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The paper proposes ways to increase the efficiency of nozzle
control for steam power turbines of the K-300 series, that, along
with the K-200 series turbines, form the basis of thermal energy
in Ukraine. The object of study is considered to be the control
compartment (CC) of the high-pressure cylinder (HPC) of the
K-325-23.5 steam turbine. In the paper, the calculation and de-
sign of the control compartment of the steam turbine was per-
formed using the complex methodology developed in IPMach
NAS of Ukraine, that includes methods of different levels of
complexity, from one-dimensional to models for calculation of
spatial viscous flows, as well as analytical methods for spatial
geometries of flow parts description based on limited number of
parameterized values. The complex design methodology is im-
plemented in the IPMFlow software package, which is a devel-
opment of the FlowER and FlowER-U software packages. A
model of a viscous turbulent flow is based on the numerical inte-
gration of an averaged system of Navier-Stokes equations, for
the closure of which the two-term Tamman equation of state is
used. Turbulent phenomena were taken into account using a SST
Menter two-parameter differential turbulence model. The re-
search was conducted for six operation modes in the calculation
area, which consisted of more than 3 million cells (elementary
volumes), taking into account the interdiscand diaphragm leak-
age. According to the results of numerical studies of the original
control compartment of the K-325-23.5 steam turbine, it is
shown that the efficiency in the flow part is quite low in all op-
eration modes, including the nominal one (100% power mode),
due to large losses of kinetic energy in the equalization chamber,
as well as inflated load on the first stage. On the basis of the
performed analysis of gas-dynamic processes, the directions of a
control compartment flow part modernization are formed and
themodernization itself is executed. In the new flow part, com-
pared to the original one, there is a favorable picture of the flow
in all operation modes, which ensures its high gas-dynamic effi-
ciency. Depending on the mode, the efficiency of the control
compartment increased by 4.9-7.3%, and the capacity increased
by 1-2 MW. In the nominal mode (100% mode) the efficiency of
the new control compartment, taking into account the interdisc
and overbandage leakage, is 91%.

Keywords: steam turbine, control stage, spatial flow, numerical
modeling, gas-dynamic efficiency.

Today a large share in the balance of power generation in Ukraine is held by thermal power plants
(about 30%), most of which are power units with a capacity of 200 and 300 MW. A mandatory condition for
the reliable operation of the integrated energy system is the availability of the necessary amounts of maneu-
vering and regulating capacities. Due to the insufficient number of HPPs and HAPPs, and the complete ab-
sence of power units based on gas turbines, power units of thermal power plants are mainly used in Ukraine
to maintain the balance between generation and consumption of electricity. Due to the general global trend
aimed to increase the share of renewable energy and the development of distributed generation, the need for
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the necessary amount of regulating capacity will increase. In addition to regulating capacities, there will be a
need for reserve capacities. For the conditions of Ukraine, the main needs for regulating and reserve capaci-
ties, as of today, will be met by the power units of thermal power plants.

Most of the existing power units of thermal power plants in Ukraine have produced specified and ex-
tended resources; they need to be replaced by the new ones or are in need of radical reconstruction. Primarily
those are power units with a capacity of 200 and 300 MW. Today, along with the traditional requirements for
steam turbines of thermal power units, such as efficiency and reliability, there is an urgent need to increase
their maneuverability and efficiency, including in operating modes with reduced power.

The world leaders in the development and production of steam turbines are the following companies:
Siemens-energy [1], General-Electric [2], Mitsubishi Power [3], JSC "Turboatom" [4] and others. Most nozzle
control systems for high-power steam turbines use a circuit in which the control (first) stage is on a medium
diameter that is much larger compared to the next (second) stage of high-pressure cylinders (HPC). There is a
radial pressure equalization chamber between the first and second stages. Previous studies of a similar scheme
of the control compartment on the example of a steam turbine K-325-23.5 showed that the efficiency is quite
low in all operation modes, including the nominal one (100% power mode) due to large losses of kinetic energy
in the equalization chamber, as well as inflated load on the first stage [5, 6]. Today, leading manufacturers of
steam turbines are gradually abandoning the use of radial pressure equalization chambers in nozzle-controlled
control compartments, but it is difficult to understand how much this affects the gas-dynamic efficiency of the
flow part from the existing open sources. There are also proposals to change the principles of nozzle control, in
particular, a radial partial steam supply is proposed in papers [7, 8]. This approach has a number of advantages
over the traditional circular partial steam supply, primarily in the fact that it ensures the absence of significant
circular non-uniformity of gas-dynamic parameters [9]. Unfortunately, today the practical use of this approach
is not yet performed due to the need to solve a number of design and technological problems.

The paper presents the results of a numerical study of the new control compartment flow part of the
HPC of the K-300 series steam turbine of diagonal type in which there is no radial pressure equalization
chamber. Instead of a radial equalization chamber, in order to unload the first stage, an additional stage is
installed to the control compartment. The influence of the proposed measures on the flow structure and the
efficiency of the flow part at different turbine operation modes is shown.

Methods of calculation and design of turbomachines flow parts

The calculation and design of the steam turbine control compartment was performed using the complex
methodology developed in [PMach NAS of Ukraine. The methodology includes methods of different levels of
complexity, from one-dimensional to models for calculation of spatial viscous flows, as well as analytical methods
for flow parts spatial geometries description based on limited number of parameterized values [10]. The complex

design methodology is implemented in the
IPMFlow software package, which is a develop-
ment of the FlowER and FlowER-U software
packages.

A model of a viscous turbulent flow based
on the numerical integration of an averaged system
of Navier-Stokes equations [11-15], for the closure
of which the two-term Tamman equation of state is
used [16, 17]. Turbulent phenomena were taken into
account using an SST Menter two-parameter differ-
ential turbulence model [18, 19].

Problem statement, object of study, the
original design analysis

The control compartment of the steam tur-
bine K-325-23.5 HPC (Fig. 1) that consists of the
control stage (CS), the equalization chamber and the
first stage of pressure (the second stage from inlet to
the flow part) is considered as the object of study.

Fig. 1. Meridian contour of steam turbine K-325-23.5
_ HPC (fragment):
Ggs, Gri, Gs1, Gra, G o, G o — values of leakages (mass flow rate)
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The calculated area consisted of approximately 3 million cells (elementary volumes).

The studies were conducted for six operation modes with the boundary conditions given in Table 1.

The calculations take into account the interdisc and diaphragm leakages, the scheme of which is
shown in Fig. 1, and the values are presented in Table 2.

Table 1. Boundary conditions for calculations of the HPC control compartment

Parameter Mode, %
100 90 80 70 60 50
Full pressure before CS, MPa 22.73 22.53 21.40 22.00 19.40 16.10
Full temperature before CS, °K 808.5 808.5 808.5 808.5 808.5 808.5
Static pressure behind the compartment, MPa 16.58 14.95 13.14 11.63 9.97 8.31
Mass flow at the inlet, kg/s 277.8 250.0 222.2 194.4 166.7 138.9
Table 2. Leakages mass flow rate values
Parameter Mode, %
100 90 80 70 60 50
Ggs, kgls 3.614 3.180 3.180 2.367 2.169 1.678
Gr1, kg/s 4.64 2.90 2.60 - - -
Gs1, kg/s 1.98 1.74 1.58 1.29 1.19 0.91
Gro, kg/s 2.36 2.09 1.74 1.58 1.45 1.12
G ro. kg/s 3.98 3.51 3.22 2.73 2.50 1.93
G . kels 3.76 3.40 3.13 2.64 2.42 1.87

The results of the re-
search showed that in the
equalization chamber, where
the steam moves in both axial
and radial directions, there are
significant vortices and flow
separations, not only in partial
but also in nominal operation
modes (Fig. 2). The presence
of separation flows leads to
significant losses of Kkinetic
energy and reduced efficiency
not only in the control stage,
but also in the next stage (sec-
ond stage) in all operation
modes. The shape of the stator
blades also contributes to the
unfavorable picture of the flow
in the second stage. The shape
is not adapted to the under-
signed flow angles (Fig. 2, 3).

Fig. 3. Visualization of streamlines in the blade-to-blade channel
of the original second stage stator, operation mode 100 %

8 ISSN 2709-2984. Journal of Mechanical Engineering, 2020, vol. 23, no. 4



AEPOI'TAPOAMHAMIKA TA TEIINIOMACOOBMIH

3D design development of the new HPC flow part

The main ideas used in the development of the new flow part were set out in [7, 8], they contain:

— rejection of the equalization chamber with a horizontal flow direction;

— moving the adjusting stage to the middle diameter that is located as close as possible to the average
diameter of the second stage;

— ensuring the minimum possible value of partial admission degree of the control stage;

— installation of an additional stage on the site of the equalization chamber (in the axial direction),
which ensures the effective operation of the thermal drop.

The new version of the control compartment was developed in the way for it to fit into the dimen-
sions of the original compartment and to meet the conditions given in Table 1. In this case, the operation
modes of the pressure stages located behind the control compartment do not change, which allows to keep
their design unchanged.

The control compartment, instead of having two stages in the original flow part, is made with three
stages (Fig. 4). Unfortunately, due to technological limitations, it was not possible to provide the same aver-
age diameter of the stages, which led to the diagonal shape of the control compartment in the meridional sec-
tion. Fig. 5 shows the blade profiles of the new HPC flow part. The profiles of the stator blades of the 2nd
and 3rd stages have thick leading edges; this is done in order to reduce the negative consequences associated
with the uncalculated flow angles at partial operation modes.
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Fig. 4. The meridional section of the new HPC flow part
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Fig. 5. View of the new flow part blades profiles:
a— first stage stator, b — first stage rotor, ¢ — second stage stator, d —second stage rotor, e — third stage stator, f — third stage rotor
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Calculations of the new control compartment were performed for the conditions given in Table 1.
Steam supply through the control stage nozzle boxes was carried out with different degree of partial admission
depending on a mode: 100% — 0.8 (48/60); 90, 80% — 0.58333 (35/60); 70, 60 and 50% — 0.36666 (22/60).
The simulation was performed on
a computational grid with a total
number of cells over 3.2 million.
The calculations take into ac- \
count the interdisc and dia- X el N S3 R3 ]:
phragm leakages, the scheme of Gs Gy, / ‘\T‘“T/*%—f
which is shown in Fig. 6, and the
values are presented in Table 3.

Fig. 6. Leakage diagram in the new control compartment

Table 3. Leakages mass flow rates in the new control compartment

Parameter Mode, %

100 90 80 70 60 50
Gy, kg/s 277.1 250.2 223.6 191.8 168.7 137.8
Ggs, kg/s 3.614 3.180 3.180 2.367 2.169 1.678

Ggy, kg/s 7.216 5.830 5.120 - - -
G,, G;, Gy, kg/ls 273.5 247.0 220.4 189.4 166.5 136.1
Gs,, kg/s 1.81 1.63 1.45 1.27 1.09 0.90
Gro, kg/s 3.04 2.75 2.44 2.15 1.83 1.41
Gss, kg/s 2.02 1.82 1.62 1.42 1.21 1.01
Grs, kg/s 3.00 2.71 2.41 2.12 1.81 1.51

Fig. 7 shows the visualization of the flow in the flow part at operation mode 100%.

From the given visualization of the flow in blade-to-blade channel sit is seen that in the nominal
mode there is a very favorable picture of the flow in which there are no flow separations. In other operation
modes, the nature of the flow is somewhat different, in some cases there are slight flow separations, but in
general the efficiency of the new flow part is much better compared to the original turbine (Table 4).

Table 4. Integral characteristics of the control compartment of the original and new turbines flow parts

Original control compartment New control compartment
M;de, t/G, Efficiency, Capac1ty,é/IW Efficiency, Capacity, MV\(fj A Efﬁ(;lency, f/{%
? yeat % CS |2 stage ompart- % CS |2 stage|3 stage ompart- 7
ment ment
100 | 1001 83.7 13.2] 8.48 21.71 91.0 9.1 | 737 | 7.24 23.7 7.3 2.00
90 894 83.4 17.7| 7.49 25.24 88.8 12.7] 796 | 6.37 27.0 5.4 1.79
80 798 74.0 17.0| 6.56 23.53 81.8 12,6 | 8.35 | 5.38 26.3 6.5 1.98
70 701 74.7 21.1] 6.00 27.07 80.0 16.7| 7.31 | 4.55 28.6 5.3 1.52
60 614 73.7 19.6 | 5.36 24.93 79.8 153] 6.76 | 4.34 26.3 6.1 1.42
50 501 73.7 16.5| 4.43 20.97 78.6 12.8 | 5.67 | 3.57 22.0 4.9 1.06

From the given results it is seen that the proposed option of the flow part has a very high level of
gas-dynamic efficiency in all considered operation modes: the efficiency increased by 4.9-7.3%, and the ca-
pacity increased by 1-2 MW. On the nominal mode (mode 1) the efficiency of the control compartment, tak-
ing into account interdisc and overbandage leakage, is 91%.
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Mach number

Mach number Mach number

Mach number ] Mach number
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Fig. 7. Velocity vectors, average section operation mode 100 %:
a — first stage stator, b — first stage rotor, ¢ — second stage stator,
d —second stage rotor, e — third stage stator, f — third stage rotor

Conclusions

Based on the analysis of gas-dynamic processes in the flow part of the HPC control compartment of
the steam turbine K-325-23.5, improvement directions are formed and its modernization is performed.

In the new flow part, in contrast to the original one, there is a favorable picture of the flow in all op-
eration modes, which ensures its high gas-dynamic efficiency. Depending on the mode, the efficiency of the
control compartment increased by 4.9-7.3%, and the capacity increased by 1-2 MW.

In the nominal mode (100% mode) the efficiency of the new control compartment, taking into ac-
count the interdisc and overbandage leakage, is 91%.

References

1. Siemens-energy: Official website Siemens-energy, 2020. URL: https://www.siemens-energy.com/global/en.html

2. General-Electric: Official website General Electric, 2020. URL: https://www.ge.com/power

3. Mitsubishi Power: Official website MitsubishiPower, 2020. URL: https://power.mhi.com

4. Turboatom: Official website JSC Turboatom, 2020. URL: https://www.turboatom.com.ua

5. Rusanov, A. V., Levchenko, Ye. V., Shvetsov, V. L., & Kosyanova, A. I. (2011). Povysheniye gazodinamicheskoy
effektivnosti pervykh dvukh stupeney TsVD turbiny K-325-23,5 [Increasing the gas-dynamic efficiency of the first
two stages of the HPC turbine K-325-23.5]. Kompressornoye i energeticheskoye mashinostroyeniye — Compressor
and Power Machine Industry, no. 1 (23), pp. 28—32 (in Russian).

6. Rusanov, A. V., Kosyanova, A. L., Sukhorebryy, P. N., & Khorev, O. N. (2013). Gazodinamicheskoye
sovershenstvovaniye protochnoy chasti tsilindra vysokogo davleniya parovoy turbiny K-325-23,5 [Gas-dynamic
improvement of the steam turbine K-325-23,5 high-pressure cylinder setting]. Nauka i innovatsii — Science and
Innovation, vol. 9, no. 1, pp. 33—40 (in Russian).

7. Rusanov, A. V., Kosyanova, A. 1., & Kosyanov, D. Yu. (2015). Razrabotka novogo sposoba partsialnogo paro-
raspredeleniya dlya obespecheniya chastichnykh rezhimov raboty moshchnykh parovykh turbin [Development of

ISSN 2709-2984. Ipo6remu mawunobyoysanus. 2020. T. 23. Ne 4 11




AEROHYDRODYNAMICS AND HEAT-MASS TRANSFER

new partial steam distribution method for providing partial operating modes of powerful steam turbines].
Vostochno-Yevropeyskiy zhurnal peredovykh tekhnologiy — Eastern-European Journal of Enterprise Technologies,
vol. 6, no. 8 (78), pp. 24-28 (in Russian). https://doi.org/10.15587/1729-4061.2015.55527.

8. Rusanov, A. V., Shubenko, O. L, Sukhinin, V. P., Shvetsov, V. L., & Kosianova, A. 1. (2017). Systema soplovoho
parozpodilu parovoi turbiny [System of a nozzle steam generator for a steam turbine]: Patent No. UA 113710 C2
(Ukraine) MPK F24D 3/18; F24H 4/02; FO1K 25/02; declared 29 July 2016; published 10 February 2017, Bulle-
tin no. 3, 4 p. (in Ukrainian).

9. Rusanov, A. V., Kosyanov, D. Yu., & Kosyanova, A. L. (2016). Issledovaniye prostranstvennogo potoka para v
reguliruyushchem otseke s radialnym partsialnym paroraspredeleniyem [Research of spatial stream of steam in
regulative compartment with radial partial]. Aviatsionno-kosmicheskaya tekhnika i tekhnologiya — Aerospace
Engineering and Technology, no. 7 (134), pp. 43—48 (in Russian).

10. Rusanov, A., Rusanov, R., & Lampart, P. (2015). Designing and updating the flow part of axial and radial-axial
turbines through mathematical modeling. Open Engineering (formerly Central European J. Eng.), vol. 5, pp.
399-410. https://doi.org/10.1515/eng-2015-0047.

11.Landau, L. D. & Lifshits, Ye. M. (1954). Mekhanika sploshnykh sred [Continuum mechanics]. Moscow:
Gostekhizdat, 796 p. (in Russian).

12. Loytsyanskiy, L. G. (2003). Mekhanika zhidkosti i gaza [Mechanics of liquid and gas]: Textbook for universi-
ties. Moscow: Drofa, 840 p. (in Russian).

13.Roache, P. J. (1988). Fundamentals of Computational Fluid Dynamics. USA, Socorro, New Mexico: Hermosa
Publishing, 648 p.

14. Tannehill, J. C., Anderson, D. A., & Pletcher, R. H. (1997). Computational Fluid Mechanics and Heat Transfer.
USA, Washington: Taylor & Francis, 816 p.

15. Fletcher, C. A. J. (1988). Computational techniques for fluid dynamics. Vol. 1. Fundamental and General Tech-
niques. Berlin, Heidelberg: Springer Verlag. https://doi.org/10.1007/978-3-642-58229-5.

16. Godunov, S. K., Zabrodin, A. V., Ivanov, M. Ya., Krayko, A. N., & Prokopov, G. P. (1976). Chislennoye
resheniye mnogomernykh zadach gazovoy dinamiki [Numerical solution of multidimensional problems of gas
dynamics]. Moscow: Nauka, 400 p. (in Russian).

17. Nashchokin, V. V. (1980). Tekhnicheskaya termodinamika i teploperedacha [Technical thermodynamics and
heat transfer]. Moscow: Vysshaya shkola, 469 p. (in Russian).

18. Menter, F. R. (1993). Zonal two-equation k-o turbulence models for aerodynamic flows. AIAA Meeting Paper,
no. 93-2906. https://doi.org/10.2514/6.1993-2906.

19. Menter, F. R. (1994). Two-equation eddy viscosity turbulence models for engineering applications. AIAA Jour-
nal, vol. 32, no. 8, pp. 1598-1605. https://doi.org/10.2514/3.12149.

Received 02 November 2020

MinBuineHHs1 ra3oAMHAMiYHOI e()eKTHBHOCTI PeryJ/04oro Binciky naposux typoiu cepii K-300

'A.B. Pycanos, ’B. 1. IIIBenosB, 'A L KocbsiHoBa, '10. A. bukos, 'H. B. ITamenxo,
'M. O. Yyraii, ' P. A. Pycanos

'THcTHTYT npo6eM MammHOGYAyBaHHs iM. A. M. ITizroproro HAH Ykpainy,
61046, Ykpaina, m. Xapkis, Byin. IToxxapcekoro, 2/10

* Akuionepre ToBapuctBo «Typ6oatom», 61037, Ykpaina, M. Xapkis, np. Mockoscskuii, 199

B pobomi 3anpononosano nanpsamu niosuwents eqhekmugHoCmi CONI06020 pe2ynioeants Oisi NApogUX eHepee-
muynux mypoin cepii K-300, sxi pazom 3 mypoinamu cepii K-200 ckradaroms ocHogy menniogoi enepeemuxu Yrpainu. Ak
00'€Km 00CTIONCEHHA PO3STAHYINO Pe2yioloUuull 8i0CIK YUTTHOPA 8UCOKO20 MUCKY napogoi mypoinu K—325-23,5. Yucenvni
PO3PAXYHKU A NPOEKMYBAHHS PE2YIIOIOU020 GIOCIKY Napo6oi mypoOiHu 8UKOHYBAUCS 3a 00NOMO2010 po3pobaenol ¢ I11-
Maw HAH Yxpainu xomniekchol memo0onoeii, sika eKnouae Memoou pisHUX PIeHI6 CKIAOHOCHI 60 0OHOGUMIDHUX 00
Mooenell po3paxyHKy NpoCMOPOSUX 6'A3KUX Meuill, d MAKONHC AHATIMUYHUX MEeMOodie ONUCy NpoCmoposux 2eoMempill
NPOMOYHUX YACMUN HA OCHOBI 0OMediCeHOi Kilbkocmi napamempusosanux geiuyut. Komnnexcna memooonozis npoexny-
eanusi peanizosana 6 npoepamuomy rkomniexci IPMFlow, saxuii € posgumxom npocpamuux komniexcie FIowER i
FlowER-U. Mooenv 6's3x0i myp6yieHmHoi meuyii [pyHmyemucsi Ha YUCEeNbHOMY [HMe2PY8aHHI 0CepeOHeHol cucmemu pig-
Hanb Hae'e—Cmokca, 0iis 3aMUKAHHSL SKUX 8UKOPUCTIOBYEMbCSL 08oUaenHte pisnsanns cmany Tammana. Bpaxyeannss mypoy-
JEHMHUX A6UWY 30TUCHIOBANOCS 3 OONOMO2010 dsonapamempuunoi ougepenyianvroi modeni mypoyrenmuocmi SST Men-
mepa. J[ocniodxcents npo8oOUTUCS 0TSl WeCUL PENCUMI8 POOOmU 8 PO3PAXYHKOGIN obaacmi, wo cKiadaiacs 3 noao 3
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MIH. KOMIPOK (eneMeHmapHux 06’emig) 3 ypaxy8auHaMm MIdDcOUCKosUux i diagpacmosux nepemixanv. 3a pesyrvmamamu
YUCenbHUX 00CTIONCEHb BUXIOH020 pe2yioioyo2o 6i0ciky napogoi mypoinu K-325-23,5 nokazano, wo y npomounii yac-
MUni uepe3 8eUKi 6Mpamu KiHemuyHoi eHepeii y Kamepi 8UPIGHIOBAHH, A MAKOXC 3A8UleHe HABAHMANCEHHS HA nepuiuil
cmyniny KK/ € 0ocmammibo HU3bKUM HA 6CIX pedcumax excnayamayii, y momy uucii Ha nominanenomy (peacum 100 %
nomyacrnocmi). Ha ocnogi nposedeno2o ananizy ea300UHAMIYHUX NPOYeCie chopMoBano HanpaMU i BUKOHAHO MOOEpHI3a-
Yito NPOMOYHOT YacCmunY pe2ymioiouo2o 6i0ciKy. B Hogil npomounii wacmuni, Ha GIOMIHY 8i0 6UXIOHOI, ChoCmepieacmvCsl
CRPUAMAUGA KAPMUHA medii Ha 6CIX pedcumax pobomu, wo 3a6e3neqye il 6UcoKy 2a300uHamiyny eexmuenicmo. B 3a-
sexcnocmi 8i0 pesicumy, konosuil KKJ] pezyntorouoeo iociky soinvuuecs Ha 4,9-7,3%, a nomyscuicme — na 1-2 MBm. Ha
HomiHanbHoMy pedcumi (pexcum 100%) konosuti KKJ] Ho8020 pe2yniorouo2o i0CiKy 3 YPAXyS8aHHIM MINCOUCKOBUX | HAO-
banoadicHux nepemixanv cmanosums 91%.

Knrouosi cnoea: naposa mypbina, pe2ynioiouuti cmyninb, npOCMOpo8a meuis, duceibHe MOOeN08ANHSA, 2a300U-
HamiuHa eekmugHicmo.
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