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Abstract

Electric vertical take-off and landing (eVTOL) aircraft powered by distributed electric propulsion (DEP) sys-
tems are emerging as a promising solution for urban air mobility (UAM). However, the intricate aerodynamic in-
teractions between multirotor in close proximity pose significant design challenges that must be addressed during
the conceptual design phase. This study employs a combination of unsteady Reynolds-Averaged Navier-Stokes
(URANS) and Large Eddy Simulation (LES) to comprehensively evaluate propeller— propeller aerodynamic in-
teractions in One-After-Another (OAA) configuration. The simulation starts with the URANS couple with SST'
k — w turbulence model as a solution starter, and after a sufficient level of convergence is reached, it is superimpo-
sed by the LES turbulence model. This approach allows us to capture the complicated flow physics associated with
multirotor interactions. The study began by measuring the performance of an isolated propeller to provide a refe-
rence point for the effect of these interactions on the overall performance. The computational model was validated
against experimental data, showing good agreement and demonstrating the accuracy of the model. The investi-
gation reveals that the aft propeller in the OAA configuration experiences a thrust reduction of up to 12% when
partially overlapped and at zero propeller angle, with a lateral spacing of 1.4 times the propeller radius (1.4R,,) and
a longitudinal spacing of 2.66 times the propeller radius (2.66R,,). This reduction is attributed to the non-uniform
incoming flow resulting from the interaction with the wake region of the front propeller. Furthermore, this research
focuses on the evolution of propeller slipstreams and their intricate interactions, thus offering an understanding of
the aerodynamic complexities of multirotor systems. Overall, this research contributes to ongoing efforts to fully
characterize the aerodynamic interactions of multirotor systems to enable practical eVTOL transportation.

Keywords : eVTOL Aircraft, Aerodynamics Interactions, Multirotor, One-After-Another Configuration, Urban
Air Mobility

1 Introduction

Scientific and technological evolution has led to a surge in energy requirements, urbanisation and a growing
number of vehicles on roads. Among the issues stemming from high numbers of vehicles on the roads is traffic
congestion, causing longer and delays travel times and higher carbon emissions and exacerbating climate problems.
To tackle both energy scarcity and mitigate climate change impacts, it is feasible to envision a future of transporta-
tion that embraces green technologies, specifically electric alternative to fossil fuels. Public transportation systems
like buses and high-speed trains can help alleviate these issues by adopting enhanced electrical technology and with
appropriate transit infrastructure. However, in densely populated cities with limited space for new infrastructure
development, relying solely on green terrestrial public transport may not offer a comprehensive solution. Conse-
quently, the concept of Urban Air Mobility (UAM) has emerged, wherein intercity and intracity transportation will
be facilitated by Electric Vertical Take-Off and Landing (eVTOL) aircraft [1, 2]. eVTOL has emerged as potential
solution to address the increasing demand for UAM. These innovative aircraft are being designed to operate a
large range of missions, including upon request taxi services [3], air ambulances, emergency supply delivery, or-
gan transport [4], and scheduled airline excursions. The eVTOLSs aircraft employ Distributive Electric Propulsion
(DEP) system [5, 6], incorporating multirotor and with small diameter propellers to reduce noise, local emissions



and cost of the aircraft [7]. Furthermore, these air vehicles only require start and end points infrastructures, cal-
led vertiports, reducing therefore the cost of infrastructure. The concept of air vehicles is a game changer and a
potential alternative for transportation in mega-cities and metropolitan area as they offer more flexible trajectories
than cars and trains [7]. For instance, according to Uber technical report, one-way trip from San Francisco to San
Jose with eVTOL would take as little as 15 minutes, compared to 1 hour 40 min by car [3]. The DEP system em-
ployed by the eVTOL, incorporates multirotor and propellers to reduce noise while maintaining the power output
compared to larger single propellers. Propeller system are used because these vehicles operate at low altitudes. At
lower altitudes, the propeller engine has been found to be more effective than other propulsive systems such as
turbofans and turbojets [8]. The rotating blades produce lift, which is required to propel the aircraft into the air
[9]. Whereas there were only a few dozen eVTOL aircraft concepts in 2016, there are now approximately 1000
registered eVTOLSs aircraft concepts according to World eVTOL Aircraft Directory [10]. All known electric and
hybrid-electric vertical takeoff and landing concepts are classified into five groups based on how their thrusters
work : Vectored Thrust, Lift + Cruise, Wingless (Multicopter), Electric Rotorcraft (eHelos) and Hoverbikes [11].

In light of the promising advantages presented by eVTOL aircraft, it is imperative to address the intricate
aerodynamics and aeroacoustics interactions that arise from the use of multirotor configurations [12]. These in-
teractions, including rotor-rotor, rotor-body, and rotor-lifting surface interactions, demand careful consideration
throughout the aircraft design phase.

For many years, there has been a growing interest in integrating propellers onto wings. William Hayes’ pio-
neering study showed the potential for enhanced thrust created by the rear propeller when it overlaps with the
front propeller [13]. However, Usai Daniele’s [14] and Stokkermans [ 5] experiments indicated that when fully
overlapped, a propeller operating in a non-uniform inflow and ingesting the wake of another propeller could face
a significant thrust loss of up to 80%. Experimental investigation conducted by Abraham Atte et al. [16] further
demonstrates that a tandem configuration’s aft rotor experiences a significant 24% decrease in thrust coefficient
when compared to a single rotor operating at the same rotational speed and airspeed with a hub spacing of 2.1 times
the propeller radius (2.1R,). In a numerical study, R. Piccinini et al. [17] revealed that side-by-side (SBS) confi-
gurations exhibited a slight performance decrease, while tandem configurations experienced a more substantial
reduction. Full overlap of propeller disks resulted in a notable 30% thrust loss and a 20% reduction in propulsive
efficiency. Stokkermans [18] found that in SBS configuration, interaction effects become particularly severe as
the propeller angle of attack increases, leading to a significant reduction in rear propeller thrust, up to 30%, at a
constant advance ratio (J). Moreover, an extensive investigation carried out by A. Zarri et al. [19], highlighted the
phenomenon of tip-on-tip interaction. Therefore, an accurate assessment of these interactions during the conceptual
design phase is crucial for precise performance predictions.

One promising approach to mitigate these challenges is the implementation of advanced flow control methods.
Flow control have shown considerable promise in enhancing the aerodynamics of propulsion systems. These de-
vices, both active and passive, can effectively prevent or delay flow separation and suppress turbulence, reduce the
wake intensity or redirect the wake away in the downwind. The utilization of such flow control strategies has been
demonstrated in several studies. [20, 21, 22, 23, 24, 25].

Although substantial research has delved into propeller interactions, further exploration is essential, particularly
during hover, transition, and forward flight phases. Given the varied solutions eVTOL technology provides for
addressing climate change and its potential role in urban transportation, this study analyses propeller interactions
in a one-after-another configuration. Large Eddy Simulation was employed to understand the intricate multirotor
wake structure and its interaction-related behavior.

2 Numerical Setups

2.1 Geometry and Configurations

The TUD-F29 propeller geometry was used in this numerical analysis, which has four blades with a diameter of
D, = 304.8 mm and a blade pitch of betay.7R, = 20 deg. Fig. 1a depicts the propeller blade geometry. The radius
of the hub is Rj, = 0.28R,,. Fokker Aircraft Company defined this geometry for their internal F29 project, [18].
The F29 propeller was employed in an extensive numerical investigation of propeller aerodynamics and propeller—
propeller interaction in an OAA configuration. Its selection was based on the need for coherence in validating
the numerical setup with the experimental results presented by Tom Stokkermans [15]. The geometry of the F29
propeller blade and detailed airfoil data are freely accessible as supplementary documents on his ResearchGate
account.
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(a) Blade geometry characteristics in radial direction (b) 3D geometry

FIGURE 1 — F29 propeller geometry details including the a) Blade geometry characteristics in radial direction b)
3D geometry

The multirotor arrangements under consideration, shown in Fig.2, consist of the isolated propeller, as depicted
in Fig.2a, and the OAA configuration, as illustrated in Fig.2c and Fig.2b. In this configuration, two propellers are
aligned with their axes of rotation in parallel, with a separation of 2.66 times the propeller radius (2.66%,) in the
longitudinal direction and 1.4 times the propeller radius (1.4R,,) in the lateral direction.

All examined cases have been run with a propeller angle set at zero degrees (o, = 0), i.e the propeller’s axis
of rotation is aligned in parallel with the incoming freestream flow. The propeller angle, denoted as v, represents
the angle formed between the rotational axis of the propeller and the horizontal plane.
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(a) Isolated propeller (b) Side view of OAA (c) Front view of OAA

FIGURE 2 — Overview of different test configurations, indicating main dimensions : a) Isolated propeller, b)Side
view of OAA c) Front view of OAA

2.2 Computational Domain

The computational domain for numerical solutions depends on specific problem as well as the aerodynamic
characteristics of the geometry under investigation. When analyzing a rotating propeller, two domains approach is
used, which includes the rotating domain (RD) and the surrounding domain (SD). These domains serve different
purposes in properly simulating the behavior of the propeller induced flow and its interaction with the surrounding
airflow. The RD is designed to facilitate the modeling of the rotational motion of the propeller through mesh
motion. It has a cylindrical shape that envelops each propeller and has a radius that is 1.13 times the propeller
radius (Rrp = 1.13Rp). It also extends 10 mm in the positive x-direction and 20 mm behind the hub. The SD, on



the other hand, is a rectangular parallelepiped that encompasses both the RD and the propeller itself. As depicted
in Fig. 3, it extends 10 times and 14 times the propeller radius (12R,) behind the isolated and rear propellers
respectively. This setup enables for the visualization of the wake of the propeller and was sufficient to have far
boundary and freestream conditions. These dimensions were carefully determined and have been shown to be
adequate for the purposes of this study and are in the same order as that employed by Stokkermans [18].
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FIGURE 3 — Computational domain and boundaries conditions : a) Computational domain of the Isolated propeller
b) Computational domain of the OAA cases

2.3 Boundary Conditions

All simulations were performed under the following conditions : a freestream velocity of 20 m/s and an advance
ratio (J) ranging from 0.4 to less than 0.7 (0.4 < J < 0.7) for the isolated propeller. For the propeller— propeller
interaction analyses, the simulations were conducted at Vo, = 20m/s and J = 0.4.

) TABLE 1 — Boundary Conditions
The inlet and outlet were configured as

a velocity inlet and pressure outlet, res-

. . . Boundaries Boundary Magnitude
pectively, while all other sides of the SD conditions
were S;'t as ftarﬁeld b(gmc.latrlzs _lmlg f)sm%g Inlet Velocity Inlet Voo =20 m/s
fgo S .le Zr SHESS, as feﬁlc © ll.n d ;g. = Outlet Pressure outlet  Gauge Pressure = 0
ctatled summary of the applied boun- Farfield Wall farfield Shear Stress= 0

dary conditions is shown in Table 1. Propeller Blades  No-slip Velocity = 0

2.4 Mesh Generation and Mesh Independence

Mesh generation plays an important role in the numerical simulation workflow as it governs the degree of fide-
lity between the simulated results and the real-world phenomena. In this study, an unstructured grid was constructed
by means of ANSYS Meshing. The grid density was controlled by face sizing, body sizing, inflation layers with
first layer thickness and growth rate. The blades were surrounded by inflation layers with first layer thickness,
which serves the purpose of satisfying the requirement of the y™ < 1 of the LES turbulence model. Despite the
significant increase in computational cost associated with smaller y* values, a y™ = 0.8 was used in conjunction
with 20 inflation layers and growth rate of 1.2, as to be able to capture properly the physic and behavior of the flow
within the boundary sub-layers of the blades.

Mesh independence study was conducted to ensure that the solution does not depend on the mesh size. This
process allows for creating a mesh with sufficient quality to achieve reliable and accurate results while minimizing
computational time and achieving good solution convergence. For this purpose, five different meshes, ranging from
relatively coarse to very-fine, have been generated, as outlined in Table 2. It’s worth noting that in all cases, the



settings for the inflation layer remained consistent, and the condition y+ < 1 was maintained. The variations
were introduced through domain refinement, with particular attention on critical regions such as the vicinity of the
propeller blades and rotating domain. The blades surfaces also was refined as well as the interfaces separating the

the rotational domain and stationary domain.

TABLE 2 — Number of elements and nodes of the coarse, medium, med-fine, fine and very-fine meshes

Medium Med-fine  Fine Very-Fine
1,159,0645 2,368,645 8,583,596 12,896,061
396,947 853,799 2,368,645 5,056,237

Meshes Coarse
Elements 755,494
Nodes 245,933

To evaluate the accuracy of each mesh, the thrust coefficient, C'r-, and torque coefficient, C; were monitored
for an average simulation time of 5 rotations. As shown in Fig 4, the variation of the monitored quantities become
quasi-static after certain number of elements. The thrust coefficient increases by 1.6% and torque coefficient by
0.07% when the number of elements was increased from 2.4 to 8.6 million, while the variation in both coefficients
becomes relatively negligible, with only 0.1% and 0.02% variations, respectively when the number of elements

increase from 8.6 to 12.9 million.
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FIGURE 4 — Mesh independence study for isolated propeller

These results suggest that the 8.6 million- TABLE 3 — Mesh setup of the optimal mesh

element mesh is sufficient to yield accurate
results with reduced computational costs. De- :
' ; : Mesh options Parameters
tailed mesh setup information for the selec-
. . Volume mesh Tetrahedral
ted fine mesh element is presented in Table 3, . . . o
. - Element size and maximum size 4x107* m
and the mesh structure is illustrated in Fig. 5. . . . _4
. . ) . Minimum face size 4x107* m
Indeed, Fig. 5a displays the inflation layers I . . . .
) . nflation option First Layer Thickness
around the blade. The identical mesh setup . . 5
lied to the OAA f . ih First layer height 1.3 x 107’ m
was applied 1o the configuration, wi Maximum layers/Growth rate 20/1.2

a longitudinal cut view is depicted in Fig. 5b.

2.5 Governing Equations and Turbulence Model

In this study, the Navier-Stokes (N-S) equations including energy equation are solved using URANS coupled
with SST k£ — w as a solution starter. Once convergence is achieved, it is superimposed by the LES model. The
solver operates under pressure-based transient, considering gravity in negative y-direction. The RD rotates coun-
terclockwise about the x-axis. Air is treated as an ideal gas. The motion of viscous fluid can be described by N-S

and energy equations : conservation of mass, momentum and energy.



(a) Close view of the blade cross section (b) Cut-view of the OAA configuration

(c) Close view of the blade surface meshing

FIGURE 5 — Meshing of the computational domain : a) close view of the blade cross section b) Cut-view of the
OAA configuration c¢) Close view of the blade surface meshing

LES Formulation : Filtered N-S equations

Direct Numerical Simulation (DNS) resolves the velocity field ¢(z,t) to the Kolmogorov scale 7, while LES
deals with a filtered velocity field ¢(x, t) on a relatively coarser grid. LES principles, detailed in [26], highlight the
role of large eddies in momentum, mass, energy, and scalar transport. Large eddies strongly depend on geometry,
while small eddies exhibit isotropic behavior, providing universality. The filtering process removes small eddies,
allowing the focus on large eddy dynamics. The filtered function is defined by

H(x,t) = /D ¢ (x') G (x,x') dx’ 1)

where D is the fluid domain and G is the specified filter function that determines scale of resolved eddies and
satisfies the normalization condition [27], [, G (x,x') dx’ = 1.
Filtered N-S equations gives [26]

ap 0
—_ _i = 2
ot T ag, (PTa) =0 )
and 9 9 0 op 0
_ - P Tij
a7 Pui) + 5— (puiu) = 5—(0ij) — 5 - — 7. 3
where o;; is the stress tensor due to molecular viscosity defined by
ou;  0u; 2 0y
i = — — U —=—0i5 4
7ij |:,U, (5‘3:]—'_8:101)] 3 (91'153 ( )

and 7;; is the subgrid-scale stress defined by

Tij = pm — pﬂiﬂj (5)



2.6 Physical Setup

A Sliding Mesh also known as mesh motion was employed to compute the unsteady flowfield generated by the
propeller. This choice was driven by the high accuracy of the method in addressing the complexities of problems
involving moving components [26]. The cell zones in the Sliding Mesh method rotate in defined increments relative
to each other along the mesh interface. Given the unsteady nature of the flow in this problem, a transient condition
is required to accurately capture the dynamic behavior.

Time Step Calculation

The time step is methodically calculated to precisely capture the flow characteristics of the propeller using
LES, taking into account the flow and operating conditions. This careful consideration ensures that the time step is
appropriate for resolving the turbulent aspects of the flow, allowing for an accurate representation of the propeller
aerodynamic behavior. By selecting an ideal time step, the LES technique may successfully simulate the dynamic
and unsteady nature of the flow around the propeller, resulting in reliable and insightful simulations.

The approach given in Ref. [28] is used to calculate the time step size (TSS). The TSS is such that the passing
of single blade is divided into 15. Since, the F29 propeller has 4 blades, with given rotational speed w in rad/s, the
TSS is calculated as follow : 360

T =
55 4 x 15 x 180w/

(6)

The 180w/ term in the Equation 6, represents the conversion of the rotational speed from rad/s to deg/s. There
are 4 blades, so, each blade period corresponds to 15 times steps. Therefore, a complete one revolution will take
4 x 15 = 60 times steps.

Validation of the numerical setup for the isolated propeller

Although the numerical approach provides a powerful tool for the exploration of physical flow phenomena,
its reliability is not absolute until it has been validated through experimental testing. Therefore, the simulation
model setup was initially subjected to validation against experimental data obtained from research conducted at
the Technical University of Delft (TUD) by Stokkermans [18]. The simulations were conducted using the same
propeller (F29) under non-zero airspeed conditions, as shown in Fig. 6a and identical operational conditions.
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FIGURE 6 — Isolated Propeller : a) Configuration b) Velocity triangle with decreasing n

The Fig. 7, compares the thrust curves obtained from F29 propeller [ 18], to the current numerical simulations.
The results reveal consistent trends with good agreement. The partial disparity in thrust coefficient curves may
arise from the potential underestimation of the numerical solver or a potential overestimation of thrust values by
the sensors in the experimental measurements, which agrees with the findings of Usai [14]. The average difference
between the experimental and numerical predictions for the thrust coefficient is ACr = 0.018. Consequently,
these comparisons instill a degree of confidence in the numerical setup accuracy.
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3 Results and Discussion

To understand the impact of aerodynamic interactions on propeller performance in OAA configuration, the
performance of an isolated propeller was evaluated and considered as reference. This served as the baseline against
which we compare the performance of each propeller in this configuration. In this section, the term “propeller
plane” is used to indicate the plane of rotation of the propeller.

3.1 Propeller Performance Analysis

As depicted in Fig. 7, it is observed that the thrust coefficient, and by extension the thrust, decreases as the
advance ratio increases. The advance ratio, denoted as J, is the ratio of the forward speed, V., of the aircraft to the
propeller rotational speed, n and diameter, D,,. Consequently, this relationship introduces intricate aerodynamic
factors into the equation. At higher advance ratios, where J approaches 1, it means that the aircraft’s forward
speed is nearly equal to the tangential speed of the propeller tips (2mnR;). Given that the diameter of the propeller
is constant, variations in J are contingent on changes in V. and n. In this particular study, the forward speed
remains constant, while the rotational speed of the propeller decreases as illustrated in Fig. 6b. This decrease in n
is implemented to increase .J. Consequently, this results in a reduction in the angle of attack on the propeller blades.
The reduction in the angle of attack occurs because the altered rotational speed influences the relative airflow over
the blades, leading to an angle of attack that is less conducive to efficient thrust generation. As a consequence, the
propeller blades operate therefore at angles where they are less able to maintain lift, which results in decreased
thrust.

TABLE 4 — Comparison of propeller performance in OAA configuration with isolated configuration for the condi-
tion where J = 04, a, =0, d, /R, = 2.66 and d,, /R, = 1.4

Thrust coefficient | Toaa/(2T;s0) | Power coefficient | Poaa/(2P;so)
Front propeller 0.147 0.110
Rear propeller 0.130 0.93 0.099 0.94
Isolated propeller 0.149 0.111

The OAA configuration considered in this study is characterized by the following specific parameters : o, = 0,
d./R, = 2.66, and d,/R, = 1.4. The selection of these values was influenced by the design of the Airbus
Vahana eVTOL aircraft [10]. However, the choice of d,/R, = 2.66 corresponds to half of the distance in the
Vahana design. This selection was made deliberately to effectively investigate and measure the effects of propeller—
propeller interactions within the current configuration. The two propellers operate at the same advance ratio J =
0.4 and rotate counterclockwise (observer facing the propeller from the front). The performance of each propeller is
described in Table 4. The overall thrust generated by the OAA configuration is compared with the combined thrust
of two isolated propellers, the ratio, indicates a 7% reduction. Similarly, the power ratio in the OAA is reduced
by 6%. Therefore, when compared with a single isolated propeller, propellers operating in the OAA arrangement



produce less thrust and power.

The thrust and power coefficients obtained for the front propeller exhibited minimal deviations from those of
the isolated propeller. This observation can be attributed to the specific configuration and conditions under which
the study was conducted. In essence, the front propeller is located in a region of the flow field where the airflow
remains undisturbed. Consequently, the thrust generated by the front propeller is similar to that of an isolated
propeller, with the decrease of ACT f,.0¢/i50 = 0.002, which may be due to the prediction error. In this OAA
configuration, the front propeller operated efficiently ; hence, the power required for the front propeller to produce
the observed thrust closely aligned with the power needs of an isolated propeller.

In contrast, the rear propeller, which partially overlaps with the front propeller, experiences a reduction of
12.4% (ACTyear/iso = 0.019) in thrust coefficient and a 10.43% (ACP,cqar/iso = 0.011) decrease in power
coefficient. These observed reductions is attributed to the non-uniform and turbulent nature of the incoming flow.
Indeed, the aft propeller operates within the wake and turbulent flow field generated by the front propeller, which
is characterized by the presence of vortices and unsteady flow patterns. This turbulent air introduces disruptions to
the otherwise smooth airflow, which is essential for the optimal performance of the aft propeller. The interaction
with the wake reduces the effective inflow velocity and lift generation, ultimately decreasing thrust production.
In addition, the presence of the front propeller and its associated wake imposes interference drag on the rear
propeller. This drag necessitates a higher power input to maintain the same thrust level, resulting in a reduction in
power efficiency.
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FIGURE 8 — Isolated propeller velocity magnitude : a) Gradual increase of the velocity over the blades and b)
Rotational plane

3.2 Flow Visualization

The gradual increase in the velocity magnitude over the blades due to the tangential velocity component, is
shown in Fig. 8a. The velocity magnitude has lower values near the hub and gradually increases toward the tips of
the blades. This is mainly due to the variation in the radius ; however, the lower velocity near the hub can also be
associated with the flow interaction with the hub. To effectively visualize and analyze the effect of the interaction
on velocity distribution, a specific velocity range of 5-45 m/s was deliberately displayed for all cases. The velocity
contour shown in Fig. 8b, serves as a reference for comparing the OAA configuration.

The velocity distribution in the front propeller plane, as illustrated in Fig. 9a, is similar to that of the isolated
propeller plane (refer to Fig. 8b). This similarity arises because the front propeller operates in a region that is not
affected by presence of the rear propeller. On the other hand, the distribution shown in Fig. 9b, representing the
rotational plane of the rear propeller, shows significant differences. It illustrates the merging of the two streamtubes.
The airflow from the front propeller, which contains vortices and disturbances created by the rotating blades,
impinges on the rear propeller. In particular, the section of the rear propeller that partially overlaps with the front
propeller experiences a non-uniform and disturbed flow from the front. This results in a nonuniform distribution
of loads over the rear propeller disc. Some sections of the rear propeller receive airflow that is more favorable
for generating thrust, whereas others experience less favorable conditions. This non-uniform load distribution can
result in a decrease in thrust production. The interaction is clearly observed by examining the slipstream of the two
propellers in Fig.9d, which is compared with the case of an isolated propeller in Fig. 9c.

The swirl flow generated by the rotational motion of the two propellers is depicted in Fig. 10 through helicity.
Helicity density characterizes helical flow motion and is proportional to the flow strength, vertical wind shear, and
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FIGURE 9 — Velocity magnitude distributions in the planes of rotations and wake regions : a) Front rotational plane
b) Rear rotational plane c) Wake region of the isolated case and d) Wake region of the OAA case
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FIGURE 10 — Visualization of blade vortex Core regions of the OAA configuration by means of helicity with
velocity as color variable, level 0.004 a) Isometric view b) Front view

the degree of turning in the flow. This property is defined as the scalar product of the vorticity vector and velocity
vector [29]. The front propeller exhibits a regular shape in the turning motion, whereas the rear propeller shows
different characteristics. The irregular swirl shape observed on the rear propeller is a result of the accelerated and
disturbed incoming flow from the front propeller affecting the part of the rear propeller that is overlapped. The
helicity level of 0.004 may be too high to reveal the flow turning clearly at this region. However, reducing the level
below that value makes the shape too coarse in other parts of the propellers.

4 Conclusion and Recommendations

A combination of URANS and LES turbulence models was used in this study to evaluate propeller—propeller
aerodynamic interactions in an OAA configuration, focusing specifically on a lateral spacing of 1.4%,, and a lon-
gitudinal spacing of 2.6612,, with zero propeller angle, which leads to partial overlap To evaluate the performance
penalties caused by these interactions, the results were compared with those of an isolated propeller case. The
results reveal a slight difference of ACT ¢,4,¢/i50 = 0.002 in the thrust coefficient of the front propeller, which



may be due to the prediction error. The rear propeller, on the other hand, loses 12.4% of its thrust and 10.43% of
its power. Therefore, the rear propeller would require more power to develop thrust equal to that of the front one.
These reductions are attributed to the disturbed, non-uniform and turbulent inflow imparted on the rear propeller
from the wake of the front propeller. The analysis of propellers slipstreams and their interactions provides valuable
insight into the intricacies of multirotor aerodynamics. The blockage effect provided by the front propeller on the
slipstream of the rear propeller can also change the thrust and torque distributions.

Although the above results provide valuable insights into propeller—propeller interactions for a specific confi-
guration and flight condition, additional analyses should be conducted to explore a broader range of parameters
in different flight regimes and configurations. In addition, future efforts should focus on acoustics, structural dy-
namics, vibrations, and control. Capturing this multiphysics behavior will allow to predict the performance across
operating envelopes and integrate design. Nonetheless, this study reveals the complicated interaction between the
two propellers and can serve as a benchmark against which to compare novel unconventional propeller designs that
aim to mitigate blade tip vortices generation.
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Nomenclature
eVTOL Electric Vertical Take-Off and Landing J Advance ratio = Voo /(2nR)) [—]
DEP Distributed Electric Propulsion ap Propeller angle [deg]
UAM Urban Air Mobility Poo Freestream air density [kg / mg]
LES Large Eddy Simulation dy Longitudinal spacing [m]
OAA One-After-Another dy Lateral spacing [m)]
RD Rotating Domain Voo Freestream velocity [m/s]
URANS Unsteady Reynolds-Averaged Navier-Stokes  n Propeller revolution per second [rev/s]
SD Surrounding Domain Cr Thrust coefficient = T/ (pson®Dyp*) [—]
T Thrust [N] Co Torque coefficient = Q/(poon®Dy°) [—]
Q Torque [N.m)] Cp Power coefficient = P/(poon®D,”) [—]
P Power [W att] R, Propeller radius ( 2R, = D,) [m]
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