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Abstract

Utilization of heat from low-potential sources is one of the pressing problems of the energy sector. One of the promising
ways to solve this problem is the use of power plants operating according to the organic Rankine cycle (ORC) on low-boiling
working bodies (LWB).

The aim of the work is to create a method for three-dimensional (3D) modeling of the nozzle assembly of a centripetal
turbine, chosen in previous studies as the main equipment of an ORC installation using the heat of geothermal heat sources.
This turbine uses a low-boiling working fluid, using which it is possible to obtain the highest ORC efficiency, which was
proved by previous studies of the topic. In the course of the study described in the article, a software product was selected for
the gas-dynamic calculation of the flow of the working fluid in the nozzle array using the finite volume method and a picture
of the flow was obtained. In addition, based on the calculation results, a procedure has been developed to find the energy loss
coefficient, which is one of the most important characteristics of thermal efficiency.

The developed modeling technique was tested during the study of the nozzle grid of a specific designed centripetal turbine,
showing the correspondence of the obtained energy loss coefficient to the characteristic of the grid of the type in question.
Visualization of the characteristics of the working fluid flow in the lattice is obtained.

The developed model of the nozzle guide vanes should be supplemented in the future in order to study the operating modes
of the entire flow part of the centripetal turbine.

Keywords: low-boiling working fluid, organic Rankine cycle, nozzle array, centripetal turbine, flow gas dynamics, three-
dimensional modeling, FlIoEFD module.
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AHHOTa M

YTun3alus TeryIoThl HU3KOMOTeHIHMAIBHBIX NCTOUHHUKOB SIBISIETCSI OAHON M3 aKTya/lbHBIX TpobsieM SHepreThkd. OJHUM
13 MEepPCIEeKTUBHBIX CTIOCOO0B pellleHust AaHHOMW 3aJaudl SB/SIETCS UCIOMb30BaHHE SHEPreTHUeCKUX YCTaHOBOK, PaboTarolux
1o opraHuueckomMy 1ukny PerkuHa (OLIP) Ha HU3KOKUMSIIMX pabounx Tenax (HPT).

Llenbto paboThl siBsIeTCS  CO3JaHMe MeTOAUWKM TpéxmepHoro (3D) MopenMpoBaHMsi —COIUIOBOrO — arrapara
L|eHTPOCTPeMUTE/IbHOW TypOUHBI, BbIOpAaHHOH B MpefBIAYIIMX HCCAeHA0BaHUSAX B KaueCTBE OCHOBHOIO 000pY/0BaHUS
ycraHoBKM Ha OIIP, MCro/b3ylomieil TervioTy reoTepMasibHBIX MCTOYHMKOB TeIUIOTHL. B gaHHOW TypOWHe HCIIO/IB30BaHO
HU3KOKUITsAIee pabouee Teso, PU UCIO/Ib30BAHUM KOTOPOTO MOXKHO MOy4nTh Hanbosmbiuumii KI1/I OLIP, uto 6bl10 JOKa3aHO
TMpe/jIleCTBYIOLIMMU MPOpaboTKaMy TeMbl. B XoJie OMMCaHHOTO B CTaThe MCC/IeOBAHUS BHIOPAH MPOrPaMMHBIN TIPOAYKT AJIS
ra30iMHaMMYeCKOro pacyéTa TedeHHsi pabouero Tesa B COMJIOBOM PeIIETKe METOZOM KOHEUHBIX 00BbEMOB U TO/TyyeHa KapTHHA
TeueHus. Kpome Toro, mo pesynbrataM pacuérTa paspaboTaHa Tpolieaypa HaxOXIeHWs Ko3(hQUIMeHTa MOTepb SHEPryy,
SIBJISTFOLIIEr0Cs OJHOM M3 B)KHEHMIIIMX XapaKTePUCTHK TeTIoBOU 3(peKTUBHOCTH.

PaspaboTaHHasi MeToMKa MOZENUPOBAHUs IpOIia anpobalyio NpU HCC/Ie0BaHUM COIUIOBOM DeII&TKH KOHKPETHOM
CIIPOEKTUPOBAHHOM 1]eHTPOCTPEMUTENbHOM TypOUHBI, M0Ka3aB COOTBETCTBHE IOMyUYeHHOro Ko3(duijeHTa 10Teph SHeprun
XapakTepHOMY [yisl PelIéTKH paccMarpuBaeMoro tuma. [lomyuyeHa Bu3yanM3alysi XapaKTePUCTHK IOTOKa pabouero tesa B
peléTke.

Pa3paboraHHast MOZie/Ib COIUIOBOTO arliapara B JjaabHedIeM /Jo/DKHA ObITh JJOTIONHEHA C I[e/IbI0 MCC/Ie/I0BAHNS PEKIMOB
paboTHI B 11€/I0M MMPOTOYHOM YacTH L{eHTPOCTPEMUTETBHON TypOHHEL.
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KnueBble (/10Ba: HU3KOKUILAIlee pabouee Temo, OpraHWYecKWd LKA PeHKWHa, COIUIOBast — peIIETKa,
LleHTpOCTpeMuTe/IbHas TypOrHa, ra3o[HaMUKa [10TOKa, TPEXMepHOe MoJienMpoBaHure, MoAy/b FIoEFD.

Introduction

One of the urgent tasks of modern energy is to utilize the heat of low-potential sources, which, for example, are geothermal
sources, flue gases of boiler or gas turbine power plants. A promising way to use such heat is to create plants operating on low-
boiling working bodies (LWB). Such substances are also called organic, and the cycle through which these installations operate
is called the organic Rankine cycle (ORC).

At the initial stage of the study of power plants operating according to the organic Rankine cycle, it is necessary to study
the influence of the types of working medium on the parameters of the power plant cycle in order to select the optimal LWB
for this plant. Work [1] carried out a large-scale study, which determined the effectiveness of the ORC for a large number of
working bodies depending on the initial and final parameters and gave recommendations for the choice of working bodies
depending on the temperature of the heat source. The authors also calculated the ORC, which uses geothermal steam with a
temperature of 100-150 °C as a heat source, for different LWBs, which made it possible to choose a refrigerant as the working
fluid of the steam turbine plant — pentafluoropropane R245fa, which provides the highest thermal efficiency of the cycle.

Due to the low flow rates of the working medium, as well as the low power of the installation, according to [2], it is
advisable to use a centripetal turbine to convert the thermal energy of the LWB steam into mechanical work. This solution
eliminates the need for partial steam supply in the turbine, as well as simplifies its design. Thus, papers [3], [4] present models
of a radial-axial turbine for operation in power plants on an ORC.

The purpose of this work was to study the operation of the circular nozzle assembly of the centripetal turbine based on the
construction of its three-dimensional model, followed by numerical calculation using the finite volume method. The results of
the calculation should be the distribution of parameters along the sections of the nozzle screen, as well as at its output, and,
accordingly, at the entrance to the impeller. Based on the results of 3D calculation, the energy loss coefficient in the nozzle
guide vanes should be determined.

Research methods and principles

When designing centripetal turbines, one of the main tasks is to study the flow of the working fluid in the blade grid. The
most perfect and relevant way to solve this problem is to consider it in a three-dimensional formulation [5]. To implement this
principle, a three-dimensional (3D) model of the nozzle assembly was first developed, the section of which is shown in Figure
1.
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Figure 1 - Section of 3D model of centripetal turbine nozzle guide vanes
DOI: https://doi.org/10.60797/IRJ.2024.144.39.1

To build this 3D model, SolidWorks CAD was used, and for its further research, the FIoEFD module for SolidWorks,
which allows numerical modeling of liquid and gas flows, as well as the course of thermal processes. The 3D modeling
technique is based on the finite volume method developed by Mentor Graphics that has proven itself in solving such problems
[6].

FloEFD allows three-dimensional calculations in the field of hydrodynamics, as well as analyzing the characteristics of the
heat transfer process [7]. Thus, this system is a fully functional tool for solving engineering problems in the field of
hydrodynamics and heat transfer, built into the main MCAD systems, such as NX, Creo, CATIA V5, Solid Edge and
SolidWorks. This software module has more options for performing numerical calculations than the Flow Simulation tool built
into SolidWorks, which is a stripped-down version of FIoEFD.

To create a model of the nozzle guide vanes of the investigated centripetal turbine on the NRT, the condition was used that
the impeller diameter d;=0.19 m, and the blade height 1;=0.0099 m. The S-9012V profile from the atlas of the Moscow Power
Engineering Institute (MPEI) [8] was used as the nozzle blade profile, for the coordinates of which a conformal transformation
was applied according to the formulas presented in [2]. The initial profile setting angle was «,=38.27°, and the lattice spacing
t=0.33 m. The initial and converted profiles are shown in Figures 2 and 3, respectively.
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Figure 2 - Initial profile of nozzle blade S-9012V
DOI: https://doi.org/10.60797/IRJ.2024.144.39.2

Figure 3 - Conformally mapped S-9012V profile
DOI: https://doi.org/10.60797/IRJ.2024.144.39.3

Outlet edges of blades in the model are located at diameter d=0.2 m, and surfaces are created at diameters limiting the
investigated area of working medium flow equal to di,=0.288 m and d,,=0.16 m respectively. The diameters of these surfaces
are not equal to the diameters of the circles of the leading edges of the blades and the diameter d; in order to avoid affecting the
parameters of the boundary effects. A face was created on the diameter d; for the possibility of analyzing the values at the
outlet of the nozzle guide vanes, while the geometry of this surface is excluded from the calculation.

To create a calculated model, the calculation area shown in Figure 4 was set, and the working fluid was selected - real gas,
pentafluoropropane R245fa.
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Figure 4 - Calculated model area
DOI: https://doi.org/10.60797/IRJ.2024.144.39.4

Since the flow problem in the nozzle guide vane has angular periodicity relative to the axis perpendicular to the cut plane,
it is advisable to reduce the calculation area to one channel, which contributes to a significant reduction in the required
computing power.

The following boundary conditions were applied to the model:

- at the inlet to the design area: total pressure p,*=680000 Pa and temperature To*=393.15 K determined during the
preliminary turbine calculation;

- at the outlet from the design area: static pressure p=277200 Pa determined by iterative method, which corresponds to the
pressure downstream the nozzle guide vanes p;=560000 Pa determined during the preliminary turbine calculation.

Type of nozzle guide vanes walls and blades - real wall is specified.

All boundary conditions defined for the generated model are shown in Figure 5.

Figure 5 - Model with boundary conditions
DOI: https://doi.org/10.60797/IRJ.2024.144.39.5

To complete the creation of the calculation model, the target condition was added, for which the «average flow rate» at the
diameter d; was chosen, and the convergence criterion (the permissible deviation of the average flow rate during successive
iterations of the calculation) was set at 0.5 m/s. A local grid is created in the area of nozzle assembly outlet, as well as at
borders of solid-state blades with flow area. This is necessary for a more detailed study of the grid in order to resolve the
boundary layer, as well as possible shock waves.

It should be noted that manual mesh adjustment was not performed, but the «mesh adaptation» option was selected in
order to reduce the use of computing power [9].

The initial design grid is shown in Figure 6, and the result of the last (third) grid adaptation during the calculation is shown
in Figure 7.
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Figure 6 - Initial design grid
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Figure 7 - Third adaptation of the design grid
DOI: https://doi.org/10.60797/IRJ.2024.144.39.7

Main results

During the calculation, the program made 1096 iterations, the total number of grid cells after its third adaptation was
2121578, of which 222510 cells can be distinguished on the border with the solid (nozzle vane). The average velocity in the
control section at the last iteration took the value 198.53 m/s. The target convergence graph (approximation of the average
velocity value to the constant level) is shown in Figure 8.
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Figure 8 - Target convergence plot
DOI: https://doi.org/10.60797/IRJ.2024.144.39.8

From the graph, we can conclude that the goal of calculating the average velocity has reached convergence in the interval
of the previously specified value (at the level of 0.5 m/s), which allows us to stop further calculation and proceed to the
procedure for analyzing the data obtained.

As the results of the model calculation, a picture of the distribution of parameters over the selected section (in the middle
of the thickness of the nozzle blade) was built; note here that working medium current lines are displayed. The velocity
distribution along the middle section and the line are shown in Figure 9.

Figure 9 - Picture of velocity distribution and current line in the middle section of the nozzle vane
DOI: https://doi.org/10.60797/IRJ.2024.144.39.9

Discussion
The obtained results make it possible to calculate the loss coefficient in the nozzle assembly of the centripetal turbine,
which can be determined by the expressions given in [7].

Enthalpies at inlet and outlet gf nozzlg guide vanes:
hy = f(pg, Ty) =491.21 7k] kg
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s0.= f(piy Ty) = 1.822 "kJ (kg - ©)”
hi = f(p1,50) = 470.45 "k [kg”
Nozzle exit velocity at isentropic expansion:
c1t = /(2000 - (hg — h1)) = /(2000 - (491.21 — 470.45)) = 203.8 "m/s”
Nozzle set loss factor:
n=1-(ci/1t)> =1-(198.53/203.8)% = 0.051

To compare the obtained result with the atlas data for the investigated nozzle profile, we determine the Mach number from
the theoretical speed c.:

Mt =cit/a =203.8/138.5 = 1.47,

where g = f(p, s9) = 138.5 ”m/s” 1 the speed of sound.

Comparing the obtained n loss ratio with the relationships presented in the MPEI atlas for the S-9012V profile, it can be
concluded that the obtained value is slightly lower than in the lattice with the original profile (where n = 0.055), which is
explained by a more favorable confusor flow in the circular lattice. It should be noted that additional verification of the result
of the numerical experiment is desirable by conducting a full-scale experiment [10] for the designed lattice.

Conclusion

In the course of the study described in the article, a methodology was developed for building a three-dimensional solid
model of the nozzle assembly of a centripetal turbine operating on a low-boiling working fluid. The FloEFD module, which is
part of the SolidWorks software product, was selected to calculate and visualize the gas dynamics of the working medium
flows when flowing around the nozzle guide vanes. As a result of the work, a 3D model of a circular nozzle assembly of a pre-
calculated centripetal turbine was built, and a numerical experiment was carried out to study the gas dynamics of the working
fluid flow between the nozzle blades based on the use of the finite volume method. The results of modeling and numerical
experiment are the distribution of parameters along the sections of the nozzle grid, as well as their values at the inlet to the
impeller, with the help of which the grid loss coefficient was determined, which has a value of n = 0.051.

At the next stage of research, it is planned to use the results obtained during the described work for three-dimensional
modeling and determination of gas-dynamic parameters in the flow part of the centripetal turbine as a whole.
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