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Reliable flow calculation is very important part of every turbomachinery
design system. A method for very fast and accurate flow calculation and
performance prediction of multistage axial flow turbines at design and
off-design conditions was developed by the author. The through-flow code
is based on a stream function model and a finite element solution
procedure for compressible steady state inviscid flow with high fidelity
loss and mixing models. The code is able to calculate flow in axial
turbines at subsonic and transonic conditions. The reliability of the
method is verified by calculations for several gas and steam turbines.
Results of flow calculation and performance prediction of single-stage
turbine are presented herein. Low load operation with flow reversal in the
hub region behind the last rotor blade row is also analyzed. The

numerical results are compared to the results of experimental
investigations. The correspondence, even for low loads, is very good.
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1. INTRODUCTION

Through-flow calculation methods are widely used in
turbomachinery design because of their speed and
efficiency. Nevertheless, the application of through-
flow methods for flow calculations in axial flow gas and
steam turbines at part and low loads is still connected
with considerable limitations and uncertainty. Flow
separation and reversal, which occur in the hub region
behind the last rotor blade row at low load operation,
cannot usually be handled, and correlations for
calculation of loss coefficients at off-design conditions
are not sufficiently accurate. Full three-dimensional
methods for flow calculations, developed in recent
years, are applicable for detailed analysis of single blade
rows. The application of 3D-methods for calculating
multistage  turbomachines meets several serious
problems. Therefore, especially in industry, there exists
significant interest in further improvement of through-
flow methods for economical flow calculation of
multistage turbines in design phase.

This paper presents the development of computational
method for quick and accurate flow analysis and
performance prediction of multistage gas and steam
turbines over very wide range of operating conditions.
The method is based on the through-flow theory and
finite element procedure. It includes considerable
extensions and improvements in form of new
combination of loss and deviation correlations, losses
radial distribution, spanwise mixing, new procedure for
density calculation, and extension to encompass local
reverse meridional flow.

The results of calculations of a single-stage turbine are

Received: March 2004, accepted: May 2004.
Correspondence to: Milan Petrovi¢,

Faculty of Mechanical Engineering,
27. marta 80, 11120 Belgrade, Serbia and Montenegro

E-mail: mpetrovic@mas.bg.ac.yu

© Faculty of Mechanical Engineering, Belgrade. All rights reserved.

presented herein, as well as the comparison of
numerical data with results of extensive experimental
investigations.

2. THROUGH-FLOW CODE

The code was developed by Petrovic (1995). An
extensive description of the analytical background and
the applied numerical procedures is given in Petrovic
and Riess, 1997. In this paper, the method will be
presented in short.

The steady three-dimensional flow through a
turbomachine is governed by conservation equations of
mass, momentum and energy and thermodynamic
equation of state, which, using the usual nomenclature
may be written as (Hirsh, 1988):
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The flow is assumed to be steady, adiabatic and
axisymmetric, thus, two dimensional description is
achieved. 2D calculation is made within meridional
hub-to-shroud plane, at which momentum equation is
projected. Body forces are introduced to replace turbine
blades. Flow loss effects are approximated by a friction
force.

In this case, the resulting momentum equation has the
following form:
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The stream function defined by relations:
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satisfies the continuity equation in meridional plane. m
is mass flow rate and b is tangential blockage factor

(b=1-8/t, where § is tangential blade thickness and ¢ is
blade pitch). Outside of blade rows b is equal to 1.

The boundary conditions for turbines without
extractions are defined by: y=0 along hub, y=1 along
shroud and dy /0n=0 at the inlet and the exit, where 7 is
direction normal to boundary. For turbines with
extraction, the value of stream function at shroud
downstream of extraction locations has to be reduced
according to the extracted mass flow rate.

In adiabatic flow rothalpy / in rotor as well as
stagnation enthalpy H in stator remains constant along a
streamline. Solving eq. (5) for a bladed region the

velocity components w, and w, are estimated first. For
calculation of circumferential velocity component it is

necessary to estimate flow angle B> at the outlet of the
blade row using empirical correlations. The increase of
entropy s has to be estimated by loss models (Traupel,
1988, Petrovic, 1995). For present calculation a new
models for loss determination, loss distribution along a
blade height, spanwise mixing and new deviation model
for outlet flow angle calculation were developed
(Petrovic, 1997).

The governing through-flow equation (5) is second
order, quasi-linear partial differential equation. To solve
this one, finite element method, with eight-node,
isoparametric, quadrilateral elements and biquadratic
interpolation functions, is used. The Galerkin procedure
of weighted residual is applied to form finite element
equations, while frontal solving method is used to solve
the resulting system of linear equations.

3. RESULTS OF FLOW ANALYSIS OF A SINGLE-
STAGE TURBINE

The single-stage uncooled turbine described by
Foerster and Kruse, 1990, is selected for verification of
the developed method. The turbine is test version of the
first stage of a helicopter engine turbine. The well-
documented set of experimental data (Test case E/TU-3,
AGARD AR 275) has been used to check numerical
results.

The turbine design data are given in the Table 1.

The turbine flow path and calculated domain with
elements distribution is shown in Fig. 1. The grid
refinements study was performed to make computing
time shorter. It was concluded, that use of ten elements
in the radial direction and four elements per blade row
in the axial direction, gives very good results.

The flow in the turbine was calculated at the turbine
design point and very wide range of the off design
conditions to find turbine part load behavior. Fig. 2
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Table 1. Design data of the single-stage turbine

The nominal rotating speed n 7800 rpm
Reduced rotating speed 7, 6.968 s/K’?
Reduced mass flow rate mp/ ﬁ 97 kgbar/ JK is
Reduced total enthalpy drop ARY/T 135 J/kgK.
Turbine tip radius 225 mm

Turbine hub-to-tip ratio 0.756

Static tip clearance of rotor 0.25 mm.

Stotor clearance Without clearance

/ STATOR / ROTOR

Figure 1. Single-stage turbine flow path and finite element
distribution.
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Figure 2. Overall performance of the single-stage turbine.
shows the calculated turbine overall performance:

reduced mass flow rate: mp/ JT and turbine efficiency
total-to-total m, as function of reduced total enthalpy
drop Ah%/T. The comparison with experimental data
shows good agreement. The reason for large
disagreement in 1, at two operating points can be only
due to experiments. At the design conditions it was
calculated: n, =89.52% and measured 1,=89.4%.

The distributions of total temperature and total
pressure at stator (SE) and rotor (RE) exit are given in
Fig. 3. The comparison with the experimental data
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shows good agreement. Fig. 4 shows the radial profile
of the flow loss coefficient calculated for guide vanes
exit (stator) and rotating blades (rotor) exit. It clearly to
notice two zones with increased flow losses (the hub
zone and the tip zone) due to secondary flow and
clearance. According to that, the aerodynamic efficiency
and the aerodynamic work are lower within these zones
(Fig. 5). Fig. 6 shows the calculated variation of the
stage reaction grad over blade height at design
conditions.
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Figure 3. Radial variation of total temperature and total
pressure at stator (SE) and rotor (RE) exit of the single-
stage turbine.
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Figure 4. Radial profile of the flow loss coefficient
calculated for guide vanes exit (stator) and rotating
blades (rotor) exit.
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Figure 5. Radial profile of the aerodynamic efficiency (a)
and the aerodynamic work (b).
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Figure 6. Variation of the stage reaction grade over the

blade height.

The turbine flow field (streamlines, meridional
velocities and Mach number distribution) calculated for
design condition is presented in the Fig. 7. Distribution
of thermodynamic parameters in the meridional plane is
given in the Fig. 8. The similar results could be ploted
for different off design operating points. The results
presented here could be used during turbine design
phase for parameter optimisation and performance
prediction of a new machine.
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Figure 7. Turbine flow field.
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Figure 8. Distribution of the thermodynamic parameters in the turbine meridional plane.

4. CONCLUSIONS

A procedure for through-flow calculation in axial flow
turbines based on finite element method is presented.
The validation of the model and computer program has
been done by comparison of the numerical results with
experimental data for a single-stage turbine. The overall
performance of the turbine is well predicted, as well at
part and low load. Radial profiles of the most important
stage characteristics, the calculated turbine flow field
and distribution of the thermodynamic parameters are
very useful information in the turbine design phase.
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CBEOBYXBATHO UCTPAKUBAIBE
CTPYJABA Y JEJHOCTYIIHOJ
AKCHJAJIHOJ TYPBUHU

Mmunan [erposuh

[Moy3nan mpopauyH crpyjama je BeomMa BaxkaH /€0
CBaKOI' CHCTEMa 32 MPOjEKTOBAbE aKCHjaTHUX TypOHHa.
Pa3BujeH je meron 3a BeoMa Op3e W TadyHEe MPOpadyHE
CTpyjama y BHIIECTYIIHUM aKCHjaTHUM TypOMHaMa IpH
paay Ha HOMUHAIHOM W TapIHjaTHUM ontepehemmnma.
Merton je 0a3upaH Ha MOJENY CTalHOHAPHOT CTpyjama
CTHIUBMBOT (uIyHaa ca MoaenuMma 3a TIpopadyHe
rybutaka W pagdjaJHO  Mellame.  Pa3BujHM
MaTeMAaTHUYKH TPOrpaM je 0asupaH Ha MOJCIY CTPYjHE
¢dbyHKIMje, a 3a pellaBamke CHCTeMa jeJHauYMHa KOjuMa
ce OIUCYje CTpyjame MPHUMEHCHA jeé METOAa KOHAYHUX
eneMeHata. [IporpaM Moxe J1a mpopadyHaBa IOJ3ByYHA
W OKOJIO3BYYHa cCTpyjama. Meron je BepudpukoBaH
NpopavyHUMa BHIIE TACHUX M MApHUX TypOuHA. Y pamy
Cy TpHKa3aHW pe3yjiTaTd IMpopadyyHa CTIpyjama H
npeaBubhama pagHUX ~ KapaKTEpUCTHUKA 3a  jeAHY
jeaHocTynHy racHy TypOuny. [IpopauyH je cnpoBesieH u
3a BeomMa Maina onrepehema Ha KojuUMa JOJIa3d IO
OllBajarba CTpyje y KaHally W3a poTopa TypOwWHe.
Hymepnukn pesyiaratu cy mopeljeHu ca pesynTaTuma
eKCIICPUMEHTAJHUX UCTpaxuBama. Ciarame, 4ak M 3a
pexuMe paga TypOmHe ca ManuM onrtepehemnma, je
BpJIO 100OPO.
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