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Abstract: Electric vertical takeoff and landing (eVTOL) vehicles possess high payload transportation
capabilities and compact design features. The traditional method of increasing propeller size to
cope with high payload is no longer applicable. Therefore, this study proposes the use of coaxial
counter-rotating propellers as the lift system for eVTOL vehicles, consisting of two coaxially mounted,
counter-rotating bi-blade propellers. However, if the lift of a single rotating propeller is linearly
increased without considering the lift loss caused by the downwash airflow generated by the upper
propeller and the torque effect of the lift system, it will significantly impact performance optimization
and safety in the eVTOL vehicles design process. To address this issue, this study employed the
Moving Reference Frame (MRF) method within Computational Fluid Dynamics (CFD) technology
to simulate the lift system, conducting a detailed analysis of the impact of the upper propeller’s
downwash flow on the aerodynamic performance of the lower propeller. In addition, the aerodynamic
performance indicators of coaxial counter-rotating propellers were quantitatively analyzed under
different speed conditions. The results indicated significant lift losses within the coaxial contra-
rotating propeller system, which were particularly notable in the lift loss of the lower propeller.
Moreover, the total torque decreased by more than 93.8%, and the torque was not completely offset;
there was still a small torsional effect in the coaxial counter-rotating propellers. The virtual testing
method of this study not only saves a significant amount of time and money but also serves as a vital
reference in the design process of eVTOL vehicles.

Keywords: coaxial counter-rotating propellers; computational fluid dynamic; eVTOL; coaxial
counter-rotating interference loss; downwash

MSC: 76-10

1. Introduction

As the number of personal vehicles in use worldwide surges, this trend has not only
intensified climate change but also led to increased congestion within major urban regions,
making urban air mobility an emerging market for aerial transportation systems [1,2].
Flying cars, especially electric vertical takeoff and landing (eVTOL) vehicles, with their
zero-emission advantage, are considered an innovative solution to address future urban
traffic congestion and environmental issues [3,4]. However, the design and implementation
of eVTOL vehicles face various challenges, one of which is their size limitation. Due to
the complexity and spatial constraints of urban environments, the size of eVTOL vehicles
needs to be meticulously designed to ensure they can fit into parking spaces [5]. Therefore,
developing compact flying car designs suitable for urban environments is a key task.

The coaxial contra-rotating propellers comprise two closely positioned propellers
that rotate in opposite directions around the same axis. This configuration is designed to
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achieve higher propulsion speeds and superior thrust efficiency compared to using a single
propeller [6,7]. Based on this advantage, coaxial counter rotating propellers have been
widely used in the field of unmanned aerial vehicles (UAV) [8,9]. As the core component
of the lift system for eVTOL vehicles, the aerodynamic performance of coaxial counter-
rotating propellers plays a decisive role in the overall performance and safety of eVTOL
vehicles [10]. Therefore, a deep understanding and accurate simulation of the aerodynamic
interactions between coaxial counter-rotating propellers and the precise evaluation of their
aerodynamic performance are crucial factors that need to be considered in the design
process of eVTOL vehicles.

eVTOL vehicles are an innovative mode of transportation. Although the design tech-
nology of eVTOL vehicles is rapidly advancing, conducting low-cost, efficient, and high-
precision quantitative analysis of the aerodynamic performance of the coaxial contra-
rotating propeller lift system remains a challenge in the design process of eVTOL vehicles.
eVTOL vehicles often require a significant investment of time and money in the verification
process before they can be officially put into operation. Previous development commonly
adopted a method of repeated iterations of prototype design and testing, a practice that not
only consumed a considerable amount of time but also incurred high costs [11]. With the
theoretical development of the propeller design field, analysis methods such as the blade
element theory (BET), the blade element momentum theory (BEMT), or the free vortex
method (FVM) have been considered as reliable methods for the design and performance
testing of propellers due to their high speed [12-16]. However, this method requires input
parameters in the experiment to produce accurate results, making it difficult to use them
to accurately evaluate new designs without additional experimental research. Given the
complexity of aerodynamic interactions in coaxial counter-rotating propellers, traditional
analysis methods often fall short in capturing the intricate flow dynamics and providing
accurate performance predictions. This limitation underscores the need for more advanced
and precise tools. Computational fluid dynamics (CFD) methods, due to their extensive
modeling capabilities and accurate verification methods, are increasingly being explored
by researchers for their application in propeller design and analysis. The CFD approach,
through numerical simulation techniques, enables the precise prediction of the aerody-
namic characteristics of propellers, avoiding repetitive experiments and modifications
common in traditional prototype testing. Moreover, CFD methods also provide more
in-depth flow field analysis, offering robust support for the optimization of the lift system
in eVTOL vehicles. Mohamed [17] conducted a study on the slotted propeller design for
different airfoils using the MRF method in CFD to improve the aerodynamic performance
of small propellers. Dubbioso [18] assessed the performance of marine propellers under
off-design conditions, focusing on hydrodynamic loads and pressure distribution on the
blades. Liu [19] systematically analyzed the aerodynamic performance of the APC1045
multi-rotor propeller through wind tunnel tests, blade element momentum theory, and CFD
methods, exploring the limitations and advantages of these three methods. Oktay [20] used
the overlapping grid method in CFD to investigate the relationship between the airspeed
and thrust coefficient of a quad-rotor UAV propeller, with the results indicating that the
thrust coefficient decreases at higher airspeeds. Rajendran [21] conducted a numerical
simulation analysis to investigate the effects of blade angle on the torque generated by
twin-blade propellers and developed a twin-blade propeller model with improved torque
and performance coefficient. Trimulyono [22] studied the effect of installing propeller
boss cap fins on propeller performance using the CFD method. Additionally, Trimuly-
ono [23] also employed the model variation analysis method to study the optimum thrust
value of the propeller, as well as the thrust values generated by variations in angle and
number of blades. Fitriadhy [24] studied the thrust, torque, and efficiency coefficients of
propellers with different blade numbers in open-water conditions using the CFD method.
Guo [25] used CFD and system-based methods to study the turning maneuver behavior
and hydrodynamic characteristics of twin-screw ships considering hull-engine-propeller
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interaction, but the research object was different from the aerodynamic characteristics of
coaxial contra-rotating propellers discussed in this paper.

However, the CFD simulation in the above research is all for single propeller, and the
aerodynamic interaction of coaxial counter-rotating propeller used in eVTOL vehicles is
extremely complex [26], especially the impact of the downwash generated by the upper pro-
peller on the lower propeller, which makes the aerodynamic performance of this lift system
exhibit complex and variable characteristics, which are difficult to predict directly [27]. Sug-
awara [28] studied a CFD numerical simulation method combined with balance analysis.
Through the balance analysis loosely coupled with the CFD solver, the blade pitch angles of
the upper and lower rotors were adjusted to meet the target balance conditions. Wang [29]
simulated the aerodynamic characteristics of coaxial propellers within a duct for eVTOL
aircraft by establishing a sliding mesh model, analyzing the lift and torque of the ducted
coaxial propellers at different speeds. However, the structure of the lift system differs from
that presented in this paper. Lei [30] and Park [31], respectively, employed the sliding mesh
and the overset mesh to analyze the impact of rotor spacing on the aerodynamic character-
istics, thrust, and power consumption of coaxial propellers through numerical simulation.
These results demonstrated the variations in rotor interference and thrust coefficient with
increasing rotor spacing. However, the main focus of their research was not the analysis of
lift losses and torque changes at different rotational speeds. Vijayanandh [32] studied the
cumulative thrust of the coaxial propeller in compact size, and the thrust and stability are
optimized by modifying the distance between coaxial propellers. Cornelius [33] developed
a blade-resolved approach using mixing plane boundaries to analyze the aerodynamic
performance of multi-rotor UAV systems, achieving a reduction in computational time and
grid cell count by 99.8% and 48.3%, respectively.

Currently, the numerical simulation studies of coaxial propellers are mostly focused
on spacing optimization, while the quantitative analysis of lift loss and torque variation
at different rotational speeds, as well as coaxial interference analysis, are still insufficient.
In the design optimization process of eVIOL vehicles, considering both the total lift loss
and torque variation is essential to ensure high performance and safety. Insufficient con-
sideration of lift loss could lead to the design of eVTOL vehicles that fail to meet expected
performance standards, such as specific payload requirements or flight altitude limitations.
Meanwhile, in the ideal case of coaxial counter-rotating propellers, the torque generated by
the upper and lower propellers should be balanced to achieve mutual cancellation [34,35].
If the variation in torque is not adequately assessed, it may lead to undesirable rotations
or oscillations of the aircraft, increasing uncertainty and risk during flight. Therefore,
an efficient research method for studying the lift loss and torque variation of coaxial
counter-rotating propellers at different rotational speeds is crucial for the design process of
eVTOL vehicles.

In response to the challenges identified in the design optimization of eVTOL vehicles,
this article employs the MRF method in CFD technology to numerically simulate the lift
system, providing a detailed analysis of the impact of the upper propeller’s wake flow field
on the aerodynamic performance of the lower propeller. Additionally, it quantitatively
analyzes the lift loss and torque variation of the coaxial counter-rotating propellers under
different rotational speed conditions. This method does not require any hardware, making
it a virtual test for the lift system of eVTOL vehicles, which can be used to estimate the
dynamic loads on the lift system. This approach can serve as an important reference for
performance optimization and safety during the design process of eVTOL vehicles.

2. Problem Statement

Figure 1 presents the quad-rotor, octa-propeller configuration of the flight system for
the flying car discussed in this paper. This configuration not only provides ample power
for the flight of the flying car but also meets the safety requirements of power redundancy.
The flying car’s expanded dimensions are 2605 mm in length, 2047 mm in width, and
2012 mm in height. The power system of the aircraft consists of 24 distributed 12544 Ah
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battery packs, arranged atop the vehicle’s body, which is advantageous for heat dissipation
and enhancing the vehicle’s center of gravity, thereby reducing the moment of inertia and
easing the operation difficulty. The fixed mass of the flying car is as shown in Table 1, which
includes specific hardware components and core mechanical parts. The total weight of this
part remains essentially constant, whereas the quantity or materials of other components
not listed in the table can be adjusted according to requirements.

Figure 1. Overall structure and dimensions of eVTOL vehicles.

Table 1. Fixed mass of flying car system.

Component Type Mass (Kg) Quantity Total Mass (Kg)
Power system 13 8 104
Battery 180 1 180
Frame 70 1 70
Flight Control/Data
Transmission/GPS 0.5 1 05
Other Electronic
Components and 2 1 2
Circuits

Following the design criteria for the flying car outlined above, this study delves into
the power system of the flying car. Considering the high payload requirements and the
need for a compact airframe in practical applications, the traditional method of increasing
propeller size to enhance lift is no longer viable. Therefore, this research employs a coaxial
counter-rotating propeller system designed to provide greater lift without significantly
increasing the dimensions of the flying car.

For a quadrotor unmanned aerial vehicle (UAV) with inter-axial angles set at 90° and
propeller sizes of 67 inches, the body’s axis radius R is related to the maximum rotor radius
Tmax as follows:

1

= Wrmax (1)

where rmax = 1.05rp,~1.2rp, 1, is the propeller radius, and its value is 850.9 mm. This yields
"max Values between 893.45 mm and 1021.08 mm. Consequently, the range of R extends
from 1263.4 mm to 1443.81 mm.

The motor model is EA200, with external dimensions of @195.4 x 120 mm. The pro-
peller arm assembly consists of the arm fixture, carbon tube, and motor mount, as illustrated
in Figure 2. The arms can be regarded as cantilever beams. In this study, the distance
between the two propellers is set at 420 mm.
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Figure 2. Propeller arm assembly.

This paper primarily investigates a set of coaxial contra-rotating propellers within
the lift system, utilizing coaxial contra-rotating propellers as shown in Figure 3, which
consist of two propellers rotating in opposite directions. In the lift system of the flying car,
there are two sets of coaxial contra-rotating propellers whose rotation direction is the same
as that shown in Figure 3, while the other two sets utilize propellers with the opposite
rotation direction. The propeller is designed with mh117 basic airfoil as shown in Figure 4,
and the detailed dimensions are shown in Figure 5. The parameters related to the coaxial
counter-rotating propellers are presented in Table 2.

""""""
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—————
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Rotation Direction

~
~~~~~
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~~~~~~~~

Figure 3. Top view of coaxial counter-rotating propeller.
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Figure 4. Basic airfoil for propeller design.
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Figure 5. Detailed dimensions of propeller.

Table 2. Propeller parameters.

Parameters Value
Diameter (m) 1.7018
Spacing between propellers (m) 0.42
Maximum Blade Chord Length (m) 0.09656
Average Blade Chord Length (m) 0.07476
Number of blades 2
Material of blades Carbon fiber
Weight (kg) 0.85
Pitch (mm) 11.34
Maximum speed (RPM) 3000

3. Computational Model and Numerical Method

In comparison to individual propellers, coaxial counter-rotating propellers suffer from
aerodynamic interference, resulting in a reduction in lift; hence, the total lift of the flying
car’s lift system cannot be simply deduced by summing the lift produced by two separate
propellers. At the same time, it is also necessary to analyze whether the torque effect still
exists in the coaxial counter-rotating propeller. The CFD method can provide detailed
flow field information, including but not limited to velocity fields, pressure distribution,
and vortex structures, enabling an in-depth analysis of the aerodynamic interactions of
coaxial counter-rotating propellers. Furthermore, the CFD method can also accurately
predict lift loss and torque variations. In order to analyze the lift loss and torque variation of
coaxial counter-rotating propellers at different speeds, the theoretical and control equations
used in this paper are first introduced in Section 3.1. Section 3.2 describes grid generation
and sets the solution conditions. Perform grid independence verification to ensure accuracy
in calculating lift while considering computational efficiency. Finally, the CFD simulation
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results were compared with the experimental data provided by the propeller manufacturer
to verify the accuracy of the model.

3.1. Numerical Method

The propeller’s lift coefficient Ct and torque coefficient Cy; are as follows:
Cr = T/pn?D* 2)

Cm = M/pngD5 (3)

where T is the lift, M is the torque, p is the air density, #; is the rotational speed, and D
is the propeller diameter. When two counter-rotating propellers are arranged coaxially,
the outflow of the upper propeller is directed into the inflow of the lower propeller, affecting
the total lift of both propellers. The formula for calculating the total lift T, of coaxial
counter-rotating propellers is as follows:

Tsum=T1 + TZZCT1PD4n§1 + CTZPD4n?2 (4)

where T; and T are the lift of the upper propeller and lower propeller, Ct; and Cr; are the
lift coefficients of the upper propeller and lower propeller, 41 and 1, are the rotational
speeds of the upper propeller and lower propeller, respectively. In this paper, n5; = 15, .

3.1.1. Fluid Dynamics

The Reynolds number is a dimensionless metric used to characterize the nature of
fluid motion around a propeller [36]. It represents the ratio of inertial forces to viscous
forces within the fluid flow, and the formula for calculating the Reynolds number of a
propeller is as follows:

_ 0€0.75R \/Z)Z + (0.757'[7’15[))2
M

where p is the fluid density, c 75r represents the chord length at the 0.75R section of the
blade, and y is the dynamic viscosity of the fluid. v represents the velocity of the fluid
relative to the propeller’s blade, and in this study, the aerodynamic characteristics of the
propeller in a hover state are investigated; thus, v = 0. The range of n; is from 1460 RPM to
2823 RPM, and the propeller Reynolds number is between 5 x 10° and 8.3 x 10, indicating
complex turbulent flows that necessitate the selection of a turbulence model for resolving
the turbulence in the flow field.

Due to the presence of turbulence in the flow field around coaxial contra-rotating
propellers, it is impractical to resolve the actual flow by setting extremely fine meshes
and very small time steps in the solving process. Therefore, when simulating turbulent
fluctuations, the Reynolds-Averaged Navier-Stokes (RANS) method based on the Finite
Volume Method (FVM) is used to solve for the average flow rate [37]. The derivation of the
RANS equations is detailed in [38].

In the RANS formulation, it is necessary to approximate the Reynolds stress terms
by employing turbulence models, thereby providing a closed form that renders the RANS
equations solvable. Currently, the k — w Shear Stress Transport (SST) turbulence model
has been widely applied to the numerical simulation studies of propellers [39—-41]. Firstly,
compared to the conventional k — € model, the k — w SST model provides more accurate
predictions for the flow close to walls, which is crucial for the study of propeller perfor-
mance as the complex flow field around propellers often involves various flow phenomena,
including the formation of shear layers and flow separation. Secondly, although the original
k — w model excels near wall regions, it has shortcomings in free-stream regions away from
walls. The k — w SST model overcomes this by blending the strengths of the k — w model
near the wall with the advantages of the k — € model in far-field flows. Moreover, the in-
troduction of the cross-diffusion term in the k — w SST model significantly enhances its

Re )
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applicability across different flow regions, thereby increasing the model’s robustness [42,43].
For this task, we have chosen the k — w SST turbulence model.

3.1.2. k — w SST Turbulence Model

When constructing the k — w SST model, the w transport equation plays a central role.
It describes the temporal variation of the specific dissipation rate of turbulence kinetic
energy, w, as well as its transport within the fluid. The equation is as follows:

d .
(S;‘)) +div(pwU) =
+2(1— F)o, £ 2k dw

Zaxi ax,-

div[(p + owpe) grad(w)] + 10S* — Bow? ©)

where p; represents the turbulent viscosity coefficient, and oy, is the turbulence Prandtl
number, which is an empirically derived dimensionless coefficient used to correct the diffu-
sion of turbulence quantities. The modeling coefficients vy and B, respectively, correspond to
the production and dissipation terms. The last term on the right side is the cross-diffusion
term, which does not exist in the original k — w model. F; is a blending function designed
to smoothly transition between the near-wall region and the region far from the wall; it
approaches 1 near the wall (activating the k — w model) and goes to 0 away from the wall
(activating the k — e model). The weight of this term is adjusted by F; based on the flow
field’s position, ensuring the model maintains high accuracy both near and far from the
wall surfaces.
The transport equation for turbulence kinetic energy k is as follows:

% +div(pkU) = div [ (y + gt) grad(k)] + P — B*pkw )
k
The second term, Py, is the production term, and the final term represents the dissipa-
tion, where B* is a constant set to the standard value of 0.09 [42].

3.2. Computational Model
3.2.1. Mesh Generation

The computational simulation of the coaxial counter-rotating propellers was carried
out using the computational fluid dynamics software ANSYS Fluent 19.0. Initially, an un-
structured mesh for the flow domain and rotational domain of the propellers was generated
using Fluent-Meshing. As shown in Figure 6, the lift system is positioned 5.3 m from the
inlet and 12 m from the outlet. To accurately simulate the flow around the coaxial counter-
rotating propellers, two mesh refinement zones were established—Encryption Zone 1 being
fine and Encryption Zone 2 being finer—ensuring both computational precision for the
lift system and overall computational efficiency. The fluid domain is partitioned into a
steady region and rotating regions (with distinct rotating zones for the upper and lower
propellers), where the rotating regions are cylindrical areas with a diameter 1.1 times that of
the propeller diameter and a thickness of 0.15 m. To simulate wind tunnel tests, the stable
zone is modeled as a cylinder with a height of 18 m and a base radius of 6 m. Within this
stable zone, Mesh Encryption Zone 1 and Mesh Encryption Zone 2 are incorporated as
integral parts of the domain. The number of mesh cells in the flow field domain is 2,000,427;
the number of mesh cells in the upper propeller rotation domain is 191,394; and the number
of mesh cells in the lower propeller rotation domain is 191,394.

In this study, the stationary and rotating domains are divided using tetrahedral mesh-
ing, as depicted in Figure 7a,b. The propeller surface is meshed with a combination of
quadrilateral and triangular elements, as illustrated in Figure 8a. The boundary layer
surrounding the coaxial counter-rotating propellers has a significant impact on the aero-
dynamic performance of the flying car’s lift system. To accurately resolve the boundary
layer and capture its influence on the airflow induced by the propellers, the mesh is refined
in the vicinity of the propeller surfaces. In the numerical simulation of the aerodynamic
characteristics of propellers, the non-dimensional wall distance y* is directly related to
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the refinement of the grid near the wall. Choosing an appropriate y* value is crucial for
accurately capturing the subtle features of the interaction between the propeller blades and
the fluid. In this study, the y* value for the first layer of grid nodes is set to 1 to ensure
accurate simulation of the turbulence characteristics near the wall. The boundary layer
mesh is shown in Figure 8b.

Encryption zone 2

Wall

\
Encryption zone 1
Upper | <« Lower

propeller i propeller

l T Interface

(YT —
Velocity—)“ | — Press

| =il
inlet 4 ‘ Vﬁ‘/ 1 . outlet

' Encryption zone 2

Upper rotation region Lower rotation region

(@)
(b)
Figure 6. Boundary conditions. (a) Steady region. (b) Rotating region.

@) (b)
Figure 7. Flow field mesh. (a) Steady region mesh. (b) Rotational region mesh.

T e
Sl T e
@
(b)

Figure 8. Propeller and boundary layer mesh. (a) Propeller mesh. (b) Boundary layer mesh.

3.2.2. Solving Condition

In order to precisely simulate the dynamic behavior of coaxial counter-rotating pro-
pellers and the complex flow field surrounding them, we have utilized a combined appli-
cation of Multiple Reference Frame (MRF) technology and overlapping grid techniques.
The MRF approach sets a uniform rotational velocity within the rotating domain relative to
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the propeller rotation, achieving a steady-state approximation of the propeller’s rotation.
This method reduces the demand on computational resources while maintaining sufficient
accuracy in the simulation. The overlapping grid technique, on the other hand, is employed
to manage the interfaces between dynamic regions, allowing independent rotation of differ-
ent grid systems without disturbing the mesh structure of the static domain. By facilitating
detailed exchange of information within the overlap regions, it captures the non-linear
fluid effects and complex flow variations induced by the rotation of the propellers.

The air density is set to 1.225 kg/m3 with a viscosity of 1.7895 x 10~° Pa - s. The veloc-
ity inlet is set to 0 m/s, and the propeller wall boundary condition is defined as a Moving
Wall, rotating around the z-axis at a speed of 1460 RPM to 2823 RPM. The Coupled algo-
rithm is employed for pressure-velocity coupling, ensuring a robust and efficient solution.
Momentum is discretized using a Second Order Upwind scheme, and Turbulent Kinetic
Energy is also treated with a Second Order Upwind approach [44]. The second-order
upwind schemes offer higher accuracy compared to first-order schemes and are better
suited for capturing complex flow characteristics. The detailed parameters for solving the
conditions are shown in Table 3.

Table 3. Solving condition parameters.

Rotational Speed

Item Type Pressure (Pa) Velocity (m/s) (RPM)
Inlet Velocity-inlet 101,325 0 -
Outlet Pressure-outlet 101,325 - -
Wall Stationary wall - - -
Upper rotation Fluid - - 1460-2823
region
Lower rotation Fluid - - 1460-2823
region
Turbulence Model k —w SST - - -
Upper propeller Moving wall - 0 0
Lower propeller Moving wall - 0 0

3.2.3. Mesh Independence Verification

In this study, grid convergence was validated at a rotation speed of 2029 RPM. The Grid
Convergence Index (GCI) is a method based on Richardson extrapolation to measure the
error between different levels of grid refinement, and we applied it to the grid convergence
verification in this paper [45,46]. The formula for calculating GCl is as follows:

Eiit1 = |fi+1j,fﬁ| (8)
1
GClij1 = Rt 9)
Tiit1 —

where F; serves as the safety factor, with a value of 1.25 typically used for three-grid
verification. €; ;1 represents the error estimate between the fine and the coarse grids; p
signifies the order of convergence; and r is the grid refinement ratio, which does not require
a fixed value [47]. The values for r1; and 723 are 1.21 and 1.24, respectively. The GCI
calculation results are presented in Table 4. It can be seen that the value of GClys is
relatively small, suggesting that the computational results on the medium mesh are already
nearing the ideal performance for coaxial contra-rotating propellers. Taking computational
efficiency into account, this study is conducted based on the medium mesh.
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Table 4. Mesh independence verification results.
Upper Propeller Lower Propeller
Type Number of Cells PP P P
T; (N) €ii+1 GCliit1 T> (N) iit1 GCliit1
Coarse 1,324,711 558.866 396.382
4.31% 11.61% 4.67% 12.5%
Medium 2,383,215 582.956 414.892
0.37% 0.86% 0.39% 0.9%
Fine 4,549,275 585.120 416.504

3.2.4. Comparison of Experimental Results and CFD Simulations

In this paper, the CFD simulation results are compared with the experimental data
provided by the propeller manufacturer using the single propeller model introduced in
Section 2. Figure 9a,b present a comparison of lift and torque between CFD simulation and
experimental results within the rotational speed range of 1460 RPM to 2823 RPM, with the
simulation results closely matching the actual test values. The specific values and errors
are shown in Table 5, with the maximum lift error not exceeding 5% and the maximum
torque error not exceeding 8.2%, demonstrating the credibility of the CFD model.

Table 5. Comparison of single propeller CFD simulation results with experimental data.

CFD Simulation Experimental Result

Speed (RPM) AT AM
1460 304.528 23.889 311.985 26.024 —2.38%  —8.20%
1651 393.849 30.989 407.625 32.092 —3.38%  —3.44%
1858 505.719 39.974 531.448 39.773 —4.8% 0.51%
2029 610.887 48.535 637.434 47.072 —4.16% 3.11%
2190 721.433 57.676 749.739 54.594 —3.78% 5.65%
2352 845.155 68.127 864.644 63.876 —2.25% 6.65%
2477 950.182 77.276 990.153 73.718 —4.04% 5.40%
2629 1090.363 90.457 1146.240 84.989 —4.87% 6.43%
2823 1226.109 107.185 1282.147 101.127 —4.37% 5.99%

— CFD simulation CFD Simulation
1200 { — Experimental Values 100 { — Experimental values

1000 4
80+

Lift(N)

60

Torque(Nm)

600

40
400 4

204 T T T T T T T T
1400 1600 1800 2000 2200 2400 2600 2800 1400 1600 1800 2000 2200 2400 2600 2800
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Figure 9. Comparison of CFD simulation and experimental data of single propeller. (a) Lift compari-
son. (b) Torque comparison.

4. Result and Analysis
4.1. The Impact of Upper Propeller Downwash on the Aerodynamic Performance of the
Lower Propeller

In this study, the rotational behavior of a propeller in a quiescent air environment is
considered. The inflow generated by the rotating propeller interacts with the induced rota-
tional wind speed, collectively defining the dynamic airflow encountered by the propeller
during operational conditions. The region upstream of the propeller, significantly influ-
enced by the rotation, is designated as the inflow zone. This inflow zone transitions into
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the outflow zone after passing through the propeller, subsequently forming the distinctive
downwash flow region beneath the propeller.

We delved into the flow characteristics and pressure distribution of both upper and
lower propellers in a coaxial counter-rotating propeller system. Figure 10 shows the
velocity distribution of the coaxial contra-rotating propellers. It can be observed that, as the
rotational speed increases, the downwash airflow from the upper propeller interacts more
complexly with the airflow generated by the lower propeller. This interaction leads to
alterations in the flow field structure of the lower propeller, thereby directly impacting its
performance. To clearly display the aerodynamic differences between the two propellers,
we present the pressure contour maps of the flow field cross-section around the coaxial
counter-rotating propellers at rotational speeds ranging from 1460 RPM to 2823 RPM,
as shown in Figure 11. From the pressure cloud map of the lower surface of the propellers
shown in Figure 12, it can be observed that the area of the high-pressure zone (represented
in red) on the lower surface of the lower propeller is slightly smaller than that of the upper
propeller. This is due to the disturbance caused by the downwash flow from the upper
propeller, which flows directly towards the lower propeller. This downwash effect means
that the inflow encountered by the lower propeller is accelerated and directed downwards,
thereby altering the effective angle of attack of the lower propeller. According to Bernoulli’s
principle, in an ideal fluid without considering viscous losses, areas with lower flow velocity
have higher pressure. Regarding the high-pressure zone on the lower surface, a decrease
in the effective angle of attack might mean that the “pushing” effect of the fluid on the
lower surface of the blade is weakened. This is because the blade’s obstruction to fluid
flow is reduced, allowing the fluid to bypass the blade more easily, thereby diminishing the
pressure-increasing effect on the lower surface of the blade. Moreover, the rotation of the
upper propeller also generates complex turbulence and tip vortices around it (as shown in
Figure 13), further disturbing the flow field around the lower propeller.

1460RPM 1858RPM

2477RPM 2823RPM

Figure 10. Velocity distribution of the coaxial contra-rotating propellers.
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1460RPM 1858RPM
2477RPM 2823RPM

-
o

Figure 11. Pressure contour map of the flow field around the coaxial contra-rotating propeller.

1460RPM 1858RPM

Upper propeller Upper propeller

(
Lower propeller Lower propeller

2477RPM 2823RPM

Upper propeller Upper propeller

Lower propeller

Lower propeller

Figure 12. Pressure contour map of propeller’s lower surface.

Figure 13. Tip vortices and streamline flow.
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4.2. Simulation of Lift and Torque of Coaxial Counter-Rotating Propellers

To quantitatively analyze the aerodynamic performance indicators of the upper pro-
peller and lower propeller of the coaxial counter-rotating propeller system in the lift system
of eVTOL vehicles, the lift performance and torque of the upper and lower propellers at
different rotational speeds were independently tracked and recorded. Firstly, we compared
the lift data of each propeller in both coaxial counter-rotating and individual rotating condi-
tions to quantitatively evaluate the lift loss. Table 6 shows the thrust loss in contra-rotating
propellers compared to a single propeller. Then, Table 7 shows the torque variation of
counter-rotating propellers compared to a single propeller.

Table 6. Lift loss of coaxial contra-rotating propellers compared to single propellers.

Upper Propeller Lower Propeller
Speed (RPM) T (N) Tsum (N) ATsym
Tl (N) AT] T2 (N) ATZ
1460 304.528 501.619 293.291  —3.69% 208328 —31.59% —35.28%
1651 393.849 648.314 377622  —4.12% 270.692 —31.27% —35.39%
1858 505.719 827.104 482709  —4.55% 344395 —31.90% —36.45%
2029 610.887 997.883 582969  —4.57% 414914 —32.08% —36.65%
2190 721.433 1177.667 687.886  —4.65%  489.781 —32.11% —36.76%
2352 845.155 1377.265 805.602  —4.68%  571.663 —32.36% —37.04%
2477 950.182 1545.946 904.953  —4.76% 640993  —32.54% —37.30%
2629 1090.363 1767.151 1037.698  —4.73%  729.453  —33.10% —37.83%
2823 1290.664 2074.742 1221226  —4.98%  853.516  —33.87% —38.85%

Table 7. Comparison of torque between single propeller and coaxial counter-rotating propellers.

Speed (RPM) M (Nm) Mgy (Nm) M; (Nm) M, (Nm) AMym
1460 23.889 1.183 24.069 —22.886 —95.04%
1651 30.989 1.487 31.206 —29.719 —95.20%
1858 39.974 2.018 40.234 —38.216 —94.95%
2029 48.535 2.507 48.835 —46.328 —94.83%
2190 57.676 2.956 57.982 —55.026 —94.87%
2352 68.127 3.673 68.434 —64.761 —94.60%
2477 77.276 4.273 77.608 —73.335 —94.47%
2629 90.457 5.264 90.837 —85.573 —94.18%
2823 113.012 6.972 113.430 —106.458 —93.83%

Figure 14a shows the lift difference between the upper propeller and a single rotating
propeller, while Figure 14b presents the lift loss of the upper propeller. Figure 15a shows the
lift difference between the lower propeller and a single rotating propeller, while Figure 15b
presents the lift loss of the lower propeller. The results show that the maximum lift loss for
the upper propeller does not exceed 5%, accounting for a smaller proportion of the total
lift loss. Conversely, for the lower propeller, the lift loss exhibits a pronounced nonlinear
growth trend with increasing rotational speeds, with the maximum lift loss reaching 33.87%.
This accounts for a larger proportion of the total lift loss, an observation that is consistent
with the analysis presented in Section 4.1. This phenomenon indicates that in the coaxial
counter-rotating propeller system, the lower propeller is significantly affected by the airflow
generated by the upper propeller, leading to the main contribution to the total lift loss
coming from the lift loss of the lower propeller.
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Figure 14. Comparison of lift between upper propeller and single propeller. (a) Lift comparison.
(b) Lift loss.

—— Single propeller lift 71— Lift loss value
12004 — Lower propeller lift

200+

l4bO lﬁbo 18b0 ZDbO 22b0 24b0 ZGbO 23‘0() 1400 1600 1800 2000 2200 2400 2600 2800
Speed(RPM) Speed(RPM)

(a) (b)
Figure 15. Comparison of lift between lower propeller and single propeller. (a) Lift comparison.
(b) Lift loss.

Finally, to provide accurate reference values for the design of the lift system for
eVTOL vehicles, we utilized CFD technology to simulate the total lift generated by a set of
coaxial contra-rotating propellers at various rotational speeds. In Figure 16a, the red curve
represents the lift curve of a single propeller, the green curve represents the composite lift
curve of coaxial counter-rotating propellers, and the blue curve represents the expected
lift curve obtained by linearly superimposing the lift curves of two individually rotating
propellers. From the green curve in Figure 16a, it can be observed that the lift is directly
proportional to the square of the velocity when the speed is in the range of 1460 RPM
to 2823 RPM. At lower rotational speeds, the increase in lift is relatively steady, but as
the rotational speed rises, the air velocity and the resultant vorticity around the propeller
blades also increase, resulting in a greater aerodynamic force difference on the propellers
and thus a more pronounced increase in lift.

From the comparison of the blue and green curves in Figure 16a, it can be seen
that the total lift of the coaxial counter-rotating propeller system is not a linear sum
of the lifts of two independently rotating propellers. Instead, due to the aerodynamic
interactions between the coaxial contra-rotating propellers, significant lift losses occur,
with the total lift loss values depicted in Figure 16b. This mutual interference results in
the total lift of the entire propeller system being lower than the expected sum of the lifts
from two independent propellers, with the coaxial contra-rotating dual-propeller system
experiencing a lift reduction of approximately 35.28% to 38.85% compared to two single
propellers. Figure 17a,b show the comparison of torque between the upper propeller and
lower propeller. It can be seen that the torque of the upper propeller is almost the same as
that of the single propeller. However, due to the influence of the downwash flow of the
upper propeller, there is a certain difference between the torque of the lower propeller and



Mathematics 2024, 12, 1056

16 of 19

the single propeller, which is also the reason why the torque of the coaxial counter rotating
propeller cannot completely cancel each other out. Therefore, there is still a small torsional
effect of coaxial counter rotating propellers.

2500 — Single propeller lift 500 | — Lift loss value
—— CFD simulation of coaxial counter-rotating propellers
—— Expected lift of coaxial counter-rotating propellers 250
2000 400
350 A
Z 1500 £
& £ 300
3 3
250
1000 +
200+
500 4 150
100 1
T T T T T T T T
1400 1600 1800 2000 2200 2400 2600 2800 1400 1600 1800 2000 2200 2400 2600 2800
Speed(RPM) Speed(RPM)
@) (b)

Figure 16. Comparison of expected and actual lift for coaxial counter-rotating propellers. (a) Total
lift comparison. (b) Lift loss in coaxial counter-rotating propellers.

—— Single propeller torque —207

—— Single propeller torque
—— Upper propeller torque

—— Lower propeller torque
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804
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Torque(Nm)
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(a) (b)
Figure 17. Comparison of torque between coaxial counter-rotating propellers and single propeller.
(a) Comparison of torque between upper propeller and single propeller. (b) Comparison of torque
between lower propeller and single propeller.

In summary, these findings reveal a key aerodynamic characteristic in the design of
coaxial counter-rotating propellers: the lift loss of the lower propeller is primarily due to
the influence of the upper propeller’s wake flow. This insight underscores the significant
impact of the upper propeller’s wake flow on the overall performance of the coaxial system,
especially at high rotational speeds.

5. Conclusions

This paper discusses the issue of lift loss and torque effect in the design of eVTOL
vehicles using coaxial contra-rotating propellers as the lift system. The MRF method in CFD
was used to numerically simulate a coaxial counter-rotating propellers, and the following
conclusions were drawn:

1.  The downwash effect of the upper propeller means that the inflow encountered by the
lower propeller is accelerated and directed downwards, thereby altering the effective
angle of attack of the lower propeller. This weakens the low-pressure effect produced
on its upper surface and correspondingly reduces the area of the low-pressure zone.
The “pushing” action of the airflow on the lower surface is diminished, thereby
reducing the pressurization effect on the blade’s lower surface. Moreover, the rotation
of the upper propeller also generates complex turbulence and tip vortices around it,
further disturbing the flow field around the lower propeller.



Mathematics 2024, 12, 1056 17 of 19

2. A quantitative assessment of the lift loss and total lift of the coaxial contra-rotating
propellers under various rotational speed conditions revealed that the total lift of
the coaxial contra-rotating propellers is not a linear superposition of the lift from
two independently rotating propellers but exhibits significant lift loss. The total lift
reduction at different rotational speeds was approximately 35.28% to 38.85%, with the
primary loss attributed to the lower propeller.

3. The torque of coaxial counter-rotating propellers has decreased by more than 93.8%,
but the torque cannot completely cancel each other out, and there is still a small
torsional effect in coaxial counter rotating propellers.

The method presented in this paper not only saves time and money in testing the
lift system of eVTOL vehicles but also provides crucial reference for the design process of
eVTOL vehicles, contributing to the optimization of overall performance and enhancing
safety assurance.

Future research can integrate the overall structure of eVTOL vehicles with four com-
plete coaxial counter-rotating propellers to perform a more accurate numerical simulation
analysis of the entire lift system.
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