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UDC 533.2 Issues of designing a single-stage high-loaded turbine of a marine gas turbine engine
are considered. The object of our research is the aerodynamic characteristics of a vis-
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consideration. At this stage, a numerical analysis of working processes in the blade
ANALYSIS passages of the turbine stage has been carried out. When designing the turbine, it is
OF WORKING necessary to take into account the fact that the possibilities of improving the flow path
shape by optimizing the shapes of blade passages in plane sections do not meet the re-
PROCESSES quirements for high-loaded turbines. An alternative to this approach is the use of com-
IN THE BLADE putational gas-dynamic methods in a three-dimensional formulation. Therefore, this
CHANNELS paper outlines a method for constructing a refined finite element model of the working
fluid flow in the flow path of the single-stage high-loaded high-pressure turbine of a
OF THE HIGHLY- marine gas turbine engine. To solve this problem, a finite-element hexagonal-type mesh

LOADED TURBINE | was constructed using the three-dimensional Navier-Stokes equations for the case of
OF A MARINE GAS viscous working fluid flow. The three-dimensional model of the turbine flow path pre-

sented in this paper consists of two stator sections and four rotor sections. Each section
TURBINE ENGINE, includes a blade airfoil with upper and lower contours, which simply model the root
USING A REFINED and shroud shelves. In the course of calculations, such types of boundary conditions as
"entrance", "exit" and "wall" were used. At the entrance, the total flow pressure and
FINITE ELEMENT flow temperature were given. Since the turbine is single-stage, then at the entrance to
MODEL the computational domain, the flow is directed axially. At the exit from the computa-
tional domain, the static pressure was given. On the wall, both the non-slip and slip

v boundary conditions were also used. Using the developed mathematical model, the
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tions was 200. The results obtained can be applied to further study the strength of the
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Relevance of the topic

In the context of introducing energy-saving technologies in the maritime transport of this country,
the problems of reducing the time needed to design, manufacture, refine and modernize marine gas turbine
engines are relevant. The possibilities of improving their flow paths by using empirical approaches, optimiz-
ing the shapes of blade passages in plane sections are almost exhausted. Therefore, at present, the role of
computational gas-dynamic methods has significantly increased in engineering practice [1-6]. Together with
field experiments, they provide an opportunity to investigate the complex influence of various factors on the
characteristics of the blading in three-dimensional stationary and non-stationary settings, reduce the cost of
manufacturing gas turbine engines (GTE), as well as increase the competitiveness of maritime GTEs being
designed and the profitability of their manufacture.

For a long time, in the design of the flow paths of turbomachines at different design stages, fairly
simple gas flow models have been used: one-dimensional, quasi-two-dimensional, two-dimensional (plane
and axisymmetric) [7-9]. The emergence of a three-dimensional viscous model of the working fluid flow
through turbomachine blading and the numerical solution to this problem, together with a qualitative increase
in the capabilities of computing technology, greatly expanded the capabilities of designers, and made it pos-
sible to proceed to solving the optimal spatial design of turbomachine blading [9]. The accuracy and versatil-
ity of this model, the possibility of its use, both for creating individual blade rows and for the whole blading,
made it possible to abandon the use of simpler one-dimensional and two-dimensional models of working
fluid flows [7, 8]. When conducting a numerical experiment, an important role is played by the model of tur-
bulence. Thus, in [3], three models of turbulence were tested in calculating turbulent flow and heat transfer
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on the surfaces of straight nozzle array blades. The models used are Spalart-Allmaras (S—A), Wilcox (k—)
and Menter (SS7). When the S—-A and SST models were used for calculations, obtained were the flow pat-
terns that are close to each other and to the experimental ones at the leading edges of blades.

Based on the analysis of the above sources, it can be concluded that at the moment there are still a
number of unsolved problems regarding the improvement of maritime GTE turbine bladings through nu-
merical methods. Therefore, the aim of the work is to study the parameters of flow in the blade passages of
the highly-loaded single-stage high-pressure turbine of a maritime gas turbine engine, using a three-
dimensional mathematical model of viscous working fluid flow.

Formulation of the Problem

The object of our research is the aerodynamic characteristics of a viscous three-dimensional turbu-
lent gas stream flow in the flow path of the turbine under consideration.

As the stationary coordinate system, the Cartesian right-handed xyz coordinate system with its center
at point O located on the GTE axis is taken. The z axis is perpendicular to the GTE axis, and the x axis coin-
cides with this axis. The rotating coordinate system rotates together with the turbine rotor with a constant
angular speed, €2, equal to the rotor rotational speed.

The state of the gas at any point in the region under consideration is determined by the following parame-
ters: pressure (p); temperature (7); components of the flow velocity vector: u, v, w. In addition, to describe the
properties of a viscous gas being compressed, it is necessary to know its density p and viscosity ., which can be
calculated using the above parameters. Thus, the state of any point in a viscous gas flow is given by five variables.
Accordingly, a system of five equations is needed to determine the unknown variables. This system consists of:

— the Navier — Stokes-like motion equation [8]
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where p is the gas density, kg/m3; p is the gas pressure, Pa; 1 is the dynamic gas viscosity coefficient;
— energy equation [8]
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where A is the thermal conductivity coefficient, W/m-K; 7 is the gas temperature; @ is the dissipative function [8];
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To describe the dependence of density on temperature and pressure in most cases, the well-known
equation of state of an ideal gas is sufficient [1]

14

=+ 5
P=2r Q)
The dynamic viscosity coefficient is determined as follows [7, 8]:
k
n=Cp 6)

where C, is a constant; k is the kinetic energy of turbulence; ¢ is the turbulence dissipation coefficient.
There are no analytical solutions to equations (1-4). To obtain solutions for the case of real gas flow
in a turbine, it is necessary to use numerical methods, namely, the finite volume method.

Solution to the Problem
In this work, to solve the problem, a finite-element hexagonal-type mesh was constructed (Fig. 1).
Boundary conditions. To numerically solve the above system of equations (1-5), using a hexagonal
finite element mesh, it is necessary to set up boundary conditions. In this case, such types of boundary condi-

non

tions as "entrance", "exit" and "wall" are considered (Fig. 2).

Fig. 1. Hexagonal finite element mesh for blade passages:
a — stator; b — rotor
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"Entrance". This is the boundary through which the flow "flows" into the domain under considera-
tion. At the entrance, the boundary conditions will be: the total flow pressure and the flow temperature. Since
the turbine is single-stage, then at the entrance to the computational domain, the flow is directed axially.

"Exit". At the exit from the computational domain, a static pressure is specified, whose average
value over the exit boundary surface is determined as follows:

1
ps_z'[spndA ’ (7)

where p; is the static pressure at the boundary; p, is the pressure value in the computational mesh nodes.

"Wall". When calculating the flows in the blades, of great importance is the modeling of the flow
structure near the wall (the surface of the blades), since this calculation influences the correctness of calculat-
ing the force acting on blades and losses due to friction. To describe the turbulent boundary layer, wall func-
tions are usually used, which are a set of semi-empirical functions that connect the value of the independent
variables in the center of the computational cell with the values of the corresponding variables on the wall,
and are based on the assumption of Launder and Spalding [10]. In this case, on the wall, both the non-slip
and slip boundary conditions were used.

The three-dimensional turbine flow path model presented in this paper consists of two stator sections
and four rotor sections (Fig. 3). Each section includes a blade airfoil with upper and lower contours, which
simply model the root and shroud shelves.

The numerical solution to the system of equations (1-5), taking into account boundary conditions
(6, 7), allows determining the fields of Mach numbers, static pressure, and flow velocities in the root and
peripheral sections of stator and rotor blades. The calculation is carried out in a non-stationary setting with a
time step of 1.5974-10° s, which corresponds to the angle of rotation of the rotor, relative to the stator, of
0.09 degrees. The total number of time iterations is 200.

exit

entrance

Fig. 2. Conditions at the boundaries of the Fig. 3. Three-dimensional model of the flow path of the turbine
computational domain under consideration

Main Results and their Analysis

The power of the turbine under study is 25 MW. The temperature of the working fluid at the stage
entrance is 1583 K; the total pressure at the stage entrance is 0.7578 MPa; the rotor speed is 9 390 rev/min.

The spatial structure of the flow is clearly represented by a number of axisymmetric sections in the nozzle
and working rims of the turbine. Fig. 4 shows the field of Mach numbers in the root and peripheral blade sections.

The flow at the nozzle diaphragm inlet has a subsonic velocity and axial direction. In the lattice, the flow
accelerates to a supersonic velocity value. The sound line M=1 completely overlaps the blade passage in the root
section. At the periphery, the flow velocity at the nozzle lattice exit does not exceed M=0.9. From the side of the
back, at the blade passage exit, there is a local jump in flow velocity along the entire height of the nozzle lattice,
with the flow velocity jump reaching the value M=1.43 at the root, after which the boundary layer separation oc-
curs. Further, the flow decelerates in the shock wave and enters the working lattice with a transonic velocity value.
The velocity gradient in height at the nozzle lattice exit is caused by an increase in the section area of the blade
passage exit from the root to the periphery. In the working lattice, the flow accelerates, but does not reach the
speed of sound. Due to the twisting of working blades, the cross-sectional area at the blade passage exit decreases
from the root of blades to the periphery, which is why, in relative motion, the flow has a radial velocity gradient.
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The vector field of velocities (Fig. 5) shows that the flow flows around blades 2 and 4 without im-
pacts and boundary layer separations. On the backs of blades 1 and 3, which fall into the zone of action of
the wake behind the edges of nozzle blades, the boundary layer separates and creates a zone of reverse flows,
and from the side of the blade pressure surface, there are stagnation regions, most intensely expressed with
uneven field parameters at the turbine inlet.
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Fig. 4. Distribution of Mach numbers in turbine flow path sections:
a — root section; b — peripheral section
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Fig. 5. Vector velocity field (m/s) in the turbine flow path:
a — root section; b — peripheral section
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Fig. 6. Distribution of static pressure (Pa) in the turbine flow path:
a — root section; b — peripheral section
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The analysis of Fig. 5 indicates the presence of local velocity jumps from the side of the back of
nozzle blades, most distinct in the root section (Fig. 5, a). The presence of these velocity jumps leads to the
appearance of local pressure jumps, which is confirmed by the information given in Fig. 6.

Conclusion

The analysis performed shows the relevance of the task of improving the blading of axial turbines
for marine GTEs through using computational gas dynamics. Using the three-dimensional Navier-Stokes
equations for the case of viscous flow of the working fluid, an improved mathematical model based on hex-
agonal finite elements has been developed. Using this mathematical model, the fields of Mach numbers, ve-
locities and pressures in the root and peripheral sections of the flow path of the single-stage turbine of a
maritime gas turbine engine are determined. The results obtained can be applied in the further study of the
strength of the blading of the GTE under consideration.
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YucsoBuii aHaTi3 po0ounx mpoueciB B Mi’KJI0MATKOBUX KAHAJAX BUCOKOHABAHTAKEHOI TYPOiHN
CYAHOBOI'0 ra30TypOIHHOIO IBUTYHA 3 BUKOPMCTAHHSAM YTOYHEHOI CKiHYUeHHOeJJeMeHTHOI Mozei

C. O. Mopryn

HanionansHuii yHiBepcuTeT kopabieOymnyBaHHs iMeHi anmipana Makaposa,
54025, Ykpaina, M. Muxomnais, nip. ['epoiB Ykpainu, 9

Pozenanymo numanns npoexmysanHs 00HOCMYRIHUAMOT 8UCOKOHABAHMANCEHOI MYPOIHU CYOHOB020 2a30MYPOIH-
Hoeo 0sucyna. O0'ckmom d0CniOdHcen sl € aepOOUHAMIYHI XAPAKMEPUCIUKU 8 SI3K0I MpusuMipHoi mypoyienmnoi meuii ea-
308020 NOMOKY 8 NPOMOYHIL YacMuHi po3easiHymoi mypoinu. Ilposedeno yucnosuti ananiz poboyux npoyecis 8 mixcionam-
KO08OMY Kauani mypoinHo2o cmynens. 11io yac npoexmyeanHs ciio 8paxo8yeamu mou Qaxm, wo MOXCIUBOCHI YOOCKOHA-
JIeHHsT hOpMU NPOMOYHOT YACMUHY 3a OONOMO2010 ONMUMI3AYIL PopM TONAMKOBUX KAHANIE 8 NIOCKUX nepepizax He 8iono-
8I0aIOMb BUMO2AM, WO CMABTIAMBCSA 00 BUCOKOHABAHMAICEHUX MYPOIH. ATbIMepHAmu8oio maxomy nioxooy € 3acmocysan-
HSL MemMOo0i6 0OUUCTIOBATLHOL 2a30801 OUHAMIKU 8 MPUBUMIPHIL nocmanosyi. Tomy 6 yitl pobomi sukiadena memoouka no-
6y006u ymouHeHoi CKiHueHnHoeleMeHmHoi Mooeti meyii pobouoco miia 8 NPOMOUHIU YACMUHI OOHOCHYNIHYAmMOoi mypoinu
BUCOKO20 MUCKY CYOHO8020 2a30mypbOiHH020 08ucyHa. [ po36’a3aHHa nocmaesienoi 3a0ayi noby0o8aHa CKiHueHHoeneMe-
HMHA CIMKA 2eKCACOHATLHO20 MUNY 3 BUKOPUCTHAHHAM mpusumipuux pienanus Hae'e-Cmoxca 0ns eunadky 8'si3koi meuii
pobouozo mina. Hagedena mpusumipna mooenvb npomounol uacmuny mypoinu cKiadacmucs 3 080X cekyitl cmamopa i 4o-
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mupwox cexyiti pomopa. Cexyis eknoyac 6 cebe nepo TONAmKU 3 6EPXHIM i HUNCHIM 00800aMu, WO CHPOUEHO MOOETIOIOMb
KOpeHegy | DaHOaxCcHy noauyi. Y npoyeci po3paxyHKie 6UKOPUCIOBYEATIUCS MAKE MUNY SPAHUYHUX VMO8, SIK «8Xi0», «BUXIO»
i «cminka». Ha 6xo0i 6yno 3a0ano nosnuti muck nomoky i memnepamypa nomoky. OcKiibku mypoiHa € 00HOCMYNeHeso1o,
Mo Ha 6X00i 8 PO3PAXYHKOBY 00ACHb NOMIK CIPSAMOBAHULL 8 0CbOBOMY Hanpamky. Ha euxodi 3 pospaxynkoeoi obracmi
3a0ano cmamudnuti muck. Takooic Ha cminyi BUKOPUCIOBYBATUCS SPAHUYHT YMOBU HENPOMIKAHHS | NPUIUNAaHHs. 3 6UKopu-
CMAHHAM PO3POOIEHOT MamemMamu4Hoi Mooeni 8usHaueHo noas ducen Maxa, weuoKocmeri NOMOKY i CMAMUYHO20 MUCKY 6
KOpeHegoMy i nepugepitinomy nepepizax npomounoi uacmunu mypoinu. Po3paxyHok nposoouscs 6 HecmayioHapHiti noc-
manosyi 3 uacosum kpokom 1,5974-10° ¢, wo sionosioae kymy nosopomy pomopa wodo cmamopa na 0,09 epadycis. Cy-
MapHa Kinokicms mumyacosux imepayiu cmanosuna 200. Ompumani pe3yismamu MOXCyms Oymu 3acmoco8ani nio 4ac
HOOANbLUIO20 QOCTIONCEHHS MIYHOCIL TIONATNKOBO20 ANAPAMA BUCOKOHABAHMAICEHUX CYOHOBUX 2A30MYPOIHHUX OBUSYHIE.

Kniouosi cnosa: cyonosuii eazomypOinnuil 08ucyH, mpueuUMIpHi CKiHUeHHI eleMenmit, nPOMo4Ha YacmuHa my-
pOiHU, KopeHesull ma nepughepitinuil nepepisu, nois yucen Maxa, weuokocmeti ma mucky.
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