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Abstract: On Distributed Electric Propulsion (DEP) aircraft, the deployment of numerous high-lift
propellers with small diameters on the wing’s leading edge significantly enhances lift during low-
speed flight. The increase in the number of propellers leads to a decrease in diameter, which increases
the disc loading. In this paper, a rapid design method applicable to heavy-loaded propellers is
developed and does not require iterative calculations compared to traditional heavy-loaded propeller
design methods, enabling rapid completion of the propeller design. The results of CFD computation
show that the relative thrust error of the method proposed in this paper is within 5% for disc loading
ranging from 600 Pa to 1400 Pa, features a high-accuracy design of propellers with required thrust,
and high thrust coefficients are achieved within large advance ratio range.

Keywords: heavy loaded propeller; propeller design; circulation distribution; distributed electric
propulsion

1. Introduction

The demand for reducing carbon dioxide emissions in air transportation has led
to a growing interest in aircraft equipped with electric propulsion systems. Distributed
Electric Propulsion (DEP) is a kind of technology that uses multiple electric motors and
propellers distributed across an aircraft’s wing or body to provide propulsion to improve
aero-propulsion efficiency, reduce noise, and enhance aircraft performance.

There are two types of propellers installed on the wing of a DEP aircraft: cruise
propellers on the wing tip and high-lift propellers on the leading or trailing edge of the
wing. Wingtip-mounted propellers installed in a tractor configuration can decrease the
wing-induced drag due to their ability to effectively weaken wingtip vortices [1]. The
placement of several electric motors driving individual tractor propellers spaced along
each wing helps to increase dynamic pressure, reduce stall speed, and eliminate the need
for the placement of complex high-lift devices on the trailing edge of each wing, which
are necessary for traditional aircraft [2]. Under the influence of propeller slipstream, the
lift can increase significantly by 60%, though the propulsive efficiency decreases by 19%
according to Beckers’ research [3]; the closer the propellers spaced spanwise, the lower the
stall speed [3,4].

Using smaller-diameter propellers can generate higher propeller-induced velocities
over the entire wing surface than using fewer propellers with the same total power [5]. For
example, the propellers used for NASA’s X57 have been changed from the P2600T’s two
propellers with a diameter of 1.78 m to 12 high-lift propellers with a diameter of 1.89 feet
and 2 wingtip-mounted cruise propellers with a diameter of 5 feet [6,7]. Propellers with
smaller diameters placed ahead of the wing’s leading edge are generally favored because
they generate reduced thrust for an equivalent increase in axial velocity over the wing [8].
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Moreover, propeller noise can be reduced if the propeller radius decreases [9]. The small
propeller radius results in a heavy-loaded propeller.

To reduce the total power consumption of the DEP system, the required thrust of
propellers spaced on the leading edge and tip of each wing is different [10], which increases
the propeller design efforts.

The development of propeller design theory first originated from marine propeller
design. In 1865, Rankine [11] developed a theory of marine propellers, which is the first
theory related to propellers. Betz [12] and Goldstein [13] carried out propeller design
research based on minimum energy loss. In 1948, Theodorsen [14] demonstrated that the
Betz condition with minimum energy loss can also be applied to heavy disc loading. In
1979, Larrabee [15] proposed a new design method based on Betz conditions and light
loading assumption, assuming that the axial velocity displacement relative to the axial
flow velocity of the propeller is small. In 1983, Adkins et al. [16] improved the design
methodology by eliminating the small angle approximation and some of the light loading
approximations in classical propeller design theory and completed the design of medium
loaded propeller by iterative computation. The work of the scholars mentioned above laid
the foundation for modern propeller design theory.

In 2016, Traub et al. [17] proposed a simplified design method and compared its results
with the Adkins and Liebeck method. The designed thrust for the compared propeller
is 1000 N, with a blade radius of 3.048 m. The results indicate that the proposed method
and Adkins and Liebeck’s method yield similar shapes, with longer chord inboard and
shorter chord outboard. The estimated pitch distributions of both methods are essentially
identical. To conduct heavy-loaded propeller design for DEP aircraft, Patterson et al. [18,19]
proposed a simple method for a high-lift propeller conceptual design method based on
blade element momentum theory (BEMT). The high-lift propeller of NASA’s X57 (215 N
gross thrust at design condition) was designed based on this approach. However, due
to the modification to the desired axial induction factor near the hub, this method will
not produce exactly the desired results, and approximately 2–3 iterations are required for
convergence, according to Patterson’s practice. Based on the blade element theory and the
momentum theory, Fan et al. [20,21] proposed a rapid propeller inverse design method
suitable for DEP aircraft, yet this method requires the prescribed circulation distribution of
the blades. Xue et al. [22] proposed an inverse aerodynamic design for a DEP propeller
based on the desired propeller slipstream. This method requires iterative execution to
achieve the desired propeller that meets the requirements. For heavy-loaded propeller
design for distributed electric propulsion aircraft, modifications are typically made based
on the BEMT to meet design requirements through iterative design, therefore extending
the time required for the design process.

This paper will first introduce the design method of a light-loaded propeller based on
the Betz condition and then propose a rapid design method applicable to heavy-loaded
propellers to improve the design accuracy with the required thrust. This new method
eliminates the necessity for iterative computations across multiple design steps, ensuring
rapid completion of the design. The design result is then verified by the CFD analysis,
which proves the reliability of the design method proposed in this paper.

2. Materials and Methods

As shown in Figure 1, the propeller disc loading is defined as

dc =
T
A

=
T

πR2
t

(1)

where T is the propeller thrust, Rt is the propeller tip radius and A is the propeller disc area.
There is no clear boundary between light-loaded propellers and heavy-loaded pro-

pellers. A light-loaded propeller means that the induced velocities(both in axial and tangen-
tial directions) are small relative to the magnitude of the freestream velocities. According



Energies 2024, 17, 786 3 of 17

to our design practice, when the blade loading is less than 200 Pa, it can be considered that
the above requirement holds true.

 

Figure 1. Propeller disc.

2.1. Design Method of Light Loaded Propeller Based on Betz Condition

Figure 2 shows the force analysis of the blade element under the light loading assump-
tion. In Figure 2, α is the angle of attack of the blade element, φ is the actual inflow angle.
W is the total velocity, W1 is the induced velocity, Va is the axial-induced velocity, Vt is the
tangential-induced velocity , and V′ is the axial velocity displacement. dT is the thrust, and
dQ is the tangential force of the blade element.

 

Figure 2. Force analysis of blade element under light loading assumption.

Under the light loading assumption, the induced velocity W1 is perpendicular to the
total velocity W , and the Va, Vt and φ can be obtained as:

Va = V′ cos2 φ (2)

Vt = V′ cos φ sin φ (3)

tan φ =
V0 + Va

Ωr − Vt
=

V0 + V′

Ωr
(4)

According to vortex theory, the relationship between the circulation at the propeller
disc and the tangential-induced velocity is

Γ =
4πr
Nb

Vt (5)

and the thrust of the blade element:

dT = ρΓ(r, V)(Ωr − Vt)dr (6)

By combining Equations (2)–(6), the blade element thrust can be obtained as:

dT = f
4πrρ

Nb

(
V0 + V

′
cos2 φ

)
V

′
cos2 φdr (7)
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where f is the Prandtl’s correction factor

f =
2
π

arccos e−
Nb(R−r)
2r tan φ (8)

so the thrust of a single blade can be obtained by integrating Equation (7) from the hub to
the tip as below:

T =
∫ Rtip

Rhub

f
4πrρ

Nb

(
V0 + V

′
cos2 φ

)
V

′
cos2 φdr (9)

With the given flight altitude, the air density can be obtained from the International
Standard Atmosphere (ISA) [23]. If the flight velocity V0, rotational speed Ω, number of
propeller blades Nb, radius of propeller tip and hub are given, the blade element thrust
will be determined by the axial velocity displacement by substituting Equation (4) and
Equation (8) into Equation (7).

The distribution of axial velocity displacement V ′ along the radial direction of the
blade should be constant so that the maximum efficiency of propeller can be achieved
under the given thrust according to Betz condition [12,16], Therefore, the propeller
thrust should be a function of the axial velocity displacement V ′. The axial velocity
displacement can be obtained by solving Equation (9) with nonlinear algorithms such as
Newton iteration.

For each section, φ can be obtained after the previously obtained axial velocity dis-
placement is substituted into Equation (4), and the tangential-induced velocity Vt can
be obtained by Equation (3), then the optimal circulation distribution based on the light
loading assumption can be obtained from Equation (5).

The blade element thrust dT and torque dQ are

dT =
1
2

ρW2b(cl cos φ − cd sin φ)dr (10)

dQ =
1
2

ρW2bΩ(cl sin φ + cd cos φ)rdr (11)

where cl and cd are the lift and the drag coefficient of the airfoil, respectively, and the
thrust and torque of a single blade under design conditions can be obtained by integrating
Equations (10) and (11) from the hub to the tip.

The total velocity W and the induced velocity W1 can be assumed to be perpendicular
to each other under light loading assumption so that the relationship between the thrust and
the axial velocity displacement on a given design point can be obtained. The axial velocity
displacement can be derived based on the conclusion that the axial velocity displacement
of each section is the same at the minimum energy loss [12], and the axial and tangential-
induced velocities can be further calculated, and thus the design of the blade can be
ultimately completed.

2.2. Rapid Design Method for Heavy Loaded Propellers

When the propeller thrust remains constant, the disc loading will increase if the
propeller radius is reduced. In the method based on the Betz condition, it is necessary
to ensure that the propeller disc loading is small to minimize the error resulting from
the assumption that the induced velocity W1 is perpendicular to the total velocity W. As
indicated in Figure 3, W1 and W are not perpendicular to each other as the disc loading
increases, then Equations (2)–(4) cannot be derived. Therefore, the method based on the
Betz condition cannot be used for heavy-loaded propeller design.
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Figure 3. Force analysis of heavy-loaded propeller blade element.

To solve this problem, a novel method applicable to heavy-loaded propeller design
is proposed in this paper. The main idea of this method is to calculate the axial velocity
displacement based on the optimal circulation distribution with finite blades, considering
the position of the blade hub and establishing the relationship between induced velocity
and propeller thrust. In this method, there is no need to consider the relationship between
W1 and W, thus avoiding the assumption of light disc loading.

According to the vortex theory, the relationship between circulation Γ and tangential-
induced velocity Vt is

Γ =
4πr
Nb

Vt (12)

The optimal circulation distribution considering the position of the propeller hub and
the finite blades [24] is

Γ
(
r, V′) = [Γin f inite

(
r, V′)+ Γin f inite

(
R2

hub
r

, V′
)
− Γin f inite

(
Rhub, V′)] ∗ F (13)

where Rhub is the radius of the propeller hub, and Γin f inite is the optimal circulation of an
infinite span blade, which is defined as

Γin f inite
(
r, V′) = 2πV0V′

2πnsNb
· x2

1 + x2 (14)

where ns is the rotational velocity (rev/s) and x is the reciprocal of the local advance ratio,

x =
2πnsr

V0
(15)

F in Equation (13) is the other form of the Prandtl’s correction factor,

F =
2
π

arc cos
(

e− f
)

(16)

where

f =
Nb
2

Rtip − r
Rtip

√
1 + J2

J
(17)

and J is the advance ratio, i.e.,

J =
V0

2πnsR
(18)

According to Equations (16) and (17), the Prandtl’s correction factor F at the blade tip
is zero, and the optimal circulation at the blade tip is determined as Γ = 0, resulting in a
chord length of zero. To solve this problem, cubic splines are used to interpolate the radial
section and circulation distribution of 5 sections near the blade tip, and the interpolation
function is used to obtain the circulation at the blade tip.

The blade element thrust
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dT = ρΓ
(
r, V′)(Ωr − Vt)dr (19)

and from Equation (12), we have

Vt =
Γ ∗ Nb

4πr
(20)

The Equations (19) and (20) are combined as follows:

dT = ρΓ
(
r, V′)(Ωr − NbΓ(r, V′)

4πr

)
dr (21)

and the propeller thrust can be calculated as

T =
∫ Rtip

Rhub

ρΓ
(
r, V′)(Ωr − NbΓ(r, V′)

4πr

)
dr = H

(
V′) (22)

As shown in Equation (22), with the given number of blades, blade tip radius, hub
radius, rotational velocity, and air density, the propeller thrust is a function of the axial
velocity displacement V′, which can be solved through iterative computation for the
required thrust.

Since we solve the axial velocity displacement V′ from Equation (22), then the inflow
angle φ between the incoming flow and the disc plane can be determined by

φ = arc tan
V0 + V′

Ωr
(23)

The total velocity

W =

√
(V0 + V′)2 + (Ωr)2 − Vt

cos φ
(24)

and the axial-induced velocity

Va = V′ − Vt tan φ (25)

According to the Kutta–Joukowski theorem, the lift of the blade element

dL = ρΓ(r)Wdr (26)

and the lift of the blade element can also be written as:

dL =
1
2

ρW2clbdr (27)

The Equations (26) and (27) are combined as follows:

Γ =
1
2

Wclb (28)

The pitch angle of the blade can be obtained as

θ = φ + α (29)

For a given airfoil, α is the angle of attack with a maximum lift-to-drag ratio. In this
paper, XFOIL version 6.99 [25] is used to calculate the aerodynamic performance of airfoils.

After the blade design is completed, the thrust and torque of each blade element can be
calculated based on parameters such as inflow angle, angle of attack, chord length, velocity,
etc., according to Equations (10) and (11).

The summary of the rapid design process applicable to heavy-loaded propellers, based
on the above derivation, can be outlined as follows:

1. Give the design requirements, including specified thrust requirement T, flight speed
V0, number of blades Nb, rotational velocity ns, tip radius Rt, hub radius Rh and the
atmospheric density ρ.
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2. Solve for the axial velocity displacement V′ according to Equation (22).
3. Determine the optimal circulation distribution Γ at each section according to

Equation (13).
4. Perform cubic spline interpolation on the circulation of sections other than the blade

tip, and then perform extrapolation based on the obtained interpolation functions to
obtain the circulation at the blade tip to avoid this circulation being zero.

5. Determine the actual inflow angle φ at each section according to Equation (23).
6. Obtain the tangential-induced velocity Vt at each section according to Equation (20).
7. Calculate the total velocity W at each section according to Equation (24)
8. Assume a certain value for the lift coefficient at each section (selected based on the air-

foil) and calculate the initial chord length b at each section according to Equation (28).
9. Compute the aerodynamic characteristics of the given airfoil at a specified Reynolds

number and Mach number using aerodynamic tools such as XFOIL [25] according to
the chord length calculated in the previous step. Identify the optimum angle of attack
α and its corresponding lift coefficient cl .

10. Substitute the cl obtained in step 9 into Equation (28) to update the chord length b.
11. Calculate the blade pitch angle θ at each section based on the optimum angle of attack

α and inflow angle φ using Equation (29).
12. Determine the airfoil, chord length b, and pitch angle θ at each section of the propeller

by following the above steps, and then determine the geometry of the propeller with
a specified number of blades.

The design of the heavy-loaded propeller meeting the specified thrust requirements
can be accomplished by simply following the above steps in sequence. In comparison
to Adkins’ method [16], which also does not rely on the light loading assumption, this
method eliminates the need for iterative execution, hence enabling a rapid completion of
the design.

The design method proposed in this paper (hereinafter referred to as Aprop) and that
proposed by Adkins are both implemented as computer programs using the Julia language,
and the two sets of programs share input-output functions. The aerodynamic performance
calculations are conducted using XFOIL. Due to varying Reynolds numbers and Mach
numbers for each section, aerodynamic performance calculations for each airfoil are carried
out during each iteration. For the four design cases mentioned in Section 3 of this paper,
the design method proposed in this paper takes an average of 23.3 s, while the Adkins
method converges after an average of 4 iterations, taking an average time of 39.5 s. The
time taken by Adkins’ method is 1.70 times that of the Aprop method. Most of the time
consumed by both programs is spent performing airfoil performance calculations using
XFOIL. Reducing the number of iterations can effectively decrease the overall computation
time required. The number of iterations required by the Adkins’ method depends on the
initial value of ζ, which is the velocity displacement ratio, and ζ = V′

V0
. In this study, the

initial value of ζ is set to 1.0.
The thrust and the torque of the propeller under the design condition can be calculated

from Equations (30) and (31), where dT and dQ can be obtained from Equations (10) and (11).

T =
∫ Rt

Rh

dT (30)

Q =
∫ Rt

Rh

dQ (31)

Under any operating condition, the power of the propeller can be calculated by
Equation (32), where Q is the torque, and Ω is the rotational velocity.

P = QΩ (32)
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The propeller efficiency can be calculated using Equation (33).

η =
TV0

P
(33)

3. Results and Discussion

In this section, propellers are designed using these two methods based on the given
design conditions, and the blade geometry of the designed propellers is then compared.
Later, the aerodynamic performance of the designed propellers, particularly the difference
between the actual thrust and the required thrust, is compared using computational fluid
dynamics (CFD) analysis.

3.1. Blade Geometry

To verify the effectiveness of the method proposed in this paper, the performance
parameters, such as thrust and efficiency of the propeller designed by the method proposed
in this paper and the propeller design method based on the Betz condition, are compared
under different disc loadings.

The design parameters of the propeller are shown in Table 1, and the standard at-
mosphere at sea level is adopted. The propeller disc loading is obtained by changing the
design thrust.

Table 1. Propeller design parameter.

V0 Ω Rtip Nb Airfoil J

50 m/s 4500 RPM 0.5 m 2 S9000 0.67

The blade circulation distribution under different disc loadings is shown in Figure 4.
At the root of the blade, the circulation calculated by the design method proposed in this
paper is higher—0.9 times larger than the Betz method when the disc loading is 1800 Pa. At
the mid-span of the blade, to maintain the same total thrust, the circulation calculated by
the Aprop method is smaller than that of the Betz method. Both methods yield the same
circulation near the blade tip.

The axial velocity displacement obtained with different design methods is shown in
Table 2. The axial velocity displacement obtained by the Aprop method is larger under any
disc loadings. According to Equation (24), the total velocity obtained by the Aprop method
is greater when the inflow parameters are the same, and the chord length of the blades at
each section obtained by the Aprop method is smaller when the circulation distribution is
basically the same. The chord length distribution obtained by the three methods is shown
in Figure 5.

Compared to the method based on the Betz condition, the chord length of the blade
obtained by the Aprop method is longer at the blade root and tip but shorter in the middle
of the blade.

Table 2. Axial velocity displacement results of different methods

Disc Load (Pa) Betz (m/s) Aprop (m/s)

600 7.38 19.47
1000 12.11 32.85
1400 16.83 46.63
1800 21.57 60.74
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Figure 4. Comparison of circulation distribution. (a) Disc loading = 600 Pa. (b) Disc loading = 1000 Pa.
(c) Disc loading = 1400 Pa. (d) Disc loading = 1800 Pa.
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Figure 5. Comparison of chord distribution. (a) Disc loading = 600 Pa. (b) Disc loading = 1000 Pa.
(c) Disc loading = 1400 Pa. (d) Disc loading = 1800 Pa.
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According to Equation (23), the larger the axial velocity displacement, the greater the
inflow angle, and the larger the corresponding pitch angle when the angle of attack is the
same. The comparison of pitch angle distribution under different disc loadings is shown in
Figure 6. Due to the fact that the difference in axial velocity displacement obtained by the
three methods increases with the increase of disc loading, the difference in pitch angle also
increases with the increase of disc loading.
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Figure 6. Comparison of pitch angle distribution. (a) Disc loading = 600 Pa. (b) Disc loading = 1000 Pa.
(c) Disc loading = 1400 Pa. (d) Disc loading = 1800 Pa.

3.2. Aerodynamic Performance

CFD analysis is introduced to validate whether the proposed design method in this
paper can generate propellers that meet the tension requirements. Before the CFD analysis,
mesh partitioning and mesh independence study were conducted to achieve accurate and
reliable results while minimizing computational resources.

Mesh and CFD Setup

The flow around the blade can be considered to be a steady flow for verification of
aerodynamic performance with CFD. To reduce the mesh size and improve computational
efficiency, periodic mesh is used for the computation, i.e., for the two-blade propeller, only
half of the complete mesh is generated, and rotating periodic boundary conditions are
used for the computation. The mesh consists of two domains: the rotation domain and the
stationary domain. These two domains form an interface via point overlap, thus avoiding
errors caused by interpolation of physical quantities on both sides of the interface.

The distance between the mesh inlet and the disc plane is 20R, the radius of the far-
field surface is 20R, and the distance between the mesh outlet and the disc plane is 40R,
where R is the propeller radius. Mesh topology is shown in Figure 7, and the two domains
are shown in Figure 8.
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Figure 7. Mesh topology.

Figure 8. Rotational and stationary domain.

In the rotation domain, a structured grid is adopted for the blade surface (Figure 9),
with 111 spanwise grid points and 241 chordwise grid points. Unstructured meshes are
adopted for the blade tip and hub. The boundary layer mesh of the blade (Figure 10) is
generated using Pointwise’s T-Rex technique(Pointwise V18.0R1) [26] with the height of
the first layer being 0.005 mm, a normal growth rate being 1.2, and a maximum number of
layers generated is 40. Unstructured mesh is generated for the rest of the rotation domain.

Figure 9. Blade surface grid.
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Figure 10. Boundary mesh.

In the stationary domain, the upstream and downstream of the rotation domain are
obtained by stretching the inlet and outlet of the rotation domain, respectively, which are
prism meshes. The other parts in the far-field mesh are structured grids.

The flow field is calculated with ANSYS CFX 2020R1 with the multiple reference
frames(MRF) model. MRF simulations are sufficient for thrust and torque prediction of an
open propeller and can reduce the CPU time of rigid body motion simulations [27]. In the
rotation domain, the flow around a propeller by assigning a constant rotational velocity
while the solid structure of the propeller itself remains fixed [28–31].

The mesh size has a significant impact on the CFD results. In general, increasing
the mesh size can improve the computation accuracy but also increase the computation
time. The mesh independence is studied to balance the computation accuracy and time.
The pitch angle at the root of the propeller blade is 63.3◦, at 75% radius, it is 22.5◦, and
at the blade tip, the pitch angle is 17.6◦. Without changing the mesh topology, a total of
4 meshes are generated by changing the number of mesh points on different mesh lines,
numbered Mesh1 to Mesh4 according to the mesh size. In the four sets of meshes, the
minimum mesh size within the rotating domain is 0.00486 mm for all, while the maximum
mesh size decreases from 36.175 mm in Mesh1 to 25.462 mm in Mesh4. The minimum
grid size within the rotating domain decreases from 4.147 mm in Mesh1 to 1.876 mm in
Mesh4, while the maximum mesh size decreases from 2401.5 mm in Mesh1 to 1235.4 mm
in Mesh4.

The mesh size and the CFD results of each mesh are shown in Table 3. Compared
to the results obtained from Mesh4 results, the maximum difference in thrust among the
other three meshes is 1.85 N, which is 0.66% of the thrust from Mesh4, and the maximum
difference in efficiency is 0.23%, representing 0.29% of the efficiency from Mesh4. The com-
parison of results indicates that altering the overall mesh quantity has minimal influence
on the computed results. Therefore, Mesh2 will be used for the subsequent analysis of
propeller performance.

Table 3. CFD results of different meshes.

Mesh Mesh Size Thrust (N) Efficiency (%)

Mesh1 2,115,711 382.08 79.62
Mesh2 3,082,141 381.31 79.63
Mesh3 5,609,432 380.60 79.71
Mesh4 6,025,615 380.23 79.49
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3.3. Comparison of Aerodynamic Performance

The aerodynamic performance of the blade obtained by the different methods in the
design state is shown in Table 4. To study the improvement of the Aprop method relative
to the Adkins method, the computational data for the Adkins method is also presented in
the table. The designed thrust is calculated based on the disc loading according to Equation
(1), and the thrust and efficiency in columns 4 and 5 are the results from CFD analysis. The
relative thrust error in Table 4 is defined as

te =
Ta − Tr

Tr
(34)

where Ta is the actual thrust of the propeller, and Tr is the required thrust. The absolute
value of the relative thrust error of the propeller designed by the Aprop method is within
5% for disc loading ranging from 600 Pa to 1400 Pa, and is 6.74% for 1800 Pa. The thrust of
the propeller was designed based on the Betz condition and the Adkins’ method are below
the required thrust. The comparison of relative thrust errors obtained by the three methods
is shown in Figure 11.

Table 4. Propeller performance of different methods.

Disc Load (Pa) Design Thrust (N) Design Method Thrust (N) Efficiency (%) Relative Thrust
Error (%)

600 471.24
Betz 397.18 78.95 −15.67

Adkins 408.33 81.19 −13.35
Aprop 459.63 75.59 −2.42

1000 785.40
Betz 648.94 75.46 −17.33

Adkins 655.57 77.55 −16.53
Aprop 797.49 67.97 1.59

1400 1099.56
Betz 875.99 71.97 −20.36

Adkins 857.34 73.59 −22.03
Aprop 1069.46 58.39 −2.78

1800 1413.72
Betz 1066.36 68.41 −24.57

Adkins 1053.84 69.74 −25.46
Aprop 1318.43 49.12 −6.74
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Figure 11. Design thrust error of each method.

Figure 12 shows the comparison of propeller thrust coefficient with advance ratio
under different disc loadings. The Betz method shows a rapid decrease in the thrust
coefficient with an increasing advance ratio under different disc loadings. With a small
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advance ratio, the thrust coefficient of the propellers designed by the Betz method is greater.
After the advance ratio increases, the thrust coefficient of the propeller designed by the
Aprop method decreases slowly, and the final thrust coefficient is greater than that designed
by the Betz method. As shown in Figure 12, the thrust coefficient of propellers designed by
Betz method reduce rapidly with the increase of advance ratio, and its adaptability to wide
operating conditions is lower than that of the Aprop method.

The comparison of propeller efficiency under different disc loadings is shown in
Figure 13. When the advance ratio is large (for example, greater than 0.9 under a disc
loading of 600 Pa), the efficiency of the propeller designed based on the Aprop method
is higher than the efficiency of the propeller designed based on the Betz method, and the
efficiency difference between these two propellers becomes larger and larger as the advance
ratio increases. When the advance ratio is small, the efficiency of the propeller designed
based on the Betz method is higher, but the thrust of this propeller does not meet the design
requirements. Overall, the maximum efficiency of the propeller designed based on the
Aprop method is higher, and the efficiency decline is relatively smooth.
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Figure 12. Comparison of thrust coefficient. (a) Disc loading = 600 Pa. (b) Disc loading = 1000 Pa.
(c) Disc loading = 1400 Pa. (d) Disc loading = 1800 Pa.
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Figure 13. Comparison of efficiency. (a) Disc loading = 600 Pa. (b) Disc loading = 1000 Pa. (c) Disc
loading = 1400 Pa. (d) Disc loading = 1800 Pa.

4. Conclusions

Based on the optimal circulation distribution of a finite number of blades, a novel de-
sign method applicable to heavy-loaded propellers is proposed, by which the axial velocity
displacement is computed via the assumption of constant axial velocity displacement along
the radial direction and the relationship between propeller thrust and the axial velocity
displacement. In order to verify the design accuracy of this method, the aerodynamic
performance of the propeller is analyzed with CFD and then compared to that of the
propeller designed based on the Betz condition with the minimum energy loss under the
light loading assumption.

The absolute value of the relative thrust error obtained by the design method proposed
in this paper is within 5% for disc loading ranging from 600 Pa to 1400 Pa, and is 6.74% for
a disc loading of 1800 Pa, indicating little variation with the disc loading. However, the
absolute value of the relative thrust error obtained by the design method based on the Betz
condition with the minimum energy loss is too large and increases with the increase of the
disc loading.

The thrust coefficient of the propeller designed by the method proposed in this paper
decreases slowly with the increase of the advance ratio, indicating its good performance
under wide working conditions.

Compared to those obtained on the basis of the Betz condition with the minimum
energy loss under the light loading assumption, the axial velocity displacement obtained
by the design method proposed in this paper is larger, while the circulation distribution is
basically the same. Hence, the blade chord length is shorter, and the pitch angle is larger.

After the circulation distribution is obtained by the method based on the Betz condition
with the minimum energy loss under the light loading assumption, the thrust can be
improved, and efficiency can be kept basically unchanged by amplifying the circulations in
equal proportions and increasing the chord length without changing the pitch angle.
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