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Preliminary selection of the basic geometry of turbine

stages for a supercritical turbine

in a heat and power plant

The paper presents the results of preliminary design calculations of the high- and intermediate
units of a supercritical turbine proposed for a heat and power plant. District water heaters
connected in series are fed by the outlets of the intermediate part. A one- and two-dimensional
model of flow through the blade rings of the stages were used in the design calculations. The
solution resulted in the number of stages in the given turbine part, the optimum drops in enthalpy
in them and the basic geometry of the stages (blade length and the distribution of geometrical
blade angles along the radius). The calculation results of the heat and power plant cycle for
the design conditions were the input data for the calculations of the geometry of stages. The
results constitute input data to calculate the heat and power plant cycle for different operating
conditions.

1 Introduction

Currently the specialized computational programs are widely successfully used
(also by authors) in the simulation of energy system [1,2,3]. The use of commer-
cial codes for the calculations of power and heat and power plants for different
operating conditions does not always give satisfactory results. The reason for
that is the way in which the steam parameters at turbine bleeds, which have the
biggest impact on the accuracy of the cycle calculations, are determined. This
especially concerns the analysis of systems with heat and power turbines, for
which some stages operate in conditions much different from the design ones. For
such turbines, these are first of all the stages preceding the bleed from which
steam is extracted for heating purposes. This is caused by many factors which
have an impact on the operating conditions of the stages, such as: the turbine-set
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electrical load, the thermal power of the heat exchanger or the desired temper-
ature of the outlet water from the exchanger. The last value has a particularly
large impact on the operation of the stages. In the cycle calculations for differ-
ent operating conditions, the steam parameters at the turbine bleeds are usually
determined with the use of the Stodola-Flgel dependence. It gives, as exper-
iments have proved, fairly accurate results for groups composed of more than
three stages. The Stodola-Flgel equation defines the relationship between the
change in the steam mass flow through a given stage group and the change in
the thermodynamic parameters before and after the group. In this method, it is
necessary to know the distribution of the parameters and of the steam mass flow
in the turbine flow system under reference conditions. It is usually assumed that
reference conditions correspond to calculation conditions at the point of maxi-
mum efficiency. For a changed load, the pressure distribution at selected points
of the turbine flow system is determined from the Stodola-Flgel equation written
for individual groups of stages. In order to determine the line of expansion in the
turbine, the agent temperature (enthalpy) at this point has to be determined for
each pressure value obtained from the dependence. This is done on the basis of
the assumed efficiency of the stage group under consideration for a given load.
To evaluate the efficiency of groups of turbine stages under changed operating
conditions, the dependences obtained on the basis of a statistical development
of the data from a series of testing of a given turbine group are usually used
in commercial codes. The testing conditions usually do not match the unique
character of the operation of heat turbine stages.
As a result, any approximation to real operating conditions calls for the solu-

tion to the task of the analysis (performance of calculations) of the flow through
the stages based on a 1D or 2D model for changed conditions of operation. This
allows a better evaluation of the expansion line, particularly for stages preceding
steam extraction for heating purposes. As the calculations presented in [4] and
[5] show (Fig. 1), the stages can operate in conditions much different from the
nominal ones. The solution to this problem needs, however, the knowledge of the
basic geometry of the flow system of the stages. It is obtained from the solution
to the design task for the stages of the turbine under analysis. The results of the
solution are the number of stages in the given turbine part, the optimum drops
in enthalpy in them and the basic geometry of the stages.
The aim of this study is to propose more accurate methods than those which

are used in commercial codes of the thermal cycle calculations to determine steam
parameters in the turbine for different operating conditions, and to couple them
with the thermal cycle calculations (Fig. 2).
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a) b)

Figure 1. Isentropic drop of enthalpy in stages a) and efficiency of stages b) depending on the
water temperature after the heat exchanger [4].

Figure 2. Scheme of the coupling of the turbine calculation model with the cycle calculations.

2 Design calculations of the stages

The authors assume that the flow parameters will be determined in control sec-
tions of the stage (the inlet, the gap between the stator and the rotor, and the
outlet). Such flow is described by the following equations:

1. The radial equilibrium equation.

2. The conservation of energy equation.
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3. The second law of thermodynamics.

4. The equation of continuity.

For the solving of the (design) task of synthesis, an additional condition called the
“twisting principle” (“the law of twisting”) is required. Most often the following
twisting principles are assumed:

• the principle of constant axial component,

• the principle of constant or changeable stator outlet angle,

• the principle of constant density of the steam mass flow,

• the principle of free vortex.

The detailed equations describing the flow and the method of solving them are
presented, among others, in [6–9].

2.1 Criteria for the selection of the calculation method

In tasks related to calculations of thermal cycles, one-dimensional or two-dimen-
sional calculation methods of flow calculation through the blade rings of the stage
(limited to the control sections of the stage: the inlet, the gap between the stator
and the rotor, and the stage outlet) are used. The criterion for the selection of
the calculation method is the diameter ”d” to blade length ”l” ratio:

• for d/l > 12 (10) – 1D calculations can be used,

• for d/l < 12 (10) – 2D calculations are used.

It should be emphasised that one-dimensional methods (which are much simpler
than 2D methods) can be used also for stages with ratio d/l < 12 [10], but in
that case a much smaller accuracy of the flow calculations has to be taken into
account.

3 The subject of the study

The subject of the analysis is a turbine for supercritical steam parameters
30/650/670 with an electric power of 320 MW proposed for a combined heat
and power plant (Fig. 3). This kind of solutions permit to achieve much higher
efficiencies than in the case of currently used Polish CHP pants [10]. It is com-
posed of a high pressure part (HP), from whose outlet steam is directed for reheat,
and then to the first intermediate pressure part (IP1). After expansion in IP1,
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steam flows to an asymmetric double-flow intermediate pressure part (IP2 and
IP3). Outlet steam from these parts feeds heating water exchangers connected
in series, and two low pressure parts. Steam parameters at selected points are
listed in Table 1. They were obtained on the basis of the balance calculations of
the thermal cycle for operation at pure condensation.

Figure 3. Diagram of the heat turbine.

Table 1. Steam parameters at selected points of the turbine.

Point number p [MPa] t [oC] m [kg/s]

2 30 650 225.93

11 9.666 462.9 15.94

12 6.409 402.1 210.34

6 0.584 324.7 157.3

7 0.18 196.6 72.2

8 0.09 133.6 72.2

4 Solution to the design task for the turbine HP part

In calculations of thermal cycles of power- and heat and power plants, the ef-
ficiency values for individual stage groups of the turbine have to be set. It is
recommended that the experience gained from the operation of similar types of
turbines and the information offered by manufactures should be used as guidelines
in this matter. In the case of the bleed condensing turbine under consideration,
the worst operating conditions due to flow losses will be in the high pressure
part of the turbine. This is caused by high steam parameters. According to
manufacturers, the internal efficiency values of the HP part can already exceed
90%. However, this concerns power units with much higher power capacities,
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which translates into much larger steam mass flows. The smaller the volume of
the steam mass flow (which decreases as parameters rise), the lower values of the
blade height should be expected. This will result in a decrease in the expansion
efficiency in the stages, which applies to the high pressure part of the turbine in
particular.
The potential efficiency which can be achieved by this turbine part can be

estimated by solving the design task. As a result, the following are obtained:

– the number of stages,

– the diameters of the stages,

– the geometrical angles of the blades,

– the number of blades in the ring,

– flow losses in the stages.

A computational code based on a 1D model with the full modelling of flow losses
was selected for the calculations [4,11–14].
The drop in enthalpy in the stages was selected due to the following condition:
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where: u – tangential velocity at the mean radius, ρ – stage degree of reaction, ηD

– efficiency of the stator, α1 – stator outlet angle. Theoretical velocity ct is related
to the total isentropic enthalpy drop in the stage ∆ic by dependence ct =
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where: lu– stage peripheral operation, c1 – steam stator outlet velocity, c2 – steam
stage outlet velocity, α2 – velocity vector angle c2, µ – outlet energy utilisation
factor in the next stage.
The lengthening of the blades can be achieved by reducing the rotor diameter.

This, however, involves a rise in the number of stages, which may have an adverse
effect due to the increase in the rotor length. An adoption of a bigger diameter
results in a shortening of the blades (which is not advantageous in terms of
efficiency but results in a fall in the number of stages, which may have a beneficial
effect on the structure). This is presented in Fig. 4 where top line represents
a mean diameter for solution with 29 stages and bottom line represents a mean
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diameter for solution with 33 stages. The results of the design calculations for the
variant with a smaller number of stages are listed in Tabs. 2 and 3 and presented
in Figs. 4–7.

Table 2. Thermodynamic parameters – pressure, temperature and velocities of steam at control
sections of selected stages.

Stage
number

p0

[MPa]
p1

[MPa]
p2
[MPa]

t0
[oC]

t1
[oC]

t2
[oC]

c1
[m/s]

w1

[m/s]
w2

[m/s]
c2
[m/s]

1 29.4 28.8 28.2 648.4 644.4 640.9 118.6 33.0 121.1 31.8

2 28.2 27.7 27.1 640.9 637.1 633.5 119.2 33.2 121.0 32.6

3 27.1 26.6 26.0 633.5 629.8 626.2 119.8 33.3 121.5 32.8

14 16.6 16.2 15.8 547.8 543.4 539.4 127.9 35.9 127.0 34.7

15 15.8 15.5 15.1 539.4 535.1 531.1 128.0 35.8 127.1 34.7

16 15.1 14.7 14.3 531.1 526.8 522.6 128.4 35.9 129.7 35.8

27 7.9 7.7 7.4 430.4 425.3 420.2 140.8 40.4 141.7 40.8

28 7.4 7.1 6.9 420.2 414.9 409.9 142.8 41.2 142.0 40.7

29 6.9 6.6 6.4 409.9 404.5 399.5 143.5 41.3 142.7 40.9

Figure 4. Distribution of the rotor diameters in the analysed variants of the design calculations.

The enthalpy drops in the HP part blade rings, which were selected due to
the highest efficiency, change relatively slightly (Fig. 5). The internal efficiency
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Table 3. Steam mass flows and main geometrical dimensions of selected blade rings of the stages.

Stage
number

m
[kg/s]

d
[m]

l1
[m]

l2
[m]

1 221.729 0.698 0.041 0.044

2 221.729 0.70 0.042 0.044

3 221.729 0.703 0.043 0.045

14 221.729 0.74 0.057 0.06

15 221.729 0.744 0.059 0.062

16 221.729 0.747 0.061 0.063

27 206.34 0.791 0.083 0.085

28 206.34 0.797 0.086 0.089

29 206.34 0.803 0.09 0.093

of the stages which corresponds to the drops is defined by the following formula:

ηi = ηu − ζp − ζt , (3)

where ζp – loss related to steam leakage through the ring sealing, ζt – loss related
to the friction of rotating components.

The internal efficiency value is the lowest for the first high pressure part stage
and it rises in subsequent stages (Fig. 6). The lower efficiency of the stages on the
inlet side results from bigger boundary losses, and especially from higher leakage
losses for these stages compared to the final ones. Boundary losses are related
to the blade length – the shorter the blades, the higher the losses. The leakage
losses are an important item in the balance of the losses in the turbine stage. The
mass flow of the leakage depends on the sealing structure and, first of all, on the
steam parameters. In turbines for supercritical steam parameters, the density
of the agent at the inlet to the HP part is the highest, which is related to big
leakages in these stages. The power capacity of the stages is determined on the
basis of the defined enthalpy drops in the stages and their efficiency (Fig. 7).
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Figure 5. Distribution of enthalpy drops in the rings for the 29-stage variant.

Figure 6. Internal efficiency of stages for the 29-stage variant.

5 Internal efficiency of stage groups

On the basis of the flow calculations it is possible to determine the internal
efficiency of stage groups in the turbine HP part (two groups, Fig. 1). These
efficiency values constitute the input data for the calculations of the cycle.
The internal efficiency of stage groups is defined by the following dependence:

ηi =
i1 − i2
i1 − i2s

(4)
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Figure 7. Internal power capacity of stages for the 29-stage variant.

where i1 – enthalpy at the inlet to the group, i2, i2s – enthalpy at the outlet from
the group for the isentropic and real expansion, respectively. For the first stage
group, the efficiency should be defined precisely. The isentropic enthalpy drop
can be determined both as Hi1 and Hi2 (Fig. 8). The difference is the consequence
of accounting for the pressure drop measured before the turbine (usually before
the shut-off valves) and at the inlet of the first ring. Even if the turbine operates
with sliding pressure control (the control valve fully opened), the drop has to be
taken into account in accurate calculations. This is confirmed by the results of
the efficiency calculations for the HP part stage groups for the design heat turbine
with electric power of 320 MW. They are presented in Table 4. For the assumed
two-percent drop in pressure of the steam in the inlet pipe (from the shut-off
valve to the inlet to the 1 stage), the difference in efficiency is 1.37 percentage
points. This is an element that should be taken into account in the calculations
of the cycle.

Table 4. Efficiency of stage groups of the turbine HP part.

Internal efficiency: Value

the flow system of the 1 stage group 0.8716

the 1 stage group; pressure losses at
the turbine inlet taken into account

0.8579

the 2 stage group 0.8777
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Figure 8. Expansion line in the turbine; pressure drop in the steam supplying valves – taken
into account.

It should be noted that the efficiencies of stage groups are higher than those
of the stages that the groups are composed of. This is due to a partial recovery
of friction heat.
Another factor which has an impact on the accuracy of the calculations of

the cycle is taking account of external leakages in the turbine. In the case of the
reaction turbine structure under analysis, the HP part rotor has to have a balance
piston. Part of the steam mass flow getting into the turbine will flow through
the piston sealing, causing a reduction in the mass flow expanding in the turbine
flow system ṁup = ṁ − ṁp (Fig. 9). Due to the high parameters of the steam
at the inlet to the turbine and the steam small specific volume related to them,
the mass flow of the leakage may be relatively large. If the use of a labyrinth seal
with 50 blades and a 0.0005 m gap is assumed, the leakage through the piston will
be of approx. 7 kg/s, which is approx. 3% of the mass flow feeding the turbine.
The mass flow in the flow system will be reduced by the leakage value, which will
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not only affect the turbine power capacity, but also change the parameters in the
regeneration system.

Figure 9. Diagram of steam leakages in the rotor of the reaction type structure.

6 Calculations of the intermediate pressure part

The preliminary geometry of this turbine part was determined for the turbine
operation for pure condensation. The parameters at the inlet and at the outlet,
and the steam mass flows in parts IP2 and IP3 were obtained from the design
calculations of the cycle for the conditions of pure condensation (Tab. 1). The
calculations were conducted for different shapes of a meridional flow passage
(Fig. 10). A two-dimensional flow model was used in the calculations. The
outlet parameters from one stage constituted the boundary conditions for the
calculations of the next stage.

(a) b) c)

Figure 10. Diagrams of the IP part flow systems.

Selected results of the calculations are listed in Tab. 5 and presented in
Figs. 11 and 12. The calculations were conducted with the assumption that the
stage degree of reaction at the mean radius was 0.5 and index u/ct is determined
by Eq. (1). Radial distribution of the reaction and velocity in the first and last
stage (part IP3) is presented in Fig. 11.
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Figure 11. Distribution of the degree of reaction and velocity in stages 1 and 7.
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Figure 12. Distribution of geometrical angles of blades for stages 1 and 7.
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The determined pressure distribution in the turbine intermediate part is pre-
sented in Tab. 5. For the flow passage marked as variant a, the pressure after the
fifth stage is slightly higher than the IP2 outlet pressure, while after the eighth
stage it is a little lower than the IP3 outlet pressure given in Tab. 1. The change
of the flow passage (variant b and variant c) resulted in a rise in enthalpy drops
in stages. The pressure after the fifth stage is in this case lower than in Variant
a, but after the seventh stage already, the pressure is lower than the IP3 outlet
pressure adopted in the calculations of the cycle.
The basic geometry of the blade rings of the turbine stages obtained from the

design calculations makes it possible to solve the task of the flow analysis for this
turbine for different operating conditions.

Table 5. Distribution of pressure after the stages of the IP2 and IP3 parts of the turbine.

Stage Pressure after the stage in [MPa]

number Variant a in Fig. 10 Variant b and vari-
ant c in Fig. 10

1 0.4858 0.4785

2 0.3999 0.3847

3 0.3243 0.3033

4 0.2587 0.2344

5 0.2018 0.1733

6 0.1554 0.1196

7 0.1179 0.0766

8 0.0878

7 Conclusion

While designing the cycles of a heat and power plant with turbines for ultra-
supercritical steam parameters, it is necessary to perform an analysis of the po-
tentially obtainable efficiency of individual stage groups of the turbine. It is
connected with the much lower electric power than that of the turbines for the
condensing power units currently designed and built. This applies to the high
pressure part of the turbine in particular. The stages of this part, due to the small
volume of the steam mass flow, have short blades, which causes higher losses in
these stages.
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According to the results of the conducted calculations of the flow in this tur-
bine part, the internal efficiency of the 1 stage group will slightly exceed 87%,
and with the pressure losses at the inlet taken into account - it will be by approx.
1 percentage point lower. The efficiency of the 2 stage group will reach approx.
88%. Considering the progress both in the aerodynamics of blade cascades and
in the sealing structure, the efficiency values may be higher.
The results of the calculations of the intermediate part show that the design

calculations of the cycle should be coupled with the design calculations of the
turbine. This will allow an appropriate selection of the pressure values at the
turbine bleeds.
The calculations of the flow in the turbine will also make it possible to take

account of a series of factors, such as leakages, which, as the calculations have
shown, will have an essential impact on the results of the cycle modelling. The
factors should be taken into consideration when the decision concerning the final
selection of the cycle structure is made.
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Wstępny dobór podstawowej geometrii kanałów przepływowych stopni turbiny

pracującej w układzie elektrociepłowni na parametry nadkrytyczne

S t r e s z c z e n i e

W pracy przedstawiono wyniki wstępnych obliczeń projektowych wysoko i środo-prężnych części
turbiny proponowanej dla elektrociepłowni. Połączone szeregowo wymienniki wody ciepłown-
iczej zasilane są parą z upustów części nisko-prężnej turbiny. W obliczeniach wykorzystano
zarówno modele jedno jak i dwu-wymiarowe. W wyniku obliczeń uzyskano liczbę stopni w
poszczególnych częściach jak i optymalne spadki entalpii oraz podstawowa geometrię stopni (dłu-
gości łopatek oraz wielkości kątów łopatkowych wzdłuż promienia). Warunkami brzegowymi do
zrealizowanych obliczeń były wyniki obliczeń bilansowych bloku elektrociepłowni. Natomiast
wyniki obliczeń projektowych turbiny posłużyły do obliczeń bloku przy zmiennym obciążeniu.


