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Abstract. The changing role of coal-fired power units which are now used more and more often as sources
balancing the demand for electricity in the power system calls for a change in the character of their operation.
They have to be able to respond appropriately to rapid and substantial variations in loads and they must have
the capacity for shortening the start-up time, especially after a few or several hours of downtime. The paper
presents an analysis of changes in thermal states in the turbine main elements after short downtime periods
and shows the possibilities and consequences of the turbine fast start-up from such states. Optimal warm and
hot start-up characteristics are developed. Detailed deliberations are devoted to elements of 200 MW turbines,
most of which are and will be used as flexible sources of electricity generation in the power system.

1 Introduction

The changing structure of power systems and the new
role of coal-fired power units which more and more often
now act as sources balancing the demand for electricity
call for a change in the character of their operation [1].
This is due to the increasing share of renewable energy
sources, wind power in particular, in the current energy
mix. The present share of different kinds of power plants
in the total production of electricity in Poland is presented
in Fig. 1.
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Fig. 1. Percentage share of individual groups of power
generation in electricity production in Poland — July 2019

As it can be seen, the lion®share in energy generation
falls to coal-fired power plants, which at the same time
have to increase electricity production if no wind energy
is available. This means that coal-fired power units have
to be able to respond appropriately to rapid and substantial
variations in loads and they must have the capacity for
shortening the start-up time, especially after a few or
several hours of downtime. Considering that these
requirements increase the thermal load of individual
elements of power units and taking account of the
relatively long service life, new and optimal operating
conditions have to be determined to ensure adequate
safety of the power plant future operation in the new

regime [2]. The new conditions should make it possible to
improve the operation flexibility and, in particular, enable
faster start-ups. On the other hand, they should ensure
operating safety, i.e. thermal stresses in the main elements
of the turbine and of the boiler must be kept within
allowable values during the start-up entire procedure. The
issues related to optimization of the power unit operation
have been the subject of many studies and scientific
publications.

For example, the results of studies on optimization of
the heating of the power boiler thick-walled elements are
included in [3, 4]. Optimal characteristics of steam
temperature and pressure that enable fast start-ups of the
boiler are presented in [5].

The results of studies on optimization of the heating of
the turbine elements are included in [6+11]. Optimal on-
line control schemes of the steam inlet temperature taking
account of low-cycle fatigue are presented in [6]. In [7], a
genetic particle swarm optimization algorithm is used to
find the best rates of raising steam temperature. Paper [8]
focuses on integrating a steam accumulator into the power
plant process to increase the power plant flexibility. Paper
[9] adopts input and output data of a finite-element
analysis under cold start-up conditions to establish an on-
line damage-monitoring model of a steam turbine rotor.
Optimization of the start-up of a high-pressure rotor for a
large-power steam turbine is discussed in [10]. Different
cold start-up optimization schedules for a 320 MW
subcritical condensing steam turbine are made in [11].
The issues of turbine operation optimization described in
literature are focused primarily on cold start-up
optimization. The further part of this paper presents a
discussion of problems related to the optimization of
warm and hot start-ups, as start-ups from these thermal
states will become dominant in the current operating
conditions of power plants. An analysis is conducted of
changes in thermal states in the turbine main elements
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after short downtime periods, and the possibilities and
consequences of the turbine fast start-up from such states
are demonstrated. The analyses make use of computer
simulations of thermal and strength states in turbine
elements performed by means of the finite element
method. Numerical models of the turbine elements, as
well as details of thermal and flow analyses and the
selection of boundary conditions, are described e.g. in [12,
13].

2 Optimization of the turbine warm
start-up

The turbine warm start-up optimization is more
complex compared to start-ups from the cold state
because such a process includes start-ups carried out after
several or a few dozen hours of downtime. The thermal
state of elements after such cooling times can be different.
For this reason, the optimization procedure in the first step
must include an analysis of the cooling of the turbine
elements. Considering that even in a single power unit
turbines may differ in a number of characteristics, such as
design solutions, organization of the steam flow to the
sealing areas or the quality of insulation, the cooling
process can proceed in a different way. The analysis
should provide curves illustrating temperature changes of
the turbine individual elements as they cool.
Determination of the temperature change is particularly
important in inlet regions of the elements, rotors included,
because when the turbine is re-started, these places will
come into contact with steam entering the flow system.
The temperature difference between steam and the
element metal (AT;_,,) will have an impact on thermal
stresses generated in this area. Therefore, temperature
difference AT,_,, will be the first quantity to optimize.
Since the manufacturer’s start-up characteristics are
broken lines it is assumed to maintain their shape and to
change only the slopes. Another reason is that linear
change in parameters (mainly temperature) which means
a constant temperature change ratio results in minimum
stress within the heated element.
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Fig. 2. Optimized quantities of the characteristic of the rotor
heating from the warm state

So the other quantities optimized as the rotor is heated
during start-ups from the warm state are derivatives
(slopes) of the steam temperature change dTs,/dt,

dT,,/dt and dTg;/dt, as well as the time of the steam
temperature stabilization At,, (cf. Fig. 2). In the next step,
curves illustrating changes in pressure, power and the
rotor rotational speed are selected for the optimized
temperature curve.

2.1 Optimization of the turbine heating from the
warm state after 36 hours of downtime

The rotor heating process in a 200 MW turbine after
36 hours of downtime is discussed as an example of the
selection of the optimal parameters of running start-ups
from the warm state. The first stage consisted in computer
simulations of the HP rotor cooling process. Example
results of the analysis are presented in Fig. 3. In its top
part, Fig. 3 shows the temperature distribution on the
surface of the rotor central bore as cooling proceeds. The
bottom part illustrates the distribution of temperature in
the rotor after 36 hours of cooling.
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Fig. 3. Temperature field after 36 hours of the rotor cooling
(bottom) and the temperature distribution on the central bore
surface during the cooling process (top)

It can be seen that the heat is transferred from the
hottest inlet part outbound in order to equalize the rotor
temperature. However, the process is not very fast and one
can observe that even after 50 hours of cooling there is
still about 150K temperature difference within the
element. What is more, the back part of the rotor is heated
up within the first 12 hours by about 80K. It can result
with enhanced stress at this area if too cold steam is
introduced.

In the second stage, a heating curve was selected for
this thermal state of the rotor that enables the rotor fastest
heating without exceeding allowable values of maximum
stresses. The allowable stress values, included in the range
of 250-300 MPa depending on temperature, was
established based on the results of small punch testing
(SPT) of micro specimens [14] of the rotor material . The
curve illustrating changes in live steam temperatures
optimized for such conditions and the curves representing
changes in pressure and in the rotor rotational speed are
shown in Fig. 4. Time-dependent history of effective
stresses in the sealing area, where the stresses reach
maximum values, is shown in Fig. 5.
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Fig. 4. Optimized history of changes in the turbine start-up
parameters after 36 hours of cooling
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Fig. 5. Histories of stress components and equivalent (von
Mises) stresses in the rotor sealing area

The optimized start-up procedure results with maximum stress
close to the limit value. One can see, that the element heating at
the initial stage of start-up results in quite a rapid growth in
stresses up to about 220 MPa (von Mises) and then they stay at
more less the constant level. This is the effect of a radial
temperature gradient within the rotor. The higher the steam-
metal temperature difference the greater the resulting stress
level. After the turbine reaches the nominal operation condition,
the gradient changes direction to axial and the stress observed
decrease (only the beginning of the process visible).

3 Optimization of the turbine hot start-
up

The turbine hot start-up optimization process includes
start-ups carried out after several or a few dozen hours of
downtime. The thermal state of elements after such
cooling times can be different. For this reason, the
optimization procedure in the first step must include an
analysis of the cooling of the turbine elements. The
analysis should provide curves illustrating changes in the
temperature of the turbine individual elements as they
cool.

A detailed analysis of 200 MW turbine start-ups after
a few hours of downtime indicates that the most common
method is composed of two stages. Steam first flows
through and heats the turbine IP part, and then it passes
through the HP part. This fact is taken into consideration
in the developed optimal start-up. The start-up model is
presented in Fig. 6. Like in the case of warm start-ups, the
process of cooling HP and IP rotors is modelled first. The
change in the HP rotor maximum temperature is
illustrated by curve T.yp. Curve T.p relates to the IP

rotor. After time t.p, the start-up through the IP part
begins, which is run according to the curve illustrating
changes in the temperature of reheated steam and
presented in Fig. 6.
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Fig. 6. Optimized quantities of the hot start-up characteristic

The steam initial temperature Tgo;p and the
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temperature gradients ( sup _s2lP S“”’) are the
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optimized variables. After time t.p, steam begins to flow
through the HP part. The steam initial temperature Tyoyp
and the temperature rise gradient dT,,yp/dt are the
optimized quantities. After the optimal histories of
changes in the temperature of steam flowing into the IP
and the HP part are developed, the other curves are
selected of changes in the steam pressure, the rotor
revolutions and the turbine power.

3.1 The turbine optimal hot start-up after 8 hours
of downtime

According to the optimization model discussed above,
the turbine optimal start-up curves were developed for the
thermal state after 8 hours of downtime. Using this
procedure, the process of the cooling of the turbine
elements was simulated. The time-dependent changes in
the temperature of the HP and the IP rotor are presented
in Fig. 7 and Fig. 8, respectively.
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Fig. 7. Changes in the metal maximum temperature during the
cooling of the HP rotor
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Fig. 12. Changes in maximum stresses in the IP rotor

end of the 8-hour cooling process are shown in Figs. 9 &
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Ll Similarly as in the case of warm start-up the most crucial
stress magnitudes (objective variables) for both rotors
- growth rapidly to the assumed limit, and stay at more-less
the same level till the nominal operating conditions are
reached. Then stress tends to decrease to the steady-state
magnitude. A bigger stress rise can be observed for a short
time at the rear sealing, where hot steam (very small
pressure drop in the turbine flow system at the beginning
of the start-up) comes into contact with relatively cold
rotor. Soon after, the turbine starts to produce power and
steam expansion along the flow system becomes vital.
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Fig. 11. Optimal changes in parameters during start-up

The HP start-up begins 10 minutes after the beginning
of the start-up of the IP part and proceeds with a constant
gradient. The reheated steam temperature changes along
the 4-segment broken line, where the slopes differ by
factor 5. The entire optimized start-up characteristic is

shown in Fig. 11. The stress states in the most loaded area
of the IP rotor are presented in Fig. 12. The maximum
values do not exceed 250 MPa. The histories of the values

The temperature at the rear sealing goes down, so as the
stress level.
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4 Conclusions

The new conditions of the power system operation
where priority is given to renewable energy sources
impose the need to improve flexibility of the operation of
the other sources of energy generation, including coal-
fired power units. It is therefore necessary to develop new
methods of operation of both boilers and turbines in such
units. The model of the turbine start-up optimization
presented above indicates that the process of heating the
turbine main elements can be accelerated safely, which
means that it is possible to shorten the start-up time. The
presented results concerning warm and hot start-ups
suggest that it is possible to shorten the start-up time from
35% to as much as 45% compared to start-ups run
according to the manufacturer® characteristics. Both the
manufacturer®start-up characteristics and the optimized
characteristics discussed above should be treated as a
reference standard that sets out the optimal method of the
start-up process realization (i.e. the method of changing
steam temperature and pressure and the rotor rotational
speed) for a specific thermal state of the turbine elements
and for the expected time of the start-up duration. As
shown above, start-up characteristics which are correctly
developed and suited to the turbine specific thermal state
make it possible to shorten the time of the turbine start-up
substantially, keeping the stress level below allowable
values determined for each individual element.
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