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Abstract
This paper presents the results of analysis of steam turbine start-up using Thermal-FSI (Thermal-Fluid-StructureInteraction). Reference and acceleration start simulations were
carried out. Attention focused on a steam unit as they account
for most electricity generation in Poland. Accelerated start-up
is of interest as a possible method for reducing the adverse impact of renewable energy by controlling the injection of cooling
steam, set against the backdrop of increasing RES and their
negative impact on the operation of steam units. The work is
the result of research into the possibility of accelerating the
start-up of a steam turbine.
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low cost, due to the higher efficiency of installations
with greater installed power [3]; [4]. This translates
into clear unit fuel consumption, energy price and environmental aspects related to the production of energy. Evidently, fuel prices are of great importance
here, as we know brown coal is cheaper than either
hard coal or gas. Nevertheless, over time supercritical
plants will have to reduce their power in order to help
develop wind installations. Currently, out of concern
for stable boiler operation and steam flow in the turbine, the load should not take values lower than 40%
of the rated load [5]; [6]. The plants on which the
digression is being done should be adjusted (to the
extent possible) to the new conditions with regard to
their minimum burden.

Whereas newer units are adapted to working with
loads of 40%, older units were not designed for such
1 Introduction
parameters. Hence, wind turbines have a negative impact in terms of frequent start-ups and withdrawal of
The Polish energy sector has encountered problems steam turbines. Returning to the peak load of the sysrelated to the impact of renewable energy sources. tem, it should be noted that the peak load was taken
Amid the media hype, there is a negative side to wind by older turbines. In addition, they were specially deturbines and photovoltaics [1]; [2]. Current market signed for this purpose. Older units mean a simpler
conditions give priority in the production of electric- construction and a simpler control system.
ity to power plants using RES. Within a few minutes,
wind speed can increase dramatically, clearly translating into an increase in energy generated by wind Due to the increasing power of weather-dependent
turbines. In this situation, traditional generating units RES sources, large steam plants have to be kept in
must reduce power to adapt to the requirements of the the hot reserve [1]. Steps that can be taken to fulfill
power grid. The reverse happens when the wind sud- this task by making the plant’s work more flexible are
denly stops blowing. Then, electricity generation units described in [1]; [7]; [4]; [8]. The situation of conmust quickly increase their power output to cover the trolling the system’s power essentially involves more
needs of the system. When talking about generating frequent starts and withdrawals of turbine sets, inunits, we primarily mean steam turbines working in cluding high power ones. To this end, the start-up
of the turbine set can be accelerated by considering
plants with boilers fired with hard coal or lignite.
the elastic-plastic adaptation of the structure, as deIn the past, a rotating reserve would cover changes scribed in [7]; [1], or through using cooling by intake
in load power within 10 minutes. If the load is ex- vapor, or a working medium with lower parameters [9];
pected to increase, installations must be ready to take [10]; [11]; [4].
up the load [3]; [4]. In addition, certain baseload
plants would produce large amounts of electricity at
To address the problems faced by steam units,
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in order to determine the possibility of acceleration.
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2

Analyzed Geometry

were solved, expanded by two evolution equations for
parameters k and ε [16]; [13]; [4]; [15].

Based on the actual geometry of the WP part of Conservation of mass equation (1):
the 18K390 turbine from Belchatów Power Plant
Fig.1, two models were made which were subjected
δt (ρ) + div (ρv) = 0
to Thermal-FSI analysis.

(1)

Conservation of momentum equation(2):

δt (ρv) +div (ρv ⊗ v + pI) = div (τ c ) + ρb

(2)

Conservation of energy equation (3):
Figure 1: Cross section of the turbine’s 18K390 HP
part [4]

δt (ρe) + div (ρev+pv) = div (τ c v + qc ) + ρbv (3)
Evolution equation concerning turbulent energy k ( 4):
δt (ρk) + div (ρkv) = div (Jk ) + Sk

Figure 2: Reference model of the WP part of the
18K390 turbine with marked inlet and outlet edges

(4)

Evolution equation concerning energy dissipation ε
(5):
δt (ρe) + div (ρev) = div (Je ) + Se(5)

As can be seen in Fig. 2, the model being analyzed was simplified to meet the needs of the two- A more detailed description of the models used in CFD
codes can also be found in [16].
dimensional analysis.

4

Figure 3: Close-up of the area of additional inlets
As the modified geometry differs only by two additional inlets, Fig.3 is shown. The additional cooling
steam flow in the initial start-up phase can be taken
from the units main line and in the next phase of
the start-up from the high-pressure part of the boiler,
where the saturation temperature at a given pressure
is 300 .

3

Set of equations - CFD

In terms of solving the fluid problem, three basic equations of mass, momentum and energy conservation

Set of equations - CSD

CFD solver provides field of temperature, stress fields
and strain fields. In the case of a solid body, we have
the same three conservation equations (mass, momentum and energy) as described above. Our analysis
and calculations in a solid body are based on the 3D
analysis typical for the CSD [7]; [12]. CSD is a pointblank analogy of CFD (Computational Fluid Dynamics). The discretization method for CSD and CFD is
arbitrary (FEM, FVM, etc.) but the governing equations are identical. This architecture of solving equations greatly simplifies Thermal-FSI analyses.
Thermal-FSI analysis consists in coupling with the
help of the basic equation, in this case the energy
equation (temperature) of the fluid domain with the
domain of the solid. The resulting temperature fields
from the flow analysis are exported to the solid state
solver, and a strength analysis is performed based on
them [12]; [13]; [14]; [4].
To simulate material effort related to stresses emerging in material, the following Huber-Mises-Hencky reduced tensions have been used [12]; [13]. Dividing the
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internal Energy into axial (volumetric) and deviation ature field on the turbine structure. Through the use
(formative) parts according to the relation (6):
of cooling it was possible to limit the field of high temperatures to the first stage of the turbine, as shown
in Fig. 4.
φ = φv + φf ≤ K

(6)

and then, assuming that the volumetric part of the
energy does not contribute to the concentration of
the material but only to the change of volume, then
condition (6) is reduced to form (7):
φf ≤ K

(7)

Resulting from this assumption reduced H-M-H stress
is given by formula (8):

σHM H

1
=√
2

q
2
2
2
(σ1 − σ2 ) + (σ2 − σ3 ) + (σ3 − σ1 )
(8)

where: ? – Poisson’s number, ? – Young’s modulus
[MPa], ?1 , ?2 , ?3 – principal stresses. The criterion of
safe material condition assumes the function (9):

Figure 4: Distribution of the temperature field in the
180th minute of start-up 3h. Top: starting without
injection of a cooling steam. Bottom: starting with
injection of a cooling steam

In the case of accelerated start Fig.5, the application
2
2
(σxx − σyy ) + (σzz − σyy )

of cooling also results in limiting the field of influ2
2
+2
2
+ (σxx − σzz ) + 6 τxy
+ τyz
+ τxz
ence of high temperatures, but here the temperature
(9) differences have higher values.
where: ?xx , ?yy , ?zz , ?xy , ?yz , ??? – stress tensor
components.
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Boundary and initial conditions

The parameters at the inlet and outlet were implemented on the basis of the actual starting curves [4].
The start-up was a warm start, with the geometry being heated to 130 [4]. Initially, steam flowed through
the additional inlets with the same temperature values as the main steam flow. When the temperature
reached 300 , cooling was started. After this time,
the temperature of the additional injection steam was
Figure 5: Distribution of the temperature field in the
constant.
120th minute of start-up 2h. Top: starting without
Four simulations of two starts were performed for each injection of a cooling steam. Bottom: starting with
geometry, i.e., start-up 3h and accelerated 2h.
injection of a cooling steam

6

Results and discussion of the
Thermal-FSI analysis

Fig. 6 shows stress patterns during 3h and accelerated
start-up.

In the initial 3h turbine start phase, the stress generThe use of cooling steam injection during the 3h start- ated in the structure for the cooling start take higher
up results in reducing the impact of the high temper- values than for the start-up without cooling. However,
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performance.
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