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Abstract: The rising interest in the evolvability of electric vertical takeoff and landing (eVTOL)
promises substantial potential in the field of urban air mobility (UAM). Challenges in energy storage
density and geometry restriction both emphasize the propeller efficiency for endurance and takeoff
weight, whereas the contra-rotating propellers (CRP) advantage is balancing high thrust and efficiency
over a single propeller. The aim of this paper is twofold: (i) to present a novel rapid CRP blade
shape optimization framework and (ii) to study the impact of the dual propellers revolution speed
allocations on the overall CRP power efficiency. The core of the framework is the blade element
momentum theory (BEMT)-based blade shape optimization considering the wake effect of the upper
propeller by the rotational CFD (computational fluid dynamics) actuator-disc simulation method.
The results show that for the same thrust, the optimized CRP at the equal revolution speed is superior
to the original (upper-lower-identical) one by 5.9% in thrust-to-power ratio. The overall efficiency
can be additionally lifted by 5.3% when the dual propellers share similar torques. By excluding the
integral propeller CFD simulation and empirical parameters estimation, the framework enables the
swift obtaining of an optimized CRP scheme while maintaining robustness as well.

Keywords: contra-rotating propellers; blade shape optimization; blade element momentum theory;
CFD actuator disc; eVTOL; hovering efficiency

1. Introduction

The anticipation of massive commercial application of urban air mobility (UAM) in
logistics and commute transportation [1] has made electric aerial vehicle-related research a
rising hotspot. The electric-vertical-take-off-and-landing (eVTOL) aircraft can offer several
advantages over other traditional aircraft in UAM. These advantages include flexible takeoff
and landing, low operating costs, and zero emissions. However, the limited energy storage
density of the battery has been the most severe constraint, at present, to the range and
endurance of eVTOL aircraft [2]. Therefore, improving the propulsion system efficiency is a
reasonable and widely attempted challenge for flight performance promotion [3]. In light of
this, propulsion systems on eVTOL aircraft in the form of distributed electric propulsion [4],
ducted fan [5], and contra-rotating propeller (CRP) [6] have emerged.

Compared with a single-stage propeller, CRP has been proven to increase the overall
thrust at a given diameter restriction while maintaining high power efficiency [7]. This
characteristic also meets the propulsion system requirements for UAM, that is, high per-
formance in a limited space. One area of active research involves the development of
rapid aerodynamic calculation and propeller aerodynamics optimization to improve the
power efficiency. Representative work includes the blade-twist distribution optimization
using the blade-element method for both unconstrained and constrained propellers [8].
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Kwon et al. [9] developed a multilevel design optimization framework for an electric
motor-driven propeller based on the blade element momentum method and computational
fluid dynamics (CFD) method.

However, CRP has strong aerodynamic interaction compared to the single-stage pro-
peller, making the blade shape optimization quite tricky. Some experimental and numerical
studies have been carried out regarding the aerodynamic interaction between the CRP.
Stiirmer et al. conducted both experimental and numerical studies on the aerodynamic
interactions between the contra-rotating open rotors helping to understand the flow mech-
anism [10], in which the DLR’s stereoscopic particle image velocimetry (PIV) and unsteady
Navier-Stokes CFD solver were applied, respectively. Lee et al. [11] investigated the
hovering performance of contra-rotating ducted rotors on micro air vehicles using the
CFD method.

Efforts also involved performance estimation and optimization methods applicable
to CRP regarding the in-between aerodynamic interaction. Lee et al. [12] proposed a
new blade element momentum theory for the aerodynamic performance prediction of the
coaxial rotor in hover condition. The computational and experimental results are in good
agreement. Tang et al. [6] optimized the blade shape of CRP based on the Vortex Lattice
Lifting Line method for high-altitude airships and investigated the factors affecting the
CRP efficiency.

The above methods may exhibit their advantages in rapid computation and acceptable
accuracy. Still, they were limited in introducing some empirical parameters, such as the
upper to lower rotor influence empirical constant [12]. These parameters are specific to
different conditions and must be recalculated once the conditions change. Moreover, the
above methods are only applicable in the case of lower disc loading. The remarkable wake
shrinkage for the higher disc loading results in significant complexity in the analytical
solutions. Therefore, it is not easy to achieve good results. Meanwhile, Reynolds Averaged
Navier-Stokes (RANS) equations-based CFD could be a more generic method for propeller
optimization. However, its massive time and resource requirements make it generally
applied only for the verification of optimization results.

In light of these limitations, this work aims to propose a generic rapid CRP blade
shape optimization method considering the propeller-in-between aerodynamics interaction.
According to this aim, the optimization framework involves the blade element momentum
theory (BEMT) method and the CFD-based actuator disc method (ADM). The theoretical
assumption of the proposed optimization methods is that the interaction between the upper
and lower propeller is mainly attributed to the influence of the wake of the upper propeller
to the lower stage.

The BEMT method integrates the blade element theory and momentum theory and
can consider the impact of propeller geometry on aerodynamic performance. The ADM is
a widely applied simulation tool for predicting flow fields [13,14], propeller efficiency [15],
and wind tunnel experiment simulations [16]. This CFD-based method can accurately esti-
mate the propeller flow field without the assumption of slipstream shrinkage simplification
and can considerably save resources compared to the standard complete propeller CFD cal-
culation [17]. The optimization framework proposed in this study combines the advantages
of promptly considering propeller geometric parameters and the in-between aerodynamic
disturbances. Therefore, it could effectively support the CRP design and optimization in
the early aircraft design stage while guaranteeing satisfactory optimization results.

This introduction is followed by the specifications of the object eVTOL aircraft ex-
amined in this study. In Section 3, the ideal power is calculated for different thrusts and
spacing using the CFD-based ADM. In Section 4, the CRP blade shape optimization work-
flow is introduced, in which, the lower propeller is optimized, considering the aerodynamic
interactions. In Section 5, the efficiencies of the original CRP and the optimized CRP are
verified based on conventional CFD calculation, and the influence of revolution speed on
the efficiency is also discussed. Finally, the paper is concluded in Section 6.
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2. The eVTOL Aircraft Study Object with Transverse CRP

The object eVTOL aircraft selected for this study has twin transverse CRPs symmet-
rically mounted on the tilting shaft, as shown in Figure 1. The tilting shaft system can
maintain the fuselage horizontal in hover and cruise flight modes for drag reduction. The
upper propellers of each pair of CRPs are mounted with the cyclic pitch control system
to maintain the airframe pitching attitude control. The total torques of both CRPs can be
trimmed and balanced for the yawing control.

1.9m

Figure 1. Three-dimension views of the relevant eVTOL aircraft.

The narrow-shaped fuselage is in the middle to reduce the interference on the propeller
stream. This compact configuration gains its advantages in small flooring areas and
maneuverability through individual control of the propellers in CRP propulsion units. It
satisfies the requirements for UAM aircraft, that is, it possesses high maneuverability and a
small landing area, and can adapt to the complex urban air traffic situation and landing
and take-off environment [18], making it suitable for urban air logistics with a strong load
capacity. The salient dimensional and weight characteristics from the requirement are listed
in Table 1, based on which, the CRP status in the hovering condition is regarded as the
target status in the following sections.

Table 1. Salient characteristics of the eVTOL aircraft.

Parameters Value
Longitudinal length 25m
Transverse length 5m
Height 19m
CRP diameter 2m
Takeoff weight 1000 kg

3. The Impact of Propellers Spacing on the Ideal Power

In this section, the CFD actuator disc method is applied to calculate the ideal power
consumption of dual propellers with different propeller spacings. Based on the comparison
of the ideal power consumptions, the impact of propellers spacing on the ideal power is
discussed. The steady compressible Reynolds Average Navier-Stokes (RANS) governing
equations with the ideal gas assumption and the energy equation are solved in this study.
The k — w SST model is used to model the turbulent effects. The effect of swirl flow on
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power consumption is not involved in this section for the reasons of ideal condition, though
it is considered in the optimization study.

3.1. Ideal Power Calculation Method

In this study, the CFD actuator disc is used to calculate the ideal power. The ideal
power is specified as follows: (a) the flow compressibility is considered and the ideal gas law
is adopted; (b) the drag (friction, differential pressure, and interference components) caused
by the blade is not considered; (c) the rotating flow is excluded from the consideration.
Based on these specifications, the CFD actuator disc can calculate the ideal power. The mass
flow rate through the actuator disc can be obtained using the actuator discs in the CFD
simulation, as shown in Figure 2. The equations used to calculate the power consumed by
the momentum disc from the mass flow rate are introduced below. For each micro-element
on the actuator disc, the power can be expressed as the following equation,

dP = (Ap)VdS = ngl’ Vds. 1)

actuator disc | ] actuator disc

Figure 2. Schematics of the ideal power calculation based on actuator discs method.

The Equation (1) is valid because of the following conditions: (a) Ap is independent of
the radius; (b) Both propellers produce the same thrust.
For dual actuator discs, the ideal power is the sum of the upper and lower actuator disc:

Pigear = /P1V1d51+/P2V2d52. )

3.2. Grid-Independence Verification

Although the actuator disc method reduces a considerable amount of mesh compared
to complete propeller CFD simulation, it is still necessary to verify the effect of the amount
of the mesh on the simulation result. Grid-independence is verified by adjusting the
number of nodes in the radial, circumferential, and perpendicular directions of the actuator
disc. The dimensions of the cylindrical mesh domain are shown in Figure 3, where the
radius of the cylindrical region is 10 times that of the actuator disc, while the length of the
inlet and outlet are both 15 times the disc radius. The diameter of the disc is 2 m, and the
inflow velocity is 0 m/s. The axial velocity distributions for the four different sets of grids
are shown in Figure 4, and the mass flow rate results are given in Table 2.
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Figure 3. The cylindrical mesh domain of the CFD actuator disc.
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Figure 4. Axial velocity distributions of the four different sets of CFD actuator disc mesh with cell
numbers: (1) 280,000 (2) 490,000 (3) 1810,000 (4) 34,700,000.

Table 2. Specifications of the four grid sets and flow rate calculation results.

N Cell Radial  Circumferential  First Axial Layer Numbfe r of Calculation Mass Flow Differences in
o. Number Node Node Height [m] Layers in the Time [s] Rate [kg/s] Percent between the
[10%] & Vertical Direction Mass Flow Rates
1 2.8 55 60 0.025 50 348 101.18 100.37%
2 4.9 60 80 0.02 60 480 101.23 100.4%
3 18.1 90 120 0.015 90 1366 101.1 100.29%
4 347 110 160 0.01 110 2375 100.8 100%




Aerospace 2023, 10, 54

6 of 21

Aial velocity

It can be apparently read from Table 2 that for the results of the four sets of grids, the
difference in the mass flow rate is within 0.5%. Meanwhile, only a slight difference in the
axial velocity distribution can be found in Figure 4. Therefore, for the subsequent CFD
actuator disc calculation in this study, the first set with 280,000 cells is used as the final
grid specification.

3.3. Impact of Propelles Spacing on the Ideal Power Consumption

The impact of the propeller spacing on the ideal power consumption is studied by
simulating the thrust and power consumption of dual actuator discs with different spacings,
as shown in Figure 5. From the curves of ideal power versus thrust, it can be noticed that the
ideal power decreases with the increase of propeller spacing Ak from 200 mm to 600 mm,
but only a very tiny further decrease occurs when the Ah is increased from 600 mm to
1000 mm. The detailed results of the ideal power consumption at the thrust of 5600 N
for the dual actuator discs with five spacings are provided in Table 3. The axial velocity
distributions of different spacings (single disc, Ak a 200 mm, 600 mm, 1000 mm) are shown
in Figure 6.

127
126 | —w— Ideal power at 5000N thrust

[
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T

Pidcal [kW}
o to
W

—_ =
[ SR ]
N
T T

12() 1 1 1 1 1
200 400 600 800 1000
Ah [mm)]
Figure 5. Ideal power (thrust 5000 N) of dual actuator discs with spacings from 200 mm to 1000 mm.

Table 3. Ideal power of dual discs with different propeller spacings at a thrust of 5000 N.

Ah Pigear Pideal/Psingle-disc
Single disc 130.709 1

200 126.004 0.964

400 123.248 0.943

600 122.078 0.934

800 121.473 0.930

1000 121.212 0.928

(2) (3) (4)

Figure 6. Axial velocity distributions of different spacings (Ah: (1) Single disc; (2) 200 mm; (3) 600 mm;
(4) 1000 mm).
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The determination of suitable propeller spacing requires the consideration of two
aspects. Firstly, the spacing should be able to reduce the power consumption at the specific
range of thrust. Secondly, the spacing should be kept at a relatively low value for the
compact design requirement and space utilization ratio compared with the fuselage height.
The ideal power in Table 3 has been reduced by 3.1% at 600 mm spacing compared with the
spacing of 200 mm. In contrast, from 600 mm to 1000 mm, the spacing increment further
reduced the ideal power by 0.6%. For this eVTOL aircraft, the appropriate propeller spacing
is set at 600 mm. Meanwhile, the spacing remains constant in the subsequent blade shape
optimization process.

4. CRP Blade Shape Optimization

Based on the determined CRP dimensions and operating conditions, the blade shape
optimization workflow is introduced in this section. The blade shape optimization method
involves BEMT and CFD actuator disc methods aiming at lifting power efficiency at
hovering condition.

Two sets of upper and lower propellers are provided for comparison in this study,
namely, the original CRP and the optimized CRP. The design workflows of the original and
optimized CRP are presented in Figure 7. The original CRP is designed without considering
the aerodynamic interference between the upper and lower propellers. Therefore, the lower
propeller is mirrored from the upper one for the original CRP. The lower propeller can be
optimized considering the aerodynamic interaction between the propellers by applying the
proposed optimization method involving the CFD actuator disc and the BEMT presented
in this study. In other words, as shown in Figure 8, the optimized CRP can be regarded as
the original CRP, with its lower propeller replaced by the optimized one to achieve better
power efficiency during the hovering condition.

Original CRP
design process

Optimized CRP
design process

Design at
hovering state

Upper propeller Upper propeller

Mirrored

Optimize in
wake flow

Lower propeller Lower propeller

Figure 7. Design workflow of original and optimized CRP.

(a) (b)
Figure 8. Comparison of the original and optimized CRP. (a) Original propeller; (b) Optimized propeller.

4.1. The BEMT Method

The BEMT method is adopted for the optimization iteration cycle. It is a widely
applied rapid propeller performance analysis method that integrates the blade element and
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momentum theories. The blade element theory divides each blade into several microseg-
ments along the spanwise direction, the aerodynamic force generated can be calculated
based on the cross-section airfoil. The velocity triangle and the aerodynamic coefficient
vectors of the microsegment are demonstrated in Figure 9. The total relative velocity W
is decomposed into axial velocity W, and tangential velocity W;. The forward velocity Vj
can be set at zero during the hovering status. The thrust and torque of the propeller can
be obtained by integrating along the spanwise direction [19] in Equation (3). The accurate
axial velocity estimation is the critical factor for the propeller thrust and torque calculation.
The momentum theory can be applied to address this issue effectively.

G dCr

A 4

<&
<

Figure 9. The velocity triangle of the blade element airfoil.

T= fzgh de f]lz{] IBpW2(Cy cos ¢ — Cp sin @)cdr
Q= flfhub dQ = thub IBpW?(Cysin ¢ — Cp cos ¢)crdr

The assumption of the propeller momentum theorem and the Bernoulli equation are
introduced. The air mass in the propeller disc plane where blade element dr is located
satisfies the conservation of axial and radial momentum so that we can get:

®)

dT = 4mpU%a(1 + a)rFdr 4)

dQ = 4mpUewb(1 4 a)r*Fdr (5)

where F is the Prandtl tip loss coefficient, U is the infinity air velocity, a is the axial
inducible factor, and b is the tangential inducible factor.

Correcting the thrust result can greatly support the obtainment of an accurate propeller
performance estimation. The Prandtl tip loss is applied in this study to simulate the blades
interference and tip vortex loss [19], which corrects the thrust result from the BEMT by:

F= %Cosf1 lexp (_B(R—r) L +/\2>

2R ’ ©)

where A = QOR/ U is the tip speed ratio.

The blade element’s lift coefficient and drag coefficient are obtained by invoking the
CFD airfoil calculation data at different Re and Ma. By combining the blade element
theory with the momentum theory, the axial and tangential inducible factors a and b can be
obtained iteratively, and the aerodynamic parameters of the propeller’s thrust and torque
can be obtained.

4.2. Optimization Design Scope and Settings

The equilibrium revolution speed is reached when the motor output shaft torque is
equal to that absorbed by the propeller. At hovering status, the propeller thrust and torque
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are the two critical factors influencing aerodynamic performance. The thrust-to-power
ratio (TPR) is used herein to represent the propeller aerodynamic performance, which also
introduces the optimization objective of this study, that is, to find the optimum blade shape
that maximizes the TPR.

Among all the propeller parameters related to aerodynamic performance, some of the
parameters are predetermined and fixed during the optimization process. These parameters
are predetermined under geometric constraints (the propeller diameter) or performance
requirements (the design thrust, blade number, and revolution speed). Since this study
aims to propose a CRP optimization design method facing the preliminary design stage,
the blade cross-section is predetermined to be the same airfoil. Due to the large disc
loading (79.5 kg/m? at hovering conditions) of the aircraft and the low power consumption
requirement, it is necessary to select the appropriate airfoil. According to Liu [19], the
ARA-D airfoil has the following advantages: (a) the lift-to-drag ratio is maintained at a
reasonable level within a relatively wide range of lift coefficients; (b) the maximum lift
coefficient and the mild stall performance; (c) there is a limited trailing edge thickness
which can slow down the boundary layer separation. Therefore, the ARA-D airfoil series
was selected to obtain satisfactory performance.

The design variables in the optimization are the spanwise distribution of the chord
length and the pitch angle. These two parameters can significantly influence the pro-
peller aerodynamic performance, that is, the thrust and torque characteristics at a given
revolution speed.

The complete propeller and condition parameters related to the CRP optimization
are shown in Table 4. The nominal thrust for each propeller in the CRP is set at 2800 N
(half of the total thrust of the CRP). The propeller diameter under the aircraft dimensional
constraints is set at 2 m. Considering the advantage altitude range for UAM (150 to 1000 m
above the ground level), the CRP operating altitude is set at 500 m, with the resulting air
density and viscosity.

Table 4. Parameters related to the CRP optimization.

Classification Definitions Symbols Value
Air density o 1.16 kg/m?
Condition parameters Altitude h 500 m
Alir viscosity u 1.78 x 107° Ns/m?
Design thrust T 2800 N
. Propeller diameter D 2m
Prejgggé?:d Blades number B 5
p Revolution speed n 1200 rpm

Airfoil for blade cross-section - ARA-D

) ) Chord length distribution c -
Design variables Pitch angle distribution B -
Optimization objective TPR T/P -

According to some previous research on propeller optimization [18,20,21], three span-
wise control sections for each blade are sufficient for the propeller geometric definition.
Considering the aerodynamic interference in the CRP, more rigorous profile definition
might be required. In this paper, four control cross-sections are used to define the blade
shape. The four pairs of leading edge and trailing edge points can determine two cubic
polynomial curves, based on which, the chord length and pitch angle of the segments
between and outside the four control cross-sections concerning spanwise position (r/R)
can be obtained as well. The stations of the cross-sections are shown in Figure 10.
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Section1
=0.235R
Section 2 {
=0.5R

Section 3
=0.8R

Section 4
=R

pr Chord length Pitch angle

bt

Figure 10. Control cross-section position and design variables (chord length, pitch angle) in optimization.

4.3. Optimization Framework for the CRP Blade Shape

The workflow of the total CRP design optimization framework is presented in Figure 11.
For efficiency promotion at the preliminary design stage, after determining the design
specification and airfoil, the process of CRP optimization is decoupled into two steps. Firstly,
the blade shape of the upper propeller is optimized at the hovering condition. The blade
shape of the lower propeller is subsequently optimized, considering the influence of the
slipstream from the upper propeller. The CFD actuator disc method is applied to generate
the velocity distribution from the pressure distribution of the upper propeller.

Airfoil
aerodynamics

—— Static pressure

_ 3 —Axial velocity
, , , disc method §15 I
03 r/(l]éé 0.9 1.2 ¢ ¢ S -z IIIIIIIIIIIIIIIIIII
Tangential velocity Axial velocity — ° 03 06 09 12
distribution distribution S

Figure 11. The CRP overall design optimization frameworks.

For both upper and lower propeller optimization, following the Design of Experiments
(DOE), the Radial Basis Function Neural Network (RBF) is applied to generate the response
surface for its advantages in approximating a wide range of nonlinear spaces [22]. RBF
approximation is a neural network employing a hidden layer of radial units and an output
layer of linear units characterized by reasonably fast training and compact networks.
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Subsequently, the optimization is carried out based on the Pointer Automatic Optimizer
engine, and the final optimized blade shape is generated. The Pointer Automatic Optimizer
is an intelligent optimization engine provided by iSIGHT™, with which, the information
regarding the design space is captured. Four optimization algorithms are composed to
automatically generate the best optimization strategy. These four optimization algorithms
are linear simplex, sequential quadratic programming (SQP), downhill simplex, and genetic
algorithm [23].

4.4. Original and Optimized CRP Blade Shape Design

The original CRP in this study is defined to have the same blade shape for the upper
and lower propellers, which is optimally designed at the hovering condition without
considering the aerodynamic interaction between the upper and lower propellers.

The ranges of the CRP optimization variables are established regarding the Betz
condition. The Betz condition states that trailing vortices must move downstream like a
rigid body (screw surface) with a uniform axial displacement velocity for a propeller of
minimum induced loss. This prerequisite is equivalent to the constant downwash condition
of an optimum wing. Since the Betz condition only applies to lightly loaded propellers, the
propeller designed under the Betz condition should not be optimal. We take the result from
the Betz condition as the initial state to achieve the optimal blade shape and narrow the
optimization range of variables. The ranges of the optimization variables that cover the
initial values are determined by practical experience.

It should be noted that the rotational speed is not taken as the optimization variable
in this study. Although the rotational speed will affect the efficiency of the propeller, the
parameter is usually determined by the characteristics of the motor. In this study, the
rotational speed of the propeller is set to 1200 rpm according to the selected shelf products.

In the DOE process, the adaptive Latin hypercube method is applied to extract sample
points from the range of the design variables. The BEMT is then applied to the performance
calculation on the sample points, and response surfaces are generated based on the results.
Finally, the optimal parameters of the blade shape in Table 5 can be obtained by the Genetic
optimization algorithm. The original CRP can be hence regarded as a combination of two
separately optimized hovering propellers.

Table 5. Design variables range defined and optimization results for the upper propeller in original CRP.

Variables Ranges Optimization Results
r/R Chord Length [m] Pitch Angle Chord Length [m] Pitch Angle
0.235 0.15~0.25 22°~35° 0.2 26.85°
0.5 0.2~0.35 15°~25° 0.26 18.9°
0.8 0.15~0.25 10°~20° 0.184 12.9°
1 0.05~0.15 3°~10° 0.075 4.58°

The blade shape optimization workflow of the optimized CRP is similar to that of the
original CRP but differs in the lower propeller design. For the optimized CRP, the pitch
angle and chord length distribution of the lower propeller are optimized based on the wake
of the upper stage. The predetermined parameters and conditions for optimized CRP are
shown in Table 6.

Table 6. The blade shape optimization parameters and conditions for the optimized CRP.

Optimized CRP Upper Propeller Lower Propeller
Design thrust 2800 N
Revolution speed 1200 rpm
Diameter 2m

Optimization conditions Hovering status Wake of the upper
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The following contents on CRP optimization in this section mainly focus on the
optimization of the pitch angle and chord length distribution of the lower propeller. The
accuracy and calculation time of wake flow field simulation can directly affect the design
iteration process and further affect the speed and effect of blade shape optimization. In this
paper, the CFD actuator disc method is used to extract the axial and tangential velocity
distributions of the specified section in the upper propeller wake. Then, the input conditions
for the lower propeller optimization are obtained.

The pressure distribution of the CFD actuator disc is obtained by the BEMT, where the
thrust of each micro-segment can be obtained as mentioned in Equation (3).

Then, the pressure distribution can be obtained from the thrust distribution by:

dp =
ds = n(rz —(r— dr)z) @)

The pressure condition of the CFD actuator disc is directly relevant to the axial velocity
distribution, whilst the tangential velocity distribution can be obtained by applying an
angular velocity to the CFD actuator disc [24,25]. The wakefield can be quickly obtained
through the above methods, and the ultimate goal is to obtain the inflow velocity of the
lower propeller, namely, the axial and tangential velocities. We get the axial and tangential
velocities at the specified radius by taking the cutting plane at the lower propeller and aver-
aging the circumferential velocity of the specified radius. Figures 12 and 13 demonstrate
the axial and tangential velocity distribution, respectively. In Figure 12, the upper diagram
(Ap vs. r/R) represents the Ap distribution of the upper propeller. The lower diagram
(Vaxial vs. ¥/ R) represents the axial velocity distribution at the lower propeller position.

1600
1200
E Axial velocity [m/s]
: 800 35
3 I31
400 | W
23
0 g — 19
/R 0.8 I 1 1.2 — 15
— 11
17
)
-1

12

Figure 12. Axial velocity distribution of the wake after the upper propeller by CFD actuator disc.
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Vien (18]

0 0.2 0.4 0.6 0.8 1

/R

Figure 13. Tangential velocity distribution of the wake after the upper propeller by CFD actuator disc.

The pitch angle range on the four sections can be reasonably estimated based on the
incoming flow velocity distribution after the velocity vector decomposition. The Latin
hypercube extracts sample points from the design variable space, and the BEMT is used
again to generate the response surface. The optimal solution is obtained using the pointer
optimization method with upper propeller blade shape optimization under a similar
setting. It is worth noting that the entire CRP optimization design process can be done on
a personal computer platform within an hour. The time cost can be surely shortened if a
high-performance workstation is available. This effort-saving property can be a significant
benefit, especially during the preliminary design stage.

The design variables range and the optimized pitch angle distribution are presented
in Table 7. A comparison between the pitch angle distribution of the upper and lower
propeller in the optimized CRP is shown in Figure 14. The validation of the optimized
CRP compared with the original one and its operating-level characteristics are detailed and
discussed in Section 5.

\

NN

Lower Upper
propeller propeller

Figure 14. The comparison of the optimized CRP upper and lower blade pitch angle distribution on
four cross-sections.
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Table 7. Design variable range definition and optimization result of the lower propeller in the
optimized CRP.

Variables Ranges Optimization Results
/R
" Chord Length [m] Pitch Angle Chord Length [m] Pitch Angle
0.235 0.1~0.25 35°~60° 0.14 50.3°
0.5 0.1~0.35 20°~50° 0.18 34.38°
0.8 0.08~0.25 15°~30° 0.12 25.95°
1 0.03~0.15 5°~15° 0.04 10.7°

5. Results and Discussion

To validate the effectiveness of the CRP optimization, the multiple rotating reference
frame technique (MRF) based CFD simulation is applied to estimate the power efficiency of
the original CRP (upper and lower consistent) and optimized CRP in this section. Besides
the power efficiency of CRP at upper-lower equal revolution speed, the impact of the
revolution speed allocation and its optimal scheme are also illustrated and discussed. Before
the power efficiency characteristics discussion, the MRF based propeller CFD simulation
method is validated by comparison with the experimental data.

5.1. The MRF Propeller CFD Simulation and Experimental Validation

In this study, the steady RANS solver is used in the high-fidelity CFD simulation for
propeller performance estimation. The k — w Shear Stress Transport turbulence model is
used for the Reynolds stress formula closure. The MRF technique is adopted in this steady-
state rotational fluid field calculation. It has been widely used to simulate the propeller
slipstream effect effectively because of the less resource consumption and reasonable
accuracy compared with the instantaneous solution [26].

The application of the MRF method requires dividing the flow field into two parts; sta-
tionary and dynamic regions. The dynamic regions where the upper and lower propellers
are located in the opposite directions are simplified as the instantaneous flow field of the
blades at a specific moment. A local, rotating coordinate system is used at the interface of
the two regions to transfer the flux on the boundary from one domain to the adjacent one.
In the stationary region, the inertial coordinates are still used for reference, including the
inflow and the outlet. Such conversions transform the dynamic aerodynamic calculation
into a static-state case.

To address the information exchange between the dynamic and stationary regions,
the periodic multi-block structured volume grids with data-exchange interfaces are also
applied for less calculation effort and efficiency promotion. As shown in Figure 15, periodic
boundaries are assigned to the two rectangular planes of the sector column. Involved in the
stationary region, the two rotational regions with opposite directions each containing one
blade of the upper and lower propellers at superposition status are set inside. It should be
noted that compared with the fully-integrated instantaneous CRP simulation, this periodic
mesh region setting, along with the MRF technique, should make the result deviate from
the real circumstance regarding the periodic interference of the blades. However, from
verifying the optimization effectiveness concerning the aerodynamic interference, the
blade’s fully superposition mesh status should also fulfill this validation requirement.

The grid independence study is shown in Figure 16, where the difference in the thrust
and TPR is within 0.5% when the number of cells more than 1,873,242. Therefore, for the
subsequent calculation in this study, the third set of grids is selected.
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Figure 15. Structured periodic grid domain for Propeller CFD calculation containing stationary and

rotational regions.
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Figure 16. Thrust and TPR of the four grid sets for the grid independence verification.

The accuracy validation of the presented propeller performance CFD calculation
method is carried out based on the experimental data of a two-blade propeller in the
authors’ previous research [26]. The thrust data and mechanical power were collected on a
test bench with torque and optical speed sensors at zero inlet flow velocity. The selected
propeller (R = 0.3 m) and its grid configuration are shown in Figure 17. The MRF method
is applied to calculate the thrust and power of the propeller, from 500 to 5000 rpm. The
comparison of the thrust against mechanical power in Figure 18 reveals that despite the
marginal deviation at high power region due to the range exceeding of torque transducer,
the curve and data point values of the CFD results and the experimental data coincide
quite well. This trend proves the high reliability of the thrust and power obtained from the
MRF-based propeller-calculating method.
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Figure 17. Selected propeller and its grid configuration for the MRF based CFD simulation
method validation.

5
4L — CFD simulation
— —A— Experiment
= 3
. 2
_Q,
1
0 1 1 1 | 1 |
1000 1500 2000 2500 3000 3500 4000 4500 5000
n [RPM]
150
120 —%— CFD simulation
—&— Experiment
= 90
&~ 60
30

1000 1500 2000 2500 3000 3500 4000 4500 5000
n [RPM]

0

Figure 18. Power and thrust versus revolution speed of the two-blade propeller, obtained from
experiments and CFD simulation.

5.2. Results and Discussions

The propulsion characteristics comparison of the optimized and original CRP is
detailed and discussed. The related characteristics include thrust, torque, and TPR at
different revolution speeds.

It can be perceived from Figure 19 that for the optimized CRP, the TPR increases by
5.9% compared to the original CRP, for which the thrust is 5600 N. These results not only
demonstrate the power efficiency promotion brought by the blade shape optimized lower
propeller, but also prove the effectiveness of the proposed rapid CRP-optimized method.

The CRP performance calculation mentioned above are all set at the same revolution
speed for the upper and lower propeller. Based on this optimized CRP, the potential to
further lift the TPR was investigated by adjusting the revolution speed allocations of the
upper and lower propeller at a given constant total thrust of the CRP. This revolution speed
study is carried out on this optimized CRP at a thrust about 5600 N, which is at the hover
condition for the eVTOL aircraft involved in this study. Twelve pairs of the upper and
lower propeller revolution speed about this total thrust are determined and listed in Table 8.
The thrust of the upper and lower propellers and the total TPR for each of the 12 cases are
presented in Figure 20.
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Figure 19. TPR comparison of the original CRP and optimized CRP.

Table 8. Upper and lower propeller revolution speed allocations for the optimized CRP at 5600 N
level thrust.

Upper Lower

o, Rown U weon S IS A
Speed [rpm] Speed [rpm]
1 1532.00 738.71 935.00 533.17 5599.86 32.80 1.64
2 1507.00 712.67 960.00 576.15 5608.13 3291 1.57
3 1484.00 689.19 980.00 610.61 5604.18 33.01 1.51
4 1467.21 660.00 1000.00 643.70 5607.73 33.22 1.47
5 1442.60 648.00 1015.00 670.50 5592.45 33.06 1.42
6 1425.25 630.54 1034.00 701.87 5607.16 32.96 1.38
7 1386.20 592.32 1067.00 760.91 5612.49 32.82 1.30
8 1368.63 573.75 1080.00 787.59 5606.54 32.73 1.27
9 1344.18 551.53 1100.00 821.58 5608.82 32.56 1.22
10 1305.95 516.10 1125.00 869.44 5590.09 32.31 1.16
11 1264.20 488.25 1150.00 917.23 5608.83 32.03 1.10
12 1225.02 456.16 1175.00 967.13 5612.48 31.62 1.04
13 1200.00 425.00 1200.00 1015.87 5666.73 31.56 1.00
14 1164.00 359.28 1225.00 1067.60 5604.18 31.01 0.95
15 1061.88 320.67 1250.00 1114.83 5610.01 30.89 0.85
16 993.15 282.41 1275.00 1157.37 5621.48 30.57 0.78
- 34
I Lower propeller thrust
7000 [ Upper propeller thrust
—4@— CRP total TPR 33
6000
5000 2
- ]
£ 4000 31 2.
]
3000 8y
30 &
2000
1000 29
0 28

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Case number

Figure 20. The thrust and TPR of the optimized CRP at 5600 N thrust, with different upper and lower
revolution speed allocations.

According to the propulsion characteristics at different upper and lower propeller
revolution speed allocations, it can be perceived that with the thrust decline for the upper
propeller and growth for the lower propeller, the TPR of the CRP firstly slightly increases,
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then declines from 33.22 N/kW to 30.57 N/kW. As shown in Figure 20, the maximum TPR
is reached at 3545 N of upper thrust and 2062.7 N of lower thrust (case 4). As shown in
Table 9, compared to the TPR at the same upper and lower revolution speed, under the
same total CRP thrust conditions (5600 N), the TPR can have an additional promotion up
to 5.3%.

Table 9. TPR comparison (at 5600 N thrust) of the original CRP and optimized CRP (equal revolution
speed of Case 13, and trimmed revolution speed of Case 4).

Propulsion Unit TPR at 5600 N [N/kW]
Original CRP 29.80
Optimized CRP (equal revolution speed) 31.56
Optimized CRP (trimmed revolution speed) 33.22

The torques of the two propellers at these 12 pairs of revolution speed are also pre-
sented in Figure 21. The torque characteristics reveal that the maximum TPR is reached
when the upper and lower propeller have close torque values. The TPR only marginally
changes within the range around the equal torque and gradually declines with the torque
gap increases. For the eVTOL aircraft configuration in this paper, the heading control relies
on upper and lower propeller differentials to provide yawing moment. The relationship
of the TPR versus torque difference can be helpful knowledge for the control algorithm
design to keep high power efficiency in maneuvering.

1500 133

1200 - [ Lower propeller torque 139
[ Upper propeller torque E

— —4@— CRP total TPR

g 900+ 131 S8
Z Z.
& /5
600 + i A,
30 e

300 429

1 2 3 4 5 6 7T 8 9 10 11 12 13 14 15 16
Case number

Figure 21. The torque and TPR of the Optimized CRP at 5600 N thrust, with different upper and
lower revolution speed allocations.

The mechanism of TPR promotion, including lower propeller blade shape optimization
and revolution speed allocation for the optimized CRP, can be demonstrated in Figure 22,
where the relative static pressure coefficient profile at the 70% blade spanwise section is
presented. The local operating angle of attack of the blade profile airfoil can be regarded as
the dominant factor influencing the propeller power efficiency. Hence, the goal of pitch
angle distribution optimization or revolution speed adjustment is that the blade airfoil
being in the optimal range of maximal lift-to-drag ratio.

The original lower propeller in the wake causes the angle of attack to be less than the
optimal value. A tiny low-pressure area can be observed on the bottom close to the leading
edge. For the optimized CRP however, by the lower propeller blade shape optimization
and revolution speed adjustment, both the upper and lower propeller profile airfoils are
within the optimal range of angle of attack, thus improving the overall CRP efficiency.
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Figure 22. Pressure coefficient profile at 70% propeller spanwise cross-section. (a) Original CRP;
(b) Optimized CRP.

6. Conclusions and Future Work

In this study, a rapid CRP blade shape optimization workflow is presented. The
workflow lets the user promptly obtain a CRP scheme with optimized chord length and
pitch angle distribution. The core of the optimization framework encompasses BEMT-based
blade shape optimization module, applied on both upper and lower propeller and CFD
actuator disc method for the upper propeller wake flow simulation.

For the upper propeller, the hovering state is applied as the in-flow condition for the
blade shape optimization. Then the upper propeller pressure distribution and rotational
speed are imported to the CFD actuator disc, by which, the axial and tangential velocity
distribution of the wake flow field is simulated. Finally, the blade shape of the lower
propeller is optimized based on the axial velocity and tangential velocity distribution.

The validation of the presented CRP optimization framework is carried out by integral
CFD simulation involving MRF. The original CRP is defined to have mirrored upper and
lower propellers. Furthermore, to investigate the TPR improving potential, a parametric
study is conducted on the optimized CRP by adjusting the revolution speed allocations of
the two propellers at a constant thrust of about 5600 N. The results of the validation and
investigation can be summarized as follows:

1.  The optimized CRP shows considerable TPR promotion against the original in a
wide thrust range. At a typical hovering state thrust (5600 N), the TPR promotion
reaches 5.9%.

2. The TPR can be further promoted by adjusting the upper and lower revolution speed
allocation. For this optimized CRP, the additional TPR promotion reaches 5.3% against
the equal revolution speed.

3. It can be perceived from the trend that the maximal TPR is reached when the two
propellers share a close torque. Whilst at an equivalent thrust, the TPR only marginally
fluctuates about similar torques, gradually declining with the gap increases.
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These results also shed light on another practical dimension to improve CRP power
efficiency: the torque-allocations-based revolution speed adjustment. The proposed CRP
blade-shape-optimization method excludes the estimation of the empirical parameters
and thus can be robustly applied in various CRP configurations. By avoiding integral
propeller CFD simulation in the optimization process, the proposed CRP optimization
workflow can be done on a laptop in an hour. Therefore, it can efficiently support the eVTOL
aircraft propulsion design at the preliminary design stage. The airfoil parameterization
will be added to the design space for future work to complete more advanced rapid blade
aerodynamics optimization. Additionally, this optimization framework can also involve
other flight phases, including take-off/landing, transition, and forward flight in cruise
speed. Thus, the robustness of optimization results under different flight conditions can be
assessed in different flight phases.
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Abbreviation

CRP Contra-rotating propeller eVTOL  Electric takeoff and landing
UAM  Urban air mobility CFD Computation fluid dynamics
BEMT Blade element momentum theory PIV Particle image velocimetry

ADM  Actuator disc method RANS  Reynolds average Navier-Stokes
TPR Thrust-to-power ratio DOE Design of Experiments

RBF Radial basis function MRF Multiple rotating reference frame

ALT Altitude

Nomenclature

a Axial inducible factor Q) Angular velocity

B Blade number P Propeller shaft power
b Tangential inducible factor p Static pressure

B Blade pitch angle distribution Q Propeller torque

c Chord length R Propeller radius

c Chord length distribution r Radial position

Cp Drag coefficient P Air density

Cr Lift coefficient S Propeller disc area

D Propeller diameter T Thrust

F Prandtl tip loss factor Ue Infinity air velocity

Q Velocity forward angle Vv Flow velocity

Ah Propeller spacing W Relative velocity

A Propeller tip speed ratio W,  Axial velocity

n Revolution speed W;  Tangential velocity

(! Induced Circumferential Velocity v, Induced axial velocity

Ry The radius of the hub
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