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Abstract

Introduction. Increasing the durability of gas turbine engine (GTE) blades is achieved through the use of special
protective coatings on their surface. For the development of such coatings, the basic source information is the geometric
profile of the blade section. To transfer a given blade cross-section profile to the appropriate CAD/CAM system or
engineering analysis package, parametric modeling methods are used to automate this operation. However, the known
approaches to creating a parametric model of a blade profile are not without a number of disadvantages, and a generally
accepted method for creating it does not currently exist. The research was aimed at creating a technique for approximating
the profile of gas turbine engine blades, convenient for use in the subsequent analysis of the operating conditions of
special coatings on the surface of the blades.

Materials and Methods. When constructing parametric models of the profile of gas turbine engine blades, a method based
on the orthogonal Legendre polynomials was used. This made it possible to provide high accuracy of approximation and
construction of a continuous mapping for the parameters of the blade profile approximation. A Python application was
created for automated processing of source profiles. It provided the calculation of the coefficients of approximating
polynomials for the contour lines of the blade, visualization of the calculation results, and creation of a dxf file based on
the points of approximating functions to transfer it to the CAD system. Next, geometric models of blades were used to
solve the problem of a stationary aecrodynamic flow around a blade. The results of solving this problem were used to study
the effect of the blade profile on its cooling in an aerodynamic flow.

Results. As an example, three options of blade profiles belonging to different types of GTE were considered. It was shown
that for all three studied profiles, the proposed technique provided obtaining parametric models that maintained high
accuracy in constructing approximating lines, which was confirmed by the values of the determination coefficients close
to unity. To illustrate the possibility of using the obtained models, examples of solving the gas dynamic problem with a
potential flow around a blade in a stationary aerodynamic flow were given. The distributions of pressure and temperature
on the surface of the blade were calculated using the finite element method.

Discussion and Conclusion. The calculation results show that the proposed technique of approximating the profile of the
GTE blade, based on the use of orthogonal polynomials, is a convenient tool to automate the creation of a geometric model
of the blade and compare different types and profiles of blades, solving the corresponding gas dynamic problems. At the
same time, for a given blade profile and GTE operating conditions, it is possible to obtain the distribution of temperatures
and forces acting on the surface of the blade, which is required for predicting the durability of special coatings.
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AHHOTANUA

Beedenue. T1oBbIeHNe OJITOBEYHOCTH JIONATOK ra3oTypOnHHBIX auratenet (I'T/l) mocturaercs 3a c4eT NpuUMEHEHHS
CIEUUAJIbHBIX 3allUTHBIX ITOKPHITUA WX MOBEpXHOCTH. [ pa3paOOTKM TaKMX IOKPHITUAH OCHOBHOW HMCXOIHOM
nHpoOpManmeil ABIseTCs reoMeTpudeckuii npodune ceyeHus JonaTku. [ mepepadyn 3alaHHOTO NMPOQMIS CEUSHHUs
nonatku B coorBercTBylomylo CAD/CAM-cucteMy WM TaKeT WH)KEHEPHOTO aHalk3a IMPHUMEHSIIOTCS METOJIbI
MapaMeTPUUECKOT0 MOCTUPOBAHUS, IO3BOJISIOIIME aBTOMATHU3UPOBATh JAaHHYIO omeparuio. OmHAaKo W3BECTHHIC
MOJXO/IBI K CO3/IaHHIO MAapaMeTPUIECKON MOJIETH MPO(MIIS JOMATKH HE JIMIICHBI Psa HEIOCTAaTKOB, M OOMICPUHSTON
METOAMKHU €€ CO3IaHMs B HACTOAIIEE BPEeMsl HE CylecTBYyeT. llenpio naHHOW paOOThI SABISETCS CO3MAHHE METOIMKU
anmpoxcuMarun npodmis gonatok [T/, ynoOHOM A HCHOIp30BaHUS MIPH MOCIEAYIONIEM aHaJ3e yCIOBUN paboThHI
CIIEIINATIBHBIX TOKPBITHI TIOBEPXHOCTH JIOTIATOK.

Mamepuanst u memoost. I1py TOCTPOSHUN MTAPAMETPUIECKUX MOJIENEH MTPOQHIIS JTOMAaTOK Ta30TypOMHHBIX JBUTraTeNeit
aBTOpPaMHM HUCIOJIB30BAH METOJl, OCHOBAHHBINA Ha NMPHUMEHEHUH OPTOTOHAIBHBIX NMOJMHOMOB Jlexanapa. OTO MO3BOJIUIO
00ecIeunTh BBICOKYIO TOYHOCTH AallpOKCUMAalMM W TIOCTPOCHUE HENPEPBHIBHOIO OTOOpaKEHHs Ui IapamMeTpoB
annpoKCUMaIyy npouis Jonatky. /s aBroMaTH3poBaHHON 00pabOTKH HCXOIHBIX MPOQUIIEH CO3JaHO MTPUIIOKEHNE
Ha si3pike Python, mo3Bosstoniee BBHIYUCIATH KOI(DOUIMEHTHI anmpoKCUMHUPYIOIIMX TTOJIMHOMOB JUIsl JIMHUH KOHTYpa
JIOTIATKH, BU3YaJIM3UPOBATh PE3YJIbTaThl pacuyera M cO37aBaTh M0 TOYKaM anmnpoKcuMupyromux Gyakmii dxf-dain mis
nepenauu ero B CAD-cuctemy. Jlanee reoMeTprueckre MOAENIH JOMATOK UCIIOIB30BAIHM VIS PELIEHHS 3aJa4l O0TeKaH!s
JIONATKU CTal[MOHAPHBIM a3pOJAWHAMUYECKHM IIOTOKOM. Pe3ynpTaTel pemieHus 3TOH 3alauyd HCIIOIb30BaHbI IPU
HCCIIEIOBAaHUHU BIUSIHUS NPOGMIIS JONATKU HA €€ OCTHIBAHUE B a3POJIMHAMUUECKOM MIOTOKE.

Pezynomamut uccnedosanusn. B xadecTBe mpuMepa pacCMOTPEHBI TPH BapHaHTa MPOQHUICH JIOATOK, OTHOCSIIUXCS K
pazaeiM THam [T/, [lokxa3aHo, 9TO AN BceX TPeX M3YYEHHBIX MPOQIIEH MpemIoKeHHas METOIUKa IT03BOJISET
MOJTy4aTh MapaMeTpUIecKUe MO, 00eCIICUNBAIONINE BBICOKYIO TOYHOCTh IIOCTPOCHHS allliPOKCUMHUPYIOMINX JTHHUMH,
YTO MOATBEPXKIACTCS OJM3KUMHM K €IWHHUIE 3HAYCHUSIMH KOX(PQUIMEHTOB neTepMUHAIMK. [l WILIIOCTpanun
BO3MOXKHOCTH HCIIOJIb30BAHMS TTOJyYSHHBIX MOZEIeH MPUBEACHBI MPUMEPHI PEIICHHS 3a/1a4i Ta30BOW ANHAMUKH IIPH
MMOTEHIIMAILHOM OOTEKaHWH JIOTIATKH B CTAIIMOHAPHOM a’pOJMHAMHUYECKOM ITOTOKE. MeToJ0M KOHEUHBIX SJIEMEHTOB
paccuuTaHbl paclpeaesieH sl JaBICHUHN U TeMIepaTyp Ha IOBEPXHOCTH JONATKHU.

Oécysrcoenue u 3axntouenue. Pe3ynbprarsl BEIMUCICHUH MOKA3aJIH, YTO Ipe/yiaraeMasi METO/IMKa arnpOKCHMaUH poduiis
JIONaTK1 FTI[, OCHOBaHHAasA Ha HCHOJIb30BAHWUU OPTOIOHAJIBHBIX MHOI'OWICHOB, ABJISACTCA y[[O6HI)IM HHCTPYMEHTOM,
MO3BOJISIOIIMM aBTOMAaTH3UPOBATh CO3JJAHUE TeOMETPUIECKON MOJIEIH JIONATKX ¥ IIPOBOIUTH CPAaBHEHUE PA3IMUHBIX TUIIOB
u npo¢uIIeit IONaToK, pelas COOTBETCTBYIOIINE 3a1a4y Ia30B0Oi AuHAMUKH. [1py 3TOM 1714 3aJaHHOTrO NPOQMIIS JONATOK
u ycinoBui padoTs! I'T /] MOKHO OTTy9IHTh paciipeaeieHue TeMITepaTyp U yCHITHHA, AeHCTBYIOIINX Ha TOBEPXHOCTH JIOTIATKH,
YTO HEOOXOANMO ISl IPOTHO3UPOBAHMS JIOJITOBEYHOCTH CHEIHAIBHBIX MOKPHITHHA.

KiroueBble cj10Ba: JIONMAaTKM Ta30TypOMHHBIX [BUTaTened, MPOQHIb CEYCHHUS, ANNMPOKCHUMAIMA, OPTOTOHAJIbHBIC
MHOTOYJICHBI

Bnaroaapﬂocnl. ABTOpBI BbIpAXKAIOT 6J'IaI‘O,HapHOCTL peaaKkiur U pCUCH3CHTAM 34 BHUMATCIIbHOC OTHOIICHUC K CTAThE
" yKa3aHHBbIC 3aMCUYaHUs, YCTPAHCHUC KOTOPBIX MMO3BOJIMIIO MMTOBBICUTH €€ Ka4Y€CTBO.

Jast mmtupoBanns. ConoseeB MLE., Illynesa FO.H., bannaes C.J1., bannaes JI.X. Annpokcumarius npoduiist JIOaTOK
ra3oTypOMHHBIX  jBuratencit.  Advanced — Engineering  Research  (Rostov-on-Don).  2024;24(1):78-87.
https://doi.org/10.23947/2687-1653-2024-24-1-78-87

Introduction. Turbine blades are the most highly loaded parts of a gas turbine engine (GTE), the durability of which
mainly determines the engine overhaul time [1]. One of the ways to increase the durability of turbine blades is to apply
special protective coatings on their surfaces [2]. The coating is a complex composite structure. To select materials for it
and determine its optimal geometric characteristics, it is necessary to know the operating conditions of the part: the
distribution of temperatures, pressures, and shear stresses on the surface of the blade.
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The highest requirements are posed on the shape of the blades, as well as on the selection of materials, their
manufacturing technique, and special coatings [3]. When designing special coatings, the basic initial information is the
geometric profile of the surface of the part, since the parameters of the coating manufacturing process are set on its basis.

Among the characteristic elements of the profile, the following can be distinguished: chord — distance between the
most distant points with a horizontal arrangement of the blade, like an airplane wing; suction side — upper part of the
profile; pressure side — lower part of the profile; leading and trailing edges [4].

The shape of the blade cross-section profile is selected both on the basis of experimental studies of pilot units and
actual engines [5], as well as on the results of numerical experiments on models [6]. In the course of numerical simulation,
we study the task of creating a geometric model of the blade based on a given cross-section profile and transferring it to
the appropriate CAD/CAM system [7], or an engineering analysis package [8], in which the parameters of the physical
properties of the materials of the parts are set, the boundary conditions of the problem are determined, and calculations
are performed.

Traditionally, when creating a blade drawing, its profile is described by a set of circular arcs, which is then transferred
point-by-point to the module for developing a geometric model and generating a grid of finite elements. The disadvantage
of this approach is that when building each new model, you have to manually create its profile in the graphical editor. In
this regard, methods of parametric modeling of the blade cross-section profile are proposed to automate this operation.
One of the most well-known models is the nine-parameter RATD (Rapid Axial Turbine Design) model described in [9].
At the same time, the practice of using RATD has revealed certain disadvantages inherent in this model, specifically, the
inconvenience of using it when optimizing the geometry of the profile, as well as insufficient accuracy. On this basis, the
authors [10] proposed a modified version of this model, which included a larger number of parameters. Methods of
parametric modeling of blade cross-section profiles are also actively used in domestic practice. Thus, in [11, 12],
algorithms for the automated construction of the blade profile using approximation by curves from a set of parabolas and
Bezier curves of the second order were proposed. In [13], a method for designing a grid of GTE profiles based on these
algorithms was described. The use of parametric models of blade profiles in solving optimization problems was
considered by the authors in [14, 15].

At the same time, it should be noted that the existing methods of parameterization of the blade profile are not without
a number of disadvantages. The main disadvantage of traditional blade profile parameterization schemes based on the use
of second-order curves is that different functions have to be used for different parts of the workpiece to maintain the
accuracy of the description. At the same time, these functions do not form an orthogonal system, and the values of the
parameters determined by the approximation of the existing profile by the least squares method turn out to be correlated.
This leads to the fact that it is not possible to construct a continuous mapping for a set of parameters when the system
approximates the cross sections of the three-dimensional surface of the blade of double curvature.

It should also be noted that there is currently no universal technique for parametric modeling of GTE blade profiles,
and the selection of a specific technique depends both on the goals of modeling and on the characteristics of the specific
type of engine being designed. However, the forms of input information can vary significantly. It can be a geometric
model in the form of a file in the format of one of the CAD systems, or just a set of points from a database of profiles
of the type [16].

Thus, an additional requirement for the parametric modeling technique of the blade profile, due to the purpose of the
model, is versatility with respect to the format of the source data.

This research was aimed at the creation of the technique for approximating the profile of the GTE blades, free from
the above disadvantages and convenient for use in the subsequent analysis of the working conditions of special coatings
on the surface of the blades. This was demonstrated by the example of solving the problem of gas dynamics for three
different blade models, whose profile was parameterized through the proposed technique.

Materials and Methods. The authors used an option of parametric models of the blade profile based on the orthogonal
Legendre polynomials [17]. A Python application was created for automated processing of source profiles. This made it
possible to calculate the coefficients of approximating polynomials for the contour lines of the blade, visualize the
calculation results in the form of graphs of initial points and approximation curves for the suction and pressure sides of
the blade, save the initial points of the profile, an array of coefficients of approximating polynomials and the coefficient
of determination of the model in the database, and create a dxf file based on the points of approximating functions to
transfer it to the CAD system and an engineering analysis package.

The constructed two-dimensional geometric models of the blades were used to solve the problem of a stationary
aerodynamic flow around the blade in the approximation of potential flow. The velocity distributions calculated as a result
of solving this problem in the flow were used to study the effect of the blade profile on its cooling in the aerodynamic flow.

Calculation method. The orthogonal polynomial systems used as the basis of the proposed method provide linear
independence of the approximation coefficients and are devoid of a disadvantage that causes difficulties in constructing
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models that are continuous in parameters. The degree of polynomials is selected to be high enough — of the ninth order,
so that the set of two polynomials for two parts of the profile (suction and pressure sides) is twenty parameters, which is
sufficient for approximating very complex profiles. The type of the approximating function and the method of calculating
estimates of its coefficients are described below.

We denote the approximating line of the blade profile using function y(x). The expression of this line in the case of a
number of Legendre polynomials of the ninth degree is represented as:

y(x)zZ::OaiLi(X), (1)

where a;— coefficients that are parameters of the model; L{(x) — Legendre polynomials calculated by formulas:

Ly =(3x?-1)/2;
Ly =(5x* =3x) /2;
Ly =(35x* —30x +3) /8;
Ls =(63x* —70x* +15x) /8; )
Le =231/16x° —315/16x* +105/16x> — 5/16;
L, =429/16x7 —693/16x° +315/16x> —35/16 x;
Lg = 6435/128x* —3003/32x° +3465/64x* —315/32x2+35/128;

_ 12155 6435 /9009 1155 N 315
PU128x° 32x7 64x° 32x° 128x
Let the coordinates of the initial blade profile be given by a set of points y; = y° (x,-), i=1,..., N. Substituting

values x; in functions (2), we obtain matrix X of size N x 10. The coefficients of the approximating polynomial for the
given blade profiles were found by the least squares method from the minimum condition of the sum of squared deviations

of the given values y; and calculated through the regression equation (1):

N 2
1;= F—ylai, xi)) — min. 3
a zfjl(y, y(ai, x )) min 3)
The estimates of coefficients @; were calculated using the well-known regression analysis formula:
-1
a:(XTX) XTy, 4)
where ¢ — notation for the vector of coefficient estimates; y — for the vector of points of given profile y;.
The approximation accuracy was estimated by the determinacy coefficient of the model (the coefficient of
determination R?), which, with a good approximation, should be close to unity:

2 Z(y(xi)—y,-")z

RP=1-4="~ " " )

2
Z (? C-yi )
where y“— average value of y;.

In design practice, it is customary to describe the leading and trailing edges of the contour of the blades with the radii
of circles. In this regard, the coordinates of the points of the approximated profiles between the arcs of the circles of the
leading and trailing edges were considered in this paper. For the purposes of approximation, the contour of the blade in
question was assumed to be horizontal, so that the blade chord line coincided with the abscissa axis of the Cartesian
coordinate system. To preserve the orthogonality condition of the models, size normalization is mandatory. In this regard,
all dimensions were normalized by the length of the blade chord, so that the abscissas of the profile points lay in the range
of 0.1. This provided the orthogonality of functions (2) with coefficients calculated by formulas (4).

Research Results. Table 1 shows the coefficients of approximating polynomials for blade profiles belonging to
different types of GTE to study the heat fatigue of a thermal-protective coating consisting of two metal and ceramic layers:
profile of the compressor blade C8626 [13], profile of the NASA blade of a highly efficient high-pressure GTE [18], and
profile of the simulator blade used in [19].
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Table 1
Coefficients of approximating polynomials for blade profiles from different sources
Coecfficients [13] [18] [19]

suction side | pressure side | suction side pressure side suction side pressure side
ao 142.4250 —123.0993 —1275.6471 717.8336 —1043.6707 527.0915
a —374.3446 324.9875 3328.6126 —1868.9670 2719.5055 —1369.9895
as 477.9332 —417.7186 —4181.1239 2338.1048 —3406.1466 1707.9198
a —444.4554 392.7204 3794.0526 —2108.4202 3077.0694 —1531.8025
as 324.6819 —292.0489 —2684.7257 1479.0172 -2164.2992 1066.1471
as —189.2284 174.3673 1502.4170 —818.4219 1201.7203 —583.7501
a6 86.8260 —82.4103 —654.4877 351.5869 -518.2516 247.3087
a; -30.0775 29.5457 211.8930 —111.9355 165.6344 —77.2958
as 7.1533 -7.3024 —46.0284 23.8450 -35.3931 16.0493
ay -0.9024 0.9652 5.1021 -2.5861 3.8411 —-1.6752
R2 0.9999 0.9993 0.9896 0.9990 0.9982 0.9994

Figure 1 shows the starting points of these profiles and the corresponding approximating lines.
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Fig. 1. Initial points and approximating lines of blade profiles presented in Table 1,
sources of blade profiles: a — [13]; b — [18]; ¢ — [19]
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As mentioned above, the aim of parameterization in this paper is to approximate the profile by a continuous function
followed by modeling the distribution of external parameters over the surface of the blade. To illustrate the possibility of
solving this problem, we consider a simple two-dimensional model of a blade in a stationary aerodynamic flow, in the
approximation of potential flow. In this case, the distribution of the velocities of flow v(x, y) is described by the equation:

oy

ve ox , ©6)

where function v is found from the solution to the Laplace equation:
Ay =0, (7)

which in this case corresponds to the incompressibility condition (V V= O) and vortex-free flow (Vxv= O).

The boundary condition for function y will be equal-zero velocity in the normal direction of the blade surface, which
means that y is constant on this surface.

We denote the profile line of the blade surface by S and search for a solution to equation (7) in region Q, bounded by
the outer part with respect to S and the inner part with respect to circle C of a sufficiently large diameter, compared to the
length of the blade chord, so that the flow is homogeneous on surface C. That is, the conditions are set at the boundary of
the domain 0Q =S U C:

W5 =0,y =va-xt, ®)
where v, — uniform flow velocity vector.

After calculating the velocities, the pressure distribution can be found using the Bernoulli equation:

v

2

PV

where p — gas density; B — Bernoulli's constant, which can be set equal to p., + ——, where p., — pressure at an

infinite distance from the blade.
The variational formulation of problem (7) looks like this:

vaw=o, Ywe Hb(Q). (10)
Q

The solution to this problem was carried out by the finite element method. For comparison, the calculation was
performed for three variants of blade profiles, shown in Table 1, with the same chord length [.

The obtained results were further used in solving the problem of cooling the blade in an aerodynamic flow. Such a task
makes sense for thermocyclic testing of coatings on simulator blades. In this case, the problem statement looked as follows:

0T =V (kVT)+v-VT =0, (11)
where 7 — temperature; t — time; k — thermal diffusivity coefficient.
Initial temperature distribution:
T(tzO,x):To(x) (12)

was assumed to be as follows: inside the blade, a constant temperature was 400°C, ambient temperature was 0°C. The
boundary conditions corresponded to the absence of heat flow on the outer contour C:

ar 0. (13)

=0,T
on

Cyn>0

C,vn<0 N

The distribution of flow velocities in problem (11) was calculated when solving problem (10), while the velocity on

contour C was assumed to be v:IO[l/s] (length dimension in units of chord length). The thermal conductivity

coefficients of the blade and gas were assumed to be 0.1 and 0.01 [l 2 / S:I, respectively.

The program code for solving problems (10), (11) was written in the input language of the universal finite element
package FreeFem++ [20].
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Figure 2 shows the pressure and temperature distributions calculated as a result of solving problems (11), (12), when
the blade cools down for 25 seconds in the aerodynamic flow for the three studied blade profiles shown in Figure 1.
Table 2 shows the calculated values of the minimum relative pressures near the blade surfaces and the maximum

temperatures of the blades.

¢

Fig.2. Calculated distributions of pressure (p, left) and temperature (T, right) when modeling the flow and cooling in the flow of
the blades of the studied profiles (profile designations — as in Fig. 1). Flow vector direction angle with blade chord direction was 10°

Table 2

Minimum relative pressure near the surface of the blade
and maximum temperature of the blade after 25 s cooling
in the aerodynamic flow

Parameters Blade profile
[13] [18] [19]
Poin | Do 0.599 0.699 0.720
Toax (t =25),°C 156.9 2452 263.4
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Discussion and Conclusion. Judging by the data presented in Table 1, the coefficients of determination R? for all
studied blade profiles were close to unity, despite the fact that the shapes of the profiles differed significantly. This
confirms the good quality of the approximation and is also illustrated by the data in Figure 1. Thus, the proposed method
makes it possible to construct approximating blade profile lines for various types of GTE with high accuracy.

The paper also illustrates the possibility of using approximating functions under calculating the distribution of
pressures and temperatures on the surface of the blade on the basis of solution to the problem of gas dynamics. Further,
this distribution can be used to optimize the structure of special blade coatings, such as heat-protective coatings. The data
shown in Figure 2 and in Table 2, confirm that this task can also be successfully solved. The patterns of pressure and
temperature distributions for different blade profiles have common features, but the detailed picture differs. It can be seen,
specifically, that the blade of the profile [19], which has a larger cross-sectional area compared to the others, is
characterized by a higher value of relative pressure in the area of the outlet edge and a lower cooling rate. This is also
illustrated by the data given in Table 2. Since, from the point of view of the strength of the adhesive bond of the coating
with the substrate, the most dangerous forces are directed normally away from the surface of the blade, the relative
minimum pressure near the surface is relevant. Its values are presented in Table 2. With account to the calculation
obtained, it is possible to reasonably approach the design of a special coating for the surface of a blade of a specific
profile: adjust the materials and thickness of the coating depending on the degree of loading of individual surface areas.

Note that these calculation results are presented only as an illustration of the possibilities of the proposed profile
approximation technique. Therefore, the model of gas dynamics used in the work is quite simplified. In a specific task, it is
necessary to use a more rigorous model with parameters corresponding to the specified type and mode of the GTE operation.

Thus, the proposed technique for approximating the blade profile of the GTE, based on the use of orthogonal
polynomials, is a convenient tool that provides automating the development of a geometric model of the blade and
comparing different types and profiles of blades, solving the corresponding problems of gas dynamics. At the same time,
for a given blade profile and working conditions of a GTE, it is possible to obtain a distribution of temperatures and forces
acting on the blade surface, which is required to predict the durability of special coatings [21]. Based on this calculation,
it is possible to optimize the coating technology by varying its thickness and/or composition, increasing the coefficient of
durability in the most dangerous areas.
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