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The paper presents an option of the steam condensing turbine K-
325-23.5 (K-300 series) low pressure cylinder flow part im-
provement due to the last stage modernization. The K-325-23.5
turbine is designed to replace the outdated K-300 series tur-
bines, which together with the K-200 series turbines form the
basis of Ukraine's thermal energy. In the modernized flow part,
new last stage guide apparatus blades with a complex circular
lean near the hub are used. The purpose of the modernization
was to increase the low-pressure cylinder efficiency in the "bad"
condenser vacuum to ensure that it did not "decrease" its effi-
ciency at rated operating modes. The modernized low-pressure
cylinder flow part is developed with the usage of modern meth-
ods of the viscous three-dimensional flow calculation based on
the numerical integration of the Reynolds-averaged Navier-
Stoks equations. For the turbulent effects, a two-parameter dif-
ferential SST Menter turbulence model is applied, and for the
hydraulic fluid real properties, the IAPWS-95 state equation is
used. To construct the axial blades three-dimensional geometry,
the original method, the initial data for which was the limited
number of parameterized quantities, was used. The applied
methods of gas-dynamic calculations and design of flow turbo-
machines are implemented in the IPMFlow software package,
which is the development of the FlowER and FlowER-U soft-
ware packages. The researched low-pressure cylinder flow part
is limited by the last two stages (4th and 5th). A difference grid
with a total element volume of more than 3 million is used to
construct the calculation area. The research examined more
than 20 options of the last stage stator blades. In the modernized
flow part of the low-pressure cylinder last stage at rated operat-
ing mode, the gain of the efficiency coefficient (efficiency) is
0.9% and power — 0.61 MW. In the mode of "bad" condenser
vacuum (with high pressure) a significant increase is achieved:
efficiency — by 11.5%, power increased by almost 2 MW.
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dynamic efficiency, steam turbine, last stage.
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Introduction

In Ukraine, despite the high growth of "green" energy rate, in the overall balance of electricity gen-
eration, a large proportion of it falls on TPP and TPS steam turbines (about 30%). In addition, due to the lack
of a sufficient number of HPPs and PSPSs, thermal power plants power units perform uncharacteristic func-
tions of regulating capacities. In the future, according to the global trends, a significant increase in the re-
newable energy sources share (sun, wind, etc.) is planned for Ukraine [New Green Deal]. It is known that
renewable energy sources are unstable, and it is necessary to have a sufficient amount of not only maneuver-
ability but also compensating power to integrate them into a unified energy system [1]. In Ukraine, this func-
tion will be assigned to thermal power plants power units.

Most of the existing thermal power plants power units in Ukraine have overworked specified and re-
newed resources; they need to be replaced with new ones or need a radical reconstruction. First of all, those
are 200 and 300 MW power units. The purpose of such work is not only to ensure the power equipment reli-
ability, but also to increase its efficiency and reduce the negative impact on the environment [2].

One of the most common ways to improve turbine efficiency is to use so-called spatial profiling
(complex blade lean). Researches and proposals for its application have emerged a long time ago [3, 4, etc.],
but their implementation became possible after the widespread application of the computational fluid dynam-
ics three-dimensional methods (3D CFD) in design processes [5, 6, 7, etc.].

The usage of complex blade lean during the turbomachines flow parts designing occurs in two main
ways. The first way is used for relatively short blades. Its purpose is to increase gas-dynamic efficiency by
reducing final losses. This area is quite popular, it is engaged in by many researchers in scientific and design
organizations [8, 9, etc.]. Nevertheless, the authors believe that the benefits of using this approach are not
obvious due to the fact that measures aimed at reducing final losses usually cause an increase in other losses
(such as profile or edge losses) [10]. The authors experience also shows that the usage of modern approaches
makes it possible to ensure a very high level of efficiency without spatial profiling when creating blade pro-
files individually for each flow part [11]. The second way is used for relatively long blades in order to align
the flow gas-dynamic characteristics by the channel height. It is most appropriate to use this approach in the
high-power condensing steam turbines last stages. There are examples when this approach has yielded posi-
tive results in modes with "bad" condenser vacuum (increased pressure values) [12], but the problem of pro-
viding original efficiency values at rated operating modes remains unsolved.

Possibilities of K-300 series (modification K-325) condensing steam turbine low pressure cylinder
(LPC) improvement are considered in the article due to the last stage modernization with the usage of mod-
ern methods of viscous three-dimensional flows calculation and flow parts design. The option of the last
stage modernization which the usage stator blades complex lean, is presented.

Object of research

Figure 1 shows the meridional cross-section of the LPC steam turbine K-325-23.5 flow part pro-
duced by JSC Turboatom. Figure 2 shows the sets of profiles that define the fifth stage stator and rotor
blades, as well as the stator blades isometric view.

Calculations methodology

The calculation area is limited by the last two stages, which are described by a finite-difference H-type
grid. The calculations were performed with the assumption that the flow in all inter-blade channels of one
crown is the same (in the cylindrical coordinate system), and therefore the grid was constructed accordingly.
The total grid size is over 3 million elemental volumes (90x72x108+90x72x108+90x72x108+90x72x148).

The research of two operating modes, which differ from each other by the pressure values on the last
stage (in the condenser) P,,=3.8 kPa (mode No. 1 — rated) and P,,=8 kPa (mode No. 2) is carried out. Theo-
retically, the condenser may have higher pressure values, and turbine is calculated at the maximum value
P,,=12 kPa, but according to the guidelines, the turbine operation with outlet pressure of more than 8 kPa is
not allowed. The parameters at the calculation area inlet (before the fourth stage) were set equal — total pres-
sure P;,=36.7 kPa, total temperature 7;,=346.8 K.
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Fig. 1. The LPC steam turbine K-325-23,5 meridional cross-section:
a — sketch drawing; b — computer model in the IPMFlow software complex
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Fig. 2. Last stage blade profile view:
a — stator; b — rotor; ¢ — stator isometry
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The modeling includes over-flows and steam selections. As the last two stages operate in the wet va-
por zone, the calculations were performed using the equation of state IAPWS-95 [13] and its interpolation-
analytical approximation method [14].

The spatial viscous flows modeling in the LPC flow part was performed using the IPMFlow software
complex, which is the development of the FlowER and FlowER-U software packages [15, 10]. Turbulence
was taken into account with the usage of two-parameter differential SST Menter turbulence model [16].

Flow analysis in the last stage of LPC original flow part

Figure 3 shows the flow visualization in two operating modes in the last stage rotor. It can be seen
that, in mode No. 1, the flow has almost no flow separations (Fig. 3, a). A small localized flow separation is
present on the periphery closer to the outlet of calculation area. Its appearance is caused by a significant
"opening" of the peripheral contour. In mode No. 2, this separation narrowed, but a significant strong separa-
tion in the hub meridional contour (Fig. 3, b) appeared. It extends to almost half of the channel height at the
calculation area outlet. This flow pattern is due to the fact that during the pressure increase in the condenser
the heat load per stage decreases and its reactivity decreases as well (Fig. 4). Wherein, due to the fact that
stages with relatively long blades (small D/L values) are characterized by a significant reactivity gradient
along the channel height, with its total decrease, the reactivity at the hub becomes negative (Fig. 4).

Negative reactivity and, consequently, a significant flow separation near the hub cause the flow effi-
ciency to fall. Thus, in the mode No. 1 the last stage efficiency that includes mass flow with the outlet speed
is 78.8%, without it — 88.8%, and in mode No. 2 59.9% and 81.2% respectively. Stage power for modes
No. 1 and 2 is 8.6 and 3.4 MW, respectively.
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Fig. 3. Velocity vectors in the rotor of LPC original flow part last stage:
a — mode No. 1 - P,,=3.8 kPa, b — mode No. 2 — P,,=8 kPa
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Modernized flow part

For the turbines axial blades design, a complex method-
ology developed by A. Podgorny Institute of Mechanical Engi-
neering Problems NAS of Ukraine is used. The said methodology
includes methods of different levels of complexity — from one-
dimensional to spatial viscous flows calculation models and ana-
Iytical methods for describing the flow parts spatial geometries
based on a limited number of parameterized values [7]. The com-
plex design methodology is implemented in the IPMFlow soft-
ware package.

Based on the experience of other authors and our own
[12, 17], a new last stage stator with a blade complex circular
lean near the hub contour was designed (Fig. 5). To develop the
modernized flow part, it was necessary to consider about 20 op-
tions of stator blades.

This blade shape provided an increase in the last stage re-
activity, especially near the hub contour (Fig. 6).

The decrease in negative reactivity led to a significant
decrease in the flow separation at the flow part outlet in mode
No. 2 (Fig. 7).
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Fig. 4. LPC original flow part last stage
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Fig. 5. The last stage modernized stator blade:
a — profiles; b — isometry
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Fig. 7. Velocity vectors in the last stage rotor with the new stator:

a — mode No. 1 - P,,=3,8 kPa, b — mode No. 2 — P,,=8 kPa

The table shows the integral characteristics of the original and modernized last stages for the two op-

erating modes.

Integral characteristics

Original flow part Modernized flow part
Mode | peticiency, |  Efficiency, % N, MW Efficiency, | Ciciency, % N, MW
No. with outlet velocity with outlet velocity
% (on three flows) % (on three flows)
losses losses
1 88.8 78.8 25.83 89.0 79.7 26.44
2 81.2 59.9 10.36 87.0 71.4 12.34

The results in the table show that in the mode No. 1 in the modernized flow part, the efficiency in-
crease was 0.9% and power — 0.61 MW. Much more was achieved in mode No. 2, with the efficiency of
11.5% and power of almost 2 MW. The total power values for the three flows in LPC are given.

Conclusions

With the usage of modern methods of viscous three-dimensional flows calculation and design, the
modernized flow part of the steam turbine K-325-23.5 LPC is developed. In the modernized flow part, a
new last stage stator blade with a complex circular lean near the meridional hub contour is implemented.

The modernization corresponds to the paper’s main objective, namely, to increase the last stage effi-
ciency in modes with increased pressure in the condenser ("bad" vacuum mode), ensuring "non-decrease" of
the efficiency initial level at the rated operating mode. Thus, in rated mode (mode No. 1) the efficiency in-
crease was 0.9%, power — 0.61 MW, and in the mode with high pressure in the condenser (mode No. 2)
much higher indicators increase is achieved — 11.5% and almost 2 MW in efficiency and power respectively.
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* AKIioHepHe TOBapucTBO «Typ6oarom»,
61037, Ykpaina, M. XapkiB, np. MockoBcbkuid, 199

? XapkiBchbKuit HaLOHANBHMIT yHiBepenTeT iMeni B. H. Kapasia,
61000, Ykpaina, M. XapkiB, Maiigan CBooou, 4

B pobomi nasedeno sapianm yoockonanenms npomounoi yacmunu yuninopa nusvkoeo mucky (L{HT) naposoi
KoHOeHcayiunoi myp6inu K-325-23,5 (cepis K-300) 3a paxynox mooepuizayii ocmannvoeo cmynens. Typ6ina K-325-23,5
Ppo3pobaeHa 0na 3aminu 3acmapinux mypoin cepii K-300, axi pazom 3 mypoinamu cepii K-200 ckradaromes ocHO8y menio-
601 enepeemuxu Ykpainu. B mooepnizosaniii npomouniti yacmumi 3acmoco6ani HO8i JONAmMKU HANPpagisiowo2o anapama
OCMAHHLO20 CIYNEHsL 31 CKIAOHUM KOJIOBUM HABAOM Oins KopeHs. Memoto modepHizayii 6yno 30invuents eghekmugnocmi
L[HT na pedxcumax «noeano20» 6axKyymy 8 KOHOeHcamopi 3 3a0e3ne4eHHAM «He3HUNCEHH» 1020 eqheKmueHoCmi Ha HOMi-
HANbHUX pedxcumax npayi. Yoockounarena npomouna yacmuna L[HT po3poOiena 3 8UKOPUCMAHHAM CYYACHUX Memooie
PO3DAXYHKY 8'13K0i MpusuUMIpHoi meuii, wo IPYHMYIOMbCA HA YUCTOBOMY IHMe2pY8anHi ocepeonenux pienans Has’c-
Cmoxca. [{nsa mypoynenmuux eexmis 3acmocosano ogonapamempudny mooenv mypoyrenmuocmi SST Menmepa, a 015
8PAXYBAHHS PeANbHUX 8racmugocmetl podbouoco mina — pienanuns cmany IAPWS-95. Jlns nobyodosu mpusumipnoi ceomem-
DIl 0CbOBUX TONAMOK BUKOPUCMOBYBABCS OPULTHATLHUN MEMO0, BUXTOHUMU OaHUMU OIs1 AKO20 0YIa 0OMedceHa KiTbKiCmb
napamempu308anux 6eaudut. 3acmocoeani Memoou 2a300UHAMIYHUX PO3PAXYHKIE MA NPOEKMYS8AHHS NPOMOYHUX MYPOO-
Mawiun peanizogaui @ npocpammuomy komnaexci IPMFlow, axutl € pozgumkom npocpamuux komnaexcie FIowER i FlowER—
U. Jlocrioocysany npomouny wacmuny LIHT obmedceno 0soma ocmannimu cmynensmu (4-m ma 5-m). s nobyoosu pos-
PAXYHKOBOI 001acmi BUKOPUCMAHO PI3HUYE8Y CIMKY 3 3a2aNbHOI0 KIbKICMIO eleMenmapHux 0o’ emieé nonad 3 M. B npo-
yeci 0ocniodcenns pozensinymo oinvuie 20 apianmie 10NamMoK HANPasIs4020 anapama oCmMauHb020 cmynets. ¥ mooe-
PHI308aHill npomoyniti yacmuti ocmannuboeo cmynens L{HT na nominanenomy pedcumi pobomu npupicm xoegiyienma
xopuchoi 0ii (KK/]) cxnas 0,9 % ti nomyscrnocmi — 0,61 MBm. Ha pesicumi 3 «no2anum» 8axyymom (3 niosuueHum muc-
KOM) y KOHOeHcamopi oocsienymo 3uauniwozo npupocmy. KK/ —na 11,5 %, nomyaicnicms 3pocia matisce na 2 MBm.

Kniouosi cnosa: npocmopoge npo@hinioganhs, 4uciose MOOemo8aHHs, NPOCmMoposa meuis, 2a300UHAMIYHA
eghekmugnicmo, naposa mypoina, OCmManHitl Cmynitbs.
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A simply-supported multi-walled carbon nanotube (MWCNT) is
considered. Its vibrations will be studied in a cylindrical coordi-
nate system. The elastic constants in Hooke's law depend on the
CNT wall diameter, which is why each wall has its own elastic con-
stants. CNT vibrations are described by the Sanders-Koiter shell
theory. To derive the partial differential equations (PDE) describ-
ing self-induced variations, a variational approach is used. The
PDEs of vibrations are derived with respect to three projections of
displacements. The model takes into account the van der Waals
forces between CNT walls. The three projections of displacements
are decomposed into basis functions. It was not possible to select
the basis functions satisfying both geometric and natural boundary
conditions. Therefore, selected are the basis functions that satisfy
only geometric boundary conditions. To obtain a linear dynamic
system with a finite number of degrees of freedom, the method of
weighted residuals is used. To derive the basic relations of the
method of weighted residuals, methods of variational calculus are
used. The vibrational eigenfrequencies of single-walled (SW) CNTs
are analyzed depending on the number of waves in the circumfer-
ential direction. With the number of waves in the circumferential
direction from 2 to 4, the vibrational eigenfrequencies of CNTs are
minimal. These numbers are smaller than those for the vibrational
eigenfrequencies of engineering shells. Anisotropic models of trip-
ple-walled (TW) CNTs were investigated. In their eigenforms, there
is interaction between the basis functions and different numbers of
waves in the longitudinal direction. This phenomenon was not ob-
served in the isotropic CNT model. The appearance of such vibra-
tions is a consequence of structural anisotropy.

Keywords: nanotube, Sanders-Koiter shell model, Van der Waals
forces, nonlocal elasticity.
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