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Introduction

One of the main tasks of the development of large-scale thermal power engineering is to increase the
unit capacity of power turbines. Its implementation largely depends on the possibility of creating efficient
final stages for steam turbines, the dimensions and design features of which determine the amount of achiev-
able power in one unit, as well as economic indicators and the general structure of the unit (number of cylin-
ders, number of stages, etc.). The creation of such stages is one of the most difficult tasks, since when solv-
ing it, contradictions between factors of different nature (thermo-gas-dynamic, structural, strength, techno-
logical ones, etc.) become acute. This is especially evident in the design and design of rotor blades. In view
of this, the creation of a new stage with a rotor blade of large (critical) length is, as a rule, a new stage in the
development of turbine building, the emergence of power units with more modern technological indicators.
The contradiction of various requirements and the presence of subjective approaches to solving individual
problems in practice turns the design of rotor blades into a complex and sequential process of searching (by
trial and error) for a satisfactory solution. A qualitative solution to this problem is possible only with the
maximum formalization of the process of creating such blades, which is the basis of the computer-aided de-
sign system (CAD). Moreover, a multi-level representation of a technical object (in our case, a blade of a
critical length), during the designing of which it is necessary to take into account many factors and parame-
ters, is considered a key element of CAD.

This work is licensed under a Creative Commons Attribution 4.0 International License.
© Anatolii O. Tarelin, Iryna Ye. Annopolska, 2025

42 ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2025, vol. 28, no. 1



EHEPITETUYHE MAIINMHOBY AYBAHHA

Such an approach at the stage of calculations allows: to systematically use an effective design appa-
ratus; to optimize the resulting solutions at all levels; to apply a developed apparatus of computational
mathematics; to significantly reduce the time and resources consumption during design [1].

Currently, there are quite a few turbomachinery design systems, which include blade design, includ-
ing ANSYS [2, 3].

However, none of the systems fully takes into account the specifics of designing blades of maximum
length for the last stage of powerful steam turbines with the formalization of the processes of their creation, in ad-
dition, these systems do not include a formalized model of the technological process of blades manufacturing tak-
ing into account the fleet of the used machines. However, these factors certainly play an important role in choos-
ing the best blade option, especially when it comes not to modernizing existing stages, but to creating new ones.

The authors of the paper have quite extensive experience in designing and constructing such blades,
including the systematization of these processes, on the basis of which the materials of the paper were pre-
pared. The results of the research are given in a number of papers and monographs [4, 5, 6, 7].

The purpose of this paper is to consider the main aspects and features of the methodology for formal-
izing the process of creating blades of large (critical) length for the last stages of the turbine, taking into ac-
count their specifics: significant radial dimensions, high rotation speeds, significant static and dynamic loads.

Taking into account the emergence of new approaches to the design of blades and the turbine flow
part, the development of new methods and software packages [8, 9], it is also advisable to summarize the
existing experience of formalizing each of the stages of the critical length blade design.

We emphasize that when creating a system for the design and design of blades of the critical length, it
is necessary to foresee the presence of models of the thermo-gas-dynamic process; the design process; the tech-
nological process of manufacturing, as well as an optimization subsystem and an archive of design solutions. In
addition, it is necessary to provide for the calculation of the thermo-gas-dynamic and structural characteristics
of the degree, strength and vibration reliability of the rotor blade, gas-dynamic losses in the profile grids, etc.

It seems advisable to have both simplified models (two-dimensional or quasi-three-dimensional),
which can be used at the initial stage of design to select the optimal (rational) option of the rotor blade, and
more complex three-dimensional models in the system. Such approaches to design with two-level problem
solving are used by many authors [10, 11] and show good results.

The quality and reliability of the formalization of processes in all mathematical CAD models plays a
decisive role in achieving the effectiveness of the presented approach.

The main aspects and developments of the authors regarding the formalization of mathematical
models and the methodology for selecting the optimal (rational) option of the rotor blades of the last stages
with the corresponding analysis of the results are given below.

Thermo-gas-dynamic process model

The thermodynamic perfection of the last stage is characterized by the efficiency of energy conver-
sion, i.e. internal efficiency.

It is the internal efficiency of the stage (1,;) that is taken as the dominant quality criterion and is de-
termined in the process of solving algebraic and nonlinear differential equations that describe the spatial flow
of the working fluid in the region limited by the radial and axial dimensions of the stage. In this case, both
three-dimensional and axisymmetric calculation models can be used.

In general, the dependence of its definition can be presented as follows

Noi Ak, X, [D]),
where A are output data such as rotor speed, steam flow rate, pressure and enthalpy of steam before the stage,
etc.; Iy are independent characteristics: distribution of exit angles from the stator and rotor blades o,(7),
Ba(r); [D] is the area of determining the dominant quality criterion.

At the first stage of designing and constructing of the blade that is being created, when optimizing
the thermo-gas-dynamic characteristics, it is advisable to limit oneself to an axisymmetric calculation with
the determination of the flow characteristics along the cross-sections of the inter-crown gaps. This greatly
simplifies the solution of the system of equations that formalize the flow process in the stage. The closing
system of equations in this case is the distribution of angles o (r), B2(r) along the height of the blade (laws of
bladed devices twist). These laws significantly affect the level of losses in the grids and losses with the initial
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speed, and, accordingly, to a large extent determine the value of the internal efficiency of the stage. In addition,
they are included in the initial data for profiling and designing of bladed devices and are a connecting link be-
tween thermodynamic calculations and the rotor blade design.

As a result of the analysis of the existing practice of designing of the last stages of distributions
o =f(r) and B,=f(7), the class of these functions and their corresponding analytical dependencies, which are
taken as basic at the formalization stage, are defined. In this case, the angle distributions are determined as a

function of the relative height of the blade /=1/L and a series of coefficients with which it is possible to

obtain the entire range of twist laws o,(7) and B,(r), which actually exist in design practice. In formalized
form, these dependencies look like this

o1 ()= imids Cirs Qipy @1, A2, «-oy @1); Bo(1 ) Bors Bops b1, b, ..., D), (h
1€ Olimids OLir, OLip are exit angles from the nozzle diaphragm at the middle one, root and peripheral sections of
the blade, respectively; B, B2, are angles of exit from the rotor blade in the root and peripheral sections, re-
spectively; ay, as, ..., a;, by, by, ..., b; are coefficients that determine the reference points of the curves that
describe the laws of angle distribution along the blade height.

More detailed dependencies for determining o, (7), B2(7) are given in [5].

The next stage is the parametric formalization stage. The formalization parameters that provide the
variation of the angles a; and 3, by the height of the blade are timig, 0Ly, Qip, @1, @2, ..., Qs Por, Pap, b1, b2y .., by
The initial values of these parameters are set within the ranges of their change (restrictions on the formalization
parameters).

Also, the ranges of change of the stage characteristics are set at this stage — the area [D]: root reactiv-
ity value R,; restrictions on relative input speed Wi; velocity of the flow exiting the rotor in absolute motion
(»; the presence of convergence in the inter-blade channels; the magnitude of the flow impact at the entrance
to the rotor blade, etc.

All these restrictions are determined, as a rule, by concepts arising from the physical nature of the
studied thermo-gas-dynamic process and the accumulated knowledge about the creation of blades of the
critical length and the corresponding analytical dependencies.

Ensuring these restrictions allows to take into account a number of requirements that are considered
as connections that come from other models of the system: design and technological model. It is possible to
do as early as at the first stage of design, when the thermo-gas-dynamic characteristics are determined.

Thermodynamic perfection of the stage can be achieved at the next stage - the stage of optimization
of a number of its parameters and characteristics.

As a result of the directed search for the optimal solution using appropriate mathematical optimiza-
tion methods, by varying the formalization parameters taking into account a wide range of constraints, the
distributions of angles a,(7), B.(r) and thermo-gas-dynamic characteristics of the stage, ensuring maximum
efficiency, are determined. The use of dependence (1) improves the quality of the optimization process.

It should be emphasized that the distribution of the constructive angle of entry onto the rotor blade
[1(r) either is considered given and is a kind of constraint when searching for optimal twist laws a.;(7), Ba(7),
or is given approximately, as a first approximation and, being a dependent variable, is refined in the iterative
process during the solution of the optimization problem.

The simplicity of the model used at this stage allows to conduct a directed search for the best solu-
tion in an automated mode during the optimization process, analyzing hundreds, or even thousands of op-
tions. This is especially important when it comes to creating a new blade of the critical length and it is neces-
sary to analyze many blade options, paying special attention to static strength and vibration reliability.

The selected optimal variant of the twist laws of the stator and rotor blades is transferred to the sub-
systems of the rotor blades profiling and designing. This approach makes it possible to significantly increase
the efficiency of the search for the optimal design as a whole, to reduce the design time due to the exclusion
of a large number of obviously unsatisfactory option designs from the calculations.

An example the optimal distributions of the angles a(#), B,(7), obtained in the process of develop-
ment and optimization of one of the existing stages with a rotor blade that has a length of L=1030 mm, is
shown in Fig. 1.
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It should be emphasized that the standard option
was selected by its developers as the best one in the re-
sult of the analysis of a large number of option studies,
and in this case an attempt was made to further improve | !
it using the proposed approaches. Optimization was car- | %
ried out using the proposed methodology, taking into | oz
account the operating modes of the turbine unit. Quality
function 1,; was defined as additive one, the components
of which reflect the efficiency of the stage at the nomi-
nal and most representative partial modes with weight-
ing factors corresponding to the number of operating
hours of the unit at the corresponding modes (G; — 1;
0.8; 0.5; t;,—0.15; 0.8; 0.05, respectively).

As studies have shown, changing the twist laws of bladed devices taking into account the operating
modes of the stage allows to increase the total efficiency of the stage by 1.2%.

At the next stage, it is already possible to carry out optimization calculations in a three-dimensional
setting using the results obtained from the axisymmetric model, where the blade option with the best thermo-
gas-dynamic, vibrational characteristics and strength is selected as the starting point.

~
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Fig. 1. Distribution of flow exit angles from the stator (a)
and rotor (b) blades:
1 — standard option; 2 — optimal option

Design process model

At the design stage, the blade is given a shape and dimensions that must ensure the flow path in ac-
cordance with the parameters obtained in the process of thermo-gas-dynamic calculations, as well as meet
the requirements of technological feasibility, static and dynamic strength.

The most relevant and labor-intensive is the development of methods for optimal design of rotor
blades, which include formalized methods for describing the surfaces of the blades, calculations of their
stress state, vibration and gas-dynamic characteristics. It is proposed to consider two personal quality criteria
at the design stage of the rotor blade — a minimum of integral profile energy losses &,

G
Cy = min[/GJ.abidGz} >

where &,; — are profile energy losses on the i-th cross-section of the blade; G is the steam consumption.
The second criterion is the one that meets the reliability requirements - the maximum separation of
the blade's natural frequencies f; from resonant f; ones, corresponding to j multiplicity

Af; = max {min [f; — (f*Af)]},
where Af; — is the permissible interval to the resonant frequency.

The given personal quality criteria, first of all the second one, should not contradict the dominant,
maximum value of the efficiency of the stage, which is achieved by the appropriate profiling of the rotor
blades with the obligatory fulfillment of all the basic gas-dynamic requirements imposed on the profile grids.
In this case, one should take into account the natural desire of the designer to obtain the largest possible
value of the turbine exhaust area, and therefore the size of the stage, in connection with which the rotor
blades should be profiled close to equally strong ones, with the achievement of the minimum possible values
of centrifugal forces C, at a given level of the maximum permissible stress o, taking into account the material
of the blade manufacture.

The minimum possible value of the centrifugal forces of the blade can be determined by the follow-
ing dependence

C,=F, [6, ]exp[zfg ](Vp2 _ ”r2 )— 1} , 2)
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2 2
where F}, is the peripheral cross-sectional area; k; = l(Znnj Yo

- I ; g is the gravitational acceleration; vy is
g\ 60
the material density; o is the angular velocity; r,, r; are radii of the root and peripheral sections of the blade,
respectively.
By simple transformations of equation (2) and its solution with respect to the length of the blade, we
obtain the dependence for determining its maximum dimensions under the condition of static strength

L:\/rf+@(1—m%}—ﬁ. 3)

YO

In the presence of shelf shrouds and wired connections, equation (3) can be presented in a slightly
different form, taking into account statistical data

L= rr2+—2g[0'](1_7‘) | (4)
2 F,

YO
ne A=0 — blade without connections; A=0,05 — shelf shroud; A=0,15 — shelf shroud and intermediate connection.

Dependencies (3, 4) clearly show that to obtain blades of maximum length and, as a result, achieve
high throughput of the unit at n=const, it is necessary to: reduce the ratio F},/F; as much as possible by im-
proving the design of discs capable of carrying large loads; to minimize the number of connections; choose
the specific strength of the material 6,/y as much as possible.

It should be emphasized that the issues of ensuring the reliability of fixed elements of the nozzle dia-
phragm, discs, shanks, and shrouds are studied by many authors [8, 9]. Since the last stage operates in the
region of low-pressure steam, for fixed elements this task is less complicated than a similar task when creat-
ing blades of critical length.

T

T

Stress distribution 6~f(L), which corresponds to dependence |,

(2) (lines 1, 2, 3), is shown in Fig. 2. i

However, as practice shows, such a distribution with a break | o

negatively affects the smoothness of the blade surface. It is most ex- s

pedient to choose the law of stress distribution along lines 1, 4, 5, 3
(as shown in Fig. 2) using elliptical curves touching the critical lines. \ N\

In general, this is represented as Le a | £

o, ~/[D(r), O, Le, F3), (5) 1'”’11 1

where D(r) are blade output data; o, is the tensile stress in the root - r

section of the blade; L is the area of an equal-strength blade on which

the condition can theoretically be met o,=const; F, is the peripheral Fig. 2. Tensile stress disfribution
cross-sectional area. along the blade height

1 L op(l)=cr=onst 2

Further, taking the distribution law o~f(L) in analytical form exactly such, i.e. close to the equipo-
tent, as a basis at the formalization stage, areas F; of the corresponding blade cross-sections can be deter-
mined depending on the values o; and centrifugal forces of the area in each cross-section, provided that in-
formation about the initial peripheral area of the blade is available. In our case we set F,=F,.;, which corre-
sponds to the desire to achieve minimum centrifugal forces. Thus, taking into account the above in general,
the law of area distribution along the radius as a function of the initial data and varying parameters can be
presented in the form (analytical dependencies for calculation of 6,; and F; are given in [4, 5])

F@)=[M(7), o) [=AD(7), 64, F}), at Ls=const.

The further task of forming the blade contour is to construct (calculate) the profiles of its cross-
sections in direct dependence of the parameters o, and F;, (parametric formalization stage) on the adopted
values. That is, it is necessary to design a profile grid based on the values of the areas previously calculated
as a function of the given level of static strength, which provides the flow rotation specified by the results of
the thermo-gas-dynamic calculation with minimal energy losses.

It should be noted that the process of formalizing the design of profile grids in the design statement
proposed above plays the most important role in forming the surface of a single blade. In view of this, let us

46 ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2025, vol. 28, no. 1



EHEPITETUYHE MAIINMHOBY AYBAHHA

briefly dwell on the main features and requirements for the development of such methods. The basis of these
methods for their formalization is the idea of the profile configuration, which is based on the application of
numerous recommendations, experimental and reference data, for example, it is about ensuring the conver-
gence of the grid channel; smoothness of the profile contours; design of the initial section depending on the
flow velocity, etc., which will allow to obtain options with satisfactory gas-dynamic characteristics at this
stage. One of the most important requirements is the condition that the calculation of profiles is carried out in
a single-valued dependence on the initial data and fixed profile parameters.

Based on the above requirements, the authors have developed methods, for example, using arcs of
circles (two- and three-parameter) or using the modified lemniscate equation (three-parameter) —

p =a\/2[2cosz((p+y)—7»} .

This equation describes curves of different configurations for changes in A (at A=1 the equation cor-
responds to a lemniscate, and at A=0 — to a circle). These methods have been successfully implemented in the
real design of blades of large length [5]. Both the first and second methods allow, unlike many existing ones,
to build profile grids in a single way along the entire length of the blade, including, which is very important,

at relative grid steps ¢ =0.25-1.0, which differ significantly from the optimal ones.

Of course, at this stage other parametric methods of profiles design can be used, for example
[10, 11, 12], which meet the above requirements.

The third stage of the formalization process (optimization stage) involves the assessment of gas-
dynamic and geometric characteristics and the selection of optimal (from the point of view of minimal en-
ergy losses) parameters of the profile grids in a wide range of area values and other strength characteristics.

The methods outlined in [4], as well as the capabilities of
modern automated systems, allow to present such a variety of pro-
files with defined parameters and characteristics in the form of no-
mograms (Fig. 3).

In this figure, the ABC curve (k=0.25) corresponds to the
grids of two-parameter profiles of the root section with minimal en-
ergy losses in the area interval of 17-27 cm®. Similar nomograms
are calculated for all calculated sections.

Next, the procedure for forming the blade surface is pre-
sented as follows: for the blade cross-sectional area — F;, calculated VAW 4
using the given stress law (5), the parameters X;(L), namely B; and | e = g Lhi
a;, are determined uniquely along the line of the gas-dynamic opti-
mum (the ABC curve in Fig. 3), with the help of which specific op-
timal profiles in the calculated sections can be reproduced, and the
entire blade surface is formed on their basis in an automated mode

Fig. 3. Nomogram of profiles
of the root section of the blade:
o — profile installation angle;
B — profile width;

(Fig. 4). ) . F; — profile area in the i-th section, cm’;
It should be noted that the considered links of the subsystem £ — gas-dynamic energy losses, %;

of rotor blades designing, related to the optimization of their gas- k — flow inflow coefficient;

dynamic forms, can also be recommended for searching for optimal W — profile resistance moment, cm’

shapes of stator blades.

Based on the material presented above, it can be stated that
the considered formalized methods of profile grids designing allow,
in accordance with the initial data D(r) and the basic parameters (in
our case G, F},), to uniquely determine the effective profiles in the
calculated blade cross-sections. Based on this, the expression for the
formalized blade shape in general form can be written as

O=AD(r), Owis Fpil=AD(r), FAL)FAD(r), X{L)]. (6)

Fig. 4. View of the rotor blade from the top
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The advantage of the presented formalized ap-
proach to blade design is the ability to describe the entire
blade surface in analytical form as a function of the initial
data and parameters o, F,. This allows, at the optimization
stage, to obtain many options of blade designs with a full
package of their characteristics (static and dynamic strength,
stage efficiency, cost, etc.), which are stored in the archive
of centrifugal forces design solutions, by varying the se-
lected parameters. The capabilities of the system and the
used methods are described in detail in [5]. They allow to
visualize the state of the design with various combinations
of a moderate number of parameters and to build an array of

blades in the form of a nomogram, as shown in Fig. 5. Fig. 5. Nomogram of rotor blades (L=1030mm):
Each point of such a nomogram corresponds to a F, and o, — varying parameters;
specific blade with certain characteristics, the shaded areas | [Fp]s, [F]min, [0:] — technological, gas-dynamic and
are unacceptable vibration zones. strength limitations, respectively;
It is obvious that zone "B" on the diagram is the n,; — efficiency of the stage;

C. — relative manufacturing cost;

best according to the main quality criteria (efficiency, > ©O5
Jip — natural frequency of oscillations

maximum distance from resonant frequencies, cost).

The optimal (rational) design should be considered a design with parameters 6,430 MPa, F,,=5.4 cm’, which
corresponds to zone "B". According to the above algorithm (6), it is not difficult to restore the design of the
blade that meets these basic parameters (Fig. 5, option B).

At the final stage of the rotor blade design process, it is necessary to perform a three-dimensional
calculation of the thermo-gas-dynamic characteristics of the stage taking into account the obtained option of
the rational blade. In this case, if necessary, the correction of the blade surface (profiles) is carried out in
such a way as to maintain the level of static strength, which means maintaining the previously calculated
values of the cross-sectional areas F. In this case, centrifugal forces do not change, and the vibration charac-
teristics, if changed, change insignificantly within the zone of permissible restrictions.

Based on the methodology for effective formalization of the rotor blade creation process considered in
the paper, the designers of JSC "Ukrainian Energy Machines" (until recently JSC "Turboatom") have designed
and manufactured a promising rotor blade made of steel of the critical length (1100 mm), which allows to sig-
nificantly increase the unit unitary power, or significantly reduce the metal content of the turbine plant.

Process model

Since technological operations are an integral part of the entire process of creating bladed devices
and can very noticeably affect the main characteristics of the stage, there is an urgent need to formalize this
production stage, including it with all its connections in the general system of searching for the optimal (ra-
tional) option of the rotor blade. First of all, it is necessary to consider the issue of the degree of influence of
technological errors on the main indicators of the efficiency and reliability of the rotor blades, since, as stud-
ies show, even small errors can lead to significant changes in some characteristics of the stages [13].

Deviations corresponding to a specific technological process can be assessed using statistical and
probabilistic methods if there is a sufficient amount of statistical information.

Currently, there is significant technological progress in the manufacture of rotor elements and, above
all, blades of turbines for various purposes (steam, gas, aviation, etc.) [14, 15]. However, in the production of
large blades of powerful steam turbines, 4-5-spindle milling machines from FOREST are most often used, as
before [16].

In this paper, a series of rotor blades with a length of 960 mm was selected as the object of research.
Their finishing milling was carried out on the above-mentioned machine.

During the research, about 10,000 measurements were performed on a series of manufactured blades,
which were carried out using a special built-in probe. Similar procedures can also be carried out using 3D
scanning systems. However, the final result of the research is not affected by how information about techno-
logical deviations from the project was obtained.
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To process a large volume of measurements, their systematization and analysis, a special program
has been developed that allows to visualize information about the random technological error of the surface
of a real turbine blade in a form familiar to a designer or technologist.

The numerical studies were carried out using this program and the CAD program "Last Stage" [5],
which provides the possibility of calculating the thermo-gas-dynamic and strength characteristics of the stage
taking into account technological deviations in the blades production.

The quantitative assessment of the influence of technological deviations on the effective characteristics
of the blades was carried out using the example of the blade considered above. Analysis of the obtained data
showed that their influence is quite significant and cannot be neglected. Thus, the centrifugal force spread was
ACy=40 kN, and compared to the design blade AC,=90 kN, the bending stress from the steam load —
Ac,=15 MPa, (20 MPa), total stresses — Acy=20 MPa (44 MPa), natural oscillation frequencies Af;=6 Hz
(7.5 Hz), Af=13 Hz (15 Hz), Af;=12.3 Hz (24 Hz). The deviations from the design blade are given in brackets.

The impact of a slight change in the shape of the blade on the efficiency of the stage was also as-
sessed. The efficiency of the stage with average deviations of the rotor blade differed from the design by
An,=0.35%, and the option with the maximum deviation — by 0.43%. The increase in losses was most sensi-
tive to deviations from the calculated thicknesses of the leading edge (J.) and the cross-section throat (J,).

The main practical conclusion that follows from the conducted research is that even small deviations in
the shape and size of the profiles of the rotor part of the blades from the theoretical ones, which occur during any
technological process of blades manufacturing, affect both the strength and economic indicators of the stage.
Moreover, as calculations have shown, even deviations that vary within the accepted tolerances are noticeable. In
view of this, the task of the researcher, designer and technologist is to find such methods and technological proc-
esses that would minimize these effects [16], or take them into account at the stage of turbomachine stages de-
signing, which requires the creation of appropriate mathematical models for assessing technological errors.

In this regard, the possibility of creating mathematical models based on experimental and statistical
material that link the geometric dimensions of the blade with the main factors of manufacturing and design is
of great interest.

Such formalized approaches can be implemented by probabilistic methods that allow for error pre-
diction using a minimum amount of information about the blade configuration, machine tool data, reference
materials, and available experimental data. In particular, one of these relations [17] is obtained from the con-
dition of the probability theory theorem on the addition of variance under the assumption that the distribution
of total errors is carried out according to a normal law under the assumption of independence of the factors
under consideration from each other, and with the equality of the adjustment size with the design values of
the blade coordinates

*

Oy =Kot 122

* *

R S SO Y

157915 2ij92i 1ijOnij

+K,AC;, (7

where A" is the relative scattering coefficient; Jy; 1s the total linear error of the j-th blade section of the i-th
profile point; K is the empirical coefficient that corrects the calculated dependence taking into account ex-
perimental data; 8*,-]» are elementary random errors; ¢* is the coefficient set depending on the percentage of
taken risk; AC* are systematic errors.

This analytical dependence (7) is basic in our further research. With its help, the possible maximum
deviations from the standard size during machining can be determined, provided that the total errors are
normally distributed. In general, the total deviations from the design ones can be written as follows

D55=A2.5;, AC). )

Next, we will analyze the possibility of representing dependence (8) in a parametric form with the
determination of the dominant factors influencing the errors (parametric formalization stage).

Random errors are formed mainly taking into account reference (passport) materials and a priori de-
pendencies, taking into account statistical dependencies, and systematic errors are formed from a priori ana-
lytical dependencies. For example, errors from tool wear J,, and temperature deformations J, can be deter-
mined as follows: 8,,=a,l/L; 6,;=by+b:l/L, where a,, by, by — regression coefficients.
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As production experience has shown, the largest share (up to 60%) in the processing of large blades
is made up of systematic errors, which are most often determined by elastic and residual deformations of the
workpiece &;,, (errors from residual deformations were not considered in the paper).

To determine the printing errors, an a priori dependence of the form can be used

8im = CO + Cl Z/L + C2 (Z/L)2 + C3 (apr/amax )+ C4 (Spr/Smax)z + CS (Z/L)(Spr /amax)’

where 8, Omax — current and maximum thickness of the cross-section profile that can be milled; C; — regres-
sion coefficients.

However, the greatest interest is the possibility of a more accurate numerical determination of the sys-
tematic error in functions of the geometric cross-sections of the blade. Let us consider this issue in more detail.
The value of the quantity AC'~d;,, as practice shows, mainly depends on the stiffness of the blade, least of all
on the tool. The absolute values of the deflections of the part (elastic deformations) are considered as a function
of the force arising as a result of milling and the stiffness of the blade. Therefore, the mathematical model of
the technological operation should include in this case an algorithm for calculating the stiftness of the analyzed
structure under the conditions of a given technological process and the values of compliance from the action of
a unitary force at characteristic points of the blade cross-section profile along its height. To analyze the stressed
state of turbomachine blades, taking into account the influence of static loads, a set of programs developed by
the IPMach of the NAS of Ukraine based on the finite element method was used [18].

Calculations using these programs allow to obtain a "compliance array”, i.c. the values of displace-
ments at characteristic points of the blade when 1 kgf is applied to this section. As a result, the problem of
determining the error of the imprint ;, is reduced to calculating the value of the effective cutting force,
which depends primarily on the processing modes and the design of the blade surface. The circumferential
component of the cutting force P, with sufficient accuracy for our studies can be calculated [19] according to
the following empirical dependence:

P, =C,t"S Z B Dl

z"cut~cut " cut Xp s (9)
where C,, K, are empirical coefficients depending on the material of the part; S. is the feed per one cutter
tooth; Z, is the number of cutter teeth; B, is the milling width; D, is the cutter diameter; X, Y,,, R,, Z, are

degree indicators that depend on the material of the part.

Taking into account the above, with known values of the e e ==y
"compliance arrays", dependence (9) allows to determine the pos- - 1 7
sible magnitude of the systematic error at each characteristic point 665 | = Z
of the blade with fixed cutting parameters and tabular (passport) o o
information about the maximum errors of the machine tool and its 32 . =
accessories. . Z =
The obtained calculation results are shown in Fig. 6. i ] ;f |
From Fig. 6 it is seen that the values of the total errors cal- 0 0 10 sln

culated by the finite element method (curve 2) are quite close to
the indicators of static d'eviations of a real blade. . 1 — AC determined a priori by formula 13;
Thus, for pract'lcal' use, based on numerous .calculatlons, 2 — calculated by the finite element method
the dependence (7), which includes a probabilistic estimate of ran- under the influence of cutting force;
dom errors and a numerical method for determining systematic 3 — statistical data of the real blade
deviations, is recommended.

Fig. 6. Distribution of total errors:

So, the dependence for determining the error during blade manufacturing ®ss in general can be rep-
resented as follows:

(DSZ:ﬂle'j) AC):ﬂZSU, Sza Bcuta Dcuta Zcut)-
In our case, at this stage of parameterization, for greater clarity and simplicity, the parameters S, and
B were taken as the most dominant.
The developed means of calculating technological models of the formation of the blade surface as a
result of manufacturing errors make it possible to set the task of optimizing cutting modes at the design and
technological preparation stage in order to determine both tolerances for deviations of linear dimensions, tak-
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ing into account their impact on operational characteristics, and rational processing parameters within the
framework of the specified design tolerances and other restrictions (optimization stage).

Since at the stage of selecting rational modes, the quality function is the cost-effectiveness equiva-
lent to productivity (The full cost estimate for the production of the blade is not considered in this paper),
then the optimization in this option can be based on the function of determining the time for finishing the
blade 7 during milling, which is found as the ratio of the path length L, to the feed of S,,: T=L,./S,,.

When determining the path length, B — a cubic spline, was used. With the help of this spline the con-
tours of the intermediate sections of the blades were established with a step equal to the milling width B.,.

Variation of the mode parameters (S, B..;) causes changes in the cutting forces at the point of its ap-
plication on the blade and the magnitude of the total error, the change of which occurs primarily due to the
change in the systematic error oy,

Below, on the example of a blade with L=960 mm, in the s
form of a nomogram (Fig. 7) in the feed coordinates of S,, and the s
processing time 7, the results of the study of all the varying modes
are given. Here, the mode with the parameters S,=300 mm/min,
B.=7.5 mm, 7=90 min (point A), which correspond to the process-
ing time, feed, milling width, which are inherent in the real techno-
logical process of finishing milling of blades, as well as the limita- 200
tions and the quality function, is also plotted (stage efficiency). It
should be emphasized that it is the connection through the database
with the CAD that allows to assess the impact of errors on the op-
erational characteristics of the blade, including efficiency.

As a result of using the presented approach of theoretical | Fig- 7. Diagram of technological blades:
determination of errors and analysis of the relations between mode | Sn 81d Be — varying parameters (feed and
parameters, limitations and productivity, it is possible to choose | Width of the cutter); [5] — design tolerance,

. . _ e . T — processing time; [N] — limitation on drive
more rational parameters, for example: B.=6 mm; 7=80 min,

_ . . .. . . power; [R,] — permissible surface roughness;
S,=400 mm/min. This leads to a reduction in the processing time N — efficiency of the stage

300

0 50 0 B0 Tmin

of one blade by 10 minutes compared to the real technological process. This is 6% lower in cost than the
regulated option. At the same time, such a mode (p. B, Fig. 7) in contrast to the initial one (p. 4, Fig. 7), pro-
vides the level of permissible errors.

The considered approach allows the designer and technologist to effectively analyze the entire proc-
ess of creating turbine blades (design + manufacturing), since there is a real possibility of assessing the influ-
ence of modes and productivity of blade machining on the reliability and efficiency of the stage. At the same
time, such a relation allows to take into account the features of the technological process at the stage of the
blade surface shaping and, if necessary, to make the appropriate correction either by cutting modes or by
changing the profile contour (without reducing the efficiency of its flow around it).

Conclusion

The methodology for formalizing the processes of creating blades of the last stage of maximum
length, taking into account the features of blade design, including the technology of its manufacture, is pre-
sented. The feasibility and necessity of creating a system for automated design of blades of the critical length
are shown, taking into account the features of design and manufacture, compliance with the hierarchy of
mathematical models, direct and feedback relations between models. Based on the conducted research, gen-
eral approaches to the effective formalization of mathematical models inherent in each stage of the last stage
design are defined (marked):

— justified choice of the basic dominant condition and the basic analytical function for each of the
models of the subsystem under consideration;

— parametric formalization of all modeling analytical dependencies included in the overall design
process, with maximum use of accumulated experience, recommendations and reference material;

— optimization of the parameters and characteristics of the last stage at each stage of its creation, tak-
ing into account a wide range of constraints.
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When formalizing the thermo-gas-dynamic model, the possibility of considering all existing twist
laws of blade devices when searching for an optimal solution was taken into account, which significantly
increases the quality of the optimization process.

The main advantage of the proposed formalization at the design stage is the ability to analyze a large
array of blade options that meet the technical task, taking into account all limitations and information about
all the main characteristics of each blade. The information is given in the form of nomograms that allow the
designer to choose one of the best options from a variety of options.

A formalized probabilistic mathematical model, adjusted taking into account real statistical data, which
describes technological deviations on the tops of blades with satisfactory reliability for practical calculations,
taking into account the processing modes used in finish milling, has been developed. This allows the designer,
at the stage of searching for the optimal solution, to consider the design not as ideal, but close to the real one,
which is obtained as a result of the calculation within the framework of the design and technological models, to
evaluate and take into account the influence of manufacturing errors on the strength and gas-dynamic character-
istics of the blade, as well as on the efficiency of the stage as a whole. In addition, it becomes possible to carry
out a rational choice of processing parameters in the process of technological preparation, and at the design
stage, when shaping the blade surface, to take into account the specific features of the machine tool equipment.

A two-level approach to solving the problem, when at the first level, during optimization using sim-
pler mathematical models, the best one is selected from a set of options, which can be adjusted (or further
improved) at the next level, is provided.

The considered methodology for formalizing the processes of creating rotor blades of the critical
length allows to obtain optimal solutions when designing new blades, taking into account the specifics of
their creation and a wide range of limitations.
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EdexTnBHa popmastizanisi npoueciB NpPoeKTYBAHHS — SIK OCHOBHUH (GaKTOp y J0CATHEHHI
ONTUMAJILHUX PillleHb MPU CTBOPEHHI OCTAHHIX CTyNEeHIB MapoBUX TYpOiH

A. O. Tapeuin, 1. €. AHHONOJIbCHKA

[HCTUTYT eHepreTHUHUX MalKH i cucteM iM. A. M. IligropHoro,
61046, Ykpaina, M. XapkiB, ByJ1. KomyHansHUKIB, 2/10

Ha ocnosi nansnozo 00cgidy npoekmyeantsi ti KOHCMPYIOBAHHSL IONAMOK OCMAHHLO20 CIYNEHs 6eIUKOI (SPAHUYHOT)
008IICUHU Tl AHATI3Y JIMEPAMYPHUX OdCepel 6CMAHOGIEHT 0COOIUBOCT MemOoO0a02l (opmanizayii npoyecie cmeopens
MAaKux JONAmoK 3 ypaxy8anHam ix cneyughiynux ocobausocmeli (8euKux padianbHux posmipie, HeONMUMANbHUX GIOHOCHUX

waeig pewimku t =0,25—1,0, sucokux cmamuunux i OUHAMIYHUX Ha8aHmMadceHy). Ilpedcmasneno napamempuury gpopmani-
3aYil0 OCHOBHUX MOOETIOIOYUX 3AIEHCHOCMET NPOYECis, HA SKUX OA3YEMbCSL CMBOPEHHs. POOOYUX IONAMOK: MEPMO2A300UHA-
MIUHO20 Npoyecy, KOHCMPYIOGAHHS JIONAMKU Ui MEXHON02IUH020 npoyecy eucomosnents. OOIPYHMOB8aHo HeoOXiOHiCHb
cmeopennst cucmem (niocucmem) agmomMamu308aH020 NPOEKMYBANHsL IONAMOK GEIUKOL Q0BICUHU 3 HASIGHICIO 6 CUCMEMI
MOOei MEXHON02IUHO20 NPOYECy GUSOMOBGILEHHS IONAMKU. BoHa 6a3yembcsi Ha UCHOBKAX NPO me, WO HABIMb HeBeNUKi Gi0-
XuenHst 6i0 NPOEKMHO2O GAPIAHMA 6 MeNCAX OONYCKY NpU GUCOMOBNEHHI TONAMKU GHAUBAIONTb HA MEPMO2A300UHAMIYHI
Xapaxmepucmuku Cmynemsl, 0COOIUBO SKUWO UOembCs Npo 2opiosi nepepizu. Po3pobieno gopmanizosany tmogipHicHO-
CMAMUCIUYHY MAMEMAMUYHY MOOETb, KA 003605 ONUCATNU TMEXHONO02IUHI GIOXUNEHHS NOBEPXOHb JIONAMOK 3 YPAXYBaH-
HAM PeANCUMi6 00poOKU, o BUKOPUCTOBYIOMbCS NPU YUCOBOMY (pe3epyBanHi i3 3a008LIHOI0 OIS NPAKMUYHUX PO3PAXYH-
Kie docmosipuicmio. Lle dac 3moey 6ice Ha emani NPOEKMYSaHHs 635mu 00 Y68azu GNIUE NOXUOOK GU2OMOGNEHHS | cheyudiy-
HUX 0cobIUBOCMel 8epCMAamHo20 00IAOHAHHS HA NOKASHUKU MIYHOCTNE IONAMKY, il 24300UHAMIYHI XAPAKMEPUCTIUKY, d Md-
KOJC HA eghekmusHicmes pobomu cmynetst. 3anponoHoeano 08opieHesuUli NioXio 00 Npoyecy NPOEKMYBAHHS, U0 00360JI5€ 3d
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080MIPHOIO MOOEJIIO0 8eCU CNPAMOBAHULL NOULYK HAUKPAWO20 PillleHHs 8 A8MOMAMU308aHOMY PeXCUMI, AHATIZVIOYU COMHI
8apIanHMIia 3 YPaxyB8aHHAM WUPOKO20 KOJIA 00MedceHb. YV nooansuiomy 8 pe3yibmami KOHCMpYIO8aHHA TONAMKU 1 PO3PAXYH-
KY MeXHONIOSTYHUX GIOXUIEHb 0OUPAEMBCA 8APIAHM i3 HAUKPAWUMU MEPMO2A300UHAMIYHUMY XAPAKIMEPUCIMUKAMU, NOKAZHU-
Kamu MiyHocmi, 8ibpayitinoi HAOHOCMI Ul 3 YPaAXy8aHHAM NOXUOOK euecomoesnenns. Ha nacmynnomy pieni 6in mooice 6you
CKOPU208AHULL 3 BUKOPUCIAHHAM MPUSUMIPHUX PO3PAXYHKOBUX MOOeneli 6e3 empamu NOKA3HUKI8 OCHOBHUX 0OPAHUX XApaK-
mepucmuk. Taxuil nioxio niosuwye aKicms NPOEKMYBAHHSL | CKOPOUYE HAC OMPUMAHHSL HAUKPAWO20 PILUEHHS.

Knrouosi cnosa: mypoinni r1onamru epanudHol 008xcuHu, Gopmanizayis, napamempu Gopmanizayii, mepmo-

ZGSOt)MHaMiKa, KOHCMPYIOBAHHA, MEexXHONI02IA 8U20MOBICHHAL.
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