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Abstract: This paper describes the development of a methodology for air propeller optimization using
Bezier curves to describe blade geometry. The proposed approach allows for more flexibility in setting
the propeller shape, for example, using a variable airfoil over the blade span. The goal of optimization
is to identify the appropriate geometry of a propeller that reduces the power required to achieve a
given thrust. Because the proposed optimization problem is a constrained optimization process, the
technique of generating a penalty function was used to convert the process into a nonconstrained
optimization. For the optimization process, a variant of the differential evolution algorithm was used,
which includes adaptive techniques of the evolutionary operators and a population size reduction
method. The aerodynamic characteristics of the propellers were obtained using the similar to blade
element momentum theory (BEMT) isolated section method (ISM) and the XFOIL program. Replacing
the angle of geometric twist with the angle of attack of the airfoil section as a design variable made
it possible to increase the robustness of the optimization algorithm and reduce the calculation time.
The optimization technique was implemented in the OpenVINT code and has been used to design
helicopter and tractor propellers for unmanned aerial vehicles. The development algorithm was
validated experimentally and using CFD numerical method. The experimental tests confirm that the
optimized propeller geometry is superior to commercial analogues available on the market.

Keywords: differential evolution; penalty function; Bezier curves; SHADE algorithm; CAPR method;
lightweight pipelining; isolated sections method

1. Introduction

The propeller is one of the most important elements of an aircraft that provides lift and
propulsion in the air. The relevance of propellers as a propulsion system has increased with
the current growth in the production of unmanned aerial vehicles for various purposes
around the world. The air propeller’s design is an important part of aircraft design,
beginning from the conceptual design stage [1]. An optimized propeller can significantly
reduce emissions, improve acoustic response, and enhance performance [2]. The design of
air propellers to minimize propulsion system energy costs began with Zhukovsky, Betz,
and Goldstein [3,4] and was then refined by other scientists [5-8].

Propeller optimization is a complex, often multi-objective problem that requires con-
sideration of many factors and constraints, including aerodynamic issues, strength, and
acoustics [7,9-12]. The most common goals of propeller optimization from an aerodynamic
perspective are the requirements of maximum thrust, maximum efficiency, and a balanced
propeller based on Paretto optimality [13-15].

In recent years, computational fluid dynamics (CFD) using computer-aided engineer-
ing (CAE) systems has become an important method for propeller design and computa-
tion [16-18]. Therefore, the use of the finite volume method is irrational because it requires
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large computational power. Some of the most commonly used propeller aerodynamic
characteristics calculation methods currently are Blade Element Method (BEM), Blade Ele-
ment Momentum Theory (BEMT), Vortex Lattice Method (VLM), and Computational Fluid
Dynamics (CFD) [1,19]. For tip-loss correction, different methods are used [20], including
the Goldstein function [21] and Glauert correction [22-24]. The BEM and BEMT methods,
due to the fast calculation, have been the most used in optimization processes. The Isolated
Section Method (ISM) is similar to BEMT method, based on the Zhukovsky propeller vortex
theory, using the Goldstein function for tip-loss correction [25,26]. It should be noted
that the accuracy of the BEM, BEMT and ISM methods depends on the precision of the
propeller’s cross-sections aerodynamic coefficients prediction. XFOIL code [27] based on
the discrete vortex method is a common technique for predicting the airfoils aerodynamic
characteristics in propeller design [24,28].

The methodology of propeller geometry parametrization is part of its the aerodynamic
optimization problem. Bezier surfaces and curves have the possibility of generating com-
plex shapes using some control points [29]. This feature makes the use of Bezier curves and
surfaces suitable for describing propeller cross-sections (airfoils [30-32]) and the propeller
blades in general, including chord and twist [1,33]. Due to the reduced number of control
points, these curves and surfaces are used in propeller shape optimization processes [34],
especially when used in conjunction with evolutionary algorithms [35,36] and artificial
neural networks [1,33].

Various methods are used in solving the propeller optimization problem. The authors
of [37] solved a multi-objective optimization problem subject to a set of constraints using
a direct search algorithm. The paper [28] describes the experimental verification and
application of a method of multi-criteria optimization using genetic algorithms for the
design of a propeller for a high-altitude aircraft. The articles [38,39] discuss the effectiveness
of differential evolution-based algorithms for optimizing the shape of different types
of propellers.

BEMT and IMS methods for calculating a given shape propeller aerodynamic perfor-
mance require an airfoil angle of attack selection cycle, causing the need for an airfoil drag
polar calculation database [40] and drag curve extrapolation when the geometric twist
exceeds the limits on angles of attack. Replacing the twist angle in the design variables with
the angle of attack allows the optimization process to immediately search for the desired
airflow field and eliminate an additional cycle of searching for the angle of attack for each
propeller individual. In the current work, a modification of ISM consists in the airfoil effec-
tive angle usage instead of the geometrical twist angle is presented. The geometric twist is
calculated for the optimum propeller when the optimum distribution of the angle of attack
over the span is found. This approach also improves the robustness of the optimization
process by directly controlling the constraints imposed on the angle of attack.

The parametric geometric model of the propeller used in the current work implements
Bezier curves to specify the dependencies of the parameters of thickness, curvature, and
positions of the maximum thickness and maximum curvature of the airfoil along the blade
span. This makes it possible to use different thicknesses and curvatures of airfoils along the
blade span, which allows the aerodynamic twist of the blade to be varied.

In addition, the article considers the use of interpolation of the calculation of the
aerodynamic characteristics of the airfoils on the blade span, which also allows to accelerate
the process.

The techniques of parameterization of propeller geometry, calculation of its aerody-
namic characteristics and optimization of its shape considered in the paper are implemented
in the OpenVINT code [41]. This code uses the following techniques: geometry modeling
with Bézier curves, a modified ISM for obtaining propeller aerodynamic coefficients based
on XFOIL for airfoils characteristics calculation, optimization by an evolutionary algorithm
with adaptive techniques, and population size reduction methods.

The structure of this paper is as follows: Section 2 describes the methods that com-
prise the OpenVINT algorithm; in Section 3, two case studies are described in which the
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versatility of the algorithm for optimizing different types of propellers is shown,; finally, the
discussions relevant to the results and conclusions of this work are presented.

2. Methods
2.1. Mathematical Model of Propeller Optimization

The objective of this paper is to develop an algorithm that allows the optimization of
propeller geometry to minimize the power required to achieve a given thrust. This translates
into improved energy consumption. Mathematically, the optimization problem can be
expressed as a constrained optimization problem. This paper describes the development of
an optimization algorithm to improve the performance of propellers used in unmanned
aerial vehicles.

min W(x),

such that T — T(x) <0,
xeX

where W(x) is the required power of the propeller; T(x) is the thrust provided by the
propeller; Ty, is the desired thrust; x is the vector of design parameters belonging to the
feasible set of solutions X.

For this optimization problem to be solved by evolutionary algorithms, the problem
had to be converted into an unconstrained optimization problem. This was achieved by
using a penalty function, which will be used as a fitness function. The penalty function is
expressed as follows:

L(x) =

{ W(x) ifPp(x) =0
Rip(x) +U*  ifh(x) > 0 AW(x) < U* (1)
P(x) +W(x) ifp(x) >0AW(x) > U*

where

h(x) = max{0, Top = T(x) } @)

where U* is an upper bound on the constrained global minimum value; R is a penalty
parameter that allows to equate the values obtained in \(x) with U*. A large value is
assigned to U* initially, but the value needs to be updated with the current best known
function value at feasible points. Hence, the initial U* is not updated until a feasible solution
has been found. {(x) > 0 only if x is infeasible [42]. Therefore, the optimization problem
remains as:

min L(x),

such that xeX

2.2. Selection of Design Variables

Two types of design variables were proposed: those that describe in a general way the
geometry of the propeller or the operation, such as the diameter of the propeller (d, in m),
number of blades (B), and number of revolutions per minute (ny, rev/min); and others
that change depending on the radius of the propeller, such as the chord length, effective
angle of the airfoil, and the geometry of the airfoil. We considered that these variables have
a smooth and continuous variation along the propeller radius using Bezier curves. This
variation was achieved using two quadratic Bezier curves [43] (see Figure 1). A quadratic
Bezier curve is the path drawn by the following function:

BC(t) = (1 — t2)Py + 2(1 — t)tP; + 2P, 3)

where Py, P1 and P, are control points, and t is a parameter that always varies from 0 to 1.
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Figure 1. The Bezier curves determine the variation of the design variables.

BC(t) can also be decomposed as (Bx(t), Bx(t)), where T indicates the relative radius of
the propeller and x the design parameter.

B:(t) = (1 — t)*Fp + 2(1 — t)tFy + 2Ty, (4)

By (t) = (1 —t)%x0 +2(1 — t)txq + 2xa, (5)

The control points that determine the Bézier curves for each design variable as a
function of the propeller’s relative radius are as follows:

° Root curve

f(r) =0.1 XB = Xr
Ty = Txm X5 = Xm
e Tip curve
TH = Txm X§ = Xm
] = 0.5Txm + 0.485 x{ = xm (7)
= 0.97 X5 = Xt

In Equations (4)—(7), x may be the chord relative to the propeller diameter (c/d), the
effective angle (x), maximum thickness (y:), position of the maximum thickness relative to
the chord (x), the maximum camber (y.), and the position of the maximum camber relative
to the chord (x.). Each of these variables is with respect to the profile of each section of
the propeller blade. The variable rxm refers to the union position of the two Bezier curves.
The subscripts r, m, t refers to the values of the design variable with respect to 10% of the
blade radius, the union point of the Bezier curves, and 97% of the blade radius, respectively.
Therefore, each vector of design variables is formed as x; = [(c/d)r, (¢/d)m, (¢/d)t, Tem,
O, Om, &t, Tom, Yir, Yim, Vit fytm/ Xtr, Xtm, Xtt, Ixtm, Yers Yems Vet fycm/ Xcrs Xems Xet, xems N,

B, dJ;.

2.3. Development of the Input Geometry

The Isolated Sections Method (ISM) [44,45] was selected to obtain the aerodynamic
characteristics of the different propeller configurations. This method requires knowledge
of the geometry, chord, and effective angle of attack of the airfoil in different sections of
the propeller blade. The chord values and the effective angle of attack were obtained by
constructing the distribution curves (Bezier curve) and using the input parameters (c/d);,
(¢/Dm, (¢/d), Tem, Xr, Xm, &, and Tom. To obtain the coordinates of the airfoil in each
section, an airfoil parameterization method based on the Bezier-PARSEC technique was
proposed [46]. The use of Bezier curves makes it possible to model a wide variety of profile
types [39,47]. Each airfoil is constructed with four cubic Bezier curves, two curves for
determining the thickness of the airfoil and two curves for determining the camber of the
airfoil (see Figure 2).
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Figure 2. Airfoil construction using cubic Bezier curves.

The parametric functions for determining each cubic Bezier curve are as follows:

By (t) = (1 —t)%x0 +3(1 — t)%tx; + 3(1 — t)2xp + t°x3,

3 2
By(t) = (1 —t)°y, +3(1 — t)’ty; +3(1 — )y, + ty,,

The construction of the profile is carried out using the following equations:

Xe = Bi(t) + B (t)
Yi = B (t) + B (1)
Xc = Bi(t) +BiE(t)
Ye = Bl (t) + BiS(t)

dY.
_ 1
0 = tan™ ( dXC)

The control points for the leading edge thickness curve are defined by:

X%)e =0 y%]e —

xlle =0 yle = 0.34y,
= 0.5x; yx = 0.5y,

xge = Xt y¥ = 0.5y,

The control points for the trailing edge thickness curve are defined by:

®)
)

(10)
(11)

(12)
(13)

(14)

(15)



Computation 2024, 12, 52 6 of 26
te _ te _
Xy = Xt yo = 0.5y,
te _ te _
);13 = 0.3+ 0.7x¢ %;1 = 0.5y, (16)
Xy = 0.6 + 0.4x¢ yy = 0.29y,
xXg =1 yE=0
The control points for the leading edge camber curve are defined by:
x%)e =0 y%)e =0
i&f =xc/3 ylflz 0.71y, 17)
XZG 1: 2XC/3 yl2e =Y
X3 = Xe Y3 = Ve
And the control points for the trailing edge camber curve are defined by:
. X%)e =Xc Y£)e =Y
x° = (1+2xc)/3 YT = Ye (18)
X = (2+x)/3 yy = 043y,
xg =1 yE =0
The points for determining the upper curve of the airfoil are determined by:
Xy = Xc — Yisin 0 (19)
Yu = Y + Yicos© (20)

And the points for determining the lower curve of the airfoil are determined by:
Xp, = Xc + Yisin 0 (21)

YL = Y¢ — Yicos O (22)

Algorithm 1 shows the procedure for obtaining the input conditions for the ISM.

Algorithm 1: Subroutine for creation of the Bezier curves and airfoils

Inputs: x;, d, T, NS

Outputs: (C/d)i/ Ki, Xti, Ytir Xcir Yeir XU/ YU/ XL/ YL

Create the distribution curve for (c/d); as a function of the 1; of the blade with (4), (5), (6), (7);
Create the distribution curve for «; as a function of the tj of the blade with (4), (5), (6), (7);
Create the distribution curve for x;; as a function of the 1; of the blade with (4), (5), (6), (7);
Create the distribution curve for yy; as a function of the 1; of the blade with (4), (5), (6), (7);
Create the distribution curve for x; as a function of the 1; of the blade with (4), (5), (6), (7);
Create the distribution curve for y; as a function of the 1; of the blade with (4), (5), (6), (7);
/ /Get the airfoil in each section of the blade

7 fors=1toNSdo

8 Get xt(Ts 1), yt(Ts i), Xe(Ts,i) and ye(Ts 1);

9 Get Xisi and Yis; with (8), (9), (10), (11), (15), (16);

10 Get Xsi and Y ; with (8), (9), (12), (13), (17), (18);

11 Get 05 ; with (14);

12 Get the points of the sth-airfoil Xy, Yy, Xr, Y with (19), (20), (21), (22);

13 return Outputs

NGl W IN -

2.4. Construction of the Output Geometry

The final geometry of the blade is obtained after executing the ISM algorithm because
this process is where the blade twist is obtained. Figure 3 shows the process of drawing
a propeller blade from the proposed Bezier curves and the geometric torsion distribution
obtained from Algorithm 2. To create the base shape of the blade, the torsion blade axis
is first defined, which crosses the chord of each station at the point where the maximum
thickness of the aerodynamic profile (x;) is located. From this axis, the strings are rotated
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according to the curve ¢. On the other hand, with the four Bezier curves x, yt, X, and
Y¢, the aerodynamic profiles of each station are generated using the procedure shown
in Figure 2. Finally, the profiles are located and scaled according to the corresponding
chord length.

Parameters Mean surface Blade shape

E /_\
[§)
015 le
- \
: | >
0.5 1.0
= \/
05 10
< \ Airfoils
—>
015 1IO
o Q
<1\
015 le
P T~

Figure 3. Drawing of a blade from Bezier curves and the geometric twist curve.

2.5. Isolate Section Method

The objective function of the optimization process is to calculate the propeller power
(W, in W) required to achieve thrust (T, in N). A modified version of was used to obtain
these values. The variation between the original and our modified version of the isolated
section method (ISM) is the geometric twisting of the sections (¢, in deg) using the effective
angle of attack of the sections (o, in deg) as the input value (Algorithm 2).

The input variables required by the method are as follows: B, Ve, d, nn (n, rev/s), and
the physical characteristics of the air (density (p, in kg/m?), kinematic viscosity (v, [m?/s]),
and sound speed (a, [m/s])). The isolated section method requires sectioning one of the
propeller blades into a finite number of sections (NS). In each section, it is necessary to
know the following values: chord length (c, in m), ¥, and the geometry of the airfoil ((Xy,
Yu), (Xr, Yr), where each coordinate is in m).

The iterative method for obtaining the thrust provided by the propeller and the
required power is described in [44]. This method was modified to use the effective angle
of attack () of the profile in each section as a constant and the geometric twist (¢) of the
section as a variable that is updated in each iteration.

Having the local characteristics of the flow, in addition to the chord, geometry, and
angle of attack of the airfoil, coefficients of lift (c;) and drag (cq) coefficients in each section
are calculated. The next step is to obtain Uj, V; and I'; by an iterative process, which is
necessary to obtain the coefficients ¢t and my. The equations involved in this process are
as follows:



Computation 2024, 12, 52 8 of 26
1
— ) =2
v1:—§+ Vz+ﬁ1(f—ﬁ1)+2/%dﬁ (23)
T
Uy =t—1, (24)
Vi=v+7;, (25)
W, =\/Vi+ T, (26)
4 (V1
=tan! (=), 27
B1 (U1> (27)
Bc
= _-—, 2
o Roe (28)
_ 1 _
Fr = §0‘C1W1 ’ (29)
2 _05B(1-7)
f, = %cos_1 (e isin (B1) ) (30)

Previously before initializing the iterative process, it is important to initialize the n

=2
values of 1 and ffl %df equal to zero. At the end of each iteration u; has to be updated
making use by:

T,
up -—

- fT 1)
while the values of ffl uédf are updated as shown in lines 24, 25 and 26 of Algorithm 2,
where trapz (Y, X) integrates along the given axis using the compound trapezoidal rule, Y
is the input array to integrate and X is the sample points corresponding to the Y values.

It has been proven that the loop described between lines 10 and 26 of Algorithm 2 only
needs 10 cycles to obtain good results.

To obtain the coefficients c; and my, it is first necessary to calculate their differentials
in each section, and then integrate with respect to ¥, making use of trapz().

dc; = 8T, (Ul - K*lvl) (32)
dm,, = 8T, (Vl + K”Ul)f (33)

By obtaining the coefficients ¢; and my, the thrust provided by the propeller (T) and
the required power of the propeller (W) can be calculated.

T = 0.5¢¢p(wR)*7R? (34)

W = 0.5myp(wR)>*7R? (35)

Other propeller performance metrics that can be obtained with this method are the
dynamic efficiency ng and the static efficiency 4 of the propeller.

T

(Xp = 7pn2d4 (36)
w

Po = o (37)
Veo
opA

Ng =5~ (39)

Bp
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2

_ 4
MNs my (40)

Algorithm 2: Modified Isolate Section Method

Inputs: n, B, Vo, d, p, v, &, ¢, T, [Xy, Yu, Xp, YL, NS
Outputs: T, W, ng, ns
R=d/2;
Get w with (31);
Get V with (32);
fors=1to NS do
rg = IgRR;
Get Res and Mg in each section;
Cls, €ds = TunXFOIL(es, [Xy, Yu, XL, YLIs, Res, Ms);

X IO U W -

1_
0—1uy,,0— (f“jdr

r s

9 fort=1to10do

10 I, =9;

11 fors=1to NS do

12 Get ¥q, with (23);

13 Get Uy, with (24);

14 Get V, with (25);

15 Get W1, with (26);

16 Get 15 with (27);

17 Ps = & + P1s;

18 Ks = cis/cgss

19 Get 05 with (28);

20 Get T, with (29);

21 Get fs with (30);

22 Update u;, with (31);

=2

23 % — :[uS ;

24 fors=1 toSNS do
1_

25 Get (f lﬁdr) with trapz(Iy[s : end], T[s:end]);
r s

26 fors=1toNSdo

27 Get dcy, with (32);

28 Get dmy with (33);

29 ¢ = trapz(dc, T);

30 my = trapz(dmy, T);

31 Get op, Bp and A, with (36), (37) and (38) respectively;

32 Get outputs T, W, ng and ns with (34), (35), (39) and (40) respectively;
33 Save o;

34 return Outputs

2.6. Airfoil Aerodynamic Coefficients Calculation

The aerodynamic coefficients of each section of the blade was obtained by using
the Xfoil program, which shows a good performance for the evaluation of profiles. In
Figure 3, the experimental coefficients of the Clark-Y profile can be observed using XFOIL,
OpenFOAM (with the k-w SST turbulence model) and experimental tests.

In Algorithm 2, the modified ISM is described in pseudo code. To simplify the ISM
calculations, it is necessary to obtain the radius (R, [m]), the angular velocity (w, [rad/s])
and the relative velocity (v, dimensionless) of the propeller.

w = 271n (41)

Veo

R (42)

v =
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Sections are defined by the T array. For example, in the cases that we evaluate, the
sections begin to be numbered from 10% of the R of the propeller and end at 97% of
R (r=1[0.1,...,0.97]). In our modified ISM, having the o« of each section as input, it is
necessary to calculate the aerodynamic coefficients of each section delimited by r. For this,
it is necessary to obtain the local Reynolds (Re) and Mach (M) numbers.

To determine the aerodynamic characteristics of the propeller and reduce the number
of calculations, interpolation of the profile data was performed over a smaller number of
sections, in which the characteristics of the angle of attack were calculated considering the
local Reynolds and Mach numbers (see Figure 4).

1.5 0.08 - —— Experimental 1.5 1
—— OpenFoam
0.06 4 —— XFoil

1.0 4 1.0 1

Cys
Xz
Cys

Y 0,04 4
051 —— Experimental 051 —— Experimental
—— OpenFoam 0.02 1 —— OpenFoam
0.0 4 —— XFoil 0.0 1 —— XFoil
0 10 0 10 0.025 0.050 0.075
a,[°] a,[°] Cxs

Figure 4. Aerodynamic coefficients of the CLARK'Y profile by different methods.

A study was conducted out on the required number of sections, which showed that
the use of 15 sections to calculate the aerodynamics of the profile and 75 sections to
integrate thrust and moment allows one to quickly obtain accurate values of the propeller

characteristics (Figure 5).
1.50
1.25
1.00
0.75
050 &
0.25
0.00
-0.25
-0.50
5
[°]

Figure 5. Calculation and interpolation of aerodynamic characteristics of the profile by propeller span.

0.032
0.028
0.024
0.020
0.016
0.012
0.008

0.004

"5 0
a[°] a

2.7. Isolate Section Method Validation

The proposed method of propeller calculation was carried out by comparing it with
the experimental data of the NACA 58689 propeller (experimental results, geometric and
kinematic characteristics of the propeller are given in [45]), as well as by comparison with
the results of numerical mathematical modeling by solving the Navier—Stokes equations
in ANSYS CFX 18.2 software using the shear stress transport turbulence model. The
propeller diameter is 3.15 m. The problem statement and the dimensions of the static and
rotational domains are shown in Figure 6. The configuration and dimensions of the domain
are based on those shown in [48]. The stator mesh has 2,618,015 tetrahedral elements,
and the rotor mesh has 11,130,389 elements (tetrahedra and pyramids). The minimum
element sizes were 150 mm for the stationary domain, 15 mm for the rotating domain, 4.0
mm on the propeller wall. The first boundary layer thickness was 0.05 mm. In the CFX
calculation, the propeller was modeled together with the nacelle, matching the geometry
to the experimental conditions. The free wind speed is 170 km/h, with rotational speeds
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from 800 rpm to 2500 rpm. Validation was performed for two cases of propeller geometry,
with blade angles of @g75 = 25° and @gy5 = 35°. The values of the mean residuals for
all equations do not exceed 10~3. The velocity field and pressure distribution are shown
in Figure 7. The comparison results in terms of thrust coefficient and power from the
advanced ratio are shown in Figure 8.

Rotating domain: 35, 600
Angular velocity w20
Stationary domain -7
- 750
X [
X
\ Interfaces & &
~
) Opening: Outlet: N
Inlet: Velocity ~ Static Pressure  Static Pressure  Propeller walls
(a) (b)

Figure 6. NACA 5868-9 propeller calculation in ANSYS CFX, (a) the problem statement, (b) the
domain dimensions.

(@) (b)

Figure 7. Example of NACA 5868-9 propeller calculation for 1500 rpm and ¢ 75 = 25° case, (a) velocity
in stationary domain, (b) pressure at propeller wall.

0.15 — 02—
T Ty 0.15 i
01}
e Experiment
o — ISM
- = CFX
0.05
0.05
A
0 Y 0 F’
. 2
@ ®

Figure 8. Comparison by thrust coefficient (a) and power coefficient (b).
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2.8. Optimization Algorithm

The optimization algorithm used to solve the task is based on the Differential Evolution
(DE) algorithm. The proposed algorithm contemplates the use of self-adaptive schemes of
evolutionary operators, methods of Population Size Reduction (PSR), sampling techniques
for the selection of individuals from the initial population, and stopping conditions that
adapt to the needs of the optimization process. In addition, the developed algorithm
contemplates the use of parallel computing strategies to accelerate the calculation of the
values of the objective function.

Differential evolution is a stochastic, population-based algorithm developed for real-
valued function optimization problems. It operates by having a population of individuals
(x vector) that move around in the search space by recombining through crossover and
mutation with other existing individuals in the population. Through a selection process,
a newly generated individual is accepted as part of the population if the new individual
x is an improvement; otherwise, it is discarded. This iteration process is repeated to find
a vector x that optimizes a function f(x) [49]. As with other evolutionary algorithms, the
search performance of differential evolution algorithms depends on the control parameter
settings. A standard differential evolution has three main control parameters: population
size, scaling factor F, and crossover factor CR. However, it is well-known that the optimal
settings of these parameters are problem dependent. Therefore, when applying differential
evolution to a real-world problem, it is often necessary to tune the control parameters
to obtain the desired results. In practical cases, many researchers suggest the use of
self-adaptive schemes to adjust online control parameters during the search process. A
variant of differential evolution that applies this type of scheme is the success history-based
adaptation for differential evolution (SHADE) [50]. In previous works by the authors of this
article, the good performance of the SHADE algorithm for the optimization of aerodynamic
bodies such as wings has been corroborated [51].

In SHADE, the mutation factor F € [0, 1] controls the magnitude of the differential
mutation operator and CR € [0, 1] is the crossover factor. In the beginning, the contents
of MCR, k, MFE, k (k =1, ..., H) are all initialized to 0.5. In each generation g, the control
parameters CRi and Fi used by each individual xi are generated by randomly selecting an
index ri from [1, H], and then applying the formulas below:

o 0 if Mcpyi = —1
CRi = {randni(MCRrri, 0.1) otherwise (43)
Fi = randci(MF,ri, 01) (44)

Here, randn;(M, 0.1), randc;(M, 0.1) are values selected randomly from normal and
Cauchy distributions with mean M and variance 0.1. In case a value for CR; outside of
[0, 1] is generated, it is replaced by the limit value (0 or 1) closest to the generated value.
When F; > 1, F; is truncated to 1, and when F; < 0, Equation (44) is repeatedly applied to
try to generate a valid value. In Equation (43), if Mg ;i has been assigned the “terminal
value” —1, CR; is set to 0.

The mutation strategy used by SHADE current-to-pbest/1 is a variant of the current-
to-best/1 strategy where the greediness is adjustable using a parameter p.

Vig = Xj,g + Fi(prest,g - Xi,g) + Fi(xrl,g - Xr2,g) (45)

The individual Xppest, g is randomly selected from the top p-NP members in the g-th
generation (p € [0, 1]). F; is the F parameter used by individual x;. The greediness of current-
to-pbest/1 depends on the control parameter p to balance exploitation and exploration
(small p behaves more greedily).

SHADE uses binary crossover strategy,

_ [wiie ifrand(0,1) < CR;
Yig = {x;,i,: otherwise (46)
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Perform selection between the trial vector (u;¢) and target vector (x; ) using a greedy
selection criterion,

. _ Juig iff (wig) < f(xig)
Mg+l = {xi,g otherwise (47)

SHADE uses a historical memory Mcgr, Mg which stores a set of CR, F values that
have performed well in the past, and generates new CR, F pairs by directly sampling the
parameter space close to one of these stored pairs.

In Algorithm 3, index k determines the position in memory to be updated. In gen-
eration g, the k-element in the memory is updated. At the beginning of the search, k is
initialized to 1. k is incremented whenever a new element is inserted into the history. If
k> H, k is set to 1. In the updated algorithm 1, note that when all individuals in gener-
ation g fail to generate a trial vector that is better than the parent, i.e., Scr = Sp = @, the
memory is not updated. The weighted Lehmer mean meanyy (S) is computed using the
following formula:

S 2
_ Zl‘nlz1 Wmsm

meanwy (S) = 5| (48)
Zm:l Wmsm
W = g 9)
21:1 Afl
Afm = [f(Umg) — f(xmg) | (50)

Algorithm 3: Memory update algorithm in SHADE

Inputs: SCR/ SF, MCR,k,g/ MF,k,g/ k, H
Outputs: McR k g+1, Mgk g+1, K

1 ifScr # @ and Sg # @ then

2 if Mcrkg = —1o0r max(Scr) = 0 then
3 Mcrkge1 = —1

4 else

5 McR kg+1 = meanw(Scr);
6 Mgk g+1 = meanwy(Sg);

7 k++;

8 if k > H then

9 k=1;

10 else

11 Mcrkg+1 = Mcr kg

12 Mgk gi1 = Mgk g;

13 return Outputs

The amount of fitness improvement Afy, is used to influence the parameter adaptation
(S refers to either Scr or Sg). As Mcr is updated, if Mcg kg = —1 or max(Scr) = 0 (i.e., all
elements of Scg are 0), Mcr kg+1 is set to —1. Thus, if Mcg is assigned the terminal value
—1, then MR will remain fixed at —1 until the end of the search. This has the effect of
locking CR; to 0 until the end of the search, causing the algorithm to enforce a “change-one-
parameter-at-a-time” policy, which tends to slow down convergence, and is effective on
multimodal problems.

The SHADE algorithm works well in conjunction with the PSR methods. To develop
this optimization algorithm, we decided to incorporate the continuous adaptive population
reduction (CAPR) method. The CAPR method gradually reduces the population size
according to the change in the gradient of the fitness value [52].

NPgi1 = { K/Ag/qu 0< Ag/Ag_l <1 (51)

NPg otherwise
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NP NP > NPy
NP — g+1 g+1 min 52
g+l {NPmin NPg+1 § NPmin ( )
where
f Xo ) — . Xg— f Xo_1) — f Xo—
= foe08) ol 1) g0 1) gl 2 )

favg (xg) favg (xg-1)

In the third generation and in subsequent generations, the evaluated function values of
all vectors in the population are averaged to be fayg (X ). This value, together with that form
the previous evaluation generation, is used to calculate the normalized gradient value Ag.
Ag_1is calculated in a similar fashion using the previous average function evaluation value,
favg (xg—1), and the one before the previous fayg (xg—2). If the ratio Ag/Ag_1 is within the
range of [0, 1], then NP is reduced by a fraction equal to the y-th root of the ratio Ag/Ag_1.
The reason for taking root of the ratio is to slow down the population size reduction rate.

Another criterion to consider when increasing the performance of algorithms based
on differential evolution is the generation of the initial population. It has been shown that a
population, whose individuals are best distributed throughout the entire design space, has
a greater chance of finding a global optimum, in addition to reducing the search time. The
LHS design is a statistical method for generating a quasi-random sampling distribution. It
is one of the most popular sampling techniques used in computer experiments because of
its simplicity and projection properties with high-dimensional problems. The LHS is built
as follows: each dimensional space, representing a variable, is cut into n sections, where n
is the number of sampling points, and only one point is placed in each section [53].

For real-case optimization processes, it is common to use two types of stopping criteria.
The following two types of stopping criteria were considered for this algorithm [54]:

o  Exhaustion-based criteria: due to limited computational resources, the optimization
run might be terminated after a certain number of objective function evaluations
or CPU time. Typically, a maximum number of generations or number of objective
function evaluations is used in combination with every stopping criterion to prevent
the algorithm from running forever if a criterion cannot stop the run.

e Distribution-based criteria: for differential evolution algorithms, all individuals even-
tually converge to the optimum. Therefore, it can be concluded that convergence
occurs when individuals are close to each other. Because it is assumed that the opti-
mum is not known for the reference criterion, the distances between the population
members are examined. This type of criterion can be applied to the design space or
objective space.

One of the main disadvantages of evolutionary algorithms is that they need to evaluate
multiple vectors to find the global optimum, which implies calculating the values of the
objective function many times. One way to speed up the calculation process is to use
parallel computing strategies. The strategy that was proposed to be used is Lightweight
Pipelining (LP) [55]. The pipelining process provides an easy approach for downloading
and using the models on demand. It helps in parallelization, which means that different
jobs can be run in parallel. It also reduces redundancy and helps to inspect and debug the
data flow in the model. Some features that pipeline provides are on-demand computing,
tracking of data and computation, and inspection of data flow.

OpenVINT is the union and adaptation of each of the aforementioned algorithms
and methods to achieve the objective of the optimization process mentioned at the be-
ginning of this work. Coding of this algorithm was performed mainly on Python 3 in a
GNU/LINUX environment.

3. Results
3.1. Case Studies

To evaluate the performance of the OpenVINT algorithm, two cases were performed:
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e case 1—obtain the optimal design of a propeller used for an engine of a fixed-wing
aircraft, considering a free flow velocity of 25 m/s and a minimum required thrust is

7.5N;

e  case 2—obtain the optimal design of a propeller used in a helicopter, considering a

free flow velocity of 2 m/s and a minimum thrust required is 6.5 N.

In both cases, the following physical properties of the air flow were used: p, 1.225 kg/m?;

v, 0.000014607 m? /s; and a, 340.294 m/s. The intervals of the design variables implemented

in each of the tests are shown in Table 1.

Table 1. Intervals of the design variables.

Interval . Interval
Parameter Case 1 Case 2 Variable Case 1 Case 2
(c/d), [0.03, 0.10] [0.05, 0.07] Xtt [0.30, 0.40] [0.30, 0.40]
(¢/d)m [0.03, 0.10] [0.08, 0.13] Txtm [0.30, 0.80] [0.20, 0.50]
(c/d)¢ [0.01, 0.02] [0.01, 0.03] Ver [0.01, 0.05] [0.05, 0.08]
Tem [0.35, 0.60] [0.20, 0.50] Vem [0.01, 0.05] [0.05, 0.08]
o [°] [-7,7] [0, 5] Vet [0.005, 0.05] [0.05, 0.08]
om [°] [-5,7] [0, 5] Tyem [0.30, 0.80] [0.20, 0.50]
o [°] [—5,7] [0, 5] Xer [0.30, 0.40] [0.30, 0.40]
Tom [0.25, 0.75] [0.20, 0.50] Xem [0.30, 0.45] [0.30, 0.40]
Vir [0.12, 0.20] [0.10, 0.20] Xct [0.30, 0.45] [0.30, 0.40]
Vim [0.12, 0.16] [0.08, 0.10] Txem [0.30, 0.80] [0.20, 0.50]
Vit [0.10, 0.12] [0.08, 0.10] N [rev/min] [5 x 103,10 x 10%] [5 x 103,10 x 10%]
Tytm [0.30, 0.80] [0.20, 0.50] B [2, 4] [2,3]
Xr [0.30, 0.40] [0.30, 0.40] d [m] [0.3,0.3] [0.254, 0.254]
Xtm [0.30, 0.45] [0.30, 0.40]

For both optimization cases the following parameters of the optimization algorithm

were taken:

e inreal optimization problems it is considered to use at least 50 individuals in the initial

population [56], and as a minimum population 10 individuals were considered;
e the stop conditions contemplated were a maximum number of evaluated generations

of 200, and an ¢ value of 1 W to fulfill the condition indicated in line 45 of Algorithm 4;

a 7y factor of 50 was used in (51);

finally, an initial U* value of 350 W was considered.

All the tests were performed on a PC whose characteristics are as follows:

e  operative system, Ubuntu 22.04.3 LTS;

processor, 13th Gen Intel® Core™ i5-13400Fx12;

RAM memory, 64 GB;

Algorithm 4: OpenVINT algorithm

Inputs: d, Voo, 0, Vv, @, Tinin, T, NS, [Xiin, Xmax], G, NP, NPpyi, €, U%, v, H, p

Outputs: Xopt, L(Xopt)
/ / Initialization phase

1 g=1;

2 Initialize of metrics;

3 Initialize population Pg with LHS;
/ / Parallelized loop by joblib

4 fori=1to NP do

5 Apply Algorithm 1 for x; g;
/ / Parallelized loop by joblib
fori=1to NP do

6
7 Get T(x;,5), W(Xig), na(Xi g), Ns(X; g) with Algorithm 2;
8

Get (xg) with (2) and L(xg) with (1);
9  Update U*;
10 Save Lavg(xg);
11 Save data of generation g;
12 Set all values in Mcgr, Mg to 0.5;
13  Archive A = Q;
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Algorithm 4: Cont.

14 k=1;
/ /Main loop

15 forg=2toGdo
16 SCR = @, SF = @;
17 fori=1to NP do
18 1; = select from [1, H] randomly;
19 Get CR; g with (43);
20 Get F; g with (44);
21 Get mutation vector v; o with (45);
22 Get trial vector u; ¢ with (46);

/ / Parallelized loop by joblib
23 fori=1to NP do
24 Apply Algorithm 1 with u;g;

/ / Parallelized loop by joblib
25 fori=1to NP do
26 Get T(uj,g), W(uig), Na(uig), ns(uig) with Algorithm 2;
27 Get P (ug) with (2) and L(ug) with (1);
28 Update U*;
29 fori=1to NP do
30 if L(uig) < L(x;g) then
31 Xi g+l = Uig;
32 xi,g—>A;
33 CRi,gHSCR/ Fi,g%SF;
34 else
35 Xi,g+1 = Xig;
36 Update memories Mcr and Mg with Algorithm 3;
37 Save Lavg (xg+1);
38 if g > 3 then
39 Get Ag and Ag_q with (53);
40 Get NP, with (51);
41 if NPg41 < NPpyin then
42 Apply (52);
43 (NPg — NPg,1)-th worst vectors — A;
44 Save data of generation g+1;
45 if |Lavg(Xg+1) — Lopt(Xg+1) | <e then
46 break;
47 k++;
48 Print metrics plots;
49  Output

50 Drawing the optimal propeller in point clouds;

3.2. Optimization Results
For case 1, the following parameters of the optimization algorithm were taken:

e 6 tests were performed, 3 of them were with an initial population of 50 vectors and the
other 3 with an initial population of 100 vectors;
a minimum population of 10 vectors was considered in all tests;
the stop conditions contemplated were a maximum number of evaluated generations
of 200, and an ¢ value of 1 W to fulfill the condition indicated in line 48 of algorithm 4;
a 7y factor of 50 was used in (51);
finally, an initial U* value of 350 W was considered.

Figure 9 shows the convergence graphs of the metrics used to evaluate the propeller
optimization process for case 1.

Table 2 shows the values of the optimal design vector as well as the optimal values of
the required power output, thrust provided, and the dynamic efficiency of the propeller. In
addition, the average values, and the coefficient of variation (CV) for each parameter are
shown, which allows evaluation of the homogeneity of the data.
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Figure 9. Convergence of the metrics in the tests corresponding to case 1.
Table 2. Results obtained from case 1.
NP =50 NP =100
Parameter
Test 1 Test 2 Test 3 Mean CV, [%] Test 4 Test 5 Test 6 Mean CV, [%]
(c/d); 0.043 0.082 0.094 0.073 29.45 0.035 0.038 0.043 0.039 8.04
(¢/d)m 0.100 0.094 0.088 0.094 5.21 0.085 0.087 0.100 0.091 7.40
(c/d)e 0.012 0.015 0.018 0.015 15.33 0.020 0.020 0.019 0.020 3.42
Tem 0.509 0.400 0.600 0.503 16.29 0.551 0.587 0.522 0.553 4.82
o [°] 0.243 —0.784 6.288 1916 162.84 4.214 —7.000 6.245 1.153 505.15
om [°] 6.144 5.278 4.307 5.243 14.31 6.956 6.081 5.609 6.216 8.98
o [°] 4.823 6.973 2.324 4.707 40.36 4.632 4.770 5.217 4.873 5.12
Tom 0.253 0.251 0.250 0.251 0.60 0.253 0.286 0.605 0.381 41.62
Vir 0.070 0.060 0.066 0.066 6.41 0.060 0.061 0.061 0.061 0.75
Vim 0.060 0.061 0.061 0.061 0.66 0.060 0.060 0.060 0.060 0.00
Vit 0.059 0.060 0.054 0.057 3.99 0.053 0.060 0.051 0.055 6.71
Tytm 0.745 0.300 0.300 0.448 46.74 0.598 0.530 0.364 0.497 19.73
Xtr 0.327 0.300 0.309 0.312 3.52 0.333 0.320 0.308 0.320 3.21
Xtm 0.329 0.335 0.300 0.321 4.73 0.332 0.336 0.315 0.328 2.73
Xtt 0.330 0.315 0.306 0.317 3.15 0.339 0.384 0.345 0.356 5.65
Txtm 0.787 0.722 0.300 0.603 35.75 0.300 0.300 0.357 0.319 8.35
Ver 0.050 0.010 0.029 0.030 54.70 0.026 0.047 0.011 0.028 52.36
Yem 0.010 0.011 0.014 0.012 15.13 0.010 0.010 0.010 0.010 0.00
Vet 0.005 0.016 0.028 0.016 57.93 0.006 0.005 0.006 0.006 8.31
Tyem 0.358 0.459 0.652 0.490 24.90 0.483 0.358 0.712 0.518 28.33
Xer 0.338 0.399 0.331 0.356 8.65 0.398 0.395 0.364 0.386 3.95
Xem 0.443 0.443 0.306 0.397 16.28 0.352 0.386 0.387 0.37 4.33
Xct 0.361 0.441 0.310 0.370 14.59 0.399 0.367 0.422 0.396 5.77
Txem 0.692 0.407 0.778 0.626 25.32 0.643 0.800 0.505 0.649 18.58
N [rev/min] 6156 6238 6765 6386 4.22 6281 6312 5993 6195 2.32
B 2 2 2 2 0 2 2 2 2 0
d [m] 0.300 0.300 0.300 0.300 0 0.300 0.300 0.300 0.300 0
W [W] 226.8 225.7 228.1 226.9 0.44 226.0 226.7 225.7 226.1 0.18
T [N] 7.513 7.504 7.506 7.508 0.05 7.501 7.512 7.512 7.509 0.07
N4 0.828 0.831 0.823 0.827 0.41 0.830 0.828 0.832 0.830 0.18

Computation time [s] 3897 4728 4417 4347 7.89 9987 9526 10,703 10,072 4.81
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The geometric differences between each of the blades obtained for case 1 can be
visualized in Figures 10 and 11.

(a) NP, = 50

|—Test 1—Test 2—Test

|— Test 4—Test 5—Test §

Figure 10. Top view of the propeller blades obtained for case 1.
(a)NP, = 50

r=10.0% F=50.2% F=750% F=97.0%

C —~ C > >

| — Test 1 —TestZ—Test3|

(b)NP, = 100

r=10.0% r=50.2% F=75.0% F=97.0%

| — Test 4 — Test 5 — Test 6 |

Figure 11. Examples of the cross-sections of the blades obtained for case 1. The airfoils are normalized
with chord of length 1.

For case 2 the following parameters of the optimization algorithm were taken:

e A total of 3 tests were performed, with an initial population of 50 vectors and a
minimum population of 10 vectors;

e the stop conditions contemplated were a maximum number of evaluated generations
of 200, and an ¢ value of 1 W to fulfill the condition indicated in line 48 of algorithm 4;
a 7y factor of 50 was used in (51);
finally, an initial U* value of 350 W was considered.

Figure 12 shows the convergence graphs of the metrics used to evaluate the propeller
optimization process. The final values of the optimization are shown in more detail in
Table 3.
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Figure 12. Convergence of the metrics in the tests corresponding to case 2.
Table 3. Results obtained from the case 2.
Parameter Test 1 Test 2 Test 3 Mean CV, [%]
(c/d); 0.063 0.070 0.055 0.063 9.78
(¢/d)m 0.130 0.120 0.125 0.125 3.27
(c/d) 0.030 0.028 0.030 0.029 3.21
Tem 0.456 0.500 0.478 0.478 3.76
or [°] 0.000 0.718 3.579 1.432 107.93
om [°] 4.625 2.254 3.772 3.550 27.62
o [°] 1.619 1.193 3.734 2.182 50.92
Tom 0.435 0.327 0.500 0.421 16.96
Vir 0.063 0.073 0.093 0.076 16.34
Vim 0.042 0.040 0.040 0.041 2.31
Vit 0.046 0.043 0.042 0.044 3.89
Tytm 0.251 0.200 0.208 0.220 10.19
Xir 0.300 0.382 0.356 0.346 9.89
Xtm 0.331 0.301 0.329 0.320 4.28
Xit 0.361 0.300 0.390 0.350 10.71
Txtm 0.497 0.200 0.248 0.315 41.33
Ver 0.064 0.062 0.069 0.065 4.53
Vem 0.051 0.051 0.052 0.051 0.92
Vet 0.050 0.053 0.051 0.051 243
Tyem 0.272 0.226 0.222 0.240 9.45
Xer 0.386 0.398 0.334 0.372 7.45
Xem 0.300 0.302 0.300 0.301 0.31
Xct 0.323 0.301 0.301 0.308 3.36
Txem 0.263 0.249 0.209 0.240 9.52
Ny, [rev/min] 6720 7662 6705 7209 6.37
B 2 2 2 2 0.00
d [m] 0.254 0.254 0.254 0.254 0.00
W [W] 72.56 72.17 72.24 72.32 0.23
T [N] 6.505 6.516 6.505 6.509 0.08
s 0.649 0.654 0.652 0.652 0.32
Computation time [s] 3333 3743 3227 3434 6.48
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Graphically, the differences between the blades obtained in each of the tests can be
observed in Figures 13 and 14.

[—Test1—Test2—Testd

Figure 13. Top view of the propeller blades obtained for case 2.

F=10.0%
F=50.2%
F=75.0% F=97.0%

(_\(X

| Test 1—Test 2—Test 3

Figure 14. Examples of the cross-sections (airfoils) of the blades obtained for case 2. The airfoils are
normalized with chord of length 1.

3.3. Experimental Validation

To verify the results obtained in the optimization process, one of the propellers ob-
tained in the tests performed for case 2 (the propeller obtained in test 3) was selected. The
propeller was manufactured by contact molding continuous carbon fibers using epoxy
thermosetting binder in a closed mold. The mold was fabricated using a CNC milling
machine from the geometry obtained in test 3 (Figure 15). The outer layers and the spars
passing through the sleeve comprise unidirectional fibers, and the inner two layers are
stacked from plain fabric with fiber orientation £45°.

(b)
Figure 15. (a) Injection mold for the manufacture of the propellers; (b) manufactured propellers.

The proposed experimental setup allows the monitoring of the angular velocity, thrust,
and torque of the propeller. The angular velocity of the propeller was monitored using
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two different methods: measurement from the electric motor with a PWM frequency meter
and measurement from the propeller with a laser photo tachometer. The thrust and torque
of the propeller are measured using strain gauges at the base of the motor. The power
requirement of the propeller was calculated as the product of torque and angular velocity
(see Figure 16) [57].

ﬁ.‘k
ain gauges

(Tx, Mx)

N JESS TN
 Frea meter [

Propeller

y— ——
s P———

[ —

Constant
voltage

l ._——l‘“.

Figure 16. Experimental setup.

A comparison was made of the dependences of thrust on the required power for two
propellers—designed (test 2, case 3) and commercial DJT 10 x 4.5" propeller (Figure 17).
Seven experimental tests (T1...T7) were carried out for each propeller, varying in rotational
speed (Figure 18). Each test consists of from 6 to 8 measurements—a total of 46 measure-
ments for designed propeller and 49 measurements for DJI propeller. The dependences of
thrust on required power for each test were interpolated by smooth univariable spline of
3 degrees and then lines of average values and scatter equal to the standard deviation are
plotted (Figure 19).

Comparison of calculated by ISM and experimental data for the designed propeller
(Figure 19a) showed that for the main propeller regimes (trust more than 2N) the difference
does not exceed 3.5%. A comparison between the designed propeller and a commercially
available propeller (DJI 10 x 4.5" propeller) is shown in Figure 19b. The proposed algorithm
demonstrates that it can design a propeller that provides a higher thrust (from 10 to 15%)
with the same power requirement as commercial propellers in main operating mode.
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Figure 17. The designed (a) and commercial (b) propellers installed in the experimental setup.
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Figure 18. Experimental data of thrust from required power dependence for propellers: (a) designed,
(b) commercial DJI propeller.
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Figure 19. Mean measurement values and scatter of propeller thrust from power requirement:
(a) comparison for designed propeller between experimental values and numerical test, calculated by
ISM, (b) comparison between experimental values for designed and commercial DJI propeller.

4. Discussion

In the results of the tests carried out, presented in Tables 2 and 3, the following points
could be observed:

e for the optimization of a helicopter propeller, it is sufficient to use an initial population
of 50 vectors to obtain similar results (CV values less than 30%);

e  tooptimize a tractor propeller, it was necessary to use an initial population of 100 vectors
to improve the search for a global optimal;

e inboth cases, there is a greater variation in the parameters that describe the geometry
of the blade root, whereas in the parameters that describe the rest of the blade geometry,
the results were more homogeneous.

Figures 9 and 12 illustrate that in the most representative blade section (in 75% of the
blade length), practically similar cross-sectional (airfoil) geometries are obtained. Similar
aerodynamic behavior implies that similar values of thrust provided and thrust required
are obtained.

When performing the experimental tests with one of the propellers obtained in case
2, it was observed that the aerodynamic characteristics of the propeller obtained with the
help of the ISM and XFOIL were comparable to those obtained in the experimental tests, as
shown in Figure 19a. These results provide certainty in the calculated values of the objective
function for each vector evaluated in the optimization process. While in the comparison
that was made with one of the optimized propellers and with a commercial propeller, it
was observed that the OpenVINT algorithm provides new propeller options that require
less power to achieve a certain thrust.

Regarding the calculation speed of the algorithm, it can be observed that the Open-
VINT algorithm provides better performance when optimizing propellers used in heli-
copters. For this type of propeller, the algorithm requires approximately 1 h of calculation
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(using a computer as described in Section 3.1), whereas optimizing a tractor propeller for
the engine of a fixed-wing aircraft requires approximately 3 h of calculation. Of course,
these times can still improve the design space for each type of propeller. This type of
analysis is proposed for future studies.

5. Conclusions

The paper presents an algorithm for propeller shape optimization based on isolated
section method, similar to BEMT. Using Bezier curves to specify the dependencies of the
parameters of thickness, curvature, and positions of the maximum thickness and maximum
curvature of the airfoil along the blade span allows the aerodynamic twist of the blade to
be varied.

The usage of a cross-section airfoil angle of attack as a function of blade span as design
variable adds robustness to the optimization algorithm, protecting from calculation airfoil
characteristics at supercritical angles of attack and reduce the number of calculations during
the optimization. This makes it possible to reduce the optimization time and increase the
accuracy of the optimization solution with geometric models with a large number of
design variables and cross-sections used for calculations. Interpolation of the aerodynamic
characteristics of sections along the blade span also makes it possible to reduce calculation
time. The proposed algorithm allows for obtaining the optimal geometry of the pusher
and tractor propellers based on 27 design variables, containing a variable along the blade
span airfoil, a nonlinear distribution of twist and chord along the span in three hours of
calculation on a personal computer.

In the tests to which OpenVINT optimization algorithm was subjected, it was observed
that the parameterization of the proposed propeller geometry is good but still has room
for improvement. From the 27 proposed design parameters, the parameters describing the
shape of the blade root have little importance in determining the aerodynamic performance
of the propeller, which implies that the number of design parameters can be reduced, or the
value of these parameters can be refined using multidisciplinary optimization, for example
based on stiffness and strength constraints.

The experimental tests validate the calculation method and confirm that the algo-
rithm in general can provide configurations with better aerodynamic performance to the
propellers that are available on the market.
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