From the aircraft data of [11], the following quantities have been estimated:

—

Sp

d
2 P ~40, Cp~008deg™’, <Zx-018

~ 0.1, =
c da

From Equation (9), assuming a dC}; /da = 0.01, the variation in aircraft longitudinal
stability is approximately 4% for each propeller; hence, the neutral point moves rearward
of approximately 8% of the mean aerodynamic chord. The exact value will depend on the
thrust coefficient and aerodynamic interference due to the installation of the motors on the
tailplane tips.

4. Conclusions

This paper has discussed the design, analysis, and testing of a small-scale propeller to
be installed on the wind tunnel model of the IRON innovative, three-lifting-surface, regional
turboprop aircraft. The challenge was to develop a small propeller in thrust similarity with
the expected full-scale performance data, achieving a relatively high thrust coefficient
within 10,000 RPM and 150 mm diameter. The design of the propeller was performed with
the standard minimum energy loss approach included in XROTOR. The output geometry
was modified to be strengthened at the hub junction, which was considered critical also
because of the plastic material and manufacturing technique chosen. High-fidelity aerody-
namic analyses were performed with STAR-CCM+® to validate the preliminary results of
XROTOR and to assess the effects of the blade root modifications. The agreement between
CFD and XROTOR results is in the expected 10% range of difference, with acceptable
performance of the propeller in terms of thrust, power, and efficiency.

Once manufactured, the propeller has been installed on a support frame instrumented
with load cells and other utility sensors to acquire rotational rate, thrust, and normal force
in the wind tunnel test section. The measurements have been purged of the support frame
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aerodynamic forces, yielding the net propeller forces, which have been compared with
CFD results. There is very good agreement on thrust, while torque and power are less
accurate because their experimental values have not been directly measured, but estimated
from the motor map derived from the manufacturer’s data and the measured electric power
absorbed by the propulsive system.

Propeller normal force was not predicted numerically, but only investigated exper-
imentally. Test data have shown an expected behavior, with the propeller providing a
significant normal force at a moderate angle of attack, even in windmilling condition.
Moreover, with the data of previous wind tunnel tests performed by the authors on the
unpowered aircraft, an estimation of the neutral point shift due to the propeller location
has been made. Since the change in aircraft longitudinal stability should be around 8%
due to only the normal force direct effect, although beneficial for this innovative aircraft
configuration, it is here remarked how the propeller’s in-plane forces must be accurately
predicted to avoid unexpected or unsafe behavior of the aircraft.
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The following abbreviations and symbols are used in this manuscript:

CAD Computer-aided design
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ESC Electronic speed controller
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MIL Minimum induced loss

MRF Moving reference frame

RANS Reynolds-Averaged Navier-Stokes
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Angle of attack

Propeller pitch

Angle of upwash

Propeller efficiency

Free-stream flow density

Propeller solidity ratio

Propeller angular speed
Non-dimensional blade circulation
Wing mean aerodynamic chord

Blade section lift coefficient

Aircraft lift coefficient

Lift coefficient gradient with angle of attack
Aircraft pitching moment coefficient
Propeller normal force coefficient
Propeller alternative normal force coefficient
Propeller power coefficient

Propeller thrust coefficient

Propeller diameter

Altitude

Electric current

Propeller advance ratio

Electric motor constant in RPM/Volt
Propeller horizontal moment arm
Mach number

Propeller normal force

Propeller rotational rate in s~ 1 (revolutions per second)
Propeller (shaft) power

Propeller alternative power coefficient
Propeller radius

Propeller blade station

Reference wing planform area
Propeller disk area

Propeller thrust

Propeller alternative thrust coefficient
Free-stream flow speed

Aircraft neutral point position

Appendix A. XROTOR Propeller Geometry
The geometric data of the propeller designed by XROTOR are reported in Table Al.

Table A1. XROTOR geometric data.

Non-Dimensional Station /R

Non-Dimensional Chord ¢/R

Geometric Pitch Angle 8 (deg)

0.242 0.159
0.253 0.161
0.272 0.170
0.299 0.188
0.330 0.214
0.366 0.243
0.403 0.272
0.442 0.300
0.482 0.324
0.522 0.343
0.561 0.358
0.600 0.369
0.638 0.374
0.674 0.375
0.710 0.373
0.744 0.366
0.776 0.356
0.806 0.342
0.835 0.325
0.862 0.306
0.886 0.284

80.76
80.20
79.06
77.40
75.31
72.95
70.43
67.85
65.29
62.80
60.44
58.25
56.22
54.35
52.65
51.10
49.69
48.42
4727
46.25
45.34
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Table Al. Cont.

Non-Dimensional Station /R Non-Dimensional Chord ¢/R Geometric Pitch Angle 8 (deg)
0.908 0.260 44.53
0.928 0.234 43.83
0.946 0.207 43.22
0.961 0.178 42.71
0.974 0.148 42.29
0.984 0.117 41.96
0.992 0.087 41.71
0.997 0.057 41.55
0.999 0.035 41.47

Appendix B. Propeller Blade Loads

In this section, the propeller blade loads evaluated with STAR-CCM+® for the original
and the modified designs are shown in Figure Al. The effects of the circular section on the
load distributions are apparent.
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Figure A1. Numerical blade distributions: (a) aerodynamic loading on the original blade; (b) aerody-
namic loading on the modified blade; (c) profile lift coefficient on the original blade; (d) profile lift
coefficient on the modified blade.
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