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ARTICLE INFO ABSTRACT

Communicated by Dr. Tianxiang Hu An experimental investigation is conducted to study the interaction of side-by-side propellers operating in forward

flight at low Reynolds numbers. The effect on performance is first evaluated by means of load cell measurements,
gggg while the flow field is studied employing a stereoscopic particle image velocimetry (SPIV) setup. Three different
1111 configurations are tested: single propeller, co-rotating and counter-rotating cases at varying advance ratios. The

results indicate that the performance of the single propeller is decreased due to aerodynamic interaction, leading
2000 MSC: to an average 3.2% reduction in propulsive efficiency, evaluated across all the tested operating conditions. The
0000 effect is stronger at lower advance ratios, owing to a greater interaction between the two streamtubes in such
1111 conditions. SPIV measurements indicate a widening of the wake as well as a reduction in the turbulence intensity
for the cases with two propellers, with a stochastic fluctuations approximately 15% lower for the twin propeller
cases than the single propeller. The data is then sorted and phase-ordered a posteriori via a data-driven approach,
Propeller interaction effectively reconstructing phase-averaged flow fields. This enables the decomposition of the velocity field into
SPIV phase-correlated and purely turbulent components. The results show that the stochastic (turbulent) component of

the velocity field increases when the propellers operate at advance ratios different from the maximum efficiency
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condition.

1. Introduction

Current advancements in electric-powered air mobility systems have
increased the interest in propeller aerodynamics. New urban air mobility
concepts like eVTOLs, UAV technology, and disruptive designs for future
electrically powered aircraft all feature propellers as their propulsion
device. It is often the case that these designs see propellers positioned
in close proximity, as it is the case for distributed electric propulsion
(DEP) [1-3] or small UAVs featuring tandem propellers [4], for instance.
In this context, a proper understanding of the interaction mechanisms
becomes fundamental, as they lead to changes in propeller performance,
as well as to the structure of the flow field.

Small UAVs operate at low Reynolds numbers [5]. Due to their size
and operating condition, the propeller’s blade chord-based Re number
is often below 10°.

This flow regime poses several challenges owing to the complex flow
field that characterizes the pressure and suction side of the blades. In-
deed, numerous investigations [6,7] have shown the formation of a lam-
inar separation bubble at values of the blade tip Reynolds number rang-
ing from 4.3 - 10* to 5- 10°. In this regime, laminar to turbulent transi-
tion is highly affected by the inflow conditions, leading to an effect on
performance and also on noise generation [7]. In this regard, inflow tur-
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bulence can play a role as it affects the boundary layer transition and,
consequently, the propeller performance and noise [8]. The numerical
analysis of the flow field is also quite challenging, owing to the limited
value of the Reynolds number. Low-order approaches, such as the VPM
(Vortex Particle Method), rely on the computation of the airfoil polars
[9], which can be cumbersome. On the other hand, higher fidelity meth-
ods can be prohibitive owing to the computational cost.

Unlike the case of turboprops or helicopter blades, small propellers
usually have a fixed blade pitch angle. This implies that a variation in
thrust requires a variation in rotational speed, and that the propeller disk
must be tilted to perform any kind of maneuver. As a consequence, pro-
pellers are likely to encounter a non-axial inflow condition [10]. These
considerations are also relevant for adjacent propellers, as they also lead
to non-uniform inflow conditions [1]. This can be important when con-
sidering the blade loading, as non-uniform inflow conditions also lead
to an unsteady blade loading [11].

The aerodynamic interaction between side-by-side propellers can be
subdivided into three major effects. Firstly, a reduction in propeller per-
formance has been observed in the twin propellers case [12]. Previous
works [13] found a maximum 2% reduction in thrust coefficient for
a minimum separation distance of 0.05 D, where D indicates the pro-
peller diameter, while in [14] a 6.3% reduction in thrust is indicated.
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Nomenclature

CCwW = counter clock-wise

CwW = clock-wise

CoR = co-rotating

CnR = counter-rotating

BPF = blade passing frequency [Hz]
T = thrust [N]

(0] = torque [Nm]

n = efficiency

D = propeller diameter [m]

R = propeller radius [m]

|4 = velocity magnitude [m/s]

n = rotational speed [1/5s]

C, = thrust coefficient 7'/(pn> D*)
Co = torque coefficient Q/(pn>D’)
J = advance ratio V' /(nD)

RPM = revolutions per minute

u, v, W = velocity components [m/s]
Re = Reynolds Number %

p = air density [kg/m?]

v = kinematic viscosity [m?/s]
TKE = turbulent Kinetic energy [m?/s?]
PKE = phase-correlated kinetic energy [m?/s?]
© = free stream conditions

tip = blade tip

Additionally, a 1.5% reduction in efficiency is reported in [1], finding
no significant differences between a counter-rotating and a co-rotating
configuration. Secondly, a modification of the flow field structure is ex-
pected, as the slipstreams interact and evolve differently from the iso-
lated case. In [15], an induced upwash is observed between the pro-
pellers in the counter-rotating case. The interaction between propellers
also leads to an uneven loading on the propeller disk [1,16], associated
with higher fluctuations in the measured thrust [13], which increases as
the separation between propellers is reduced. Lastly, an increase in noise
production is also expected. Several studies [1,17-19] have investigated
the effect of the different relative phases between propeller blades, sug-
gesting that there is an effect on the directionality of the emitted noise
and on the tonal contribution, while no significant effects were found
on the broadband noise, on the performance, or on the structure of the
time-averaged flow field.

Most of the experimental work found in the literature about the aero-
dynamic interaction of side-by-side propellers focuses on the hovering
condition (e.g. [4,13]), while less attention has been paid to the forward
flight cases [1], investigating the effect of different advance ratios. The
primary objectives of this work are to assess the effects on performance
of small adjacent propellers at different advance ratios when operating
at low Reynolds number and to study how the slipstream is modified
due to aerodynamic interaction. The investigation focuses on the con-
dition corresponding to the maximum interaction between the two pro-
pellers, namely when the tip-to-tip clearance is reduced to a minimum.
Firstly, their performance is measured for a range of operating condi-
tions, covering the full envelope of advance ratios that produce thrust
for the chosen propeller. This is done both in a co- and a counter-rotating
configuration. Subsequently, the slipstream structure is studied through
low-speed stereoscopic particle image velocimetry for three representa-
tive advance ratios, comparing a single propeller with two co-rotating
(CoR) and counter-rotating (CnR) propellers.

In the current manuscript, the analysis focuses on the conditions that
yield the greatest interaction between two propellers operating in close
proximity. Besides providing confirmation for the already evidenced
mechanism of thrust reduction, also at low values of the Reynolds num-
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ber, the study aims at clarifying the effects of the interaction on the
turbulence in the slipstream.

Using the methodology presented in Amico et al.[20], a surrogate
of the temporal evolution of the wake is obtained. With this, a triple
decomposition of the velocity field is performed, allowing to separate
between the contributions associated with the periodic forcing and the
actual stochastic content in the slipstream.

2. Experiment design

The experiments were conducted in the Ferrari Wind Tunnel, an
open-jet facility at the Politecnico di Torino. The tunnel is constituted
by a contraction with a contraction ratio of 3.5:1, with an exit diame-
ter of 0.45 m. The test section is a cubic enclosure with side 0.9 m, which
then culminates into a conical divergent, with a diffusing ratio of 1:2.4.
The fan is located at the end of the divergent section and allows a range
of stable flow speeds in the test section between 1 and 20 m/s. The flow
quality was characterised with an empty test section at different speeds,
showing turbulence intensity levels of 0.8% [10]. The overview of the
experimental setup is shown in Fig. 1.a,b. Each propeller has a radius (R)
equal to 0.15 m and it was mounted in a tractor configuration, on a ded-
icated support which was 3D printed in PLA (polylactic acid), ensuring
that their axes of rotation were parallel to each other, with a center-
to-center distance of 0.16m (i.e. 2.13R), leading to a tip-to-tip distance
between the two propellers of 0.01 m. Previous studies [13,14,21] show
that minimizing the tip-to-tip spacing between propellers operating in
side-by-side arrangement leads to the strongest interaction in both in the
slipstream modification and in the decreased performance. The tip-to-
tip distance of 0.01 m was chosen to be the minimum distance allowing
the safe operation of the propellers, accounting for vibrations or deflec-
tions of the blade. The propellers were placed at 1 R from the inlet of
the test section, with their axes aligned with the freestream, namely
in a forward flight configuration. As a result, the disk area of a single
propeller corresponds to approximately 11% of the wind tunnel nozzle
exit area, increasing to about 22% when both propellers are operated
simultaneously.

The supports of the two propellers have identical external geome-
tries to minimize the asymmetries in the flow. However, they differ in
functionality: one of the supports is equipped with a load cell and a
torque cell, while the other is designed to replicate the same geometric
dimensions but contains only mock versions of the cells. This is done to
avoid any bias in the measurements due to the different supports of the
propellers. The supports extend along the propeller axis such that the
torque cell is 2.76 R downstream the propeller, as seen in Fig. 1.a, again
to minimize the impact on the flow development.

The propellers were 3D printed in VisiJet M2R-CL resin. Their ge-
ometry, shown in Fig. 3, is the same used in [10], resulting in a range of
Reynolds numbers based on the chord at 75% of R between 1 - 10* and
3 - 10*. The blade design is derived from a two-bladed APC 9x6 model,
reshaped using a NACA 4412 airfoil, as described in detail by Casalino et
al. [7]. The reason for adopting this geometry is that it allows a straight-
forward numerical reproduction of the same blade. This propeller was
indeed chosen as several experimental and numerical studies are found
in the literature featuring the same geometry. Applications are found in
experimental acoustics [7,8,22,23], numerical acoustics [24-26], and in
the investigation of non-uniform inflow conditions [9,27].

Each propeller is driven by a RCS-TRX 370 2826 1000KV brushless
direct current (BLDC) motor with a diameter of 2.8 cm and a maximum
rated power of 150 W. Each motor is controlled by an external elec-
tronic speed controller (ESC) that receives input commands from an
Arduino Uno board. The rotational speed (expressed in revolutions per
minute, RPM) of each motor is individually managed by a Proportional-
Integrative-Derivative (PID) controller. The RPM feedback signal is mea-
sured for each motor using a Hobbywing RPM sensor, connected to two
of the three phases of the respective brushless motor. For each revolu-
tion, the sensor records seven peaks corresponding to the commutation
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Fig. 1. Schematic of the experimental setup and its main components: (a) top view and (b) front view. The strut on the left is equipped with a rectangular opening
that enables the laser sheet to illuminate the measurement plane. (c) Example of a raw camera image. The region highlighted in red marks the portion of the image
in which the blade appears in different positions; this region is used to implement the ISOMAP algorithm and perform the phase recognition.. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Load and torque cells parameters.

Load cell futek LSB201 Torque cell futek TFF400

Rated Output (RO) 250¢g Rated Output (RO) 0.07Nm
Excitation 5V Excitation 10V
Nonlinearity + 0.1% of RO Nonlinearity + 0.2% of RO
Hysteresis + 0.1% of RO Hysteresis + 0.2% of RO
Nonrepeatability +0.05% of RO Nonrepeatability + 0.05% of RO
RSS error +0.15% of RO RSS error + 0.28% of RO

of the motor’s magnetic poles, and they are then used to evaluate the
RPM. The standard deviation of the measured RPM averaged across all
cases was within 2% of the target value.

2.1. Thrust and torque measurements

The system used for force and torque measurements consists of a
FUTEK LSB201 axial load cell and a FUTEK TFF400 torque cell. Table 1
summarizes the specifications of the sensors. The data were recorded
for 45 seconds using a National Instrument 9215 module at a frequency
of 5kHz.

To assess the effect of the aerodynamic interaction on performance,
the thrust and the torque were measured at different advance ratios (J =
V. /(nD)) ranging from O to 0.7. This was achieved by a combination of

freestream velocities (V) and rotational speeds (RPM), ranging from
Im/s to 9m/s and 1500 RPM to 7000 RPM, respectively.

For each combination of RPM and V_,, four cases were evaluated:
one counter-clockwise (CCW) propeller, one clockwise (CW) propeller,
two counter-rotating propellers, and two co-rotating propellers (see
Fig. 2.a,b). The cases with one propeller are used as a reference. The
CnR and CoR configurations were obtained by switching the propeller
mounted on the support equipped with the load measurement system;
the other propeller was always a CCW one. To ensure statistical con-
vergence, each measurement lasted 45s. Moreover, every test case was
repeated three times to ensure repeatability.

2.2. Flow field measurements

A stereoscopic particle image velocimetry (SPIV) [28,29] setup was
employed to study the flow field. The illumination of the region of inter-
est was ensured by a Litron Nano PIV Series Nd:YAG Dual Power laser
with 200 mJ/pulse energy, operating at 15Hz in dual pulse mode. The
laser beam was shaped into a sheet with a thickness of about 1 mm using
a spherical lens with focal length of 1000 mm and a cylindrical lens with
focal length of —50 mm.

Two Andor Zyla 5.5 MP sCMOS cameras, with sensor size of 2560 x
2160 pixels® and with pixel size of 6.5 um), each equipped with a Tok-
ina ATX-I macro lenses with 100 mm focal length operated at a value
of the aperture of f; =11 and f; = 5.6, were employed to collect im-
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(b)

Fig. 2. Schematic (front view) of the considered setup: (a) Counter-rotating configuration. (b) Co-rotating configuration..
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Fig. 3. Blade chord and pitch angle distributions.

ages of the tracer particles. The two different values of the aperture
were chosen to minimize the differences in the illumination of the two
cameras, arranged in forward and backward scatter configuration, lead-
ing to an angle between the cameras of about 50 degrees. Each camera
was equipped with a Scheimpflug adapter to guarantee uniform focusing
across the entire image. The cameras and the laser were synchronized
and driven by a PCI 6602 counter. The time interval between the laser
pulses was set to 60 us or 80 ps depending on the propeller operating
condition, and was chosen to have a displacement between two frames
of approximately 12 pixels.

The region of interest (ROI), indicated in Fig. 1, extends for 0.9 R
along the streamwise direction and 1 R in the plane containing both pro-
pellers’ rotation axis, corresponding to a digital resolution of 30 px/mm.
The ROI is positioned downstream the propeller mounted on the instru-
mented support, i.e. the one equipped with the load and torque cells
(see Fig. 1.a).

For each investigated case, three advance ratios were considered
to analyze different operating conditions of the considered propeller:
hovering (J = 0), maximum efficiency (J = 0.45), and a third point rep-
resenting a high loading case in forward flight (J = 0.3). All the test
cases considered are summarized in Table 2, corresponding to a single
CCW propeller (from now on indicated as CCW in the Figures), two co-
rotating propellers, and two counter-rotating propellers.

For each case, 800 instantaneous image pairs were recorded. The
camera calibration was performed using the pin-hole model [30], with

Table 2

a residual calibration error of about 0.6 pixels. A self-calibration, imple-
mented according to the algorithm proposed by Wieneke [31], allowed
to further reduce the error below 0.1 pixel [32].

In the raw images of the tracer particles, the blade of one propeller
is visible as it passes through the camera’s field of view, as shown in
Fig. 1.c. This generates reflections that must be removed to improve
the accuracy of the image processing phase. To accomplish this, a pre-
processing of the raw images was carried out, using the anisotropic dif-
fusion method proposed by Adatrao and Sciacchitano [33]. This method
enhances image quality by reducing noise while preserving sharp edges,
generating two outputs: a clean image, free of unwanted reflections for
accurate PIV processing, and a background image, where the reflections
produced by the blade are isolated.

The correlation on the pre-processed images was then performed
using a multi-step algorithm with a final interrogation size of 32 x 32
pixels? (i.e., about 1.06x1.06 mm?) with 75% overlap, resulting in about
56 vectors per diameter (D). The uncertainty in the displacement of
the particle pixels is +0.8% and +5%, respectively, for the two in-
plane components and the out-of-plane component. The entire pro-
cessing, including geometric calibration, self-calibration and correla-
tion, was carried out using PalRS [34], freely downloadable at: https:
//Www.pairs.unina.it/.

2.3. Phase-resolved analysis and decomposition of velocity components

The background images, obtained through the anisotropic diffusion
method [33], play a crucial role in the phase-recognition process, as
they provide a reliable way to track the blade’s position across differ-
ent snapshots. It should be noted that these background images are ex-
tracted from the raw camera acquisitions, which cover a wider field
of view than the final SPIV region of interest. In this wider field, part
of the blade is always visible as it crosses the camera’s view, enabling
its position to be tracked for phase recognition, as illustrated in Fig. 1.c.
Since the experimental setup does not include an encoder to measure the
angular position of the propeller, an a posteriori phase-recognition ap-
proach was implemented. Following the method proposed by Amico et
al. [20], the background images were used as input to an ISOMAP-based
algorithm to reorder the image pairs according to the blade’s position.
ISOMAP is a nonlinear dimensionality reduction technique that maps
high-dimensional data onto a low-dimensional space while preserving
the distance between images [35]. The images were ordered based on
their proximity in the reduced-dimensional space, where image pairs

Flow field SPIV test conditions for three configurations: isolated propeller CCW, two pro-

pellers CoR and two propellers CnR..

case A2 A4 A5 S1 S2 S3 S4 S5 S6

J 0 0.3 0.45

RPM 3000 5000 6000 3000 5000 6000 3000 5000 6000
V,, [m/s] 0 0 0 2.25 3.75 4.5 3.4 5.6 6.75

Rey;5 - 1073 13.3 22.1 26.6 13.4

22.3 26.8 13.5 22.6 27.1
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with similar blade positions naturally cluster along a continuous tra-
jectory. This sorting process enables an unsupervised phase-recognition
process by leveraging the spatial coherence of the blade’s motion.

Once the image pairs were correctly ordered in phase, phase-
averaged velocity fields were computed by dividing the images into 25
equal-sized subsets, each corresponding to a specific interval along the
ISOMAP trajectory. The choice of Nppases = 25 was a trade-off between
achieving a fine phase resolution and ensuring a sufficient number of
image pairs per subset to reduce both the random measurement noise
and the phase-uncorrelated signal. In the present study, the propeller
has two blades, the blade passing frequency identifies an angle of 180°;
therefore, 25 phase intervals are used to discretize the 180° rotation.
Each angular bin corresponds to 7.2°. The phase-averaged fields are ob-
tained by averaging all the instantaneous velocity fields within +3.6°
from the center of each interval. A convergence analysis was performed
to assess the reliability of the phase-averaging process. The evaluation
focused on a central portion of the wake, extending approximately 0.35R
in the radial direction (x) and 0.7 R in the streamwise direction (y), while
excluding the outer regions, which are more affected by spurious reflec-
tion. For each phase f, N = 32 instantaneous velocity fields (u;(x)) were
available, and the statistical convergence within the selected region was
assessed as follows. The phase-averaged velocity field was first obtained
as:

N

1y = 5 D). )

i=1
Then, the corresponding standard deviation of the ensemble was evalu-
ated as:

1 2
qm=Jﬁfilum—Wm) @

i=

The coefficient of variation for each phase CV, was then obtained as
the spatial average over the selected region of the ratio o,(x)/u/(x),
multiplied by 100. In other words, CV} is a scalar value representing
the mean percentage fluctuation of the instantaneous velocity fields with
respect to their phase average. Finally, a global convergence metric was
defined as the average of CV; across all the 25 phases:

N phases

cv = Cv;. 3

1
N, phases =1
In the worst operating condition the CV is about 5.7%, with a maximum
CV; of 6.3%, while in the best case the corresponding values decrease
to 1.7% and 1.9%, respectively.

With the image pairs sorted in phase, the velocity field was analyzed
using a decomposition approach to separate different contributions to
the flow dynamics. The triple decomposition [36,37] was deployed:

ux, ) = ux) + ax, 1)+ u’x,1) 4)

where u(x, 1) is the full velocity field, u(x) represents the time-averaged
velocity, i(x, 7) is the phase-correlated organized contribution to the ve-
locity fluctuations, and u”(x, t) accounts for the stochastic, non-coherent
fluctuations. The phase-correlated component is obtained as:

(x, 1) = (u(x, 1)) - ux) %)

where (u(x, 1)) represents the phase-averaged velocity field according to
the characteristic period z:

N
. 1
(uex,n) = lim — § u(x, 1 + nr) (6)

Even with the PID controller, keeping the value of the RPM of the
propeller at stable values for a very long time is not trivial. Therefore,
a direct application of Eq. (6) is not advisable. Leveraging the phase-
recognition method described earlier, it was possible to reorder the se-
quence of image pairs and obtain a statistically robust phase-averaged
velocity field [20].
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A useful way to quantify the effects of periodic forcing and turbu-
lence in the flow is through the analysis of kinetic energy components.
The total kinetic energy can be decomposed into three contributions:
the mean kinetic energy (M K E), the turbulent kinetic energy (TK E),
and the phase-correlated kinetic energy (PK E). The T K E represents the
energy associated with stochastic turbulent fluctuations and is defined
as:

3 T
_ .1 "2
TKE(X) = ; [ Jim /0 W' (x,1) dt] 7
Conversely, the PK E quantifies the energy contained in the organized,
phase-correlated motions induced by the periodic blade passage and is

given by:

3 T
.1 -
PKE®X) = lim — “(x,1)dt 8
x) ;L%Tluﬂ)] ®

The spatial distribution of PKE and TKE allows us to infer how
much of the flow dynamics is dominated by the periodic motion of
the propeller and how much is driven by stochastic turbulence. This
approach not only improves the quality of the PIV analysis, but also
provides a more detailed understanding of the periodic flow structures
induced by the propeller motion, distinguishing them from random tur-
bulent fluctuations.

Effect on the propeller slipstream’s pitch

Propeller-wing interaction is fundamental for wing-mounted pro-
pellers. In Sinnige et al. [38], the ratio between the average distance be-
tween two successive tip vortices, usually labelled pitch, and the wing’s
chord length is highlighted as an important factor related to the un-
steady loading of a lifting surface. In this regard, knowing whether there
is an effect due to the interacting propellers becomes relevant.

To obtain an estimate of the average distance between two consecu-
tive tip vortices, the z-component of the vorticity fluctuation (Q(x,1)),
obtained through the Reynolds decomposition, was sampled along the
maximum time-averaged vorticity line, s, in Fig. 4.a. In most of the
snapshots, at least two tip vortices are captured; this allows to per-
form an auto-correlation (Eq. (9)) of the sampled signal along the line s
(Fig. 4.b),

A(As) = /w f(s)(s + As)ds 9
0

and attribute the spatial separation distance with the correlation peak to
the distance between the two vortical structures (Fig. 4.c). Subsequently,
a distribution is constructed (Fig. 4.d) excluding the cases corresponding
to snapshots where only one tip vortex was captured. Lastly, the mean
is taken, obtaining a single value for the pitch for each of the cases in
Table 2. It is worth noting that the pitch identified with this approach
represents its value, divided by the number of blades.

3. Results
3.1. Propellers performance

Considering the blade geometry indicated in Fig. 3, a CW or CCW
propeller should produce the same thrust and torque at a given oper-
ating condition. The only difference should be the sign of the torque.
Before delving into the detailed description of the interaction under dif-
ferent operating conditions, the thrust, torque and efficiency values were
measured for a range of operating conditions for both the CW and CCW
propellers, as indicated in Section 2. The efficiency (n = TV, /27nQ))
measured for the CW and CCW propellers is reported in Fig. 5. The re-
sults show no significant differences between the CW and CCW pro-
pellers, as it was expected. The errorbars in Fig. 5 represent the esti-
mated uncertainty in the measurement of the propeller efficiency due
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Fig. 4. Schematic representation of the methodology employed for the pitch determination: (a) instantaneous vorticity sampled along the maximum time-averaged
vorticity line, (b) illustration of the auto-correlation function, (c) auto-correlation as a function of As, (d) probability density function constructed over all the

captured snapshots.
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Fig. 5. Propeller efficiency for the CCW and CW cases. The errorbars indicate
the estimated uncertainty on ..

to the error propagation of the uncertainties on thrust, torque, and RPM
measurements.

Fig. 6 shows the measured thrust (C, = T /(pn*> D*)) and torque (Cy =
Q/(pn* D)) coefficients, and the propulsive efficiency » for the CoR con-
figuration, in which both propellers rotate in a counter-clockwise direc-
tion.

The results indicate that the interaction between side-by-side pro-
pellers leads to a reduction in the thrust and torque coefficients

(Fig. 6.a,b). However, the effect on the thrust coefficient is stronger than
that on the torque coefficient, leading to a reduction in the propulsive
efficiency (Fig. 6.c).

The relative variation due to the propellers’ interaction was eval-
uated as the difference between the coefficients for the CoR and the
single propeller case, normalized by the corresponding single propeller
case value. This yields three variables: AC,, AC, and Ay. For a generic
variable y, the percentage variation can be defined as:

XCoR — )(l,Prop

Ay =100 (10)

X 1,Prop

Lower advance ratios, corresponding to high loading cases, show a
stronger interactions and a wider streamtube upstream the propeller.
Fig. 7.a shows that the relative reduction in C, is more significant at
low advance ratios (J < 0.2), as opposed to the torque coefficient, which
does not show any appreciable effect of J (see Fig. 7.b). While the spe-
cific values at which the performance reduces can be dependent on the
specific blade geometry, namely J < 0.2, the maximum interaction is
still expected at J = 0 regardless of the specific case.

Overall, a reduction in the efficiency is found, as it is shown in
Fig. 7.c, which can be as large as 4% at J = 0.

Averaging over all the evaluated values of J, between 0 and 0.65,
the efficiency is reduced by 3.17%, the thrust coefficient by 4.77%, and
the torque coefficient by 1.8%. Considering only hovering cases (J = 0),
the reduction in thrust is in a similar range to the results obtained in [13,
15] (i.e. approximately 8%), which feature similar tip-to-tip clearances.
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Fig. 6. Performance coefficients at different advance ratios (J) for the single CCW propeller and the two co-rotating CCW propellers cases: (a) thrust coefficient (C,);
(b) torque coefficient (Cp) and (c) propeller efficiency ().
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Fig. 8. Normalized streamwise induced velocity profiles along the radial direction (x/R) at y/R = —0.5. All cases indicated in Table 2, subplots grouped by operating

condition (CCW, CoR and CnR).

The reduction in efficiency for varying J is also in line with similar
experiments [1], particularly far from J equal to zero.

3.2. Flow topology

In this section, the time averaged features of the slipstream of the
propeller operating in CCW, CoR and CnR conditions will be presented.
Here and in the following, v indicates the streamwise velocity, u the
radial component and w the azimuthal component.

Fig. 8 shows the streamwise induced velocity profiles ((v - V,)/V};,)
taken at y/R = —0.5 for all the investigated cases.

Vip =\ V2 + QanR)

The CCW case features greater values of induced velocity, regardless
of the specific value of the advance ratio, compared to both the CoR and
CnR cases. This difference is the largest at J =0, yet it is still visible
at the other values of J. For a fixed value of the advance ratio, the
profiles are also collapsing, with only minimum differences that can be
attributed to the effect of the different Reynolds numbers. Comparing
cases at different values of the advance ratio instead reveals that for
the CCW case all the profiles collapse from x/R > 0.8. This is not the
case when referring to the CoR and CnR cases, where the effect of the
interaction with the other propeller modifies the value of the induced
velocity, with the greatest deviations observed at J = 0.

1D

Further insights into the interaction can be obtained comparing the
CCW, CoR and CnR cases, at a fixed value of the RPM. Fig. 9 shows
how the streamwise velocity profiles indicate a wider slipstream in the
CoR and CnR cases with respect to the CCW case. This effect is stronger
at lower advance ratios, while it is almost negligible at J = 0.45, and it
can be attributed to the mutual induction of the slipstream of the two
propellers.

Fig. 10 shows the azimuthal velocity component as a function of
the radial coordinate. The profiles are extracted at y/R = —0.5 for three
values of the advance ratio.

The local peak that can be found at about x/R = 0.75 for the CCW
case and J = 0 is shifted towards the blade tip for the CoR and CnR con-
figurations. This becomes less evident at J = 0.3, with instead a practi-
cally overlapping azimuthal velocity profile at J = 0.45.

In addition to this, comparing the CCW and the CoR case, it can be
concluded that the effect of the interaction between the two propellers is
such that across the entire disk, the azimuthal velocity reduces at J = 0.
At greater advance ratios, this difference is progressively attenuated.

Figs. 11 and 12 show the colormaps of the normalized time-averaged
radial (u/V;;,) and streamwise (0/V;,) velocity components, respec-
tively, for the CCW and CoR cases.

From Fig. 11, two considerations can be drawn: firstly, at lower ad-
vance ratios, the induced radial velocity is stronger and directed to-

wards the axis of rotation; additionally, u/V};, weakens as J increases.

ip
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Fig. 9. Normalized streamwise velocity profiles along the radial direction (x/R) at y/R = —0.5. Cases at 3000 RPM (A2, S1, and S4), subplots grouped by advance

ratio.
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Fig. 10. Normalized azimuthal velocity profiles along the radial direction (x/R) at y/R = —0.5. Cases at 3000 RPM (A2, S1, and S4), subplots grouped by advance
ratio. The dashed line at x/R = 1.067 indicates the midline between the two propellers. .
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Fig. 11. Colormaps of the normalized radial velocity component measured at 5000 RPM (A4, S2 and S5) and J = 0, 0.3 and 0.45 for CCW and CoR cases.

Secondly, the presence of a second propeller reduces the intensity of the
radial velocity component. This is likely because the radial velocities in-
duced by both propellers balance out for the specific measuring plane,
as it is also shown in [1].

Focusing on the streamwise component (Fig. 12), case A4 corre-
sponds to the hovering case, where the streamtube can be clearly seen.
In addition, the flow progressively accelerates from the propeller blade
moving downstream, as it is expected from the momentum theory. At

higher values of J there is less difference between the slipstream velocity
and the freestream velocity, consistent with the lower disk loading asso-
ciated with this condition. The propeller slipstreams do not merge in the
CoR cases, confirming the findings in [1]. Comparing the CCw and the
CoR cases, the slipstream evolution is different, with a wider streamtube
in the latter case. To evaluate this, for each case indicated in Table 2,
the line of maximum vorticity was taken from the time-averaged vortic-
ity fields, and it was used as an indicator of the edge of the streamtube.
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Fig. 12. Colormaps of the normalized streamwise velocity component measured at 5000 RPM (A4, S2 and S5) and J = 0, 0.3 and 0.45 for CCW and CoR cases.

In Fig. 13, the solid line indicates the edge of the streamtube for a sin-
gle propeller, showing that the width is smaller than the CoR and CnR
cases. The effect is stronger at lower advance ratios, and it is equiva-
lent for the CoR and CnR cases. This shows how the rotation direction
has a negligible effect on the width of the streamtube and that the in-
teraction is stronger at lower values of J. This observation aligns with
the previously reported influence of wake interactions on the thrust and
torque.

To further investigate the wake structure, the locations of the tip
vortices were identified and superimposed on the streamtube bound-
aries. The positions of the tip vortices were identified from the phase-
averaged vorticity fields obtained with the methodology proposed in
Section 2, by applying a threshold to highlight only the regions of the
wake characterized by the largest values of vorticity. This threshold was
selected for each case, since the vorticity level can vary significantly for
different operating conditions. However, it is worth mentioning that it
was kept constant across all phases for each condition. The identified
connected regions of high vorticity represent the possible vortices. The
detection starts from a reference phase, in which the approximate area
in which the tip vortices appear is indicated. Within this area, the vor-
tex core is defined as the centroid of the connected region above the
threshold. From this starting point, the vortices are then followed au-
tomatically through the subsequent phases by selecting, at each step,
the region closest to the previously detected position. In this way, the
trajectories of the vortices are reconstructed along the wake. The selec-
tion of this specific method is driven by its simplicity of implementation
and efficiency in the computation. Other approaches were also tested
[10,39,40] yet the identification of the vortex location did not differ of
values greater than 1% of the vortex radius. As such, the most compu-
tationally efficient method was implemented. An example of the vortex
tracking results is shown in Fig. 14, where the phase-correlated vortic-
ity Q,, normalized by V,ip/ D, is displayed for six representative phases
(out of the 25 considered for the averaging process). The position of the
two tracked vortices is marked with green and yellow dots, illustrating
their phase evolution. The results confirm that the rotation direction
has a negligible effect on the widening of the slipstream on the mea-
sured plane, while the interaction between the two propellers plays a
dominant role, particularly at low values J.

Effect on the propeller slipstream’s pitch

Based on the methodology described in Section 2.3, each vorticity
field allowed for the identification of the distance between consecutive
tip vortices, with the scope of assessing the effect of the aerodynamic
interaction on this parameter. The results regarding the effect of a side-
by-side propeller configuration on the slipstream’s pitch are shown in
Fig. 15 in the form of bar charts of the percentage variation of the pitch
with respect to the CCW case. The hovering cases (A2, A4, and A6 in
Table 2) show an increase in pitch due to the propellers’ interaction.
The slipstream of an isolated propeller at J = 0 is the most turbulent
condition owing to the interaction between consecutive vortices in the
absence of a mean flow. The increased pitch in the twin-propeller con-
figuration suggests that the interaction of the two slipstreams can have
a stabilizing effect on the evolution of the tip vortices, leading to a less
turbulent wake. This will be addressed in the next section.

It is worth mentioning that at low values of J, the less ordered
structure of the wake leads to an early coalescence of the tip vortices,
which can affect the results of the auto-correlation. This is the same
reason for which in Fig. 13 no vortices are recognized downstream of
y/R =-0.5. At J > 0, it is interesting to highlight the effect of the two
propellers operating at the same time, which in turn leads to a reduc-
tion in the effective pitch of about 10% compared to the single propeller
case.

Phase-resolved analysis

This section analyses the turbulent kinetic energy and phase-
correlated kinetic energy, defined in Section 2 based on the triple de-
composition of the velocity fields.

Phase-resolved reconstructions were carried out for all the tested
configurations. However, a fundamental distinction must be made in
the interpretation of the results for each scenario. For the single pro-
peller cases, phase averaging is straightforward, as is the analysis of the
wake flow fields, since the entire flow field is influenced by a single pe-
riodic forcing. In contrast, for the twin propeller configurations, phase
averaging is only applied according to the propeller whose blade is fully
visible in the field of view. As a result, the wake structures associated
with this propeller can still be meaningfully reconstructed across dif-
ferent phases. However, the second propeller introduces an additional
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Fig. 15. Relative variation in pitch for CoR and CnR configurations.

random disturbance owing to the lack of synchronization between the
two propellers.

Due to this limitation, the analysis of TKE and PKE across differ-
ent phases and different advance ratios is performed only for the single
propeller configuration, where phase coherence is fully preserved. Nev-
ertheless, a comparative study of the TK E through the different con-
figurations (single propeller and twin propellers) is carried out to assess

Aerospace Science and Technology 171 (2026) 111577

how the presence of a second propeller affects the turbulence distribu-
tion. In this case, the second propeller acts as a random disturbance.

For the sake of conciseness, and without leading the generality of
the discussion, only the results obtained at 3000 RPM are reported.

Figs. 16 and 17 show the effect of the advance ratio on the TK E and
PKE fields, respectively, in the CCW case. Specifically, phase-averaged
fields are extracted for three representative and progressive phases. It
can be observed that both TK E and PK E decrease as the vortex evolves
downstream (i.e. as it moves toward increasingly negative values of y/R,
from phase a to phase ¢). This indicates that the turbulent energy is high-
est near the propeller and subsequently dissipates as the flow evolves
downstream. Additionally, the PK E and T K E distributions appear less
coherent and more diffused for lower advance ratios, while they become
increasingly localized around the vortices as J increases. This suggests
that, consistently with the general picture of a less organized wake at
J =0, the turbulence is more coherent and concentrated within the vor-
tex cores closer to the optimal operating condition, whereas, at lower
advance ratios, it is more dispersed throughout the wake.

Fig. 18 investigates the impact of different propeller configurations
at a fixed operating condition of 3000 RPM and J = 0.3. Three represen-
tative phases indicated with a, b and c are shown. By focusing on the
central region of the wake, it is possible to assess how the TKE field
of the investigated propeller is affected by the presence of the second
propeller, which acts as a quasi-random external forcing. In Fig. 18,
the three different operating conditions, namely, CCW, CoR and CnR,
are indicated with the numbers 1, 2 and 3. The results suggest that the
TKE attains lower values in the presence of two propellers compared
to the single-propeller case. Furthermore, the reduction in the TK E ap-
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Fig. 16. Effect of the advance ratio (J = 0, 0.3 and 0.45) on the TK E, considering the single propeller case configuration, with the propeller operating at 3000 RPM.

For each advance ratio three phases are considered (from a to c).
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Fig. 17. Effect of the advance ratio (J = 0, 0.3 and 0.45) on the PK E, considering the single propeller case configuration, with the propeller operating at 3000 RPM.

For each advance ratio, three phases are considered (from a to c).

pears more significant for the counter-rotating propeller configuration
compared to the co-rotating case. To support this observation, a quanti-
tative evaluation was carried out by restricting the analysis to the cen-
tral region of the wake, highlighted in red in Fig. 18. This region was
selected both because it represents the portion of the flow where the
wake dynamics are most relevant for the comparison, and because the
outer regions are those most affected by spurious reflections. For each
configuration (CCW, CoR and CnR) and for each phase f, the TK E field
was spatially averaged within this region, and the resulting values were

12

then averaged over all 25 phases, yielding for each case a value defined

- N, . o .
as TKE =} fzplf’ses TKE,. The relative variation of TK E with respect
to the single-propeller case was computed as

TKEcor, cnr — TKEccw

AT K Ecog, cor = 100 (12)

TKEccw

This analysis leads to values of ATKEc,g = —13.3% and ATK Ec,g =
—16.5%, in agreement with the qualitative trends discussed above.
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Fig. 18. Impact of different propeller configurations (CCW, CoR and CnR) on the TKE, considering propellers operating at a fixed condition of 3000 RPM and
J =0.3. For each configuration, three phases are considered (from a to c¢). In subfigure 3c, the red dashed rectangle highlights the central wake region, which was
later used for the quantitative analysis discussed in the text.. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

4. Conclusions

In this paper, the aerodynamic interaction of two small propellers
positioned in a side-by-side arrangement and with the rotational axis
aligned to the freestream was experimentally investigated. The primary
objectives were to assess the effects of aerodynamic interaction on the
performance and discern the changes in the flow topology, focusing on
the modification of the evolution of the tip vortex and the turbulence
properties of the wake.

The thrust and torque of one of the two propellers were measured for
several advance ratios both in the isolated case and when both propellers
were operated at the same time. Tests were performed comparing the
performance of a single propeller with that generated in a co-rotating
and counter-rotating arrangement.

The results indicate that, averaging over all the cases tested, rang-
ing from J =0 to J = 0.65, the effects of the interaction are a 4.77%
and 1.8% average reduction in the thrust and torque coefficient, respec-
tively, which leads to a 3.2% reduction in the efficiency of the propeller.
The effect depends on the advance ratio (J), as it was noted that lower
values of J are associated with greater changes in the performance pa-
rameters.

The characteristics of the wake’s flow field structure were stud-
ied through stereoscopic particle image velocimetry at three different
advance ratios representing hovering (J = 0), a high loading case in
forward flight (J = 0.3) and a condition close to maximum efficiency
(J =045).

13

When operating in a twin-propeller arrangement, the slipstream
widens, with a corresponding reduction of the streamtube upstream the
propeller. The most affected conditions are those characterized by a low
value of the advance ratio, which correspond to cases where the stream-
tube would be the largest. This interaction leads to a loss of performance,
as measured with the load and torque cells.

The flow statistics are also significantly affected by the interaction.
The radial and the aximuthal velocity components are reduced in the
CoR and CnR cases compared to the CCW case, with little dependence on
the direction of the rotation. In addition to this, the streamwise velocity
is also affected, with a reduced shear layer at the interface between the
two slipstream.

The mean distance between two consecutive vortices, which is re-
ferred to as pitch in the present manuscript, is significantly affected by
the operating conditions. In particular, at J = 0 the pitch increases with
respect to the isolated case of values as large as 30%. This suggests an
attenuation in the wake turbulence, owing to a reduced interaction be-
tween the tip vortices that typically yields a less ordered structure of the
wake in hover conditions. On the other hand, at J equal to 0.3 and 0.45,
a reduction of less than 10% was evaluated, meaning that the vortical
structures are closer together in this case.

A triple decomposition of the phase-averaged velocity field was car-
ried out, highlighting that when the propeller is working far from its de-
sign point, higher turbulence levels are found in the wake. Conversely,
the effect of the second propeller is such that it attenuates the turbu-
lence intensity, a 13.3% and 16.5% reduction in the turbulent kinetic
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energy was evaluated for the CoR and CnR configurations, respectively,
at J =03.

The presented study discusses the aerodynamic interaction of side-
by-side propellers operating at low Reynolds numbers. However, the
discussion is limited to a fixed geometry in terms of the propeller’s size,
the blade twist and chord distribution, and the spacing between the rota-
tion axes. Nevertheless, the physical mechanisms driving the interaction
are not related to the blade geometry, and similar interaction effects and
trends should be expected in similar configurations, as also encountered
by previous studies.

Future work will focus on the effect of the Reynolds number and the
propeller geometry of side-by-side configurations, as it has been well
established in the literature that the maximum interaction is obtained
at the minimum spacing. The effect of the number of blades could also
be explored, as including the rotor solidity as a test parameter allows for
studying the effect of blade loading at equal thrust settings, for instance.
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