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Abstract

The paper describes the analysis of a start-up process of supercritical steam turbines. The issue under investigation is
the decrease of thermal loads due to the designs that are specific to this type of machine. The analysis focuses on the
main components—the rotor and the inner casing which operate at the highest level of the thermal loads. The analysis
involves determination of the temperature and the stress fields and behavior in response to transient loading (thermal
elongations). The results obtained enable a comparison to be made of various cases of transient loading.
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1. Introduction

The development of steam turbines in recent years led
to the application of supercritical steam parameters. The
first supercritical steam turbines operated at above criti-
cal pressure (22.06 MPa) but with the temperature of live
steam only slightly above the level of conventional tur-
bines: in the range of 540...560◦C. Further development
aimed to increase the temperature of the live and the re-
heat steam in order to improve the efficiency of power
generation [1]. Current manufacturing technology [2] makes
it possible to achieve 600◦C for the live steam and 610◦C
for the reheat steam. Ongoing investigations [3] aim to in-
crease the temperature up to 650/660◦C with some projects
attempting the 700/710◦C level [4].

The main obstacles in the improvement of power gen-
eration efficiency are the prices and properties of the ma-
terials applied to steam turbines [5]. There are materials
readily available for the much higher temperature levels
that are used in the gas turbine industry. However, a steam
turbine requires significantly more material able to oper-
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ate at high temperature than does a gas turbine. Also the
pressure levels in steam turbines are much greater.

The limitations lead to the application of designs that
make it possible to the lower thermal loads in the com-
ponents of supercritical steam turbines [6]. Some of the
designs are adapted from gas turbines and they include
thermal screens and cooling systems [7].

The first solution involves additional parts made of
a material resistant to high temperatures that separate the
main components (the rotor and the inner casing) from the
main flow of steam. Although steam usually fills the space
between a screen and the protected component, the flow at
the shielded surface is at a much lower velocity and this
results in less intensive heat transfer.

The cooling systems include a flow at a lower temper-
ature than the main flow. The cooling arrangement may
vary depending on the particular turbine. Examples are
shown in Fig. 1. The first example presents a cooling flow
(the dotted line in Fig. 1a) forced near the surface of the
rotor. A small amount of the cooling steam flows into the
labyrinth packing in the front part of the turbine while the
vast fraction flows along the rotor and eventually mixes
with the main flow. A combination of a cooling flow and
thermal screens may extend the range of cooling in the
first and second stage of the steam path. The cooling of
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Figure 1: Arrangement of cooling flows

the casing is shown in Fig. 1b. The cooling steam en-
ters the turbine near the live steam pipe and cools the live
steam inlet section. It then flows through the area between
the inner and the outer casing. It is worth noting that in
steam turbines without a cooling system the area between
the casing is filled with steam from the leakage through
the front labyrinth packing. The temperature of that steam
is usually very close to the temperature of the live steam.
Thus the application of a cooling system changes the con-
ditions of the heat transfer on the outer surface of the inner
casing and on the inner surface of the outer casing.

Another cooling system design is shown in Fig. 1c.
The cooling steam is injected into the area between the
casings but in the opposite direction in the main steam
path in the turbine. In this arrangement the flow between
the casing cools the lower temperature sections and then
the higher temperature sections.

The cooling system makes it possible to adjust, at least
to some extent, the intensiveness of the heat transfer on
chosen surfaces. This is especially important in transient
states of operation because that is when stress reaches the
highest level. The aims of the study described here are
(i) to determine the potential range of adjustment, and
(ii) determine whether optimization of the thermal state
is possible. The investigations are presented for a start-up
process, which is the commonest transient state and very
demanding in terms of the stresses.

Figure 2: Steam turbine and the steam flows

2. Methodology

The research described here focuses on the thermal
and strength state of a supercritical steam turbine during
start-up. The investigation regards the main components:
the rotor, the inner and the outer casings. Generally, the
distributions of temperature and stresses in the compo-
nents depend on:

• the geometry of the machine,

• the pressure and temperature of the steam at the in-
let of the turbine,

• the temperature and amount of cooling steam,

• the start-up process.

All the calculations presented here were performed for
a generic geometry of part of a steam turbine. It is shown
in Fig. 2 together with the steam flows taken into consider-
ation. The turbine is a reaction-type with one uncontrolled
steam extraction. As written above the analysis involves
the three main components. The inner casing is attached
to the outer casing in the cross-section of the steam inlet,
thus its fixed point moves when the outer casing expands
due to the increasing temperature.

The main source of the high temperature in the com-
ponents and the resulting stress is the main flow of the
steam. Constant values of the inlet steam parameters in
the full load operation are assumed at the levels of 650◦C
and 30 MPa. These values correspond to projects that are
currently under development [1]. The temperature and
pressure of the steam change along the steam path. Their
values are calculated according to the expansion process
in the consecutive stages.

Two other flows of the steam are considered in the
investigated turbine. The first one is the rotor cooling
steam (Fig. 2). This flow is delivered into the inlet sec-
tion of the turbine at a pressure higher than the pressure
of the inlet steam. The source of the flow depends on the
part of the turbine. For a high pressure part this flow is
extracted from between the stages of the superheater in
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Figure 3: The start-up curves: standard (a) and shortened (b)

a steam boiler, while for an intermediate pressure turbine
it may be taken from an HP part extraction. Three cases
are investigated that differ in the area being cooled:

• case #1: the steam inlet section only,

• case #2: the steam inlet section and the first stage,

• case #3: the steam inlet section and the first two
stages.

The other flow is the casing cooling steam. It enters the
turbine near the main steam inlet and flow between the
inner and the outer casing (Fig. 2). This flow changes the
heat transfer conditions at the outer surface of the inner
casing.

Both of the cooling flows are analyzed in the temper-
ature range of 450...550◦C in full load operation. This is
about 70...85% of the inlet steam temperature.

The change of the steam parameters during a start-
up process is described with the curves shown in Fig. 3.
The first graph (Fig. 3a) corresponds to a standard start-
up from a cold state, when the turbine has not operated
for at least 50 hours prior to the start-up. The other graph

is a shortened start-up for the fast loading. In the research
a two times faster start-up is investigated.

A shortened start-up may be applied only after de-
tailed analysis of the strength conditions, as it always re-
sults in much higher levels of stress. A start-up two times
faster than standard is an extreme case, usually applica-
ble to a turbine after a short gap between operating cycles
(less than 50 hours). However it allows us to compare dif-
ferent start-up conditions in detail because of the higher
differences between the maximum values of stress. That
is why it is included in the analysis shown here.

The start-up process was simulated using a numerical
code based on the finite element method. The boundary
conditions were applied according to the start-up curves
and the calculation of the expansion process in the steam
path and in the labyrinth packings. The calculations in-
volved the following steps:

• modeling of the expansion process

• modeling of the flow through the labyrinth seals

• creating the boundary conditions for the FEM based
on the results from the previous steps

• FEM calculations of the temperature field,

• FEM calculations of the displacements,

• FEM calculations of the stress field.

The FEM calculations are performed for the three main
components separately and then compared in order to de-
termine the relative elongations.

3. Reference start-up

In order to compare the various cases investigated here
a reference case is provided. The case corresponds to
a turbine with no cooling system and no additional flow
between the inner and the outer casing. Therefore it rep-
resents the most extreme situation in terms of the temper-
ature: the main components are exposed to steam at the
highest possible temperature with no protection.

The stress levels for the reference start-up are shown
in Fig. 4a. There are four characteristic values for stress:
in the inner casing (IC), the outer casing (OC) and the
rotor (R1 and R2, shown in Fig. 2). The stresses are given
for the points of the components where the stress reaches
the highest value during the whole start-up. These points
were determined during the preliminary calculations.

Two characteristic points are chosen for the rotor. In
the reference start-up the highest stress occurred at point
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Figure 4: Stress (a) and thermal expansion (b) in the reference start-up

R1. However in other cases higher stress occurred at point
R2.

The highest stress occurs in the rotor in the 250th minute
of the start-up. This is when the live steam temperature
becomes stable and the stress reaches its peak value be-
fore stabilizing. The stress level in the casing is noticeably
lower. It is worth noting that there is no peak in the line
for the outer casing—the stress simply reaches its steady
state value.

Fig. 4b presents the thermal expansion of the turbine
during the start-up. Relative values are shown. The R-
OC line is the difference between the positions of the end
of the rotor and the end of the outer casing (on the right
side in Fig. 2) expressed in millimeters. The R-IC is the
same for the end of the inner casing and the matching lo-
cation on the rotor. The shape of the lines suggests that
the expansion is not stabilized within the analyzed period
of 400 minutes. Also some inertia may be observed when
comparing Figs 4a and 4b.

Figure 5: Temperature in the rotor

4. Cooled rotor

The effect of the cooling is visible in Fig. 5. The graph
in the figure compares the temperature of the rotor near
the inlet of the steam for different temperature values of
the cooling flow. The reference case is also added to the
graph. Since the rotor is exposed to a cooling flow rather
than the main flow its temperature changes according to
the temperature of the simulated cooling steam.

Fig. 5 may be misleading as it refers to the temper-
ature near the inlet. The effect of the cooling is further
explained in Fig. 6. This figure shows the distribution of
the temperature on the surface of the rotor along its axis.
Two comparisons are presented. In the first one (Fig. 6a)
the lines refer to the different values of the cooling temper-
ature for case #2 described earlier. It may be observed that
cooling lowers the temperature of the rotor within a cer-
tain range. The location of the maximum temperature is
shifted downstream but the maximum value is almost in-
dependent of the cooling temperature. This is because the
amount of the cooling flow is much lower than the amount
of the main steam and the mixing process between two
streams is almost immediate with little change in the main
stream temperature.

The second comparison (Fig. 6b) shows the distribu-
tion of rotor temperature at the surface for various cases
of cooling. Here the differences between the maximum
temperatures are larger. Also the location where the max-
imum temperature occurs is different.

Interestingly, in both of the comparisons the location
of the maximum temperature is not the same as the lo-
cation of the point where maximum stress occurs. This
is either point R1 or R2. The corresponding graphs are
presented in Fig. 7.

The peak stress value at the point R1 decreases for
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Figure 6: Rotor surface temperature for different cooling temperature
(a) and range of cooling (b)

lower temperatures of the cooling flow. The decrease is
not linear, which means that for a given design (the range
of the cooling) there exists a limit level of the stress in
the cooled sections of the rotor. The problem is that even
though the stress in the inlet section decreases other parts
of the rotor are still vulnerable to a high level of stress.
This is evident in Fig. 7b, which shows the stress at point
R2.

As mentioned before this point is located under the
labyrinth packing in the front section of the rotor. The
cooling flow does not affect this section much. A small
amount of the cooling steam that flows through the pack-
ing lowers the stresses by approximately 7% but as the
temperature of the cooling steam was lowered in the sim-
ulations the stress level even increased.

In other words the application of cooling to the tur-
bine in the terms of stress is justified only up to the limit
defined by the stress in the sections that are little affected
by the cooling system.

Figure 7: The stress at point R1 of the rotor

5. Cooled casings

Application of the cooling system to the inner casing
does not cause the same noticeable decrease in stresses in
respect of the rotor. A comparison of the stresses in the
inner casing during start-up is shown in Fig. 8.

There is a difference of around 8% between the refer-
ence start-up and the casing cooled with steam at 450◦C
(the line marked as TC = 450◦C). The stress may be fur-
ther reduced if the additional steam is forced into the area
between the inner and the outer casing. The graph in
Fig. 8 includes a line for the casing that is cooled from
the inner side and the outer side simultaneously.

The cooling on the inner side includes only the sec-
tions of the casing that are located in its front part, in the
front of the main steam inlet. There is no cooling of the
nozzle blades in the first or second stage. This assump-
tion corresponds to current trends in the design of mod-
ern steam turbines. Since the level of stresses is generally
lower in casings than in rotors, manufactures do not pro-
vide extensive cooling systems for casings in the steam
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Figure 8: The stress in the inner casing

path and only the inlet section is cooled. Even with this
restricted cooling, the effects are visible.

Nevertheless the additional steam between the casings
does not affect solely the inner casing it cools the outer
casing to a great degree too. In a turbine with no forced
flow between the casings this area is filled with a steam
at a relatively high temperature. The steam there comes
mostly from the front labyrinth packing (a leakage) and
from the steam extraction (a leakage as well). For a main
steam temperature of 650◦C the steam between the cas-
ings is in excess of 550◦C. Forcing a flow of additional
steam at a lower temperature always decreases the tem-
perature of the outer casing. The maximum temperature
of the steam to which the outer casing is exposed is the
temperature of the additional steam (in the described re-
search 550...450◦C).

6. Shortened start-up

The shortened start-up was analyzed—as described before—
in order to verify the influence of the cooling system on
the flexibility of the turbine. The results of the simulation
are shown in Fig. 9 for the rotor.

The figure presents the stress in the characteristic points
during the shortened start-up conducted according to the
curves from Fig. 3b. As expected, the stress level is gen-
erally higher. Here the stress at point R2 is higher than
at point R1. However, it is evident that in this case the
application of cooling actually lowers the stress at both
points. The differences between the lines for various cool-
ing temperature are again smaller for point R2, but there is
a major difference between the reference shortened start-
up and a start-up with cooling.

Comparison of the results allows us to formulate the
conclusion that the influence of the cooling systems is

Figure 9: The stress in the rotor during a shortened start-up

more noticeable for the shortened start-up. In the exam-
ples shown in Fig. 9 the stress level at point R2 is de-
creased below 300 MPa and is not significantly above the
value of 270 MPa, which is the maximum stress at point
R1 for a standard start-up (see Fig. 7b and the peak value
for the reference case). If the start-up is not that fast, the
cooling flows may be adjusted to keep the stress level be-
low an appropriate limit.

7. Summary

The results of the simulations presented here show
that there is an area for optimization of the thermal condi-
tions. A combination of the various arrangements of the
cooling flows makes it possible to change the intensive-
ness of the heat transfer on the chosen surfaces. However,
a simple application of cooling may not always produce
the desired results, especially for the inner casing. De-
tailed analysis is always required for a specific design.

A very important issue is that in all cases that involved
cooling, the maximum temperature of the components was
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lowered when compared to the reference case (see for ex-
ample Fig. 5 and 6). This is important because every ma-
terial has two limitations in the range of the thermal and
the strength behavior: the maximum allowable stress and
the maximum allowable temperature. The materials inves-
tigated for use in the turbine branch are able to withstand
higher stress than the materials used in older subcritical
steam turbines. More often it is the temperature that de-
fines the limit.

It should also be emphasized that the decrease in tem-
perature and stress should be determined for a particu-
lar design—for a particular shape of a casing and a rotor.
Here a generic geometry was used and that allowed us to
evaluate the potential range of change in the thermal and
strength states.

One should also remember that the start-ups investi-
gated here were based on the ideal curves provided by the
manufacturer. The boundary conditions for the simula-
tions involved ideal changes of the main steam parame-
ters and flow. During start-ups there are variations from
the curves, which increases the stress. However, the max-
imum temperature is not affected.
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