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Abstract: This article describes the choice of an optimization algorithm for solving problems and the optimal
design of an unmanned aerial vehicle propeller. To solve the problem using evolutionary algorithms, it was
transformed into an unconstrained optimization problem using a penalty function. The airfoil contours were
constructed using a Bezier curve. Design variables were divided into two types: those that describe in general
terms the propeller geometry or operation, such as propeller diameter, number of blades, and rev/min; and those
that vary with propeller radius, such as chord length, effective airfoil angle, and airfoil geometry. The objective
function is the calculation of the propeller power required to achieve a given thrust. The differential evolution
algorithm was used to solve this problem.

Keywords: differential evolution; penalty function; SHADE algorithm; CAPR, lightweight Pipelining; isolated
sections method

1. Introduction

The air propeller is one of the most important elements of an aircraft that provides lift and
propulsion in the air. The relevance of using the propeller as a propulsion system has increased with
the current growth in the production of unmanned aerial vehicles for various purposes around the
world. An optimized air propeller can significantly reduce emissions, improve acoustic response, and
enhance performance [1]. The design of air propellers to minimize propulsion system energy costs
began with Zhukovsky, Betz, and Goldstein [2,3] and was then refined by a few scientists over the
course of a century [4]. In recent years, computational fluid dynamics using CAE systems has become
an important method for propeller design and computation [5,6,7]. Propeller optimization is a
complex problem, often multi-objective optimization, requiring consideration of many factors and
constraints, including not only aerodynamic issues but also strength, acoustics, etc. [8,9,10,11].
Therefore, the use of the finite volume method becomes irrational because it requires large
computational power. 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 [12]. The paper [13] presents a methodology for inverse propeller blade
design. The isolated blade section method is used to directly calculate propeller aerodynamic
characteristics during the optimization process. This involved the calculation of the aerodynamic
characteristics of the profiles in the blade sections using the xflr code. The obtained characteristics are
verified with CFD calculations. The authors of [14] solved a multi-objective optimization problem
subject to a set of constraints using a direct search algorithm. The propeller characteristics were
calculated from the profiles in the blade sections using the discrete vortex method described in the
Xfoil code. The paper [15] 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 propeller characteristics were calculated from the profiles in the blade sections using
vortex methods. The optimization results showed that the desirable trade-off between propeller
efficiency and weight is related to power consumption, structural strength, and even manufacturing
and installation conditions. The authors [16] developed a procedure to design and fabricate propellers
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for small unmanned aerial vehicles. The method of sections implemented in QProp is the basis for
the calculation of the direct problem of aerodynamics, and the optimization process is managed by
the Bearcontrol 9 written in MATLAB, which allows to create a Visual Basic code for automatic
construction of 3D model in SolidWorks.

The propeller has a complex three-dimensional geometry, and its optimization problem involves
a parametric approach to define the geometric model. Bezier curves and surfaces are one of the most
universal and robust approaches for specifying complex shapes [17] and can be used to determine
the optimal shape of propellers [18]. This paper is devoted to the development of an efficient
algorithm for the parametric optimization of an unmanned aerial vehicle propeller. This paper
describes step-by-step the selection of methods of parametrization of geometric model, design
calculation of propeller aerodynamics, and the use of metaheuristic algorithms of parametric
optimization.

2. Materials and Methods

2.1. Mathematical Model Of Propeller Optimization

The objective of optimization is to determine the geometry and appropriate operating conditions
of a propeller, which requires the least operating power, depending on the operating speed of the
aircraft and the diameter of the propeller, also subject to a certain thrust. Mathematically, the
optimization problem can be expressed as a constrained optimization problem:

min  W(x),
such that  Tmin — T(x)<O0,
x€X

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

In order 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 [16]. The penalty function is expressed as:

W(x) ifYx) =0
L) =< RU)+Ux* ifygx)>0AW(x)<U=* 1)
RY(x) + W) ifPp(x) >0AW(x)>U=*

where

V() = max{0, Tmin — T()} (2)
where R is a penalty parameter; U* is an upper bound on the constrained global minimum value,
which is provided initially by the user. {(x)>0 only if x is infeasible. Therefore, the optimization
problem remains as:
min L(x),
such that x&€X

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 (nm, rev/min); and others that change depending on the radius
of the propeller, such as the chord length, the effective angle of the airfoil and the geometry of the
airfoil. It was considered that this type of variables has a continuous and continuous variation along
the blade of the propeller. This variation was achieved by using two quadratic Bezier curves [19], (see
Figure 1). A quadratic Bezier curve is the path drawn by the following function:

B(t) = (1 —t)P, + 2(1 — DtP;, + t2P,, 3)
where Po, P1 and P2 are control points, and t is a parameter that always varies from 0 to 1.


https://doi.org/10.20944/preprints202311.0706.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 November 2023 doi:10.20944/preprints202311.0706.v1

.'.. /-/. o -~
S \\
L/
)< ./ \\'\'-‘
J == root curve “
4 === tip curve \.
_‘ I I I I I
0.2 0.4 0.6 0.8 1.0
r

Figure 1. The Bezier curves determine the variation of the design variables.

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

Br(t) = (1 — )Ty + 2(1 — OF; + 21, 4)
By (t) = (1 — t)%xy + 2(1 — Dtx, + t?x,, (5)
The control points that determine the Bézier curves for each design variable as a function of the
relative radius of the propeller are:

. Root curve

=01 Xo = X
] = 0.5fy, + 0.05 X] = X 6)
IS = Fxm Xz = Xm
e Tip curve
F5 = Fym Xo = Xm
il = 0.5F,y + 0.485 X1 = Xm @
£ = 0.97 Xz = X

In Equations 4 to 7, x may be the chord relative to the propeller diameter (c/d), the effective angle
(), maximum thickness (yt), position of the maximum thickness relative to the chord (x:), the
maximum camber (yc), and the position of the maximum camber relative to the chord (xc). 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 xi = [(c/d)s,
(¢/d)m, (c/d)y, Tem, A, AXm, A, Tam, Vi, Vim, Yit, Tytm, Xtr, Xtm, Xtt, Ixtm, Ver, Yem, Vet, Tyem, Xer, Xem, Xet, Ixem, Nim, B, d]i.

2.3. Model For The Resolution Of The Objective Function

The objective function of the optimization process is the calculation of the required propeller
power (W, in W) to achieve a thrust (T, in N). A modified version of the Isolated Sections Method
(ISM) [20] was used to obtain these values. The variation between the original and our modified
version of the ISM is to replace the geometric twisting of the sections (¢, in deg) by the effective angle
of attack of the sections (a, in deg) as the input value.

The input variables required by the method are the following: B, V~, d, n(n, rev/s), and physical
characteristics of the air (density (g, in kg/m?), kinematic viscosity (v, [m?/s]), sound speed (a, [m/s])).
ISM requires sectioning one of the propeller blades into an infinite number of sections (NS). In each
section it is necessary to know the following values: chord length (c, in m), r, and the geometry of the
airfoil ((Xvu, Yu), (Xt, Yv), each coordinate is in m).

To obtain the coordinates of the profile in each section, an airfoil parameterization method based
on the Bezier-PARSEC technique was proposed [21]. Each airfoil is constructed with 4 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:
By() = (1 —t)3%xy + 3(1 — )%txq + 3(1 — )t*x, + t3x5, 8)
By() = (1 = 9%, +3(1 - D’ty; +3(1 - Oy, + tys, ©)
The construction of the profile is carried out using the following equations:
X¢ = B (t) + B (D) (10)
Ye = Byi(t) + BE(D) (11)
X = B(D) + B (D) (12)
Y = By (t) + Bj(D) (13)
—1 (dY,
0 = tan 1( C/dXC) (14)
The control points for the leading edge thickness curve are defined by:
xg =0 yo =0
£=0 1° =034
1X1 Y11 Yt (15)
Xy = 0.5%; y» = 0.5y,
X5 =X, ys = 0.5y,

The control points for the trailing edge thickness curve are defined by:
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g = Xt yo = 0.5y
x$® = 0.3 + 0.7x, yie = 0.5y, (16)
x5 = 0.6 + 0.4%, y5 = 0.29y,
xg =1 y¥ =0
The control points for the leading edge camber curve are defined by:
xg =0 yo =
X =x./3 yie = 0.71y, a7
X = 2x./3 yE =Ye
XISe = Xc y13e =Y
And the control points for the trailing edge camber curve are defined by:
X = Xc Yo = Ye
Xge = (1 + 2XC)/3 yge = YC (18)
x¥ =(24+x)/3 y5 = 0.43y.
L xF=1 L yi=0
The points for determining the upper curve of the airfoil are determined by:
Xy = X. — Y;sin 0 (19)
Yu =Y. + Y. cos® (20)
And the points for determining the lower curve of the airfoil are determined by:
X, =X, +Y,sin6 (21)
Y, =Y. — Y, cos® (22)

All the distribution curves of the design variables are generated by Algorithm 1.

Algorithm 1: Subroutine for creation of the Bezier curves and airfoils
Inputs: xi, d, T, NS;
Outputs: (c/d)i, ai, xs, yt, X, Yo, Xu, Yu, Xt, Yi;
Create the distribution curve for (¢/d)i as a function of the t; of the blade with (4), (5), (6), (7);
Create the distribution curve for ai as a function of the T of the blade with (4), (5), (6), (7);
Create the distribution curve for xs as a function of the t;of the blade with (4), (5), (6), (7);
Create the distribution curve for ys as a function of the T; of the blade with (4), (5), (6), (7);
Create the distribution curve for x as a function of the Tt of the blade with (4), (5), (6), (7);
Create the distribution curve for y. as a function of the t; of the blade with (4), (5), (6), (7);
// Get the airfoil in each section of the blade
fors=1to NSdo

Get x(Ts;), yo(Ts;), X<(Ts,1) and y<(Ts;);

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

Get Xesi and Yesi with (8), (9), (12), (13), (17), (18);

Get 0si with (14);

Create and save the points of the sth-airfoil Xu, Yu, Xt, YL with (19), (20), (21), (22);

The iterative method to obtain the thrust provided by the propeller and the required power is
shown in [20]. 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.

To obtain the aerodynamic coefficients of each section of the blade, it was obtained by using the
Xfoil program, which shows a good performance for the evaluation of profiles (see Figure 3).
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Figure 3. Aerodynamic coefficients of the CLARK'Y profile by different methods.

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 = 2mn (23)
_Va (24)
Ve wR

The sections are defined by the r 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 = [0.1, ..., 0.97]). In
our modified ISM, having the o of each section as input, it is necessary to calculate in the first instance
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 to reduce the number of
calculations, interpolation of the profile data was performed over a smaller number of sections, in
each of which the characteristics of the angle of attack were calculated considering the local values of
the Reynolds and Mach numbers (see Figure 4).

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.

0.032 1.50
0.028 1.25
0.8
0.024 R
0020 0.75
g 06 050 &
0.016
025

0.012 0.4 0.00
0.008 026

. 0.004 0.2 -0.50

== 0 5
al]

-5 0 5
al’]

Figure 4. Calculation and interpolation of aerodynamic characteristics of the profile by propeller
span.

Having the local characteristics of the flow, in addition to the chord, geometry and angle of
attack of the airfoil, coefficients of lift (c1) and drag (ca) coefficients in each section are calculated. The
next step is to get U; , V; and [} by an iterative process, which are necessary to get the coefficients
ct and mk. The equations involved in this process are shown below:

(25)

1

_ voov:o_ ay

v1=—§+ Z+u1(r—u1)+2f?dr
T
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U, =F—10, (26)
_ _ — (28)
W, = V12 + Uf

V. 29

B; =tan~" <_—1> @)
Uy

_Be (30)

o= Rm

_ 1 _ (31)

Fl" = §O_C1W1

2 _05B(1-T)
f. =—cos™* (e Tsin(py) )
T

previously before initializing the iterative process, it is important to initialize the n values of U,

(32)

=2

and ffl % drequal to zero. At the end of each iteration U; has to be updated making use by:
I (33)
fr

ﬁlz

=

while the values of fr_l HT_% dr 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 ctand my, it is first necessary to calculate their differentials in each
section, and then integrate with respect to r, making use of trapz().
dc, = 8F.(T, — K-1V,) (34)
dm, = 8 (V, + K 1U)r (35)
By obtaining the coefficients ctand mx, the thrust provided by the propeller (T) and the required
power of the propeller (W) can be calculated.
T = 0.5¢.p(wR)?mR? (36)
W = 0.5myp(wR)3nR? (37)
Other propeller performance metrics that can be obtained with this method are the dynamic
efficiency ng and the static efficiency ng of the propeller.

T (38)
p = pnzd*
W (39)
BP - pn3d5
Y (40)
P nd
b %k 41)
o @)
M=

Algorithm 2: Modified ISM
Inputn, B, V-, d, p, v, a, ¢, 7, [Xu, Yu, Xz, Y1], NS;
R=4d/2;

Get w with (33);
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Get 7 with (34);
fors=1to NS do
rs= aR;
Get Res and M in each section;
cis, cas = runXFOIL(as, [Xu, Yu, X1, Yi]s, Res, Ms);
=2
0>y, 0-([; ar)
forl=1to 10 do
Li=w;
fors=1to NS do
Get 71, with (25);
Get U, with (26);
Get V;_ with (27);
Get W;_ with (28);
Get [31s with (29);
Ds = as + Pis;
Ks = cis/cas;
Get os with (30);
Get I, with (31);
Get frs with (32);
Update @, with (33);

2

Ui .
_ — Ug’
s /s

fors =1 to NS do
Get (f_lﬁ—%df) with trapz(lu[s:end], 7[s:end]);

fors=1to NS do
Get dc,, with (34);
Get dmy with (35);
ct = trapz(dc, T);
mk = trapz(dmx, T);
Get ayp, fp and Ap with (38), (39) and (40) respectively;

Get outputs T, W, 14, and ns with (36), (37), (41) and (42)
respectively;

Verification of the proposed method of propeller calculation has been carried out by comparing
it with the experimental data of the NACA 5868-9 propeller, (experimental results, geometric and
kinematic characteristics of the propeller are given in [22]), as well as by comparison with the results
of numerical mathematical modeling by solving the Navier-Stokes equations in CFX software. The
results of comparison in terms of thrust coefficient and power are shown in Figure 5.
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Figure 5. Comparison by thrust coefficient (a) and power coefficient (b).

2.4. 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 the evolutionary
operators, methods of population size reduction (PSR), sampling techniques for 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.

DE 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) [23]. As with other evolutionary
algorithms, the search performance of DE algorithms depends on control parameter settings. A
standard DE has three main control parameters, which are the 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 DE 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 the online control parameters during the search process.
One of the variants of DE that apply this type of schemes is the success-history based adaptation for
DE (SHADE) [24].

SHADE uses a historical memory MCR, MF 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.

Algorithm 3: Memory update algorithm in SHADE
If Scrk# 2 and Sr# 2 then
If Mcrkg = -1 ormax(Scr) = 0 then
Mcrkga =-1;

else

Mcr kg1 = meanwr(Scr);
MeE kg1 = meanwi(Sr);
k++;

7

If k> Hthen, k=1;
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else
Mcrigr1 = Mcrig;

MEFkg1 = Mrkg;

In Algorithm 3, index k (1 < k < H) determines the position in the memory to update. In
generation g, the k-th 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 update algorithm 1, note that when all individuals in generation g fail to generate a trial vector
which is better than the parent, i.e., SCR = SF = 2, the memory is not updated. The weighted Lehmer
mean meanWL(S) is computed using the formula below:

S| 2
WS 43
meanyy(S) = 7&_1 Ll 43
Zm=1 Wmsm
Afy, (44)
Wm = SIS Af
1=1 1
Afy = |f(um.g) - f(Xm,g)l (45)

The amount of fitness improvement Afmis used in order to influence the parameter adaptation
(S refers to either SCR or SF). As MCR is updated, if MCR k,g = -1 or max(SCR) =0 (i.e., all elements
of SCR are 0), MCR k,g+1 is set to -1. Thus, if MCR is assigned the terminal value -1, then MCR will
remain fixed at -1 until the end of the search. This has the effect of locking CRi 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 has been shown to work well in conjunction with PSR methods. For the
development of the present optimization algorithm, it has been decided to incorporate the continuous
adaptive population reduction (CAPR) method. The CAPR method gradually reduces the population
size according to the change of gradient of the fitness value [25].

Y (46)
NP = ) BBy 0 < Ag/hg <1
g+1

NP, otherwise
_— {NPg+1 NPy > NPyyin 47)
81~ NPpin NP4y < NPpip
where
Ay = fave (Xg) — fan(Xg—l)’ A, = fave (Xg-1) — favg(Xg-2) (48)
favg(xg) ’ favg(xg—l)

In the third generation and in subsequent generations, the evaluated function values of all
vectors in the population are averaged to be f,y,(xg). This value, together with that form the previous
evaluation generation, is used to calculate the normalized gradient value A,. A,_; is calculated in a
similar fashion using the previous average function evaluation value, fayg(Xg-1), and the one before
the previousfavg(xg_z). If the ratio Ag/Ag_; 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_;. The reason for taking root of the ratio is to slow
down the population size reduction rate.

Another criterion to consider when wanting to increase the performance of algorithms based on
Differential Evolution is the way to generate 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 among the most popular
sampling techniques in computer experiments thanks to its simplicity and projection properties with
high-dimensional problems. 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 [26].

For real-case optimization processes, it is common to make use of two types of stopping criteria.
The following two types of stopping criteria were considered for this algorithm [27]:
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e  Exhaustion-based criteria: Due to limited computational resources optimization run might be
terminated after a certain generation, number of objective function evaluations or CPU time.
Commonly, 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 is not able to stop the run.

e  Distribution-based criteria: For DE algorithms all individuals converge to the optimum
eventually. Therefore, it can be concluded that convergence is reached when the individuals are
close to each other. Because is assumed that the optimum is not known as for the reference
criterion, the distances between the population members are examined. This type of criterion
can be applied in the design space or in the 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 of the ways to speed up the calculation process is by using parallel computing
strategies. The strategy that was proposed to be used is Lightweight Pipelining (LP) [28]. The
pipelining process helps in providing an easy approach in downloading and using the models on-
demand. It helps in parallelization which means different jobs can be run parallelly also it reduces
redundancy and helps to inspect and debug the data flow in the model. Some of the features that
pipelines provide are on-demand computing, tracking of data and computation, inspecting the data
flow, etc.

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 beginning of this work. The
coding of this algorithm was performed based on the Python 3 language mainly, in a GNU/LINUX
environment.

Algorithm 4: OpenVINT algorithm

/I Initialization phase

Input the design constants d, V-, p, v, a, Twmin, 7, NS;
Input the design variables intervals [ Xumin, Xmax];
Input the optimization conditions G, NP, NPwin, ¢, U*, v, H, p, =1,
Initialize of metrics;
Initialize population Py with LHS;
//Parallelized loop by joblib
fori=1to NP do
Apply Algorithm 1 for xig;
/[Parallelized loop by joblib
fori=1to NP do
Get T(xig), Wlxig), na(xig), ns(xig) with Algorithm 2;
Get Y(xg) with (2) and L(xg) with (1);
Update U*
Save Lavg(x3);
Save data of generation g;
Set all values in Mcr, Mr to 0.5;
Archive A= &
k=1;
/I Main loop
forg=1to G do
Scr= 9, Sr= 2

fori=1to NP do
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ri = select from [1, H] randomly;
Get CRig;
Get Fig;
Get mutation vector vig;
Get trial vector uig;
//Parallelized loop by joblib
fori=1to NP do
Apply Algorithm 1 with wig;
/[Parallelized loop by joblib
fori=1to NP do
Get T(uig), Wluig), na(uig), ns(uig) with Algorithm 2;
Get (ug) with (2) and L(ug) with (1);
Update U*;
fori=1to NP do
if L(uig) <L(xig) then
Xig = Uig;
Xig— A;
CRig— Scr, Fig— Sr;
else
XigH = Xig;
Update memories Mcr and Mr with Algorithm 3;
Save Lavg(xg+1);
if g> 3 then
Get Ag and Ag1 with (48);
Get NPg:1 with (46);
if NP¢+i<NPnisthen
Apply (47);
(NPg — NPg+1)-th worst vectors — A;
Remove the (NPg — NPg+1)-th worst vectors from Pg:1;
Save data of generation g+1;
if | Lavg(xg+1) — Lopt(xg+1) | <ethen
break;
k++;
Print metrics plots;
Output xopt, L(xopt);

Drawing the optimal propeller in point clouds;

3. Study Case

To evaluate the performance of the OpenVINT algorithm, a test was conducted to obtain the
optimal design of a propeller used for an engine of a fixed-wing aircraft.

The flow characteristics for this study are V~, 25 m/s; p, 1.225 kg/m?3; v, 0.000014607 m?/s; and 4,
340.294 m/s. A minimum permissible thrust of 7.5 N was considered for the optimization process.
The intervals of the design variables are shown in Table 1.
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Table 1. Intervals of the design variables.

Variable Interval Variable Interval
(c/d)r [0.03, 0.10] Xt [0.30, 0.45]
(c/d)m [0.03, 0.10] Txtm [0.30, 0.80]
(c/d): [0.01, 0.02] Yer [0.01, 0.05]

Fem [0.35, 0.60] Yem [0.01, 0.05]
ar [-7,7]° Yet [0.005, 0.05]
Qm [-5,7]° Tyom [0.30, 0.80]
o [-5,7]° Xer [0.30, 0.40]
Fam [0.25, 0.75] Xem [0.30, 0.45]
Yer [0.12, 0.20] Xet [0.30, 0.45]
Ym [0.12, 0.16] Txom [0.30, 0.80]
y [0.10, 0.12] i [5€3, 10e?] rev/min
Fytm [0.30, 0.80] B [2, 4]

Xtr [0.30, 0.40] d [0.3,0.3] m
Xim [0.30, 0.45]

For this optimization case the following parameters of the optimization algorithm will be taken:
e in real optimization problems it is considered to use at least 50 individuals in the initial
population, and as a minimum population 10 individuals were considered;
e the stop conditions contemplated for this case were, a maximum number of evaluated
generations of 200, an ¢ value of 1 W to fulfill the condition indicated in line 48 of algorithm 4;
e  av factor of 50 was used in equation 64;
e finally, an initial U*-value of 100 W was considered.

4. Results

To find the optimal propeller geometry, the algorithm needed to evaluate 127 generations to
meet one of the stopping conditions. The penalty function was evaluated 5742 times. Figure 6 shows
the evolution of the optimization process.
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Figure 6. Metrics of the optimization process.

The optimal propeller can generate a thrust of 7.505 N, requiring a power of 226.08 W, with a
dynamic efficiency of 83%. The optimal vector is shown in Table 2. The next figure shows the
geometric characteristics of the propeller.

Table 2. Optimal vector.

Variable Value Variable Value
(c/d)r 0.0798405 Xt 0.42644
(c/d)m 0.0842341 Ttm 0.8
(c/d): 0.010028 Yer 0.0439051

Tem 0.513672 Yem 0.0152008
ar 7° Yet 0.005
Qm 4.71326 ° Tyem 0.3

at 5.23632 ° Xer 0.385744
Tam 0.2543 Xem 0.317216
Yir 0.12 Xet 0.3

Ym 0.1007486 Txom 0.487034
y# 0.1071704 M 6896.51 rev/min
Fytm 0.52874 B 2

Xtr 0.338746 d 0.3m
Xtm 0.3

Geometric characteristics of the optimal propeller are shown in Figure 7.

doi:10.20944/preprints202311.0706.v1
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Figure 7. Geometric characteristics of the optimal propeller.

The general view of the propeller and the shape of the airfoils in each section in 7 of the
propeller blade are shown in Figure 8.
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Figure 8. The general view of the propeller and the shape of the airfoils in each section in 7 of the
propeller blade.

4. Discussion
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Good agreement was shown by comparing the calculations of the aerodynamic characteristics
of airfoils in Xfoil with the results of solving the Navier-Stokes equations using the control volume
method and experimental data. This allows fast discrete eddy Xfoil calculations with viscosity and
compressibility corrections to be used for propeller design calculations.

The cross-sectional calculation method implemented for propeller design showed good
agreement with experiment and CFD modeling in terms of thrust and torque (Figures 5a and 5b) and
provided a quick time for assessing aerodynamic characteristics.

The optimization of propeller parameters was based on the differential evolution method. It is
shown that 120 generations of 60 individuals are sufficient to determine 27 design variables.

The solution to the demonstration problem of designing an aircraft propeller with a required
thrust of 7.505 N with a diameter of 300 mm and a free-stream speed of 25 m/s yielded a combination
of design parameters that provides a propeller efficiency of 83% and requires 226 W of power at a
rotation speed of 6896.5 rev/min.

Approbation of the proposed methodology in the design of real propellers of unmanned aerial
vehicles has shown its effectiveness. The propellers obtained because of optimization have
consistently high efficiency. This methodology has high performance and does not require large
computing power.

5. Conclusions

This paper describes the developed methodology for designing air propellers. The novelty of the
technique is the selection of the aerodynamic profile for each cross-section of the propeller blade by
using Bezier curves for accuracy, flexible and robust setting of the geometry of the blades. It is shown
that to accurately describe a propeller, 27 parameters are sufficient, of which 16 are for describing the
profile, 10 are for the shape of the blade, and 1 is for specifying the kinematics (rotation speed of the
propeller).

The use of discrete vortex and isolated section methods makes it possible to calculate the thrust
and required propeller power in less than one second. Combined with the differential evolution
method, this makes it possible to solve the optimization problem in less than 2 hours on a workstation
with four Intel Core i5 cores.

The OpenVINT program has been developed in Python, which implements the presented
methodology with the possibility of parallel calculations (standardly with four threads). To evaluate
the performance of the OpenVINT algorithm, a test was conducted to determine the optimal design
of the propeller used for the engine of an unmanned aerial vehicle. The algorithm makes it possible
to obtain propellers with parameters that provide an efficiency of up to 80% under given
requirements, which is a good indicator.

The program that implements the technique also allows you to automatically obtain a geometric
description of the obtained result in the form of point clouds, from which it is possible to quickly
construct a three-dimensional geometric model in any of the existing CAD systems (see Figure 8) for
the purpose of its further use in subsequent calculations in other programs or for the development of
equipment for the manufacture of propellers using any available technologies.
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