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Abstract. The steam turbine installations in nuclear power units are of the condensation type.
The main parameters affecting the performance of condensation-type steam turbine installations
are the steam flow rate at the turbine inlet, the temperature variation, and the flow rate of cooling
water entering the condenser. Any change in these parameters directly influences the amount of
electrical energy produced by the steam turbine. To study their influence, it is necessary to collect
a large amount of data and synthesize a mathematical model. Data collection through measuring
and recording equipment is a complex, time-consuming process associated with both the techno-
logical time required for gathering and subsequent processing. Simulation modeling is a modern
research tool that allows studying energy systems without disrupting the technological process.
This modeling involves developing an analogue of an existing object in a graphical software envi-
ronment where geometric and physical parameters characterizing the object’s properties are de-
fined. The results obtained from solving the simulation model must be compared with data from
characteristic operating modes of the examined object. The present paper aims to develop a simu-
lation model for assessing the performance of a condensation-type steam turbine installation of
a nuclear power unit model K-1000-60/1500-2. This steam turbine installation is typical for nu-
clear power units of the VVER-1000 type. The data obtained from the simulation model will
be used to construct a mathematical model determining the parameters characterizing the operation
of the condensation steam turbine installation.
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TaKUX YCTaHOBOK, ABJISIOTCS pacxoi mapa Ha BXOAe B TypOWHY, H3MEHEHHUE TeMIIepaTypbl U pac-
XOJ OXJIKHAIOIICH BOJBI, MOCTYHAIOIIEH B KOHJeHcaTop. JIlo6oe n3MeHeHne STHX MapaMeTpoB
HETIOCPEICTBEHHO OTPaXKaeTCsl Ha KOJIMYECTBE JIEKTPUUYECKOM SHEepruu, BelpabaThiBAEMON Hapo-
BOW TypOHHOMW. /)11 M3y4eHHs MX BIMSHUS HEOOXOIMMO cOOpaTh OONBIIONW 00BEM JAaHHBIX H IIO-
CTPOUTH MaTeMaTH4eCKyt0 Mojenb. COOp AaHHBIX C MMOMOIIBIO U3MEPUTEIBHOTO U PETUCTPUPYIO-
n1ero 00opyIOBaHUS SBISETCS CIOXKHBIM M TPYIOEMKHM MPOLIECCOM, CBSI3aHHBIM KaK ¢ TEXHOJIO-
TMYECKHM BpeMEHEM, HEOOXOMUMBIM Ul WX IOJYyYeHHs, TaK M C IMOCIeAyroneil o0paboTKou.
HMuTanmoHHOE MOJEIMPOBAHUE MPEACTABISAECT COOOH COBPEMEHHBIH HCCIEIOBATEILCKUN HH-
CTPYMEHT, KOTOPBIH IT03BOJISIET U3Yy4aTh SHEPreTHYECKUE CUCTEMBI Oe3 HapyLIeHHs TeXHOJIOIHYe-
CKOT0 Tporiecca. TOT BUA MOJCIUPOBAHUS MIPEAYCMAaTPUBAET CO3/1aHHE aHAJIOTa CYIIECTBYIOIIE-
ro 00BeKTa B rpauueckoi IMPOrpaMMHON cpefie, IZie 3aal0Tcs ero reoMeTpudeckue u Qusmde-
CKHE TapaMeTphl, XapaKTEepU3YIOLIe CBOMCTBA 00beKTa. Pe3ynbTaThl, OIyUYeHHbIE MTPU PELICHUH
MMHTAIMOHHOW MOJIEIIH, JOJDKHBI OBITH COMOCTABIICHEI C IaHHBIMH, TOYYCHHBIMH B XapaKTEPHBIX
pexumax paboThl HccenyeMoro oobekra. Hactosimas pabora HanpasiieHa Ha pa3paboTKy UMHTA-
OUOHHOM MOJENH Ul OLECHKH XapaKTePUCTHK KOHICHCAIIMOHHOW MapOTYypOMHHOW YCTaHOBKH
sepHOro sHepretrueckoro 6iioka moaenu K-1000-60/1500-2. Takoii TN yCTAaHOBKH SIBIISICTCS
TUIMYHBIM JUI 3HEprooiaokoB ¢ peaktopamu BBOP-1000. [Toxydennsle B pe3yabTaTe MOAEIHPO-
BaHMS JaHHBIE OYIyT MCHOJIB30BAHEI JUIA IIOCTPOCHUS MaTeMaTHIECKOH MOJENH, ONpeelsronIeit
MapaMeTpbl, XapaKTepU3yIoLe padoTy KOHACHCALMOHHON NapoTypOUHHON YCTaHOBKH.
KioueBble cjioBa: MaTeMaTH4ecKasi MOJIENb, MAPOTypOUHHAS yCTAaHOBKA, MMHUTAIIHOHHBIE pacue-
TBI, SJICPHBIN SHEPreTHYECKUH OJIOK KOHICHCAIIMOHHOI'0 THIIA, 3JIeKTprYecKas MoHocTb, KIT/]

Jis nutupoBaHus: MMHTalMOHHOE 1 MAaTEMAaTHYECKOE MOJENNPOBAHKUE MApOTYpOMHHOI ycTa-
HOBKH atoMHO# 3nekrpoctanimu / C. H. Kamaposa [u ap.] / Dnepeemuxa. H3s. gvicuu. yueb. 3a-
sedenutl u sHepe. obwveounenuti CHI. 2026. T. 69, Ne 3. C. 276-286. https://doi.org/10.21122/
1029-7448-2026-69-3-276-286

Introduction

Condensation-type steam turbine installations account for the largest share
among the facilities used for electrical energy production. One of the pri-
mary tasks of the operational personnel is the forecasting of the electric load as
a result of the various factors influencing the operational process. A modern tool
for studying the impact of different parameters on the performance of techno-
logical systems is simulation modeling [1-10]. Unlike direct testing of physic-
cal facilities, simulation modeling does not require the use of expensive equip-
ment, human resources, or technological downtime for conducting experi-
ments [11-15].

Simulation modeling is performed through specialized software, which ena-
bles the creation of a virtual analogue of the studied technological system. Geo-
metric parameters and physical quantities are introduced to accurately describe
the investigated object. Conducting modeling in a virtual environment makes
it possible to implement and analyze operating modes that, under real operating
conditions, would be difficult to achieve or would approach the operational
limits of the equipment [16-27].

The present study aims to develop a simulation model of a condensation
steam turbine installation for a nuclear power plant. By synthesizing the turbine
model within the software environment, multiple computational scenarios will
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be performed to support the development of a mathematical model describing
specific energy characteristics of the analyzed steam turbine installation.

Modeling of Technological Systems

Fig. 1 presents a block diagram of the stages involved in developing a ma-
thematical model based on simulation modeling. According to the block dia-
gram, the modeling process consists of the following stages:

Collection of information about the
combined heat and power installation.
This initial stage aims to clarify the opera-
tional mechanism of the investigated sys-
tem. The collected information is derived
from the technical documentation of
the steam turbine installation and includes:
the heat flow diagram with connections
between individual components, as well
as the geometric and physical parameters
of the installation elements.

Synthesis of the heat flow diagram
using simulation software. With the help
of simulation software, an analog of the
technological system under study is deve-
loped. The software tools provide the ca-
pability to define parameters that cha-
racterize the individual components for-
ming the heat flow diagram of the system.

Simulation of characteristic operating
modes of the combined heat and power
installation. At this stage, modeling of
characteristic operating regimes of the
steam turbine installation is performed.
The operating modes to be simulated are
usually specified in the technical docu-

Fig. 1. Block diagram for developing mentation of the examined power system.
a mathematical model of a steam Validation of the obtained results.
turbine installation based on simulation .
modeling In this step, the results from the model are
compared with those provided in the tech-
nical documentation. If the deviations remain within acceptable limits, the model
can be used for further studies of the system. If the simulation results show ex-
cessive discrepancies relative to the technical documentation, the simulation
model must be adjusted. A new simulation is then performed until the results
accurately reproduce the reference data.
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Mathematical modeling of the technological process. The structure of the
mathematical model is selected. To develop the mathematical model, an exten-
sive data set is required. In this study, a simulation model is applied to obtain the
necessary data through multivariable calculations.

Adequacy check of the mathematical model. It is verified whether the results
of the mathematical model adequately describe the behavior of the studied sys-
tem. For this purpose, statistical criteria are applied. If the model does not suffi-
ciently represent the real system, modifications to the model structure are under-
taken.

Visualization of the obtained results. This is the final stage. Graphs of the
main dependencies are plotted and analyses are carried out. The impact of indi-
vidual factors on the output parameter is assessed.

Simulation Modeling of the K-1000-60/1500-2
Steam Turbine Installation

The investigated object is the K-1000-60/1500-2 steam turbine installation,
which is operated in 17 power units across three countries. The design is sing-
le-shaft, comprising a high-pressure cylinder and three low-pressure cylinders.
The regenerative system of the steam turbine installation consists of a condenser,
four low-pressure feedwater heaters, a deaerator, and two high-pressure feedwa-
ter heaters. The system includes seven uncontrolled steam extractions.

In the scheme of the steam turbine installation, before entering the low-
pressure cylinders, the steam passes through a separator-reheater, where it
is superheated prior to admission into the low-pressure cylinders. The purpose
of this process is to reduce the moisture content under which the low-pressure
cylinders of the turbine operate.

Using the Thermoflow software product, the thermal scheme of the
K-1000-60/1500-2 installation was synthesized. In order to simulate the uncon-
trolled steam extractions of the steam turbine installation, it was necessary
to represent the turbine within the software environment as consisting of eight
cylinders. Fig. 2 illustrates the thermal scheme of the steam turbine installation.

Using the developed simulation model, a calculation was carried out for the
nominal operating mode in accordance with the technical documentation.
The monitored parameters include fresh steam flow rate (D,, t/h), fresh steam
pressure (p,, MPa), fresh steam temperature (z,, °C), condenser steam inlet pres-
sure (p., kPa), and the electrical output of the steam turbine (N, kW). Table 1
presents the results of the simulation for the nominal operating mode, comparing
the model outputs with the data from the technical documentation.

From the data obtained by solving the simulation model for the nominal ope-
rating mode of the K-1000-60/1500-2 steam turbine installation (Table 1),
it can be observed that the model reproduces the data from the technical docu-
mentation with sufficient accuracy. This provides a basis for employing the
mathematical model to determine the properties of the examined system under
operating conditions different from the nominal ones.
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Fig. 2. Visualization of the thermal scheme of the K-1000-60/1500-2 steam turbine installation
in the Thermoflow software environment

Table 1
Comparative analysis of the model
Parameters Technical data Model result Deviation, %

D, t/h 6430.00 6443.00 0.2

Po. MPa 6,00 6,20 33
to, °C 27430 275,60 0.5

P, kPa 4,00 4,15 38

N. MW 1014,00 1012.20 -0.2
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Simulation Calculations

Using the software, multivariable calculations were carried out. The simu-
lation was performed depending on the variation of the fresh steam flow rate
at the turbine inlet (D,, t/h), the temperature of the cooling water supplied to the
condenser (¢, °C), and the cooling water flow rate G (Geoor.w» t/h).

¢ Range of variation of steam flow rate in the steam generator: 3866 t/h <
<D, <6443 t/h;

¢ Range of variation of cooling water temperature in the condenser: 10 °C <
<4 <25°C;

e Range of variation of cooling water flow rate: 107,000 t/h < Gepprw <
< 178,055 t/h.

When solving the software model within the specified parameter ranges,
280 simulation calculations were carried out. The quantities determined from
the simulations are as follows:

e Thermal power generated by the steam generator — Q,, kW;

e Electric power of the steam turbine installation — N, kW;

o Efficiency of the installation —n, %;

e Specific fuel consumption for electricity generation — b,;, kg/kWh.

The results of the performed multivariable calculations are presented in
Table 2.

Table 2
Simulation results
No | Do th | #,°C |Geoorw t/H N, MW 05, MW 1, % bes, keg/kWh
1| 6443 15 | 178055 | 1012.159 | 3239.612 31.2432 0.392857
2 | 6443 15 | 170160 | 1012.074 | 3239.612 31.2406 0.39289
3 | 6443 15 | 162265 | 1011.973 | 3239.612 31.2375 0392929
280| 3866 | 25 |107000| 561.386 2026.137 27.7072% 0.442994

For the determination of the specific consumption of conventional fuel,
a lower heating value of 29,330 kJ/kg is used. Based on the results obtained
from the simulation calculations, a mathematical model will be developed for
predicting the electrical power output of the steam turbine installation. Fig. 3
presents the steam turbine installation as a control object [25-26].

In Fig. 3, the schematic of the installation for condensation-based electricity
generation is presented as a controlled object. The control parameters (factors) are
the steam flow rate (D,, t/h, — Xj), the cooling water flow rate (Geooiing w» t/h, — X)),
and the temperature at which the cooling water enters the conden-
ser (1, °C, — X3). The factors that can be subjected to regulatory influence are the
steam flow rate and the cooling water flow rate. The non-controllable para-
meter is the temperature of the cooling water entering the condenser, which de-
pends on climatic conditions.
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Fig. 3. Visualization of the steam turbine installation as a control object

The output variable of the regression model is the electrical power of the
steam turbine installation (N, kW, — 7). The mathematical model of the analyzed
steam turbine installation is sought in the following form:

y=a,+aX, +a,X,+a,X;, €))

where a,, a1, a», a; are the coefficients of the mathematical model.
For the mathematical model to be applicable, the coefficient of multiple cor-
relation must be verified according to Fisher’s criterion [1, 14].

Mathematical Model for Determining the Electrical Power

After statistical processing of the data obtained from the simulation model,
the coefficients of the regression mathematical model were determined, and
equation (1) takes the following form:

$=-94832,9375+172,4261X, —474,2372.X, +0,03179.X,. )

The multiple correlation coefficient of the regression equation is R = 0,9999
(indicating a very strong correlation). In order to use the regression mathema-
tical model, it is necessary to evaluate whether the multiple correlation coeffi-
cient is statistically significant. This procedure is carried out because no parallel
observations are available, and Fisher’s criterion is applied [28-29].

The critical value F(a,v;,v;) was determined as = 0.117. This value was
calculated for a significance level a=0.05, with numerator degrees of freedom
v = 3 and denominator degrees of freedom v, = 262. The calculated value of the
Fisher criterion is /= 9108, which is considerably greater than the critical value.
Therefore, the multiple correlation coefficient is statistically significant, and the
obtained regression model can be applied for studying the system

Results Visualization and Discussion

The mathematical model (2) was solved, and the results are presented gra-
phically. Fig. 4 and 5 illustrate the variation of the electrical power output of the
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steam turbine installation as a function of the steam flow rate (D,. t/h), the co-
oling water inlet temperature to the condenser (#;,°C), and the cooling water flow
rate (Geor w, t/h).

960000 ty, °C
860000 10
15

Z 20
% 760000 -
= 25

660000

560000

3800 4300 4800 5300 5800 6300 Do, t/h

Fig. 4. Variation of the electrical power output as a function of the steam flow rate at the turbine
inlet, the cooling water temperature, and the cooling water flow rate Geoo1 » =178.000 t’h

1010000
960000
910000 —10
860000 -
810000
760000
710000
660000
610000

560000
3800 4300 4800 5300 5800 6300 Deo. t/h

NKkW

Fig. 5. Variation of the electrical power output as a function of the steam flow rate at the turbine
inlet, the cooling water temperature, and the cooling water flow rate G,,o; = 107000 t/h

The graphical results obtained from solving the mathematical model show
that a decrease of the cooling water temperature at the condenser inlet by 1 °C
leads to an increase in the electrical power output of approximately 470 kWh,
assuming constant steam flow at the turbine inlet and constant cooling water
flow through the condenser.

l;}’ , t/MWh] for the installation va-

The specific steam consumption (do =

ries within the range of 6.34-6.86 t/MWh. The lower value corresponds to the
nominal steam flow at the turbine inlet, nominal cooling water flow, and a coo-
ling water inlet temperature of 10 °C at the condenser.

The higher values of the specific steam consumption correspond to the ope-
rating regime in which the steam flow and the cooling water flow are reduced
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to 60 % of their nominal values, combined with a cooling water inlet tempe-
rature of 25 °C. The higher values of the specific steam consumption correspond
to an operating regime in which the steam flow and the cooling water flow are
at 60 % of their nominal values, with a cooling water inlet temperature of 25 °C.

CONCLUSION

In the fulfilled study, a simulation model of the K-1000-60/1500-2 steam
turbine installation was created using Thermoflow software. The simulation
model accurately reproduces the data from the technical documentation of the
steam turbine installation. Using the simulation model, a multivariate analysis
was conducted under variable operating conditions of the installation. Data were
obtained for the specific fuel consumption, the efficiency of the steam turbine
installation, and the electrical power output as functions of the steam flow rate
at the turbine inlet, the temperature, and the cooling water flow rate at the con-
denser inlet.

The data obtained from the simulation model were subsequently used to syn-
thesize a regression-based mathematical model. This model allows the deter-
mination of the electrical power output of the steam turbine installation depend-
ing on the steam flow rate at the turbine inlet, the temperature, and the cooling
water flow rate at the condenser inlet. The mathematical model can be employed
for forecasting the electrical power output of the steam turbine installation under
variable operating modes of the power unit. Additionally, it can serve as a tool
for predicting hourly load during start-up regimes of a nuclear power plant.
The proposed approach for constructing mathematical models based on simula-
tion modeling can also be extended to other parameters characterizing the opera-
tion of the power installation.

The developed mathematical model can also be used in the preparation
of performance maps during the commissioning of the steam turbine installation,
as well as throughout its operation.
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