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Abstract
In turbomachinery design the accurate prediction of the life cycle is one of the most challenging issues.
Nowadays, due to the thermodynamic optimization of operating parameters and the increasing requirements
for flexibility of turbomachine applications new engineering solutions are needed. These compulsory
changes must be introduced not only to the design but also to the operating strategy of turbomachines. For
the accuracy improvement of the life cycle prediction it is essential to consider the temperature gradients
(thermal loads) within the components which cause thermo-mechanical fatigue. In order to account for the
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thermally induced stresses in the turbine wheel and housing fast methods are required to predict metal
temperatures as a part of the standard design process. A coupled transient simulation of fluid and solid
International
states results in very high calculation times, as the timescales of fluid and solid differ by magnitudes. With
Symposium on
regard to investigations of heat transfer phenomena within the boundary layer it is crucial for the numerical
Transport
approach to calculate the fluid flow in these regions as accurately as possible.
Phenomena and
Dynamics of
In the present work three different calculation methods are investigated for pre-warming of a highRotating Machinery pressure (HP)/intermediate–pressure (IP) steam turbine with hot air. The concept of turbine pre-warming
with hot air has been invented by General Electric [1] and serves to prevent a negative impact on turbine
Hawaii, Maui
components due the high temperature gradients. The further development of pre-warming strategies
December 16-21
requires a comprehensive understanding of fluid-solid states interaction. Thus, a new simulation approach,
2017
based on the modification of the material properties of the solid state is presented and compared to various
calculation methods described in literature. Additionally, some changes to a validated numerical model of a
turbocharger are applied to extensive calculation method, resulting in additional calculation time reduction.
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INTRODUCTION
The situation on world energy markets is changing
dynamically. The rising awareness of the environment and
especially of the reality and severity of climate change has
marked the beginning of a real breakthrough in modern
concepts of energy production. Instead of striving for the
cheapest possible solutions, societies value environmentalfriendly, energy-sufficient and sustainable energy generation.
Electricity production in big, centralized units is reduced, and
increased, locally with wind, solar power and other
renewables. In the European energy market, the share of
renewable energies is increasing considerably over the last
years. Regarding Germany, the politics support a priority
feed-in electricity tariffs to encourage the use and
development of new energy technologies. Similar policy
mechanisms may be encountered in other European
countries like France, Denmark or Poland. For almost all
renewable energy resources the key issue is variability and a
certain unpredictability. Therefore, wind parks or solar power
always need back-up energy sources. Although 24-hour
weather forecasts are reasonably accurate, wind speeds or
radiation intensity can change quickly and unpredictably so

that the back-up capacity should have the ability to react as
quickly as possible. Fluctuation only in wind power may have a
strong influence on balancing electricity supply with demand.
An example is the sudden reduction of electricity generation
from wind mills in Texas on February 26, 2008 [2]. Due to
rapid decrease of wind speed the generated wind power
dropped from 1.7 GW to only 700 MW. In combination with
evening peak in power demand of about 3 GW, the grid
operator was forced to use a rapid demand reduction of
1.1 GW for sake of system stability [2]. This has been
reflected in electricity prices peaks and it offered additional
profit to the electricity producers, who were able to cover the
unbalanced demand.
In the light of the above considerations, the current situation
changes the role of the conventional power plants on the
energy market and produces new, challenging requirements
for modern steam turbines regarding the flexibility and
increasing number of startups due to the high share of
fluctuating power input of renewable generation. Especially
hard coal fired power plants already have to shut down on the
weekends, for periods of up to 60 hours [3]. As a
consequence a cold start-up is required afterwards. The
frequent start-up and shut-down processes increase the
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lifetime consumption of the turbine components as they are
not designed for this operational pattern. Furthermore, the
conventional plants have to start-up as fast as possible in
order to guarantee the security of supply and grid stability.
Fast start-up causes high metal temperature gradients.
Hence, with decreasing start-up time the thermal stress,
particularly of the thick-walled components, increases. This
leads to an overly high lifetime consumption. Especially
critical are the HP and IP steam turbines due to the high
temperature difference between inlet steam and rotor
temperature after a long period of idleness. Thermal stress is
proportional to the difference between rotor surface and rotor
average temperature. Faster loading means higher stress,
which is limited not to overuse lifetime. Cold starts have the
highest temperature difference from start to base load, thus,
a start-up usually requires five to eight hours, which does not
longer correspond to recent market requirements [1].
For the sake of shorter start-up procedure, the crucial
components of steam turbine have to either be kept warm
during the idle times or efficiently pre-warmed before
operation. Considering a conventional power plant it is
commonly known, that the thick-walled components staying
in contact to the hot steam limit the start-up speed [1]. On
the side of the boiler the temperature gradients in the heat
exchanger headers, valves and drums have to be
minimalized during start-up procedure. On the side of the
steam turbine the special treatment requires the rotors and
split lines. The pre-warming or warm-keeping procedure
reduces the temperature difference between the steel and
the steam and hence, the evoked stresses within the
component decrease.
Recent studies have shown different possibilities to heat-up
the rotor and the casing. In [4], three different methods to
increase the temperature of the steam turbine in a solar
power plant have been investigated: heat blankets on the
surface of the housing, gland steam temperature increase
and additional insulation. These investigations were
conducted on the basis of a simplified calculation model. In
[5], the work by analyzing three further methods for heating
up the turbine with steam has been continued: Gland steam
pressure increase, back pressure increase and barring
speed increase. Due to its simplicity and possibility of
application for different types of turbines the idea of heat
blankets attached to the outer surface of the housing gained
the interest not only of the university researchers but also of
big-league turbomachine producers, like Siemens or GE. To
the best of the author’s knowledge, both companies have not
decided yet to present the final results of their investigation
to the international scientific community. Nevertheless it
should be mentioned that for two-casing turbine the
effectivity of rotor pre-warming may be limited by air heat
transfer resistance. Additional problem for the heat blankets
method is the pre-warming of internal turbine components
like valves.
The mentioned methods based on pre-warming with hot
working medium very often have to be analyzed under the
consideration of windage effects. Windage occurs generally
at low volume flow and high rotational speed and causes a
temperature increase due to friction and dissipation, as found
in literature [6], [7], [8]. These findings imply that it is

possible to heat-up a turbine by windage. A further approach
for heating up or keeping warm the turbine with hot air was
developed [9]. With an additional hot air warming cycle, warm
or hot start-up conditions can be provided even after long idle
times. Depending on the expected idle time, hot air is used to
keep the HP / IP steam turbine warm or to pre-warm it. This air
is heated up by means of an electrical heater and passed with
a fan through the turbine, while the rotor is continuously
rotating. This approach serves as a basis for the present
investigations. Based on the single stage turbine model the
heat transfer phenomena in warm-keeping operation have
been analyzed in [10]. In the next step the pre-warming
operation should be investigated. For this purpose, the
additional research into the area of numerical simulations and
time-efficient calculation approaches has to be investigated.
For the optimization of the startup behavior, calculations of the
time-depending temperature distribution within the thick-walled
components are required. Due to extremely high
computational times necessary for transient Conjugate Heat
Transfer (CHT) simulations the fast calculation approaches
have to be developed. The numerical methods allowing to
calculate heat exchange and transient temperature fields
within the turbine in pre-warming operation with regard to
thermomechanical fatigue as well as their comparison are
described in the following sections.
1. NUMERICAL MODEL
On the basis of the literature research and in cooperation with
the industrial partner General Electric, a numerical model of a
single stage turbine is developed to calculate the heat transfer
in a steam turbine during pre-warming operation. It is based on
the numerical model created for the warm-keeping
investigation, which was discussed in [10]. Therefore, in the
following sections only the most relevant information
concerning model setup as well as the changes introduced to
original settings are presented.
The numerical model aims to analyze the convective heat
transfer and to develop different calculation approaches. As
the highest steam temperatures and thermally induced
stresses arise particularly within the first steam turbine stage,
the heat transfer investigations focus on the first stage. In this

Figure 1. Numerical model of the solid body with

boundary conditions and surface denotation
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model, the flow and the heat transfer in the solid state are
assumed to be of periodic nature in the circumferential
direction. With this assumption, a single blade passage
(approx. 2.5°) of the turbine wheel is extracted and meshed.
All domains included in the numerical model are discretized by
hexahedral cells, which are conformed to each other at the
interfaces between fluid state and solid body in the turbine
stator and rotor. In the fluid boundary layer a dimensionless
wall distance lower than y+ = 1.0 is implemented. In order to
exactly calculate the heat transfer, the temperature distribution
and the flow field in the boundary layer of the solid body has a
high resolution as well. The mesh study conducted in [10] has
proven, that spatial discretization has a negligible influence on
values of averaged Reynolds- and Nusselt-Number.
The fluid state is assumed to be a fully turbulent ideal gas (air)
with constant fluid properties. To model the thermal boundary,
the Low Reynolds kω-SST turbulence model is used.
Constant material properties are applied for the solid state as
well.
In general, concerning time dependency of the flow, two types
of calculations are required to numerically depict pre-warming
process: steady and transient simulations. The main goal of
steady state simulations is to generate the boundary
conditions for investigated transient calculation approaches.
The setup of steady state, as well as of transient models is
discussed in the following sections.
In Figure 1, the numerical model with its boundary conditions
and the used denotations is shown. As presented, the axial
walls of the model are considered to be adiabatic. In the
present work, the pre-warming procedure has been modelled
as thermal shock process, in which the turbine inlet
temperature TT,inlet is changed abruptly. The principal behavior
of the fluid and solid temperatures in a thermal shock test has
been discussed in [11] and is shown in Figure 2. As
graphically presented, the logarithmic temperature growth of
solid temperatures in pre-warming process is on both sides
limited by steady state operating points, with constant values
of heat fluxes between fluid and solid domains.

Figure 2. Qualitative idealized behavior of fluid and solid
temperatures in a thermal shock test [11]

2. STEADY STATE SIMULATIONS
For numerical modelling of pre-warming process the boundary
conditions at start t0 and at the end t∞ of procedure have to be
determined (Figure 2). In this work, the cold start of prewarming is considered, i.e. at t0 the homogenous temperature
T0 in all solid domains is given. Therefore, simple CFD
simulation with constant wall temperature and turbine inlet
temperature TT,inlet = TFL,∞ is sufficient for subsequent
initialization of transient calculation. For the purpose of
predefinition of temperature distribution at t 0 the CHT
simulations can be conducted.
In order to generate the missing boundary conditions at t ∞
(Figure 2) a mentioned steady state CHT calculation have to
be carried out. The setup of this simulation corresponds to the
settings of numerical model used for warm-keeping
investigations and its description can be found in [10]. In
warm-keeping operation (steady state OP2, Figure 2) a
constant temperature TR = T(qRotor,OP2) inside the rotor
(concentrical hole) and TH = T(qHousing,OP2) at the outer surface
of the inner steam turbine casing is defined. The temperature
level is approximately 45% of the live steam temperature at
nominal load.
For all steady state simulations at the inlet of the fluid state, a
mass flow rate ṁ and a constant air total temperature TFL,∞
(65% of the live steam temperature at nominal load) are
defined as boundary conditions. A constant static pressure is
used at the outlet. Due to the applied thermal boundary
conditions the impact of radiation is not considered.
3. TRANSIENT SIMULATIONS
The objective of the work presented within this paper is the
development of a fast and generally valid method for the calculation
of the transient temperature field in turbine pre-warming with regard
to thermomechanical fatigue. As shown in [12] and [13], the
investigated calculation approaches may be used not only in with
hot air pre-warmed turbine, but also in numerical depiction of
thermal shock tests conducted in other types of turbomachinery like
turbochargers. The validated numerical model of turbocharger
discussed in [11], [12] and [13] has been used in present
investigations in order to verify modifications introduced to
extensive reference method in pursuit of calculation time reduction.
Generally, even a short literature review reveals the two main
simulation approaches of transient fluid/sold heat transfer, which
are commonly applied to numerical models. In the first coupled or
conjugate heat transfer method (CHT), a CFD calculation is
iteratively coupled with a conductive FEA calculation, which results
in the solution of the energy equation at the coupled boundaries
and provides the continuity of the temperatures as well as the heat
fluxes at the fluid/solid interfaces. The practical application of this
approach may be found in [14] and [15].
In contradiction to conjugate heat transfer, the uncoupled methods
are based on the assumption of a linear relation between the
convective heat fluxes across the boundary layer and the driving
temperature differences. This assumption may be also understood
as the requirement of constant heat transfer coefficients on the
boundary interfaces. As a result, the heat transfer coefficients may
be determined by means of transient CFD simulation and used as
boundary conditions for a subsequent steady state FEA calculation.
Examples of this approach are the heat transfer calculations of rotor
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stator cavities published in [16] and [17]. The main advantage of
the uncoupled approach may be the significantly reduced
calculation time, since no iterative solution is necessary at the
fluid/solid boundary. Depending on geometry and flow boundary
conditions, the uncoupled simulation approaches may lead,
however, to high inaccuracies locally, mainly caused by
secondary flow phenomena as well as the flow instabilities
resulting in nonlinear courses of heat transfer coefficients. In this
case, the accuracy of uncoupled approaches may be enhanced
by means of CFD and FEA iteration loops, which iteratively
increase the quality of results. This solution has been proven,
however, to be inextricably linked to two main drawbacks. Firstly,
the user input and probability of false setup settings obviously
increase depending on the automatization level of numerical
models and user experience. Secondly, the computational effort is
rapidly changing with each required iteration loop.
Owing to the high calculation times, the conjugate heat transfer
method is mainly used for steady state calculations. A time
accurate calculation based on the coupled method requires an
extreme computational effort, since the ratio of convective to
conductive heat transfer timescales amount to about 10-4, as
reported in [18]. Consequently, simplifying assumptions have to
be made to reach acceptable calculation times for a coupled
method simulation of a transient heating or cooling process.
In the present paper three numerical methods are applied to a
numerical model with hot air pre-warmed steam turbine in order to
calculate the transient fluid/solid heat transfer. In a first step
extensive simulations are conducted, in which the fluid and the
solid calculations are coupled over the whole transient process.
Therefore, this simulation approach belongs to a coupled
methods family and will be referred to as “Frozen Flow” method
(FF), as the fluid equations are partly frozen and not solved over
the certain periods of time. A detailed description of this method is
given in [11] and in the following sections. Additionally, a few
modifications are introduced to the original FF method in order to
further reduce calculation time with simultaneously almost
unaffected solution accuracy. For the purpose of validation, the
modified FF method is applied to mentioned numerical model of
turbocharger and compared with original data.
Based on the results of the FF approach obtained from the
numerical model of pre-warmed steam turbine the investigation,
points P1 in vane and P2 in blade domains have been identified
(Figure 1), which serve as reference for subsequent
comparison. The selection criterion for the investigation points is
the location of the highest temperature gradients occurring in
each analyzed domain in pre-warming operation.
In second step an uncoupled approach known as “transient finite
element analysis method-exponential” (TFEA-EXPO) method is
used in order to model the exponential behavior of the heat
transfer coefficients in a transient process. This method is based
on commonly applied uncoupled approach and has been
developed for purposes of thermomechanical analysis of
turbocharger detailed presented in [11].
Furthermore, a third approach named Equalized Timescales
method (ET) is used for conjugate heat transfer simulation of fluid
and solid interaction in pre-warming operation of steam turbine.
This calculation time saving approach is based on the
modification of solid state properties in pursuit of the reduction of
cooling or heating processes. In the following sections, all the
three methods are described in detail.

3.1
FF method
The commonly used method for an analysis of the fluid/solid
conjugate heat transfer is an approach based on [19] and [20].
Due to different time scales of solid and fluid state, and with regard
to coupled solution for all domains in each time step, it is assumed
that the pressure and the velocity distribution of the fluid remain
constant over certain periods of time. With this assumption mass,
momentum and turbulence equations of the fluid state do not need
to be solved and much larger time steps can be applied. It has been
show in [13] that in the case of thermal shock tests, which are
characterized by high heat transfer rates between fluid and solid
especially at the very beginning of the transient process, solving
only energy equation may lead to higher inaccuracies in solution 6% deviation in temperature gradients courses as reported in [13].
To consider the changes in the fluid field, the method described in
[19], [20] may be extended by updating the fluid field in defined
time points or time periods. Two main solution approaches can be
distinguished. On one hand, it is possible to conduct a very short
fully transient simulation in which all the equations (mass,
momentum, energy and turbulence) are solved. This approach was
applied to solution procedure described in [13]. On the other hand,
it is also conceivable to replace the fully transient updates
simulations with steady state CFD simulations. In the presented
paper, the second possibility has been investigated using at first
step exactly the same validated model of turbocharger, which
served as basis for investigations presented in [11], [12] and [13].
The model of turbocharger used for the FF calculations purposes
and for comparison between particular updated approaches
comprises the turbine housing, the turbine wheel and the inlet and
outlet pipes.

Figure 3. Numerical model of Turbine Housing (TH) and
Turbine Wheel (TW)
As presented in Figure 3, the turbine wheel is modeled as a single
rotor passage by means of peripheral averaging (mixing plane) at
the rotor stator interfaces. The bearing housing and the compressor
are not included in the model. On the boundary plane at the shaft,
boundary conditions (α1 + Tref,1, α2 + Tref,2, q) are defined to describe
the heat fluxes to the lubricant oil and to the compressor side.
These boundary conditions are estimated by using experimental
data. The heat shield at the turbine wheel back is assumed to be
adiabatic as it is expected that the convective and radiative heat
fluxes to the bearing housing are small. The mesh of the whole
turbine model consists of approximately 6.2 million nodes. 3.7
million nodes are located in the fluid state and 2.5 million nodes
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discretize the solid body. In the fluid boundary layer, the
dimensionless wall distance y+ is lower than one and the low
Reynolds kω-SST turbulence model is applied. A mesh study has
been conducted to ensure that the results are unaffected by the
mesh. In following investigations the heating up thermal shock
process with mass flow m = 0.4 kg/s and fluid temperature TFl,-∞ =
200°C being abruptly changed to TFl,∞ = 600°C (Figure 1) is
considered. Further information about numerical setup is provided
in [13].
In pursuit of model validation, the temperatures on the turbine
wheel during the thermal shock test are measured. The individual
positions of the type K thermocouples are shown in Figure 4.
The thermocouples in the turbine wheel are connected to a
transmitter, which is located at the shaft end near the compressor
inlet. The transmission of amplified signals from the rotating to
stationary system is done using an antenna. This antenna also
supplies the transmitter with HF-energy. Additional type K
thermocouples are attached on the outer surface of the turbine
housing to record the temperature distribution. A more detailed
description of the test rig is given in [21].
Figure 5. Schematic representation of FF Stationary
Update method
In order to evaluate the impact of the updates on the fluid field the
averaged relative Reynolds number for turbine wheel is determined
as follows:

Re ,av 

Figure 4. Position of the thermocouples at the turbine
wheel
As shown in [13], the original FF method is based on fully
transient flow field updates, in which all equations (mass,
momentum and energy) are solved for very short periods. These
short periods are hereafter referred to as “Transient Update”
periods. The simplified periods are named “Only Energy” periods.
In the case of turbocharger three “All Equation” periods at 0 s, 6 s,
and 60 s are calculated for numerical depiction of the thermal
shock process. An alternative possibility for fluid flow updates are
steady state CFD simulations, which allow adjustment of pressure
and velocity fields to calculated temperature values in domains.
This fluid field update method is referred to as “Stationary
Update”. The schematic representation of FF Stationary Update
method is provided in Figure 5. At the beginning of simulation
procedure, a steady state CHT All Equation 1 or CFD All Equation
1 calculation (depending on solid body initialization) is conducted.
The outgoing from the generated state of fluid the transient CHT
Only Energy 1 simulation (Figure 5) has to be calculated until
discrete time point of update simulation has been achieved. The
temperature TSolid from the CHT Only Energy 1 simulation are
used in the next step as the boundary conditions for subsequent
CFD All Equation 2 calculation. Finally, in the CHT Only Energy 2
simulation the fluid state is being initialized by the results of CFD
All Equation 2 and the temperature distribution of solid domains is
set to be equal to these from CHT Only Energy 1 calculation. The
presented CFD update procedure may be repeated depending on
required number of fluid flow updates.

wav  av DTW

 av

(1)

Due to turbulent flows, the heat transfer between fluid and solid is
largely influenced by the convective heat transfer in the boundary
layer and therefore, the averaged Reynolds-Number seems to be
an apposite criterion for accuracy evaluation of the fluid simulation.
The time courses of the averaged Reynolds-Number for both
update calculation procedure are presented in Figure 6. The impact
of the All Equation simulations on the fluid field is easily noticeable
especially in the first 100 s of thermal shock, when the highest heat

Figure 6. Averaged relative Reynolds-Number over time
for a heating up process (TFl,-∞ = 200°C → 600°C at m
= 0.4 kg/s)
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fluxes over the boundary interfaces occur. This discontinuities in
the Reynolds-Number courses are caused by the adjustment of
pressure and velocity fields to the energy content. The value of
discontinuities show the error of the assumption of a constant fluid
field (Only Energy). As proven in [13], the committed error at the
end of Only Energy calculation with four updates during first 200 s
is under 1 %. In summary, expanding the Only Energy approach
with additional update simulations results in higher quality of results
and smaller error in averaged Reynolds-Number values – in the
investigated case of turbocharger by up to 6 %. Furthermore, the
FF Stationary Update calculations provide almost identical time
courses of averaged Reynolds-Number as FF Transient Updates.
In pursuit of FF Stationary Update method validation, the
temperature values obtained from both update approaches are
compared with experimental data in measuring point MP3. As
depicted in Figure 7, the calculated temperature values show
good agreement with experimental values. In order to evaluate the
temperature deviation in all measurement points on turbine wheel,
the numerical and experimental data are normalized to a time step
of 1.0 s by a cubical interpolation. Thereby, a root mean square
deviation is determined over a period of 800 s:

Tav 

1
n

T
n

exp

 Tcalc

2

(2)

i 1

The obtained values of RMS deviations are presented in Figure 8.

Figure 7. Temperature at measuring point 3 over time
for a heating up process (TFl,-∞ = 200°C → 600°C at
m = 0.4 kg/s)
The FF Transient Update method, as well as the FF Stationary
Update method, provide the temperature time plots that correlate
well with experimental data. Hence, regarding computational time
savings, in steam turbine pre-warming numerical calculations as
the reference method the FF Stationary Update method will be
used.

Figure 8. RMS deviation between measured and
calculated temperatures at the measuring points
3.2
TFEA-EXPO
As mentioned in the previous sections, the TFEA-EXPO method is
an uncoupled approach based on transient FEA simulation. In order
to model the transient fluid field, heat transfer coefficients at the start
and end of the transient process are derived from steady state CFD
or CHT calculations. The obtained heat transfer coefficients are
interpolated over the time span of transient process for each cell
element. After the switch of the turbine fluid inlet temperature from
TFl,-∞ to TFl,∞ the inlet conditions and the outlet pressure remain
nearly constant during the transient process. Thereby, the changes
of the fluid state result mainly from the changes of heat fluxes
between fluid/solid interfaces as well as from the wall temperatures.
Thus, for the interpolation of the heat transfer coefficients it is
assumed, that those linearly depend on the wall temperatures. With
regard to the exponential behavior of the wall temperatures this
interpolation method results in an exponential time plot of the heat
transfer coefficients over the time. Hence, the method is
abbreviated with TFEA-EXPO. The following equations are applied
to interpolate the heat transfer coefficients for each cell of the prewarmed steam turbine:

 i ( t )   i , 0  I( t )  i ,   i , 0 

(3)

I( t )  Ti ( t )  Ti , 0  / Ti ,  Ti , 0 

(4)

Equation 4 Ti (t) describes the time-dependent wall temperature.
This temperature is directly used from the transient FEA calculation.
Hence, the boundary conditions depend on the solution of the FEA
simulation and are calculated iteratively in every time step. The
variables Ti,0 and Ti,∞ may be determined from steady state CHT
calculations conducted respectively at the beginning and at the end
of thermal shock process (t → ∞). Similarly, the variable αi,∞
in Equation 3 describes the heat transfer coefficient
derived from steady state CHT t→∞. Finally, the variable
αi,0 refers to heat transfer coefficient at the beginning of
the thermal shock process immediately after switching
the inlet temperature of the turbine from TFl,-∞ to TFl,∞
(Figure 1). The further information about TFEA-EXPO method
may be found in [12].
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3.3
ET-method
The Equalized Timescales method may be classified
just like FF approach as a conjugate heat transfer
method. The ET method is a time saving approach,
which similarly to the other presented simulation
procedures may be used to calculate the transient
temperature fields with regard to thermo-mechanical
fatigue. Correspondingly, in this method the fluid and
the solid state are calculated coupled with the whole
transient process. However, the fluid calculation is not
simplified like in the FF approach. Thus, a method
characterized by high accuracy and small user effort is
expected. The main obstacle to overcome remains
unchanged: in case of a coupled calculation the ratio
of timescales in fluid to timescales in solid state
amounts to about 10-4, as given in [18]. These different
timescales cause long conductional heat transfer
processes in the solid state that have to be calculated
with small time steps to achieve numerical stability of
the fluid calculation. In order to reduce the calculation
times in this method, the timescales of fluid and solid
are equalized by modifying the material properties of
the solid state. Thus, this method is named Equalized
Timescales method (ET).
To describe the approach of the ET method in more
detail, a simple analytical approach is considered in
the following sections. For a solid body with a
homogenous temperature distribution, the timescale of
a convectional heating or cooling process can be
determined from a simple analytical equation:

 SL c p ,SL VSL

TSL
  ASL  TSL  TFL 
t

(5)

With the assumptions of constant material properties,
a constant heat transfer coefficient and a constant fluid
temperature over the time, the solution of Equation 5
leads to Equation 6:











t

TSL  TSL , 0  TFL e
 TSL , 0  TFL e





 ASL
t
c p ,SL  SL VSL

 TFL

*

(6)

 TFL

c p , SL
SF

t* 

(7)

From 6 it can be derived that the reduction of the
specific heat capacity results in a reduced heating or
cooling time of the solid body. The modified time is
named t* in the present work and is connected with the
real time by the speed up factor SF for this simplified

t
SF

(8)

Implementing this approach to a coupled fluid/solid heat
transfer simulation results in significantly reduced
calculation times as shorter conductional heating or
cooling processes are calculated and the time step of
the fluid calculation can remain constant. To determine
the real heating or cooling time of a transient process
from these simulations, the resulting time t* is multiplied
by the speed up factor SF according to Equation 8.
The Fourier- and the Biot-Number are assessed in order
to prove the suitability of the described approach for the
determination of the thermal behavior of the solid state
in a transient process. As described in [22], transient
temperature fields of the same geometry and the same
boundary conditions are similar if the Biot-Number and
the Fourier-Number are equal. Thus, the Biot- and the
Fourier-Number must remain constant when the specific
heat capacity is modified. In Equation 9, the modified
specific heat capacity cp* and the modified time t* are
introduced in the definition of the Fourier-Number:
Fo 


SL t
SL t * SF

*
2
c p , SL  SL L
c p , SL SF  SL L2
SL t *
 Fo *
*
c p , SL  SL L2

(9)

As shown, the unmodified and the modified FourierNumbers are identical for the described simplified
approach. Unlike the Fourier-Number, the Biot-Number
is independent of the specific heat capacity and of the
time. However, the Biot-Number depends on the heat
transfer coefficient:
Bi 

The exponent of the Euler’s Number represents the
timescale τ of the heating or the cooling process. It
depends on the heat transfer coefficient α, the density
ρSl and the specific heat capacity cp,Sl. In the ET
method, the timescales of the fluid and solid are
equalized by reducing the specific heat capacity of the
solid state by the speed up factor SF. The modified
specific heat capacity is named cp* and is defined by
the following relation:
c p , SL 

case. The definition of the modified time is given in
Equation 8:

 L
 Bi *
SL

(10)

With the assumption of a constant heat transfer
coefficient, the Biot-Number remains constant. To
investigate the assumption of a constant heat transfer
coefficient in more detail and to verify the ET method in
case of numerical modeling of pre-warming processes,
all the methods are applied to the numerical model of
pre-warmed steam turbine. For the ET method, a speed
up factor of 1000 is used.
4. COMPARISON OF NUMERICAL METHODS FOR PREWARMING CALCULATION
The main goal that the TFEA-EXPO and the ET approaches strive
for is the possibility to accurately calculate the temperature
gradients resulting from 3D flow structures with significantly reduced
computational and user effort in comparison with the FF method.
In pursuit of verification and comparison of the methods, a steam
turbine pre-warming process modeled as thermal shock has been
calculated with all three simulation approaches. It is assumed, that
at the beginning of the pre-warming, all solid domains in
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investigated 1-stage turbine model have homogenous
temperature distribution equal to TSL,-∞. Similarly to thermal shock
process in the discussed turbocharger, the fluid inlet temperature
is being abruptly changed from TFL,-∞ to TFL,∞ at time point t0.

In a second step, the calculated temperatures at the investigation
points P1 and P2 are compared with reference approach. As
shown in Figure 10 all numerical methods provide temperature
plots which show a good agreement with the reference FF method.
In order to quantify the respective error, the root mean square
(RMS) deviation between measured and calculated temperatures is
determined over a period of the first 1000 s for a time step of 1.0 s.
The RMS deviations for both investigation points P1 and P2,
comparison of the computing times (calculated for first 1000 s of
pre-warming procedure) as well as the temperature distribution in
investigated single stage turbine model are presented in Figure
11.

Figure 9. Heat transfer coefficients on the surface of
vane and blade
In first step the heat transfer coefficients are derived from the FF
calculations and used for subsequent comparison with HTCs
obtained from the TFEA-EXPO as well as from the ET simulation.
The area averaged heat transfer coefficients on the surface of the
vane and blade are depicted in Figure 9. As expected, all the plots
of the heat transfer coefficients prove an exponential behavior.
The oscillating plot of HTCs on blade indicates, that the Speed up
factor in the ET method cannot be increased without any further
limitations. These oscillations result from unsteady flow effects
which can have a large influence on the solid temperatures for
higher speed up factors due to the similar timescales of fluid and
solid state.

Figure 10. Temperatures calculated at characteristic
points P1 and P2

Figure 11. Temperature distribution, RMS deviation and
overview over the calculation times in [core-h]
5. CONCLUSION
In the present work two calculation methods – TFEA-EXPO
and ET for modeling of transient temperature fields in prewarmed steam turbine are conducted and compared with an
extensive calculation approach for verification purposes.
Additionally, some changes resulting in reduced computational
time are introduced into numerical procedure of an extensive
FF method. Moreover, in a subsequent step the modified FF
method is validated against the original FF approach and
experimental data using known from several other publications
presenting the numerical model of turbocharger.
To conclude, all the methods presented in the present work
are suitable to calculate the transient temperature field with
regard to thermomechanical fatigue within the timescales of a
standard design process. Furthermore, the additional savings
in computational time have been achieved – 89% in case of
TFEA-EXPO approach. The ET method has been analyzed
only for one value of speed up factor (SF = 1000) and the
good accuracy with simultaneously minimum user effort has
been achieved. In future research the more computing timeefficient ET simulations with higher values of speed up factor
should be investigated.
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