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In order to improve the flow part of the control system and enhance energy
performance, A. Podgorny Institute of Mechanical Engineering Problems
NAS of Ukraine has developed a three-stage control system section of the
K-325-23.5 steam turbine high-pressure module (HP), that has no equali-
zation chamber. To determine the effectiveness of the control section’s gas-
dynamic improvement, the problem of the turbulent flow spatial structure
studying was stated. For this, a numerical simulation of the steam flow was
carried out in the rated mode, taking into account the partiality of the sup-
ply. The main task of the numerical simulation was to identify the magni-
tude of circumferential irregularity of gas-dynamic parameters in the first
stages of the section and at the outlet. Spatial calculations of the steam flow
in the studied flow parts were carried out using the IPMFlow software
package for the spatial turbulent flow modeling in turbomachines devel-
oped at Institute of Mechanical Engineering Problems NAS of Ukraine. The
study of the steam flow circular irregularity for modes with mass flow rates
of 100%, 70% and 50% was carried out. The 70% and 50% modes are
characterized by two closed control valves out of four, which corresponds
to 37% of open blade channels. The results and analysis of the three modes
calculations are presented in the form of distributions of mass flow rates
and pressures in the stage gaps and at the section outlet. The graphs clearly
show that the irregularity of the specific flow rate remains until the last
stage, meanwhile the pressure irregularity is insignificant for all the con-
sidered modes. An analysis of the simulation results shows a rather slight
irregularity of the steam parameters at the outlet of the control section in
the partial modes and insignificant irregularity in the design mode. Based
on the results of the analysis, a conclusion about the effectiveness of the
new control section use for the steam turbine K-325-23.5 modernization
was made. To implement the new control section, it is reasonable to study
the level of unsteady loads on the HP blades further.

Keywords: numerical simulation, spatial flow, steam turbine, nozzle
control system, high-pressure module.

Most steam turbines, including 200 and 300 MW units operating on alternating load schedules, must

be designed to operate not only at full load but also at significantly (up to 50%) reduced load. Under these
conditions, it is more efficient to use a nozzle steam distribution system [1]. In such turbines, all major
changes in the flow structure associated with the operating mode occur in the control section that consists of
the first (control) and second (first pressure stage) stages, as well as of the equalization chamber located be-
tween them. In [2] it is shown that the irregularity of the relative total pressure at the control system (CS)
outlet can be more than 2% for the mode of a half mass flow rate. Pressure losses in the equalization cham-
ber at the CS are about 2% of the total inlet pressure [3].

In order to improve the flow part of the CS section and to enhance the energy performance, a three-stage
control section of the steam turbine K-325-23.5 HP module that has no equalization chamber was developed at
the Institute of Mechanical Engineering Problems NAS of Ukraine. To determine the efficiency of gas-dynamic
improvement of the CS section, it is necessary to study the spatial structure of the turbulent flow [2], [4], includ-
ing the methods of mathematical modeling. In order to estimate the pressure and the mass flow rate irregularity
at the CS outlet, the IPMFlow software package [5] was updated. The software package was developed by the
Institute for numerical modeling of spatial turbulent flows in various power machines, in particular, steam tur-
bines. A software module that allows to create a calculation area, which contains an arbitrary amount of blades,
indicating the number and position of closed and open channels, has been added to the software package. This
allowed the flow simulation in the CS with partial steam supply in all the turbine operating modes.
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The results of the flow numerical studies in the steam turbine control section at partial and full sup-
ply are presented in this paper. The purpose of the study was to identify circumferential irregularity of pres-
sure and steam mass flow at the control section outlet and the partiality effect on the irregularity.

Object of research

The Institute has developed a 3D flow part model of the three-stage control system of the steam tur-
bine K-325-23.5 HP module. The turbine is equipped with a nozzle control system (Fig. 1), which means
blocking of a certain number of channels for each operating mode. The flow part of the developed control
system is devoid of the equalization chamber and consists of three stages (Fig. 1, c), unlike the original two-
stage section (Fig. 1, b). The final version of the developed HP flow part efficiency, according to the results
of the conducted calculations that don’t include the steam takeoffs, was 94.7% at the rated operating mode.

The circumferential irregularity of steam flow for the operating modes of 100%, 70% and 50% of
mass flow rate was studied. The 70% and 50% operating modes are characterized by two closed control
valves out of four, which corresponds to 37% of the open blade channels. The studies were performed using
methods and software developed by the Institute for simulation of 3D flows in power machines flow parts.
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Fig. 1. The turbine nozzle control system view:
a — cross-section of the K-300 type turbine steam admission system; b — original structure of control section;
¢ — new structure of control section

Methods of research

3D calculations of steam flow in the studied flow parts were carried out using the IPMFlow soft-
ware package developed by the Institute [5]. The calculations of steam flow in the studied flow parts were
performed on H-type computational mesh. The modeling of viscous turbulent flow was based on the Rey-
nolds-averaged Navier-Stokes equations numerical integration. Turbulent phenomena were accounted by
using the two-equation differential Menter’s SST turbulence model [6]. For the description of thermody-
namic dependences, the two-term Tamman’s equation was used [7].

Results and discussion

The researched control section flow part consists of three stages, in contrast to the original structure
with two stages. The pressure magnitude and mass flow rate irregularity at the outlet of control section in
modes of 100%, 70% and 50% of mass flow rate was investigated. The developed software application was
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used to construct calculation areas corresponding to 100% mode (all valves open) and 50-70% (two valves
open, two valves closed). Fig. 2 shows the view of the calculation area, which was used to calculate the flow
in the control section for the mode of 100% power. The calculation area has a total number of elementary
volumes (cells) of about 10 million.

Using the IPMFlow software, numerical simulation of the flow in the control section was performed in
modes corresponding to 100%, 70% and 50% of the rated mass flow. For this purpose, the following boundary
conditions were set: total inlet pressure — 22.73 MPa; 22.73 MPa; 16.1 MPa, total inlet temperature — 808.5 K,
static outlet pressure — 16.578 MPa; 11.628 MPa; 8.306 MPa, respectively. Quasi-steady-state conditions were
used to reduce flow steadying time at the computational grid inter-row boundaries, which ensure proper transfer
of flow parameters between the rows without shifting rows in time relative to each other.

Fig. 2. The calculation area view

Fig. 3. First stage channel configuration:
a—100% mode; b — 70% and 50% modes
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As a result of numerical simulation, the distribution of pressure and relative velocity fields for the
100% of mass flow mode was (Fig. 4). The figure clearly shows that the irregularity extends only to the first
stage of the control section.

Also, as a result of numerical simulation, the distribution of pressure and relative velocity fields for
the 70% of mass flow mode was obtained (Fig. 5). The figure clearly shows that the irregularity of pressure
subsides at the last row, and the flow irregularity extends further beyond the control section. There are also
significant ventilation flows in the inter-row gaps of the first stage turbine wheel.

Finally, as a result of numerical simulation, the distribution of pressure and relative velocity fields
for the 50% of mass flow mode was obtained (Fig. 6). The figure shows a pattern similar to the 70% mode.
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Fig. 4. Parameters distribution in the calculation area for the 100 % mode:
a — pressure; b — relative speed
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Fig. 5. Parameters distribution in the calculation area for the 70 % mode:
a — pressure; b — relative speed
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Fig. 6. Parameters distribution in the calculation area for the 50 % mode:
a — pressure; b — relative speed

Fig. 7 presents graphs of pressure distribution along the semicircle in the middle cross-section along
the rows of the control section for the mode of 100% power. Here 6 denotes the relative position along the
semicircle. The graphs clearly show that in the first stage the irregularity is quite significant, but in the last
stage it is almost non-existent.

Fig. 8, 9, 10 show graphs of the specific mass flow rate distribution along the semicircle in the middle
cross-section along the control section rows for the mode of 100% power. The graphs clearly show that the ir-
regularity of channel-averaged specific flow rate remains to the last stage and reaches a minimum value of 9.2%.

Fig. 11 shows graphs of pressure distribution along the semicircle in the middle cross-section behind
the control section rows for the mode of 70% flow rate. The graph clearly shows that as the flow passes
rows, the pressure irregularity gradually decreases.

Fig. 12, 13, 14 show graphs of the specific flow rate distribution along the semicircle in the middle
cross-section along the control section rows for the mode of 70% power. The graphs clearly show that the
irregularity of channel-averaged specific flow rate remains to the last stage.
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Fig. 7. Circumferential pressure distribution Fig. 8. Circumferential distribution of the specific flow
on the control section rows, 100% mode rate for the rows # 1, 2 of the control section, 100% mode
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Fig. 9. Circumferential distribution of the specific flow
rate for the rows # 3, 4 of the control section, 100% mode
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Fig. 11. Circumferential pressure distribution
on the control section rows, 70% mode
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Fig. 13. Circumferential distribution of the specific flow
rate for the rows # 3, 4 of the control section, 70 % mode
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Fig. 10. Circumferential distribution of the specific flow
rate for the rows # 5, 6 of the control section, 100% mode
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Fig. 12. Circumferential distribution of the specific flow
rate for the rows # 1, 2 of the control section, 70 % mode
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Fig. 14. Circumferential distribution of the specific flow
rate for the rows # 5, 6 of the control section, 70 % mode

Fig. 15 presents graphs of pressure distribution along the semicircle in the middle cross-section along
the control section rows for the mode of 50% power. The graph also clearly shows that in almost all stages there
is a significant irregularity of pressure, except for the values at the section outlet, same as for the 70% mode.

Fig. 16, 17, 18 show graphs of the specific flow rate distribution along the semicircle in the middle
cross-section along the control section rows for the mode of 50% power. The graphs clearly show that the
irregularity of channel-averaged specific flow rate remains to the last stage.
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Fig. 15. Circumferential pressure distribution
on the control section rows, 50% mode
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Fig. 17. Circumferential distribution of the specific flow
rate for the rows # 3, 4 of the control section, 50% mode
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Fig. 16. Circumferential distribution of the specific flow
rate for the rows # 1, 2 of the control section, 50% mode
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Fig. 18. Circumferential distribution of the specific flow
rate for the rows # 5, 6 of the control section, 50 % mode

Conclusions

The results and analysis of steam flow calculations in the K-325-23.5 steam turbine control section for
three operating modes in the form of flow rate and pressure distributions in the inter-row gaps and at the section
outlet are presented. The simulation results analysis shows a rather low irregularity of the steam flow parame-
ters at the control section outlet in the partial supply modes and a slight irregularity in the rated mode. Based on
the results of the analysis, a conclusion regarding the effectiveness of the developed control section of the HP
module use for steam turbine K-325-23.5 modernization was made. However, to deploy the new design of the
control section, it is reasonable to conduct additional studies of unsteady loads on the nozzle and turbine blades
of the HP module, caused by circumferential irregularity of flow parameters at partial supply.

These results confirm the possibility of the updated software package IPMFlow usage for study
more complicated features of the flow in the steam turbines stages, including effects caused by circular varia-
tions in the flow part geometry.

References

1. Shcheglyayev, A. V. (1993). Parovyye turbiny. Teoriya teplovogo protsessa i konstruktsii turbin [Steam
turbines. Theory of the thermal process and turbine design]. Moscow: Energoatomizdat, 416 p. (in Russian).

2. Boyko, A. V., Usatyy, A. P., & Avdeyeva, Ye. P. (2014). Chislennoye issledovaniye effektivnosti uravnitelnoy
kamery za reguliruyushchey stupenyu na raznykh rezhimakh raboty [A numerical study of the efficiency of the
equalization chamber behind the control stage at different operating modes]. Vestnik NTU «KhPI». Seriya:
Energeticheskiye i teplotekhnicheskiye protsessy i oborudovaniye — Bulletin of the NTU "KhPI". Series: Power
and Heat Engineering Processes and Equipment, no. 1 (1044), pp. 611 (in Russian).

3. Rusanov, A. V., Kosyanova, A. L., & Kosyanov, D. Yu. (2015) Issledovaniye struktury potoka v reguliruyushchem
otseke TSVD parovoy turbiny K-325-23.5 na rezhime partsialnosti 0,4 [Study of the flow structure in the control

12 ISSN 0131-2928. Journal of Mechanical Engineering, 2020, vol. 23, no. 2




AEPOI'TAPOAMHAMIKA TA TEIINIOMACOOBMIH

section of the HP module of a steam turbine K-325-23.5 at a partial mode of 0.4]. Aviatsionno-kosmicheskaya
tekhnika i tekhnologiya — Aerospace Technic and Technology, no. 9, pp. 75-80 (in Russian).

4. Boyko, A. V., Govorushchenko, Yu. N., & Usatyy, A. P. (2012). Otsenka vliyaniya mezhventsovogo zazora na
effektivnost reguliruyushchey stupeni na peremennom rezhime [Evaluation of the effect of the inter-row gap on
the effectiveness of the control stage in alternating mode]. Vestnik NTU «KhPI». Seriya: Energeticheskiye i
teplotekhnicheskiye protsessy i oborudovaniye — Bulletin of the NTU "KhPI". Series: Power and Heat
Engineering Processes and Equipment, no. 7, pp. 49-53 (in Russian).

5. Rusanov, A. V. & Yershov, S. V. (2008). Matematicheskoye modelirovaniye nestatsionarnykh gazodinamicheskikh
protsessov v protochnykh chastyakh turbomashin: monografiya [Mathematical modeling of unsteady gas-dynamic
processes in flow parts of turbomachines: monograph]. Kharkov: IPMash NAN Ukrainy, 275 p. (in Russian).

6. 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.

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

Received 22 May 2020

YucoBe A0CTiIZKeHHSI HEPiBHOMIPHOCTI OTOKY B PeryJi0l04oMy BiCiKy HOBOTO THILY
IMJTiHAPA BHCOKOT0 THCKY NMAPOBOI TYPOiHU

'10. A. Bukos, ' A. B. Pycanos, *B. JI. llIzenos

'TacTutyT npo6itemM MammHOOYAyBanHs iM. A. M. Ilinroproro HAH Vkpaimuy,
61046, Ykpaina, M. Xapkis, Byin. IToxxapcekoro, 2/10

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

st yoockonanenns npomouHoi yacmunu pecyniodo2o Gi0CiKy ma NONNUIEHHS eHepeemUYHUX NOKA3HUKIG 6
1lIMaw HAH Ykpainu po3pobreno mpucmyneHneguili pe2ynto8aibHull 8i0CiKk H08020 muny O/ YUNHOPA BUCOKO20 MUCKY
(LIBT) napoeoi mypoinu K-325-23,5, y saxomy 6i0cymmus Kamepa SupieHo8anus mucky. s eusnavenms eghekmueHocmi
2a300UHAMIYHO20 YOOCKOHANEHHS Pe2ylio8anbHO20 8IOCIKY NOCMANA 3a0aya 8UEHeHHs NPOCMOpPO8oi CImpykmypu mypoy-
JIleHmH020 nomoKy. /i ybo2o Oy10 NPOBEOeHO YUCI08e MOOETIO8AHHA Meyii Napu y pexcumi 3 ypaxy8anHaAM napyidibHoO-
cmi niogedents ma y HominanibHomy pesicumi. OCHOBHOIO 3a0auei0 NPOBEOEHO20 YUCT08020 MOOETIOBANHA DVIO GUSGNEHHS
PisHS KO080T HEPIBHOMIDHOCTI 2A300UHAMIYHUX NAPAMEMPIS V NepPuux CmyneHsax 8i0ciky ma Ha 6uxoodi 3 nvoeo. Ilpoc-
MOPO8I pO3PAXYHKU MeHil napu 6 00CTIONCYBAHUX NPOMOYHUX YACMUHAX NPOBOOUTUCS 30 OONOMOZ0I0 NPOSPUMHO20 KOM-
nnexcy IPMFlow mooentosanns npocmoposoi mypoynenmuoi meuii ¢ mypoomawunax, pospobnenozo ¢ IlIMaw HAH
Vrpainu. Ilposedeno docniodicents HepigHOMIpHOCMI nOMOKY napu 3a konom o pexcumie 100, 70 i 50% macosoi 6u-
mpamu napu. Pescumu 70 i 50% xapaxmepu3yromocs 080Ma 3aKpUMUMU PE2YTI08AIbHUMY KIANAHAMU 3 YOMUPbOX, WO
sionogioae 37% eiokpumux miscronamegux kananie. Hageoeni pezynomamu i ananiz po3paxyHKie mpbox pexicumis y 6u-
211501 po3nooinie MAco8oi umMpamu i MUCKy 8 MIJCEIHYeaUX 3a30pax i Ha 6uxoodi 3 eiociky. Ha epagixax dobpe uoHo, wo
HEPIBHOMIDHICIb RUMOMOT MACO80T umpamu 30epicacmvcsi 00 OCMAHHbLO20 CMYNeHsl, 600HOYAC HEPIBHOMIPHICIb MUCKY
BUABTIAEMbCA HE3HAYHOIO 015 YCIX PO32NAHYMUX percumis. AHANi3 pe3yibmamie MoOent08aHHs 0eMOHCIMPYE OOCUTNL HU3b-
KV HepiBHOMIPHICIb 2A300UHAMIYHUX NAPAMempPI6 Napu Ha 8UX00i 3 pe2ynioluo2o GIOCIKY 6 pedcumax 3 napyiaibHiCmo
Mma He3HAUHY HEPIBHOMIPHICIb Y HOMIHATbHOMY pedcumi. Buxodsuu 3 ompumanux pe3yiomamie ananizy 3p00eHo 8UCHO-
80K W000 egheKmusHOCMI 3aCMOCYBAHH HOB020 pe2yatoanbioco 6iociky [[BT nio uac moodepuizayii naposoi mypoinu K-
325-23,5. J{na enposadoicents HOB0I KOHCMPYKYIL pe2yodanibioco i0CiKYy 00OYiIbHO Noddabiie OOCTIONCEHHA Pi6Hs He-
cmayionapuux Hagaumaoicenv Ha aonamxu L{BT.

Knwowuoei cnosa: yucnose mooenosanisi, npocmoposa meyis, naposa mypoina, pe2yioeanbHull 6i0CiK, YuiiHop
BUCOKO20 MUCKY.
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UDC 536.24 Approaches to the identification of thermophysical characteristics, using methods for

solving inverse heat conduction problems and A. N. Tikhonov’s regularization method,

MULTIPARAMETRIC | ¢ developed. According to the results of the experiment, temperature-dependent coef-

ficients of heat conductivity, heat capacity, and internal heat sources are determined.

IDENTIFICATION In this case, the thermophysical characteristics are approximated by Schoenberg’s
OF SEVERAL cubic splines, as a result of which their identification reduces to determining unknown

THERMOPHYSICAL coefficients in the approximated dependencies. Therefore, the temperature in the body

will depend on these coefficients, and it can be represented using two members of the

CHARACTERISTICS Taylor series as a linear combination of its partial derivatives with respect to the un-

BY SOLVING known coefficients, multiplied by the increments of these coefficients. Substituting this

expression into the Tikhonov functional and using the minimum property of the quad-
THE INTERNAL ratic functional, we can reduce the solution of the problem to the solution of a system
INVERSE HEAT of linear equations with respect to the increments of unknown coefficients. By choosing
CONDUCTION a certain regularization parameter and some functions as an initial approximation, we

can implement an iterative process in which the vector of unknown coefficients for the

PROBLEM current iteration will be equal to the sum of the vector of the coefficients obtained in

the previous iteration and the coefficient increment vector as a result of solving a sys-

Yurii M. Matsevytyi tem of linear equations. Such an iterative process of identifying the thermophysical

matsevit@ipmach.kharkov.ua

characteristics for each regularization parameter makes it possible to determine the

ORCID: 0000-0002-6127-0341

mean-square discrepancy between the resulting temperature and the temperature
measured as a result of the experiment. It remains to choose the regularization pa-

Valerii V. Hanchyn rameter so that this discrepancy is within the root-mean-square measurement error.

gandingw @ gmail.com

Such a search, for example, is identical to algorithms for searching roots of nonlinear

ORCID: 0000-0001-9242-6460 equations. When checking the efficiency of using the proposed method, a number of test

problems were solved for bodies with known thermophysical characteristics. An analy-

A. Podgorny Institute sis of the influence of random measurement errors on the error of the identifiable
of Mechanical Engineering thermophysical characteristics of the body being studied was carried out.

Problems of N_ASU ) Keywords: inverse heat conduction problem, Tikhonov’s regularization method, stabi-
2/10,P Ozhar§ky1 St., Kharkiv, lization functional, regularization parameter, identification, approximation, Schoen-
61046, Ukraine berg's cubic splines.

Introduction

Solution of inverse heat conduction problems (HCP) of identifying the parameters of mathematical

models is of particular importance as an important step in ensuring the adequacy of these models in the pres-
ence of experimental information about the thermal process being studied. This article discusses the nonlinear
internal inverse HCP of identifying thermophysical characteristics. These can be temperature-dependent coeffi-
cient of heat conductivity, heat capacity, internal heat sources, etc. The authors of [1-6] propose classifications

14

© Yurii M. Matsevytyi, Valerii V. Hanchyn, 2020

ISSN 0131-2928. Journal of Mechanical Engineering, 2020, vol. 23, no. 2



