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Abstract. This article describes the application of the optimization methodology
of a complex technical system using the K-310-240 turbine as an example based
on a block hierarchical approach. The methodology for optimizing the flow part of
powerful steam turbines has been developed taking into account operating condi-
tions. The complex hierarchical structure of the optimization task is implemented
in CAD “Turboagregat”, which is based on the principles of a single integrated
information space by adding new optimization objects. To organize effective infor-
mation exchange, the process of optimal design is implemented using recursive
bypass of optimization levels. Application of the methodology for solving a two-
level multi-parameter and two-criteria optimization problem allowed us to find
the optimal combination of 55 design parameters of the K-310-240 turbine, while
increasing the absolute efficiency by 0.83% and the turbine power by 6.179 MW
(~1.87%) regarding the prototype. By calculation, the mutual influence of turbine
objects on its optimal characteristics was identified and evaluated.

Keywords: Object-oriented approach · Cylinder · Steam turbine · Blade and
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1 Introduction

In the world, the demand for electricity is growing every year. At the moment, there is
a huge amount of work in the field of renewable energy, but all this cannot replace the
already existing turbine park, which generates the bulk of all electricity in the world.
Therefore, the design of new and modernization of existing steam turbines is still an
urgent task in the energy sector.

At the moment, vast experience has already been accumulated in the field of opti-
mal design of multi-cylinder turbine units, samples of flow parts (FP) of each cylinder
having rather high technical and economic indicators have been created. Further search
for reserves to increase the efficiency of steam turbines is possible only if a power-
ful computing techniques along with new methods and approaches implemented in the
framework of modern computer aided design systems (CAD).
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2 Literature Review

There are many works devoted to optimization of steam and gas turbines [1–9], in which
variousmethods and algorithms are used: genetic algorithm [10–12], surrogatemodeling
[13, 14], bee colony algorithm [15], DOE methods [16, 17].

At the moment there are many methods, algorithms for finding the optimal solution
and also a large number of software complexes [1, 10, 13, 14]. No exception is the soft-
ware package CAD “Turboagregat”, aimed at finding the optimal solution for complex
technical systems (CTS). The problem of optimal design of such a system, taking into
account constraints and inequalities in general form, can be represented as follows:

�Yopt
(
�xoptk

)
= max�Y (�xk), �xk ∈ X , �v(�xk) ∈ V ,

�Y
(�Y1(�xk), �Y2(�xk), . . . �Yn(�xk)

)
,

NXmin ≤|X | ≤ NXmin < ∞,NVmin ≤ |V |NVmin < ∞, (1)

where �Y is the vector of objective functions; �xk is a vector of constructive parameters;
�v is the vector of functional constraints; V , X -regions of existence of functional and
constructive constraints; NV (min,max), NX (min,max) - the boundaries of the regions of
existence of the corresponding constraints.

The solution (1) is the extremumof the objective function that satisfies the constraints.
Awell-known fact is that CTS are basically either hierarchically structured constructions
or various schematic solutions inwhich the elements of the circuit can also have their own
structure. That iswhy for solving the problem (1) of theCTS, appropriatemethodologies,
methods and algorithms are required.

One of the methodologies for the search for the optimal design of the flow section
of a turbo-aggregate was proposed in [18] (Fig. 1).

Fig. 1. Distribution of tasks by optimization levels
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The paper [18] describes a three-level block-hierarchical approach for optimizing a
cylinder of a turbine. The disadvantage of this approach is the lack of accounting for the
operation of the regulatory system in conjunction with the rest of the flowing part. This
became the basis for developing a methodology for the integrated optimization of the
flowing part of powerful steam turbines using an object-oriented approach [19, 20]. This
methodology is universal for CTS and was used in obtaining the results of optimization
of the turbine K-310-240, given in this article.

3 Research Methodology

As an object of research, take the flowing part of the turbine K-310-240 produced by
PJSC “Turboatom”. In Fig. 2, consider the structure of the object in question from the
point of view of the object-oriented approach.

Fig. 2. Diagram of the flowing part of the turbine K-310-240: 1 - shut-off valve (NVD); 2 - stop
valve line (NVD); 3 - box with control valves (SPR); 4 - segment pipelines (NVD); 5 - segments
of the control stage (NVD); 6 - equalization chamber (EC); 7 - the cylinder of a high pressure (the
Cylinder); 8 - high pressure cylinder (Cylinder); 9 - medium pressure cylinder (Cylinder); 10 -
Low-pressure cylinder (Cylinder)

Elements that make up the structure can be divided into three objects according to
their purpose. The first object is a “nozzle vapor distribution” (NVD), which includes
a stop valve, a check valve line, a box with control valves, segment pipelines and a
regulating stage (segments of the control stage). To the second object can be attributed,
the link between the NVD and the rest of the flowing part - equalization chamber (EC),
which is designed to equalize the flow at the entrance to the first stage of the high-
pressure cylinder. The third object - “Cylinder” - included cylinders of high, medium
and low pressure (HPC, MPC, LPC). Each of the objects, except the second one, can be
divided into objects subordinate to it. Division into sublevels can be carried out until the
simplest optimization object is determined.

Figure 3 shows the hierarchical structure of the information model of the structural
diagram of the flowing part of a steam turbine. From the block diagram it is seen that the
highest (zero) level is the turbine itself. At the first level there are previously described
heterogeneous objects with their subordinate hierarchy. Each of the optimization objects
has its own mathematical model and a quality assessment system.
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Fig. 3. Block diagram of the information model of the flowing part of the steam turbine

Mathematical models of objects of different levels used in the program complex
are given in [19]. The proposed structure of the solutions to the optimization problem
is implemented in such a way that it is possible to solve the optimization problem of
the whole object (a powerful steam turbine) and its individual parts (NVD, HPC, MPC,
LPC, separate stage, separate blade, etc.).

As a method of search optimization in the optimization subsystem, pseudo-random
sequences of LPτ numbers are used. At optimizing levels, when searching for optimal
solutions for each point from the set of points of the LPτ sequence, the FMM of the
functional constraints is calculated. Therefore, for the points that satisfy these constraints,
the FMMof the quality criteria is calculated. This optimization algorithm allows solving
multicriterial problems using the convolution of the vector quality criterion.Applying the
convolution of the criteria for the proposed method in solving optimization problems for
various combinations of weight coefficients, we find the points farthest from the origin,
thus obtaining a set of unmodified solutions corresponding to the Pareto front.

The algorithm is constructed in such a way that when choosing the optimal solution,
both the solutions obtained in the computation process, the calculation of the experimen-
tal mathematical model, and the 5 best solutions using the LPτ search are involved. The
software complexCAD“Turboagregat” is implemented on the principles of a single inte-
grated information space and implies a hierarchically structured format for describing
information models of optimal design objects. According to the proposed methodology
of optimal design of the flowing part of powerful steam turbines in the CAD “Turboa-
gregat” created the highest level of “Turbine” with its opera. In Fig. 4 from the window
for forming the optimization task for the highest level of the “Turbine”. The left part
of the figure shows the structure of the project. When selecting the level of interest in
the rest of the window, it becomes possible to perform optimized parameters, functional
constraints, quality criteria, parameter settings, design type and optimization method. It
is also seen from the figure that you can select a suitable condition that determines the
status of the optimized parameter.
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Fig. 4. The dialog for forming the optimization task of a steam turbine

Optimization of the turbine K-310-240 was carried out according to the scheme
in Fig. 5, where as the object of optimization of the first level is a turbine, and at the
second level, objects such as NVD, HPC, MPC and LPC are optimized. At each level,
the problem is solved in accordance with the above algorithm.

Fig. 5. Turbine optimization diagram

At the first level of the “Turbine” 16 parameters are optimized. These include the
main parameters taken from the lower level: diameters of control valves (dr RS); number
of nozzle channels in each segment (znk); average diameter of the regulating stage (dn RS);
length of the nozzle blade of the regulating stage (ln RS); the root diameter of the directing
device of the first pressure stage of theHPC, theMPC and the LPC (drCHP, drMPC, drLPC);
the height of the guide vane blade of the first pressure stage of the HPC and the MPC
(ln HPC, ln MPC).
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At the second level of “NVD” and “Cylinder” 39 parameters are optimized: the
effective yield angles from all nozzle and blades grids except for the effective exit angles
from the nozzle grilles of the first stages of the cylinders that ensure the throughput of
the cylinders.

For the first level of optimization, the following objective functions are selected:
absolute efficiency, turbine power and in equal weight fractions absolute efficiency and
turbine power. At the second level, the Optimization Cylinder for HPC, MPC and LPC,
the search for optimal solutions is carried out using the same goal functions as in the
first approach. Optimization at the level of “NVD” was carried out by three separate
objective functions: efficiency of the control stage; the power of the regulating stage;
efficiency and power of the regulating stage.

When evaluating the efficiency of the initial design and solving the optimization
problem, the following methods for estimating energy losses were used:

• to estimate the profile energy losses in the gratings - the Craig and Cox methods with
the KhPI corrections;

• for estimation of secondary energy losses in lattices - the method of G.Yu. Stepanova;
• to estimate the energy losses from periodic nonstationarity - the technique of S.Z.
Kopelev;

• To calculate the losses associated with radical leaks, the methodology given in the
technical guidance materials was chosen;

• to assess the moisture losses of steam - the GE methodology;
• to determine the amount of moisture to be removed as a result of separation, the
algorithms described in the book of G.A. Filippova, O.A. Povarov and V.V. Pryakhin.

The integral characteristics of the initial version of the turbine K-310-240, obtained
as a result of the design studies and are given in Table 1.

Table 1. Integral characteristics of the original version of the turbine K-310-240

Parameter Value Parameter Value

Absolute efficiency of the cycle 0,4441 Turbine power, MW 330,577

Efficiency NVD 0,5817 Power RS, MW 10,5111

Efficiency of RS 0,7367 Power of HPC, MW 88,7690

Efficiency of HPC 0,8098 Power of the MPC, MW 136,434

Efficiency of MPC 0,8587 Power of the LPC, MW 47,4315

Efficiency of LPC 0,7819 Theoretical work of the cycle, kJ 1380,11

• Thus, for each optimized object four tasks were solved:
• “prototype” - calculation of the prototype;
• “η” - optimization by the quality criterion of the efficiency of the optimized object;
• “N” - optimization by the criterion of quality of the power of the optimized object;
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• “η + N” - optimization by the objective function, which includes the quality criterion
of efficiency and the quality criterion of the power of the optimized object in equal
weight fractions.

4 Results

In accordance with the methodology and algorithm described previously, a comprehen-
sive optimization of the steam turbine K-310-240 for various target functions has been
carried out, the integral characteristics are given in Table 2.

Table 2. Integral characteristics of the turbine

Parameter Results of calculations

Prototype η N η + N

Absolute efficiency of the cycle, ηa 0,4441 0,4525 0,4521 0,4524

Increase in the absolute efficiency of the cycle, �ηa,% 0 0,84 0,8 0,83

Turbine power N, MW 330,58 336,43 336,96 336,76

Capacity increase �N, MW 0 5,853 6,379 6,179

Such integral parameters of the turbine as the absolute efficiency of the cycle and
the power of the turbine are contradictory, therefore, in the presence of selections in
the flowing part of the turbine, the use of the two-criterion objective function ensures
finding the best constructive solutions in terms of power quality and turbine efficiency
(Table 2).

The distribution of the power gain and the level of absolute efficiency values for
the turbine objects are shown in Figs. 6 and 7, respectively. The least influence on the
increase in turbine power is provided by the MPC, and the largest is by HPC (Fig. 7).

Fig. 6. Increase in the capacity of turbine objects relative to the prototype for various objective
functions
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Fig. 7. Power efficiency of turbine objects depending on the objective function

The values of the optimized parameters as a result of solving optimization problems
are presented in Tables 3, 4, 5 and 6. The change in the diameters of the control valves is
associated with an increase in the heights of the valve lifts that result from minimizing
throttle losses and the need to skip the required flow. Redistribution of the number of
nozzles by segments is associated with a change in the flow area of the nozzle channels
of the segments, caused by a change in the diameter and height of the nozzle grid of the
regulating stage.

Table 3. The values of the optimized parameters at the level of “Turbine” (the first level)

Parameter Results of calculations

Prototype η N η + N

Number of channels in segment I 40 48 49 49

Number of channels in segment II 23 19 18 18

Number of channels in segment III 15 11 11 11

Diameter 1-th of the valve, m 0,0750 0,0713 0,0745 0,0741

Diameter 2-d of the valve, m 0,0750 0,0713 0,0751 0,0747

Diameter 3-th of the valve, m 0,1120 0,1065 0,1131 0,11191

Diameter 4-th of the valves, m 0,1120 0,1065 0,1104 0,1117

Diameter 5-th of the valve, m 0,1250 0,1188 0,1216 0,1207

Diameter 6-th of the valve, m 0,1250 0,1188 0,0126 0,1230

Average diameter of the nozzle cascades of the
regulating stage, m

1,1750 1,1610 1,170 1,1615

Height of nozzle blade, m 0,0230 0,0225 0,023 0,0225

Root diameter of the nozzle cascade of the first stage of
the HPC, m

0,982 0,944 0,950 0,9585

(continued)
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Table 3. (continued)

Parameter Results of calculations

Prototype η N η + N

Root diameter of the nozzle cascade of the first stage of
the MPC, m

1,202 1,202 1,202 1,202

Root diameter of the nozzle cascade of the first stage of
the LPC, m

1,620 1,703 1,732 1,749

Height of nozzle blade of the first stage of the HPC, m 0,022 0,0225 0,023 0,023

Height of nozzle blade of the first stage of the MPC, m 0,081 0,081 0,081 0,081

Table 4. Optimized parameters of HPC (the second level)

Parameter Type task Stage number

1 2 3 4 5 6 7 8

Angle α1e, degree Prototype 13,83 13,85 13,90 13,95 14,03 14,08 14,15 14,28

η 14.14 13,84 13,93 14,04 13,66 13,93 13,54 14,24

N 13.16 13,18 13,67 13,69 14,01 14,11 13,86 14,33

η + N 13.65 13,45 13,32 13,45 13,93 13,51 14,10 13,49

Angle β2e, degree Prototype 21,17 21,22 21,27 21,33 21,45 21,53 21,63 21,77

η 22,65 21,85 22,35 22,49 22,3 22,61 21,92 22,52

N 20,98 20,96 22,32 22,07 22,54 23,04 22,65 22,55

η + N 22,34 21,93 21,35 21,61 21,84 21,84 22,13 21,47

Table 5. Optimized parameters of MPC (the second level)

Parameter Type task Stage number

1 2 3 4 5 6 7 8 9 10 11

Angle
α1e,
degree

Prototype 13,3 13,4 14,15 13,7 15,27 15,53 14,9 17,02 15,65 16,07 17,32

η 13.34 13,26 13,94 13,57 15,09 15,32 14,72 16,91 15,82 15,85 17,19

N 13.13 13,36 14,03 13,62 15,13 15,68 15,11 17,23 15,80 16,17 17,17

η + N 13.27 13,27 14,01 13,56 15,11 15,38 14,75 16,85 15,49 15,91 17,14

Angle
β2e,
degree

Prototype 20,58 20,57 20,5 21,28 21,22 21,08 20,8 24 21,07 21 20,57

η 21,29 20,85 20,85 21,06 20,90 20,79 20,51 23,65 20,75 20,52 20,28

N 20,82 20,97 21,13 21,87 21,39 21,22 20,84 24,21 21,35 20,92 20,50

η + N 21,31 20,87 20,91 21,28 21,00 20,87 20,59 23,76 21,17 20,82 20,46
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Table 6. Optimized parameters of LPC (the second level)

Parameter Type task Stage number

1 2 3 4

Angle α1e, degree Prototype 14,1 15,33 17,65 17,583

η 13.55 14,486 17,65 17,583

N 13.24 14,618 17,65 17,583

η + N 13.18 14,442 17,65 17,583

Angle β2e, degree Prototype 20,283 18,9 18,283 26,183

η 19,151 19,165 18,283 26,183

N 19,528 19,934 18,283 26,183

η + N 19,13 19,429 18,283 26,183

With regard to the optimized geometric parameters of the MPC, as a result of opti-
mization, the root diameter of the nozzle cascade of the first stage of the HPC decreased,
and the root diameter of the nozzle cascade of the first stage of the LPC increased. The
height of the nozzle cascade of the first stage of the HPC after optimization has increased
slightly.

The increase in power, as noted earlier, is achieved due to the redistribution of the heat
transfer along the pressure steps of the flowing part of the turbine, therefore, consider
the distributions of heat differences in the cylinders shown in Figs. 8, 9 and 10.

Fig. 8. Distribution of the available heat transfer along the HPC stages

Depending on the objective function, the curves for the variation of the heat transfer
along the HPC and LPC steps have a similar character, except for the first stage of the
LPC, where the changes are caused by abrupt changes in the effective exit angle from
the nozzle array.

Proceeding from the fact that the best design option is adopted as a result of opti-
mization of the turbine based on the two-criterion objective function, we compare the
distribution of the heat drop of the HPC in this variant with the prototype. The heat
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Fig. 9. Distribution of the available heat transfer along the MPC stages

Fig. 10. Distribution of the available heat transfer along the LPC stages

transfer at the fourth stage is almost the same, in contrast to the other stages. At the 1st,
2nd, 5th and 7th stages the heat transfer of the received structure is lower than that of
the prototype. Despite this, the power gain was ~2.5 MW due to the increase in heat
dissipation of the 3.6 and 8 stages, as well as the power efficiency and flow rate in these
stages.

In addition, the increase in power is also affected by the increase in power efficiency
due to a significant decrease in radical and radial leakage, caused by a decrease in the
degree of reactivity. A slight increase in the efficiency of the nozzle cascades also affects
the efficiency of the turbine.

Based on the results obtained and the comparative analysis, depending on the objec-
tive function, the distribution of the integral characteristics of the turbine according to
its objects is very diverse.
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5 Conclusions

The proposed object-oriented approach for complex optimization of the flowing part of
a powerful turbine implemented in the CAD “Turboagregat” has shown its effectiveness
in the example of the turbine K-310-240.

For the first time, the mutual influence of the turbine objects on its optimal
characteristics was identified and assessed.

Application of the universal methodology for CTS has shown its effectiveness in
multi-level and multi-criteria optimization of the turbine K-310-240 in the composition,
which includes different types of objects. As a result of complex optimization of this
turbine, its power was increased by 6,179MW (~1.87%), and the increase in the absolute
efficiency of the cycle was 0.83% relative to the prototype.

To obtain a simultaneous increase in two quality indicators, such as efficiency and
power as an objective function, it is necessary to take them in equal parts.

Analysis of the obtained results shows that the optimization carried out not only
leads to a change in the geometric parameters, but also to the redistribution of heat drops
between the stages of the pressure cylinder, which in turn contributes to an increase in
the efficiency of the drive, cylinder in the stages, which have higher values of efficiency
and flow.
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