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Featured Application: It provides a convenient propulsion force calculation method for the over-
all design of a stratosphere airship.

Abstract: In this paper, a performance prediction method is proposed for the design of a stratospheric
propeller. The Spalart–Allmaras (S–A) model was used to calculate the airfoil performance of FX63,
and the polynomial fitting method was utilized to establish the airfoil database of the lift and drag
coefficient. A computational fluid dynamics (CFD) model was applied at different altitudes to prove
the feasibility of the method. The CFD results were compared with the results of the vortex theory
and prediction; the prediction result accuracy was improved compared with that of the vortex theory
over a greater range of advance ratios. The airfoil performance data requirements and the number of
iterative calculations were reduced. These results indicate that the proposed propeller design meets
the requirements of stratospheric airship propulsion systems.

Keywords: performance prediction; propeller design; stratospheric propeller

1. Introduction

The capability to fly continuously for months in the stratosphere is an elusive goal.
Stratospheric airships have enormous potential for long-endurance vehicles, which do not
need to stay in motion to remain in the air, since lift is generated through the buoyancy
effect rather than aerodynamics. The efficient propulsion of propellers is essential for the
maneuverability and sustainability of airships and cannot be achieved through turbojet
and turbofan engines [1–5].

However, the environment in the stratosphere, which is above 20 km, has a much
lower air density. Additionally, the velocity of advance of a stratospheric airship is lower
than 30 m/s, which is extremely low. The low Reynolds number and small advance ratio
create a significant challenge for the design of an efficient propeller.

The airfoil of high-altitude vehicles was researched by Prof. Michael S. Selig [6,7];
the aerodynamic characteristics of six typical low-Reynolds-number, high-lift, and low-
resistance airfoils were analyzed, and wind tunnel experiments were carried out. Angleo [8]
proposed a method of designing the chord length and twist angle to maximize propeller
efficiency. Xiang [9] improved Angleo’s method to align it with the requirements of
engineering applications.

Rankine [10] and Froude [11] first developed the theory of propellers in the 19th
century, and Drzewiecki [12] proposed the blade element theory, which neglected the
induced velocity of the propeller. The design method based on minimum induced losses
was firstly proposed by Betz [13] and Goldstein [14]. Theodorsen’s [15] research indicated
that the Betz condition for minimum energy loss could also be applied in heavy disk
loadings. Glauert [16] discovered an approximation of the flow around helicoidal vortex
sheets, which is better if the advance ratio of the propeller is smaller, and the result improves
as the number of blades increases.
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Numerical simulation technology has been widely used in propeller performance
calculations with the development of computer technology. The k–ε turbulence model was
used by Wang [17] to simulate the performance of a high-altitude propeller, and the result
was in good agreement with the scaled wind tunnel experiment. Xiang [18] proposed an
improved design method of propellers, which could be optimized under specific operative
condition and according to the profile distribution along the blade, and the wind tunnel
test showed that the method was feasible.

Reasonable accurate performance prediction could be obtained based on vortex theory
and blade element theory [19,20]. Liu [21] studied the propeller’s aerodynamic characteris-
tics utilizing the vortex theory and a propeller model [22,23], and the results indicated that
the S–A model is more suitable for calculating aerodynamic parameters. The performance
predicted by the vortex theory was similar to that determined by scale wind tunnel tests.
However, in the design process, the airfoil data of each section are needed for calculating
the performance of the propeller.

The S–A model was performed in Fluent to calculate the airfoil performance at differ-
ent angles of attack and Reynolds numbers. The performance curves of the lift and drag
coefficient underwent polynomial interpolation to obtain the database, which was used to
calculate the performance of the propeller. The CFD model with different mesh numbers
was applied to verify the mesh independence, and the CFD method at different altitudes
was applied with the similarity theory to prove the feasibility of the method.

In this paper, a prediction method is proposed to reduce calculations or experimental
times and to predict a propeller’s performance on the basis of characteristic blade ele-
ment performance. The prediction parameters are discussed, and a realistic and accurate
prediction model is obtained which reduces the calculation amount with respect to the
vortex theory, in regard not only to airfoil performance calculation, but also to propeller
performance calculation.

2. Methodology

The blade element theory is typically used to predict the performance of a propeller.
The blade is divided into a finite number of tiny segments called blade elements, and
the aerodynamic performance of each blade element can be obtained according to the
airfoil theory. The blade element is integrated along the radial direction to obtain the total
aerodynamic performance of the blade.

Figure 1 presents the forces and velocities acting on the blade element, where V∞ is the
free stream speed, Va is the axial induction velocity, Vt is the tangential induction velocity,
and V is the total velocity of the actual airflow; ns is the angular velocity of the propeller,
and r is the radial position of the blade element; ϕ0 is the induced angle of attack, ϕ is
the angle of actual airflow, θ is the pitch angle, and β is the interference angle, which is
given by:

tan β =
Vi
V0

=

√
V2

a + V2
t

V0
(1)

The axial and tangential induction factors are defined as follows:{
a = Va

V∞

a′ = Vt
2πnsr

(2)

The angle of actual airflow ϕ is as follows:

tan ϕ =
V∞ + Va

2πnsr−Vt
(3)

The angle of attack α, the velocity of the actual airflow V, and the local Reynolds
number Re are given by:

α = θ − ϕ (4)
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V =

√
(V∞ + Va)

2 + (2πnsr−Vt)
2 = V∞

(1 + a)2

sin ϕ
(5)

Re =
ρVb

µ
(6)

The thrust and torque forces acting on the blade element are as follows:{
dT = 1

2 ρV2CTV bdr
dF = 1

2 ρV2CFV bdr
(7)

where b is the chord length of the blade element. CTV and CFV are obtained from the
geometric relationship shown in Figure 1; CL and CL can be determined by Re and α.{

CTV = CL cos ϕ− CD sin ϕ
CFV = CL sin ϕ + CD cos ϕ

(8)

Figure 1. Forces and velocities acting on the blade element.

Equation (5) is integrated into Equation (7), and the lift and torque acting on the
propeller are given by: 

dT = 1
2 ρV2

∞ CTV Nbb (1+a)2

sin2 ϕ
dr

dM = rdF = 1
2 ρV2

∞ CFV Nbb (1+a)2

sin2 ϕ
rdr

(9)

The momentum theory equations are shown below:{
dT = 4πrρV2

∞a(1 + a)drF
dM = 4πr2ρV∞(2πnsr)a′(1 + a)drF

(10)

Combining Equations (9) and (10), we obtained:
a =

(
4F sin2 ϕ

σCTV
− 1
)−1

a′ =
(

4F sin ϕ cos ϕ
σCFV

+ 1
)−1 (11)

where σ is the solidity ratio of the propeller, and F is the Prandlt momentum loss factor.

σ =
NBb
2πr

(12)
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F =
2
π

arccose− f (13)

where f is given by:

f =
NB
2

1− r
sin ϕt

(14)

where ϕt is the flow angle of the blade tip, and r = r/R is the dimensionless radius. At the
beginning of the calculation, the value of ϕt is unknown, and the error is not too large to
replace ϕ0.

f =
NB
2

1− r
sin ϕ0

(15)

An iterative method is used to calculate the axial and tangential induction factors a
and a′: (1) set the initial value of a0 and a0

′; (2) calculate the angle of actual flow ϕ; (3)
according to the pitch angle θ, calculate the angle of attack α; (4) obtain the CL and CD that
form the lift and drag curves of the airfoil respectively; (5) use Equation (8) to calculate the
CTV and CFV ; (6) the at and at

′ are calculated by Equation (11); (7) comparing a0 and at, a0
′

and at
′, if they are beyond the allowable error range, repeat steps (2) to (7); otherwise, the

final a and a′ are generated, and the iteration is ended. The iterative process is shown in
Figure 2.

Figure 2. Iterative process for propeller performance calculation.

The thrust and torque of the propeller are obtained by:
T = 1

2 ρV2
∞ NB

∫ R
Rhub

b (1+a)2

sin2 ϕ
CTV dr

M = 1
2 ρV2

∞ NB
∫ R

Rhub
b (1+a)2

sin2 ϕ
CFV rdr

(16)
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The dimensionless parameter thrust coefficient CT, the power coefficient CP, and the
efficiency η are defined as follows:

CT = T
ρn2

s D4

CP = 2πns M
ρn3

s D5

η = TV∞
2πns M = CT

CP
λ

(17)

where λ is the advance ratio, given by:

λ =
V∞

nsD
(18)

3. Propeller Design

According to the propulsion system requirements of the stratospheric airship design,
the design indexes of the propeller were determined and are listed in Table 1. The required
advance velocity appeared to be 20 m/s; the required thrust resulted to be larger than
100 N, and the efficiency larger than 70%.

Table 1. The design index of propeller.

Altitude Velocity Rated Speed Rated Thrust Diameter Efficiency

20 km 10 m/s 600 RPM ≥100 N ≤3.5 m ≥70%

A two–blade propeller was selected due to its low speed and large diameter, and the
FX63 airfoil was selected for the propeller. The Mach number of the propeller tips was
restricted as follows: √

(πDns)
2 + V2

0

c
≤ 0.7 (19)

where c is the local sound velocity.
The propeller geometry is defined by the pitch angle θ and the chord length b along

the radius of the blade from the hub to the tip, which is determined as follows:

θ = θchar + 0.4387 + 0.3040r− 3.9616r2 + 5.1180r3 − 1.6284r4 − 0.3244r5 (20)

b =
(

0.084241− 0.85789r + 4.7176r2 − 9.6225r3 + 8.5004r4 − 2.7959r5
)

D (21)

where θchar is the characteristic pitch angle of the propeller, D is the diameter of the propeller,
and r = 0.1, 0.2, . . . , 1.

4. Performance Prediction

The aerodynamic loss of the propeller is mainly concentrated on the root and tip.
As the root must be strong enough to withstand loads such as the rotating centrifugal
force and the bending moment of the whole propeller, it is usually too thick to exhibit
good aerodynamic performance. The vortex at the tip increases the induced aerodynamic
resistance and reduces the thrust, and if the rotating speed is too high, the tip is prone
to generating shock loss. Therefore, the thrust is mainly generated from 0.7R to 0.9R of
the blade. The performance of the propeller is determined among these sections, and the
propeller performance can be predicted through the characteristic blade element rchar. The
thrust and torque of the propeller can be given by:

T = 1
2 ρV2

∞ NB
(1+a)2

sin2 ϕ
CTV

∣∣
rchar

∫ rchar+r0
rchar−r0

dr

M = 1
2 ρV2

∞ NBb (1+a)2

sin2 ϕ
CFV

∣∣
rchar

∫ rchar+r0
rchar−r0

rdr
(22)
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where r0 is the prediction parameter that indicated the coverage on both sides of the
characteristic blade element. In this article, 0.75R is selected as the characteristic blade
element. Equation (22) and the efficiency of the propeller can be given as:

T = 1
2 ρV2

∞ NB
(1+a)2

sin2 ϕ
CTV

∣∣
0.75R·2r0

M = 1
2 ρV2

∞ NBb (1+a)2

sin2 ϕ
CFV

∣∣
0.75R·1.5Rr0

(23)

η =
4λ

3πb
CTV

∣∣
0.75R

CFV

∣∣
0.75R

(24)

The thrust T and the torque M are predicted by the 0.75R element and r0; the 0.75R
element performance is obtained by iterate calculation (r0 will be discussed later). The
efficiency η is independent of r0 and depends on the 0.75R element performance. This
prediction method only needs an iterative calculation of the performance of rchar, rather
than of the whole section of the propeller; a lower amount of calculation is also required to
determine the airfoil performance.

5. Finite Element Analysis
5.1. Airfoil Model

ANSYS ICEM was used to generate a two-dimensional O-Block mesh of the fluid
domain, in which the number of grid points was 300 × 100. A density-based solver was
applied in ANSYS Fluent, and the Reynolds average Navier–Stokes (RANS) equation
and the S–A turbulence model were adopted. The Green–Gauss node-based scheme was
selected as the discretization scheme, and the second-order upwind scheme was selected
for turbulence equation discretization. The computational domain was 15 times the chord
length. The far-field pressure was used as the boundary condition, and the airfoil was set
as the wall boundary. The residual value was required to be below 1 × 10−6 to ensure
convergence. The mesh of the airfoil is shown in Figure 3.

Figure 3. Mesh of the airfoil.

5.2. Propeller Model

A three-dimensional mesh was generated in ICEM. Figure 4 shows the computational
domain, which consisted of two components, an internal rotation domain, and an external
static domain. The upstream distance of the static domain was 10 times the diameter of the
propeller, the downstream one was 20 times, and the diameter of the static domain was
10 times the diameter of the propeller. The rotation domain’s speed is ns, whereas the static
domain is stationary. The interface boundary condition was used as the exchange data
between the static and the rotation domains, the velocity inlet and pressure outlet were
adopted as the boundary conditions of the static domain, and the surface of the propeller
was set as the wall.
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Figure 4. Domain and boundary of the propeller.

The rotational domain was composed of 5.55 million meshes, the blade surface was
a triangular mesh, and the boundary layer around the surface was an hexagonal mesh,
which is shown in Figure 5. A tetrahedral mesh was used to fill the space between the
propeller surface and the interface.

Figure 5. Mesh near the propeller.

The static domain is shown in Figure 6, which composed of 1.97 million hexagonal
meshes, which were generated based on a three-dimensional O-Block.

Figure 6. Mesh of the propeller.

FLUENT with a pressure-based solver was used to perform the CFD analyses. The
control equation was discretized using the finite volume method, and the RANS equation
and the k–ω SST Low–Re corrections turbulence model were adopted. The multiple
reference frame (MRF) model was used to calculate the rotational motion of the propeller.
The pressure–velocity coupling algorithm and the second-order upwind scheme were
applied. The parameter y+ is the dimensionless wall distance for a wall-bounded flow,
which was required to be less than 1 according to the boundary layer mesh on the propeller.
The CFD results showed that y+ was approximately 0.7 along the blade length in this model.
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According to the propeller similarity theory, the performance at different altitudes
should be consistent when the Reynolds number and the advance ratio are equal.{

Re = ρ0n0D2
0

µ0
=

ρ1n1D2
1

µ1

λ = V0
n0D0

= V1
n1D1

(25)

For the same propeller model, D0 = D1 the scaling ratio can be determined by:
ηρ = ρ1

ρ0

ηn = n1
n0

= ρ0µ1
ρ1µ0

ηV = V1
V0

= n0
n1

(26)

The atmospheric conditions at different altitudes are shown in Table 2. H = 20 km was
selected as the baseline. The scaling ratio is listed in Table 3.

Table 2. Atmosphere conditions at different altitudes.

H/km ρ/kg·m−3 T/K P/Pa µ/kg·m−1·s−1

15 0.19367 216.65 12,044.5 1.4216 × 10−5

18 0.12164 216.65 7565.2 1.4216 × 10−5

20 0.08803 216.65 5474.9 1.4216 × 10−5

Table 3. Scaling ratio at different altitudes.

Altitude Length Density Rotation Speed Advance Speed

15 1 2.200 0.454 2.200
18 1 1.382 0.724 1.382
20 1 1 1 1

6. Result and Discussion
6.1. Airfoil Performance of FX–63

The blade element performance was required to design and predict the performance
of the propeller. A CFD simulation was applied to obtain the lift and drag coefficient curves
of the FX63 airfoil for different Reynolds numbers and angles of attack (AOA). The range
of Reynolds numbers changed from 1000 to 100,000, and the AOA changed from −5◦ to
15◦. The lift and drag coefficient curves are presented in Figures 7–9.

Figure 7. FX63 airfoil performance for Re = 1000–10,000.
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Figure 8. FX63 airfoil performance for Re = 10,000–100,000.

Figure 9. FX63 airfoil performance for Re = 100,000–1,000,000.

The polynomial fitting method in MATLAB was used to interpolate the lift and drag
coefficient curves, when the Reynolds number increased from 1000 to 1,000,000. The airfoil
lift and drag coefficient curves at Re = 8000 and 200,000 are presented in Figures 10 and 11,
respectively. The polynomial curves were in good agreement with the CFD data. The
polynomial equations are reported below the figures.

CL =


0.0009α3+0.004α2 + 0.114α + 0.289
−0.0003α3+0.003α2 + 0.102α + 0.283

3.8× 10−6α4 − 4.5× 10−5α3 − 3.7× 10−3α2 + 0.103α + 0.282

−5 ≤ α ≤ −2
−2 ≤ α ≤ 1

1 ≤ α < 15
(27)

CD =


−0.001α3 − 0.007α2 − 0.016 + 0.047
−0.0001α3+0.001α2+0.003 + 0.062

4.2× 10−7α4 + 2.1× 10−5α3 + 3.7× 10−4α2 + 3.3× 10−3α + 0.061

−5 ≤ α ≤ −2
−2 ≤ α ≤ 1

1 ≤ α < 15
(28)

CL =


−0.0002α3 − 0.003α2 + 0.103 α + 0.759
−3× 10−5α3 − 0.001α2 + 0.108 α + 0.764

4.7× 10−6α4 − 9.3× 10−5α3 + 6.0× 10−5α2 + 0.104α + 0.769

−5 ≤ α ≤ −2
−2 ≤ α ≤ 1

1 ≤ α < 15
(29)

CD =


−1.4× 10−5α3+0.0001α2 + 0.001 α + 0.018
−5.6× 10−6α3+0.0001α2 + 0.001 α + 0.018

2.0× 10−6α4 − 3.2× 10−5α3 + 3.0× 10−4α2 + 0.0001α + 0.018

−5 ≤ α ≤ −2
−2 ≤ α ≤ 1

1 ≤ α < 15
(30)
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Figure 10. FX63 airfoil performance at Re = 8000.

Figure 11. FX63 airfoil performance at Re = 200,000.

6.2. Performance of the Designed Propeller

According to the performance calculation process, chord length b and pitch angle
θ are the initial input condition. In the different sections, b is fixed once the diameter of
the propeller is determined. To meet the rated thrust, θchar is adjusted, and the iterative
calculation needs to be performed with the data of airfoil performance.

The shape parameters are shown in Figure 12. The pitch angle decreased with the
increase of r. The chord length first increased, reached a maximum value near 0.5R, and
then decreased. The 3D solid model of the propeller is shown in Figure 13 and was
constructed according to the design parameters.

Figure 12. Shape parameters of the propeller.

Figure 14 shows the angle of attack and interference angle of the propeller, which
were designed according to the vortex theory and standard strip analysis. The interference
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angle β affects the angle of attack α and, consequently, the aerodynamic performance of
the blade. The AOA was negative near the root, and most of the blade section showed a
small AOA.

Figure 13. Solid model of the propeller.

Figure 14. Angle of attack and interference angle of the propeller.

The deviation of four different mesh qualities is shown in Figure 15. The cell number of
the coarse mesh was 5.65 million, the mesh used consisted of 7.52 million cells, the refined
mesh comprised 10.2 million cells, and the other mesh 8.65 million cells. The maximum
deviation from the mesh used was less than 1.41% for the thrust coefficient, 2.14% for
the power coefficient, and 1.44% for the efficiency. The results of mesh independency
verification showed that the number of cells had a little influence on the results; a mesh
with 7.52 million cells was reliable and was chosen for CFD simulation in this paper.

Figure 15. Mesh independency verification.

The CFD simulation at H = 15 km, 18 km, and 20 km was performed using the mesh
model mentioned above, and the results are shown in Figure 16. The variation tendencies
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of CT , CP, and η were approximately the same. The CT and CP of H = 15 km and H = 18 km
deviated slightly towards those of H = 20 km when λ < 0.7, and the deviation decreased
with the increase of λ. The η values at the three altitudes were almost identical within the
change range of λ. The altitude had almost no effect on the aerodynamic performance of
the designed propeller, and the simulation method was reliable and correct.

Figure 16. Propeller performance at different altitudes: (a) thrust coefficient; (b) power coefficient; (c) efficacy.

Figure 17 shows the pressure contour of the designed propeller at the design point.
The pressure on the upper surface decreased from the root to the tip and from the leading
edge to the trailing edge, and the minimum pressure occurred from 0.75R to 0.98R. The
pressure on the lower surface increased from root to tip and from the middle to the trailing
and leading edges, and the maximum pressure occurred from 0.61R to 0.99R.
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6.3. Performance Prediction for the Designed Propeller

The designed propeller performances calculated using the vortex theory and simulated
in CFD are compared in Figure 18. The performance predicted by the vortex theory
appeared in good agreement with that determined by CFD simulation. This result indicates
that the prediction value of CT was lower than the simulation value when λ < 0.55 and
started to deviate from the simulation value when λ > 0.75, when the deviation began
to decrease. The prediction value of CP was higher than the simulation value when
0.65 < λ < 0.85. The variation tendency of η between the prediction and the simulation
values was the same, and the prediction value was higher than the simulation value in the
entire range of λ.

Although the vortex theory can determine the performance of the propeller, it must
iteratively make computations for each section of the blade. Using the prediction method
mentioned above, the aerodynamic performance of the propeller could be predicted based
on the blade element performance at 0.75R, thus reducing the number of iterative cal-
culations. The values r0 = 0.15R, 0.2R, and 0.25R were calculated by Equation (22) to
predict the propeller performance, which meant the propeller performance was attributed
to 0.6R–0.9R, 0.55R–0.95R, and 0.5R–R. These results were expressed as Predict 1, Predict 2,
and Predict 3, respectively.

Figure 18. Comparison of the results from vortex theory with those form CFD simulation: (a) thrust coefficient; (b) power
coefficient; (c) efficacy.

The propeller performances predicted based on the blade element at 0.75R and sim-
ulated in CFD are compared in Figure 19. All three predictors had the same variation
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tendency as the simulation in CT , CP, and η, but the Predict 1 and Predict 2 values of CT
and CP were far lower than the simulation value. The CT value of Predict 3 was higher
than the simulation value, and the deviation decreased with increasing λ. The CP value of
Predict 3 almost coincided with the simulation value, causing the η value of Predict 3 to
be higher than the simulation value. The η values of the three predictions were the same
according to Equation (24).

Figure 19. Comparison of predicted performance with results of CFD simulation: (a) thrust coefficient; (b) power coefficient;
(c) efficacy.

Table 4 indicates that the prediction accuracy of Predict 3 was the same for the three
aerodynamic parameters as that of the vortex theory at the design point. For r0 = 0.25R,
Predict 3 was in accordance with the result in Figure 17. Predict 3 was more similar to the
CFD simulation value within a larger λ range, and the tendency was more consistent; a
higher CT predicted value and a lower CP predicted value were conducive to designing
the propeller.

Table 4. Comparison of predicted value and simulate value at design point.

λ = 0.57
CFD Simulation Vortex Theory Predict 3

Value Value Deviation Value Deviation

CT 0.0760 0.0766 0.71% 0.0787 3.46%
CP 0.0592 0.0576 −2.77% 0.0593 0.12%
η 0.7336 0.7598 3.57% 0.7580 3.33%

7. Conclusions

In this paper, the airfoil performance of FX63 was obtained by CFD simulation, and
the polynomial fitting method was utilized to establish the airfoil database of the lift and
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drag coefficients. The results indicated that the propeller design met the requirements of
stratospheric airship propulsion system. The CFD model of the propeller was proven to be
reliable at different altitudes with the same Reynolds number and advance ratio, and the
performance curves were almost identical.

This paper proposes a method to predict the performance of a propeller for strato-
spheric airship based on the characteristic blade element, while reducing the amount of
iterative calculations. The CFD results were compared with the results of the vortex theory
and prediction; the prediction results accuracy was improved compared with that of the
vortex theory over a greater range of advance ratios. The CT predicted deviation was 3.46%,
of which CP was 0.12%, and η was 3.33% when the character section was 0.75R and the
predict parameter was 0.25R.

This study provides a convenient propulsion force calculation method for the overall
design of the stratosphere airship. The propeller performance can be predicted only by the
airfoil performance of the characteristic blade element, instead of requiring calculations
through an airfoil performance database. This significantly reduces the number of CFD
calculations or wind tunnel tests.
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