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KiroueBble ciioBa:

JIonaTKa ra30TypOMHHOTO BUTATElIs,
KOHCTPYKI[Ms, ONTUMHU3ALINS, MOACIIN-
posanwue, 3D-neuats

,H.]'lil HUTHPOBAHUSA

YeCKHe aCIeKThl e¢ a[UINTHBHOrO M3roTtoBieHus. OOOCHOBAHHOCTh JaHHOTO
KOMIIJIEKCHOTO TTOJIX0/Ia 3aKJI0YAeTCsl B CIIOKHOCTH MPOU3BOACTBA M IKC-
TPEeMaJIbHOCTH 3KCIUTyaTallii CaMOi AETald, YTO HPUBOIUT K HEBO3MOX-
HOCTH TOYHO OIICHHUTH MPOJODKUTENHLHOCTh TePHOaa IKCILTyaTallud rOTo-
Boro m3zenust. Lens paboTel — ompeneseHne ONTHMAIbHBIX XapaKTePHCTUK
nporiecca a[UIMTUBHOTO TPOM3BO/ICTBA JIOMATKU Ta30TYPOUHHOTO BUTATEIS.
B03MOXXHOCTh aJIUTHBHOIO MPOW3BOJACTBA JIOMATOK TYPOMH C TOYHBIMH
KOHCYHBIMHU XapaKTCPUCTUKAMHU ITO3BOJIUT MPOU3BOAUTH JACTaJIb BBICOKOI'O
KauecTBa C MPOrHO3UPYEMBIM JKCILTyaTallMOHHBIM MpoLeccoM. PazpaboTaHsl
PEKOMEHIALMH 110 KPUTEPHUATBHOMY M QJITOPHTMHYECKOMY COTPOBOXKACHHIO
mpolecca ONTHMHU3ANUH U3TOTOBICHHS JIONATKU Ta30TypOUHHOTO JIBUTaTe-
mst. Tlo pesynbraraM NPOBEACHHBIX HMCCICAOBAHMII CHCTAaH BBIBOA O TOM,
YTO B KAaueCTBE OCHOBHOTO KPHTEPHs ONTUMHU3ALUH (HOPMBI JIOMATKH ra3o-
TYpOMHHOTO [IBHTaTeIs HEOOXOAMMO IPHHSITH COXPAHCHHE MOCTOSHHOTO
PACCTOSIHUSI MEXKIY COOTBETCTBYIOIIMMH TPAaHMYHBIMH TOYKAMHU CEUCHHI
nonatok. CnenoBarenbHo, 3G dexkTuBHEe U 1ieTIecoodpa3Hee ONTHMUZHPO-
BaTh HEe ()OPMY JIOTIATKH, & KOMIIO3HT, U3 KOTOPOIl OHA N3rOTOBIICHA.

Eroshenko V.0O., Malkova M.Yu., Zadiranov A.N., Meshcheryakov A.V., Ghorbani S. Optimization of the structure of turbine
blades produced by methods of additive technologies / Becthuk Poccuiickoro yHuepcutera apyx0bl HapoaoB. Cepusi:

WNuxenepusie uccnenosanus. 2022. T. 23. Ne 4. C. 302-310. http://doi.org/10.22363/2312-8143-2022-23-4-302-310

Introduction

Additive technologies are gaining more and
more popularity in the production of parts that are
subject to high quality control and durability require-
ments. The whole process of additive manufactur-
ing should be monitored at each stage of material-
production-post-processing-product to determine
the most optimal parameters.

Turbine blades have a complex geometric shape,
at the same time, high requirements are imposed on
the quality of their manufacture, since a violation of
the geometric shape can lead to a decrease in the
efficiency of the turbine. Quality control of blades
is a multi—stage process, which in the vast majority
of cases is carried out manually, whereas at present
methods of optimizing production processes and
quality control of machine-building parts by mathe-
matical modeling are becoming more and more re-
levant [1-4].

1. Statement of the research task

The purpose of the work is to determine the
optimal characteristics of the additive manufactur-
ing process of a gas turbine engine (GTE).

At the first stage of developing the technology
of additive manufacturing of blades, it is necessary
to develop criteria that must be met during the pro-
duction of the part to achieve the maximum degree of
quality. First, it is necessary to identify several con-
trol parameters of reliability. Since reliability is a time-

varying parameter, the group of control parameters
should be exclusively dynamic in nature and have
the ability to transform, which can be tracked and
recorded, while highlighting the influence of a spe-
cific factor on the product under study [5].

The first and most obvious control parameter is
temperature. It should be noted that temperature
parameters, in particular fluctuation fields, are quite
difficult to measure and track at high temperatures.
Therefore, one of the objectives of the study is
to assess changes in the nature of the propagation
of the temperature field during the life cycle of
the part.

The next equally important parameter is the re-
sponse to vibration — the vibration spectrum. Measu-
ring this parameter is also a technically difficult
operation, since this spectrum must be taken on
a moving apparatus, the mounting of sensors of
which does not meet the necessary reliability. Tech-
nically, the system includes a sensor equipped with
a microwave element. The response to the vibration
effect is formed inside the sensor itself, namely,
by converting mechanical vibrations into high-
frequency radio signals. This process consists of
the following steps [6]:

— excitation of the sensor receiver when the blade
moves;

— detection of mechanical vibration waves;

— translation of mechanical vibration into radio
frequency vibrations.
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As in the case of assessing the detail by tem-
perature fluctuations, in this situation it is also ne-
cessary to identify diagnostic signs. In this case,
it is recommended to consider by analogy not one
parameter, but a pair: a spectrum describing the
state of the blade under the influence of vibration
and anomalies in the structure of this spectrum,
which will indicate critical states of the blade that
can lead to breakage. Any software product can be
used for visualization and calculation, which will
make the following assumptions [7]:

— replacement of metal elements with equiva-
lent electric currents;

— excitation of the medium in the chamber vo-
lume by these currents;

— imposition of boundary conditions;

— splitting of conducting surfaces into elemen-
tary platforms, the length of which does not exceed
L = M8, where A is the wavelength of the electro-
magnetic field;

— compilation of systems of linear algebraic
equations for these currents;

— solution of the obtained equations.

Such a significant number of assumptions, at first
glance, complicates the calculation and modeling,
but these assumptions allow us to move away from
the practical development of the system, having a mini-
mal set of initial data; simulate the remaining pa-
rameters, or immediately obtain oscillatory charac-
teristics by setting only qualitative parameters of
the blade. The proposed method makes it possible
to simulate the oscillation spectrum fairly accurately
and without the use of additional means [8].

In contrast to the simulation of vibration spec-
tra, diagnostics using anomalies in the structure of
the spectrum is a more analytical issue, requiring
an understanding of the life cycle of the blade [9].
For the analytical evaluation of the data obtained,
it is necessary to identify criteria in accordance with
which anomalies should be compared and calculat-
ed. Due to the fact that we remove 2 wave charac-
teristics — working (vibration) and radio frequency
(converted by the sensor), then the criteria will be
set for these measured values. It is also necessary to
take into account that the operating characteristic
has such a property as the cyclicity of responses,
which must be taken into account when calculating
and modeling more than one cycle. Then, according
to [6], the frequency of the workflow is

_Emn

Fl/l__zFBn' (1)
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where F.— the number of revolutions (rpm) of the
rotor; Fg — the rotation frequency of the rotor, Hz;
n — the number of turbine rotor blades.

Let us consider the use of the spectrum of radio
response sequences. The workflow with this spec-
trum modulates the radio frequency oscillation in
the autodyne sensor (Figure 1). When studying
the figure, it becomes obvious that the processes of
vibration of the gas turbine engine during move-
ment and the flow of the medium passing through
the gas turbine engine contribute to each peak sec-
tion. The graph shows that two characteristics of
the read signals are displayed at once: the ampli-
tude for the vibration effect and the frequency for
the translated radio signal.

S

Si—=3Fu fi=2Fn fi~Fu fo JSotFu fot2Fu fo+3Fu

Figure 1. Radio frequency response spectrum, hHz

Since the spectral components in this case are
of interest not only as an amplitude characteristic,
but also as a true value modulo, it is necessary to
develop a mathematically sound calculation method,
according to which the main control parameters of
reliability for any given blade will be calculated
further. All calculations and algorithms will be further
carried out within the (-6, 0) half-wave segment
of the cosine, where [cos® — cos(wt)] = cosT,
w = 2m(Fy, t), T are dimensionless [9].

The approximation of the symmetric branch of
the cosine should be carried out taking into account
the slow: pt(p < 1) and fast oscillation phases:
gt < (g <1) having an amplitude of p <<'1.

Based on the above, we will make a system of
equations:

0,54(cost —cos0;), T € (—04,0);

(™) = {O,SA(cos 0, — cos(pt) + pcos(qr)), T € (0,6,). @)

Since there is a radio frequency characteristic
in the spectral characteristic under consideration,
the use of Fourier coefficients will be legitimate:

Yn(012,0.q.1) = if—oel a(t)cos(nt)dt. (3)
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A significant advantage of the chosen approxi-
mation method is the simplicity and possibility of
obtaining equations without composing systems
and matrices, which not only simplifies calculations,
but also reduces the probability of error. The main
components of the study and approximation are
the constant component (4) and the amplitude of
the first harmonic (5):

Yo(612,p,q. 1) =

1
= E(sin 0, — 0, cos0;) +

1
+—(sin 0, — 0, cos 8,) +
- (sin®, — 0, cos0,)
= —Ziq (sin 0, — 6, cos B,). 4)

v1(012.0.q, 1) =

1 1
= —sin(20,) + — (sin(26,)) +
s p

sin(0,(q+1) sin(0,(q—-1)

_l_%[ (q+1 )_ (q_l ) ) (5)

In the process of this study, the determination
of the parameters of the working spectrum will al-
low not only to evaluate the characteristic parame-
ters of the geometric and physico-chemical proper-
ties of the working blade, but also by the presence
of a discrete component of the spectrum to deter-
mine additional effects from the entire unit of
equipment on a single blade (Figure 2). This factor
is often not taken into account in the workflow,
while providing a huge impact on the durability of
the blades [10].

Su(F)

b o

0Fg Fu  2Fq 3F;

Figure 2. The working spectrum of the GTE blades, kHz

The main diagnostic parameter is the vibration
spectrum. Let us consider in more detail its graphi-

cal arrangement (Figure 3), in which the initial indi-
cations of the movements of control points on the
surface of the blade are translated into a spectrum
by differentiation. Usually, this spectrum has a non-
smooth envelope even in a safe situation, and never-
theless, it is it that is taken as a standard when
compared with any real spectrum when evaluating
performance characteristics.

Sw(F)

Fv/rl[)

Figure 3. Vibration response spectra, Hz:
1 -reference; 2 — abnormal; 3 - critical; 4 — emergency

Table 1 shows the parameters used to control
the reliability of blades, modeling, and calculations
in the manufacture of blades, including using addi-
tive technologies.

Diagnostic responses and their causes

No. Cause Response

1 Shaft speed
2 | Shaft beat

Change the workflow interval

Component F; on several of
the impellers

3 | Deformation
of the blades

Change in the value of y,,

4 | Vibration of
the blades

Blurring of spectral lines

5 | Bladebreakage | Failure of the blades of the F;
component, but of smaller am-
plitude and observed on one

of the impellers

The table shows the most significant criteria
that can be used for work on the development of
additive manufacturing technology parts. In practice,
the assessment of the node's condition is based on
a comparison of the readings of several sensors in
the corresponding measuring channels. However,
excessive complication by introducing additional
parameters can lead to an increase in operating
time, as well as to errors [7].
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2. Choosing an optimization method

When choosing an optimization method, first of
all, it is necessary to be guided by two important
factors. Firstly, work is carried out on a product of
a rather complex geometric shape, characterized by
a significant set of requirements for physical and
mechanical properties. Secondly, the optimization
of the part must be carried out in the context of
its manufacture using additive technology. Thus, re-

Dol
L T R T )

Py Al T L T —

HOopER Q@ Be AT\ S

strictions will be set not only taking into account
the operational properties of the part, but also the
method of its manufacture [11].

Since the task is multifaceted, it is possible
to use the Pareto principle or transform a multi-
criteria design problem into a single-criteria prob-
lem. At the first stage, a vector model is created that
will allow you to evaluate the shape of the part and
make possible adjustments [12] (Figure 4).

[Sem s

Comawtr  Look | MLA SohuOotere | SvnaVed

. TIITITER NI WA
Mo 0T IDNT

Figure 4. Creation of a vector model of a GTE blade

After building the model, focusing on the final
goal, it is necessary to determine the optimization
method, which depends on the method of setting pa-
rameters, the dimension of the parametric space, the
smoothness of the goal functions and constraints, a con-
stant and variable set of restrictions on iterations, etc.
These operations are performed using various software
modules, since it is quite difficult to manually account
for all parameters, and, in addition, the software pack-
age allows you to save all iterations and results [13].

The choice of the software product is also deter-
mined by whether the optimization is local or global,
the choice of the method and the limits of approxi-
mation of constructions and transformations will de-
pend on this. Of course, software products that work
with local parameters solve problems more quickly,
but they are less loaded with source data [14].

Local approximation methods use current in-
formation about the point and, possibly, the results
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of previous iterations. Based on this information,
the transition to the next point is carried out.
If the problem has several local optima, then each
of them will have its own area of attraction, which
may be characterized by a complex structure. In this
case, global approximation methods have some ad-
vantage, especially if the found approximation cor-
responds to the true functions of the goal and con-
straints. Despite the fact that the construction of
a global approximation requires significantly more
calculations of goal functions and constraints, find-
ing several solutions or a Pareto set for a multi-
criteria task will be carried out without additional
calls to an external calculation program (Figure 5).

Methodically, the optimization of the blade de-
sign cannot be reduced to improving a specific pa-
rameter without studying the impact This parameter
is used in a real system both in a static and dynamic
state [15].
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Figure 5. Selection of areas for local approximations

3. Discussion

In general, it is possible to describe and justify
an algorithmic approach for the software optimization
of a structural element — the blades of a gas turbine
engine [16]. Like any modeling software package,
this product must have a block or modular structure
to divide the task into post-evaluated processes,
the results of which in the final module are reduced
to obtaining the desired characteristic. A special con-
trol program can be used to control the interaction
between modules (Figure 6). For simplification,
such software packages often use dialog boxes to-
gether with a graphical interface that reflects not only
the final, but also intermediate results.

The initial
parameterized model Geometric
parameters
New l Geometric
parameters modeling
Optimization \]/
Control program
procedure - Creating a CE
unctions,
restrictions ‘l’
3 © Mass, VAT calculation
Optimal design o - | |

;roltage
Analysis of
results

Figure 6. Structure of interaction
between modules in the optimization problem

The calculation process itself can take place using
the finite element method or the boundary element
method [17].

When executing this command file, the follow-
ing is produced [18]:

— building a geometric model;

— building a finite element grid;

— application loads;

— calculation of stress-strain states;

— output of results.

The algorithm of the program is always the same,
so even a single change in parameters triggers the same
data processing mechanism.

The study of practical data and equipment cata-
logs allowed us to conclude that the main approaches
to optimizing the blades of the gas turbine engine
are reduced to solving the problems of reducing the
mass of the entire structure (Figure 7) and obtaining
a stress-strain state in the blade and disk that meets
the requirements and limitations on manufacturabi-
lity and strength, which refers to the task of design-
ing the shape of the part [19].

When developing a method for optimizing
the blade design, it is necessary to solve not only
the problem of geometric characteristics, but also to
preserve or increase the reliability and wear re-
sistance of the blade [20]. One of the key points of
modeling is the evaluation of the aerodynamics of
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the part being developed. To conduct research, a part
in a computer model is placed in a stream and the

emerging pattern of vortex flows and flow around
the blade is evaluated (Figure 8).

Figure 8. Aerodynamic evaluation of the model

The ultimate goal is to obtain a blade shape that
will not overload the system with its mass but will
remain strong enough and resistant to vibration
loads, temperature fluctuations and will maintain
the trajectory of movement in the flow. To fulfill
these requirements, it is necessary to take as an op-
timization criterion the preservation of the constant
distance between the corresponding boundary
points of the blade sections, especially regarding
to the sections on the input and output edges of
the blade [21]. It means, it is necessary to optimize
the shape of the blade itself so that it remains for
a long period of operation [22]. Therefore, it will
be more efficient and expedient to optimize not
the shape of the blade, but the composite from which
it will be made. Additive technologies provide such
an opportunity. Taking into account the ability of
additive technologies to work with almost any metals
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and alloys, the proposed optimization direction is
extremely relevant [23].

Conclusion

Analysis of the effect of control parameters on
the reliability characteristics of the blade of a gas
turbine engine showed that as an optimization crite-
rion, it is necessary to take a constant distance be-
tween the corresponding boundary points of the
blade sections to preserve the shape of the blade
over a long period of operation. In the process of
the work, a conclusion was made about the effec-
tiveness and expediency of optimizing not the shape
of the blade, but the composition of the composite
from which it will be made. A method for optimiz-
ing the shape of a GTD blade manufactured using
additive technology is proposed.
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