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Sammanfattning 

Förr i tiden, ångturbiner har främst använts för baskraft operation. Numera med den ökade 

utvecklingen av varierande förnyelsbara är samma ångturbiner motstå högre cykliska operativa 

system med mer frekvent uppstarter och snabbt föränderliga laster. Som sådan, förbättra den 

operativa flexibiliteten hos installerade och framtida utformad ångturbiner är en viktig aspekt för 

att övervägas av utrustning. 

Ångturbin uppstart är en intressant fas eftersom anses vara den mest intrikata av transienter. Under 

denna fas kan maskinen potentiellt utsättas för omåttlig termiska spänningar och axiella gnugga 

på grund av differentiell termisk expansion. Dessa två termiska fenomen antingen konsumera 

komponent livstid eller kan leda till maskinhaveri om inte kontrolleras noggrant. Som sådan, det 

finns en balans som skall beaktas mellan ökande turbin uppstart hastighet samtidigt som säker drift 

och livslängd bevarande av dessa maskiner. 

För att förbättra den transienta operationer av ångturbiner, blir det viktigt att undersöka deras 

termiska beteende under uppstarter. För att göra detta, är det viktigt att ha verktyg som kan 

förutsäga den termiska responsen hos maskinen. I denna avhandling fungerar effekterna av olika 

aspekter och randvillkor om resultaten av ST3M, en KTH internt verktyg, undersöktes med syfte 

att förstå hur stor blev deras inverkan på sättet att fånga den termiska beteendet hos turbinen i 

termer av metalltemperatur och differentiell expansion. En  industriell högtrycksturbinen 
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validerades mot uppmätta data och genomförs på en känslighetsanalys; denna analys visade att 

den geometriska approximation införa fel i resultaten, att användningen av empiriska Nusselt 

korrelationer ge liknande resultat som den validerade modellen och att håligheten antaganden har 

en stor inverkan på utvecklingen av expansionsskillnaden. Slutligen har en strategi för att validera 

någon annan liknande turbin till en av studien fallet föreslås för att ge en vägledning för framtida 

arbeten i hur att validera en modell och vilka är de mest inflytelserika parametrar att ta hand om. 

 

Nyckelord 

Ångturbiner, uppstart, transienter, differentiell expansion, Nusselt korrelation, värmeöverföring.
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Abstract 

In the past, steam turbines were mostly used for base load operation. Nowadays, with the increased 

development of variable renewable technologies, these same steam turbines are withstanding 

higher cyclic operational regimes with more frequent start-ups and fast changing loads. As such, 

improving the operational flexibility of installed and future designed steam turbines is a key aspect 

to be considered by equipment manufacturers.  

Steam turbine start-up is a phase of particular interest since is considered to be the most intricate 

of transient operations. During this phase, the machine can potentially be subjected to excessive 

thermal stresses and axial rubbing due to differential thermal expansion. These two thermal 

phenomena either consume component lifetime or can lead to machine failure if not carefully 

controlled. As such, there is a balance to be considered between increasing turbine start-up speed 

while ensuring the safe operation and life preservation of these machines. 

In order to improve the transient operation of steam turbines, it becomes important to examine 

their thermal behavior during start-up operation. To do that, it is important to have tools able to 

predict the thermal response of the machine. In this thesis work the impact of different aspects and 

boundary conditions on the results of ST3M, a KTH in-house tool, were investigated with the aim 

of understanding how large was their impact on the way to capture the thermal behavior of the 

turbine in terms of metal temperature and differential expansion. A small industrial high pressure 

turbine was validated against measured data and implemented on a sensitivity study; this analysis 

showed that the geometrical approximation introduce errors in the results, that the use of empirical 

Nusselt correlations give similar results to the validated model and that the cavity assumptions 
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have a large impact on the trend of the differential expansion. Lastly, a strategy to validate any 

other similar turbine to the one of the study case was proposed in order to give a guide to future 

works in how to validate a model and what are the most influent parameters to take care of.  
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NOMENCLATURE 

Abbreviations  

BC      Boundary Condition  

CSP    Concentrating Solar Power  

CSPP Concentrating Solar Power Plant  

FE       Finite Element  

HP       High Pressure  

HTC    Heat Transfer Coefficient  

LCF     Low Cycle Fatigue  

LP        Low Pressure 

Latin Symbols  

��          Tangential flow velocity [m/s] 

��          Specific heat capacity [kJ/ (kg K)] 

�����     Labyrinth seal constant [��] 

�            Diameter[m] 

��          Hydraulic Diameter [m] 

�            Young modulus[Pa] 

ℎ�           Total enthalpy [kJ/kg] 

ℎ�,�         Static enthalpy [kJ/kg] 

ℎ�           Isentropic static enthalpy [kJ/kg] 

�            Height of expansion chamber[mm] 

���       Heat transfer coefficient [W/ (K ��)] 

�             Thermal conductivity [W/ (K m)] 

�               Length[m] 

��            Characteristic Length [m] 

�̇             Live steam mass flow [kg/s] 
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�̇����     Gland steam mass flow[kg/s] 

�              Rotational speed[rpm] 

��           Nusselt number[-] 

�              Pressure[bar] 

��              Prandtl number[-] 

�              Radius[m] 

��             Reynolds number[-] 

�               Temperature[°C] 

�                Time[s] 

�               Tangential velocity[m/s] 

�               Specific volume[m3/kg] 

Y              Stodola’s Constant 

�  ̇            Power [W] 

�               Number of teeth[-] 

Greek Symbols  

��            Linear expansion coefficient[1/°C] 

�                Labyrinth radial clearance[mm] 

�                Volumetric gap fraction[-] 

��              Isentropic efficiency[-] 

�                Tooth width[m] 

�                Flow amount factor[-] 

υ                Poisson Module [ -] 

�                Density[kg/m3] 

�                Stress[Pa] 

�                Mass flow coefficient [s√�/��] 
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1 INTRODUCTION 

A steam turbine is a mechanical device that extracts thermal energy from pressurized steam, and 

converts it into electrical power by the rotation of a shaft. The use of turbomachines is fundamental 

for the energy production and the improvement of their performances will make more efficient the 

energy production. 

World energy consumption is predicted to grow with a significant impact over the next decades 

and the necessity of limiting the global warming, with new energy policies calling for a wide-scale 

use of sustainable technologies, make the role that will be played by renewable sources crucial. It 

was estimated that the share of renewable energy in global power generation growing up over 26 

% by 2020 from 22 % in 2013 which by 2020 will lead to an energy production by renewables 

higher than today’s combined demand of Brazil, China and India [1]. 

One of these sources and solutions for the future is represented by solar power, which is a 

potentially inexhaustible source. Steam turbines can be driven in Concentrating Solar Power Plants 

(CSPPs) by heating the steam using the sun power. These machines experience a much higher 

number of starts than the machines in base-load plants, even during the same day, due to the 

uncontrollable nature of the solar radiation. Furthermore, they need to be started faster to use as 

much efficient as possible the energy coming from the sun, otherwise this will mean losses of 

energy. Therefore, the turbines need to have features allowing for a higher thermal flexibility [2]. 

The multiple starts change the conditions of the turbine and this leads to transients. Due to this 

unsteady condition, the metal experiences high thermal stresses and this influences the lifetime of 

the turbine and problems related to differential expansion between the rotor and the casing can 

occur. Both expansion and stresses are dangerous for the operability of the turbine especially 

because they can create cracks and expansion of the casing [3]. 

In order to understand how a turbine has to be started manufacturers provide the so called “start-

up curves”, which set the rate for the machine to reach full load and nominal speed; then these 

curves also give the total time needed for the start-up. They put a limit on the admitted temperature 

difference between the material and the steam. Then the warmer is the turbine the faster will be 

the start.  

The study of this topic and the development of faster and useful tools to predict the thermal 

behavior of steam turbines is important to improve existent technologies and for the future ones. 

The Concentrating Solar Power group at KTH developed a tool able to accomplish this goal that 

is named ST3M. This structure is a coupled scheme of MATLAB and COMSOL Multiphysics, 

which leads to a rapid and accurate solution for a given model of solar steam turbine regarding its 

thermo-mechanical properties [4]. 
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In this thesis work, a previous version of ST3M was taken under development considering a small 

solar high pressure turbine as study case; having set all the necessary parameters to run the model, 

the work was focused on the improvement of the code to validate the model. The validation process 

was carried out comparing the results of the simulations against measured data of the power plant 

of the turbine. The validation and all the successive steps of the thesis were focused on the start-

up periods that the turbine experiences; three of them were then chosen and the results of the 

computations compared to the correspondent data. The validation comprised only metal 

temperature distribution of specific points in the domain of the turbine, but simulations on 

differential expansion were performed as well to obtain a more complete description of the thermal 

behavior of the turbine. 

The analysis of the results highlighted some aspects on the model the introduce errors in the results: 

the modular approach of the tool for the geometry, the possibility of using empirical Nusselt 

Correlations and the influence that the cavity Boundary Condition had on the thermo-mechanical 

properties of the turbine. Therefore, sensitivity studies were carried out to understand how large 

was the influence of these aspects on the model and if there was the possibility of refine it. The 

sensitivity studies covered both the metal temperature and the differential expansion of the turbine. 

The experience of the validation process and the sensitivity studies were useful to think and 

propose a strategy for future works on similar turbines to the one of the thesis. In this way, the last 

chapter can be used as a guide to accelerate the process of validation, generalizing the milestone 

steps and giving a description of what are the most influent conditions, parameters and aspects to 

take care of.  
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1.1. Objectives 

This thesis work has three main objectives: 

 Validate a model of a small HP industrial solar steam turbine, with new assumptions about 

the BCs for the heat transfer, comparing the results of the simulations against the data of 

the power plant in terms of metal temperature and study the behavior of the differential 

expansion; 

 Investigate the impact of different aspects of the model, regarding the approximation of the 

geometry and the most influent BCs; 

 The results of these sensitivity studies were compared to the validated model and a strategy 

to validate any other similar turbines was proposed.  

1.2. Methodology 

The main objectives of the thesis have been achieved with three steps: development of the HP 

turbine model using the tool ST3M, validation of the same model and sensitivity studies on the 

most influent aspects on the results of the model. 

The development of the model consisted in different phases. First of all a study of the previous 

version of ST3M, already developed at KTH, was performed in order to understand the different 

functions in the MATLAB environment and consequently in the COMSOL environment; from 

this step the parameters of the turbine under investigation (geometry, thermodynamics and 

material) have been filled into ST3M. 

After this first step different assumptions regarding the BCs for the heat transfer were made, and 

comparing the results of the different simulations against the measured data of the power plant. 

This allowed understanding the level of accuracy of the new correlations and hypothesis. 

Subsequently, different sensitivity studies were carried out to investigate the impact of the 

geometrical approach on the locations of interest for the validation and how the BC regarding the 

cavity of the turbine and empirical Nusselt correlations affect the results of the validation process. 

These studies were focused both on metal temperature of the turbine and differential expansion. 

Finally, a strategy to validate other similar turbines to the one of the study case was proposed 

considering the experience of this work with a generalized logical process.  

1.3. Structure  

This thesis is structured in five chapters. Chapter 1 is an introduction to the topic of the thesis 

with the aim to explain also the objectives and the methodology of reaching them of this work. 

Chapter 2 gives an overview on the history of steam turbines, their use today and the main 
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thermodynamic and mechanical processes involved in the study of the thesis. Chapter 3 

describes the used tool for the validation and the sensitivity studies. Chapter 4 presents the 

results for the validation of the model, the results of the sensitivity studies and the strategy for 

future works. Chapter 5 summarizes the all work and propose future works. 
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2 STEAM TURBINE THEORY 

 

 

2.1. Introduction 

Steam turbines belong to the sub-group of fluid machines called “turbomachines”. These machines 

work with fluid on a rotordynamic principle by changing swirl momentum with static and rotating 

blades [5]. The word turbo or turbinis is of Latin origin and implies that which spins of whirls 

around [6]. 

Sir Charles Parsons invented its modern manifestation in 1884 and used it for lighting an exhibition 

in Newcastle. It has almost completely replaced the reciprocating piston steam engine primarily 

because of its greater thermal efficiency and higher power-to-weight ratio. Because the turbine 

generates rotary motion, it is particularly suited to be used to drive an electrical generator – about 

80% of all electricity generation in the world is by use of steam turbines [7]. 

The invention of Parson's steam turbine made cheap and plentiful electricity possible and 

revolutionized marine transport and naval warfare; several other variation of his invention have 

been developed through the years to work in a more efficient way with the steam. In America 

Westinghouse got a license and he designed a similar machine, De Laval invented the impulse 

turbine (figure 1), which is probably the simplest model since it accelerates at full speed the steam 

before it interacts with the blades and Stodola was the father of the modern theory of steam and 

gas turbines.  
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Figure 1: De Laval turbine (impulse type) 

Modern steam turbine designs for electrical power generation are the result of more than 90 years 

of engineering development. The product line of fossil-fueled, reheat steam turbines for both 50Hz 

and 60Hz applications extends from 125-1100 MW and is based on a design philosophy and 

common characteristic features that ensure high reliability, sustained high operating efficiency and 

case of maintenance. 

Differently from gas turbines, which need a combustion chamber to heat up the fluid at the desired 

temperature, steam turbines are suitable in different kind of power plants. Steam is mostly heated 

up by fossil sources but any convenient source of heat can be used: 

 In fossil-fueled plants, steam is warmed up by burning fuel, mostly coal but also 

oil and gas, in a combustion chamber. Recently these fuels have been supplemented 

by limited amounts of renewable biofuels and agricultural waste. The chemical 

process of burning the fuel releases heat by the chemical transformation (oxidation) 

of the fuel. This can never be perfect. There will be losses due to impurities in the 

fuel, incomplete combustion and heat and pressure losses in the combustion 

chamber and boiler; 

 Nuclear power. Steam for driving the turbine can also be raised by capturing the 

heat generated by controlled nuclear fission; 

 With geothermal energy, steam emissions from naturally occurring aquifers are 

also used to power steam turbine power plants; 
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 Solar power can be used to raise the steam as in Concentrating Solar Power Plants 

(CSPPs). 

For all of these power plants steam turbine is the prime mover [8]. 
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2.2. Rising worldwide demand for energy  

The world energy use is expected to increase by between 27% and 61% 2050 [9]. At the same time 

energy polices change and it is hard to predict their trend because of the radical mutation in energy 

supply; technological breakthroughs have also accelerated the adoption of renewables. Then the 

final goal should be both related to improve the already existing technologies, making them more 

efficient and at the same time explore new solutions in the field of renewable sources. Even though 

fossil fuels will remain dominant up to 2050 when considering future energy scenarios, it is 

expected that growth rates will be higher for renewable energy sources with increase of the global 

share of 5-10% [10]. 

Therefore, the runaway growth of the use of renewable creates new problematics related to the 

fact that most of this technologies depend on sources, which are intermittent such as the wind, 

waves and the sun. As such, combining these variable sources of energy with the conventional 

technologies is a great problem because the already well developed technologies will need to be 

able to adapt as quickly as possible to fluctuations in the primary energy supply. 

This problem is the one that the solar steam turbines have to face; steam turbines employed in CSP 

plants need to match the application specific demands including a large number of starts, rapid 

start-up capabilities as well as re-heat options for maximum performance. Starting a power plant 

within a short time to fill the gap of fluctuating power generation is an important capability in 

order to participate in today’s and tomorrow’s energy market [11].  
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2.3. Concentrating Solar Power 

The concept of CSP comes from the possibility of using high-temperature heat from concentrating 

collectors to generate power in conventional power cycles such what a steam turbine set requires 

instead or in addition to burning fossil fuel. However, this solution is best suited for areas with 

high level of direct radiations [12], because they are not able to use radiation that has been diffused 

by clouds, dust or other factors [13]. These areas are situated in the Sun Belt region as possible to 

see in figure 2. 

 

Figure 2: Suitable locations for solar thermal power plants across the Sun Belt 

The concentration of sunlight is achieved by mirror that directs a large area of sunlight onto a small 

area to concentrate it; this process is related to a heat exchanger, which is composed of a receiver 

and an absorber. Then the energy is transferred to a heat transfer fluid.  

According to the principles of thermodynamics a power cycle convers heat to mechanical energy 

more efficiently the higher the temperature is. Unfortunately, the collector efficiency drops with 

higher temperature of the absorber; this is due to heat losses. Therefore, it is necessary to find a 

compromise to reach the optimum temperature in terms of overall efficiency. 

There are four main forms for the concentrating technologies that can be distinguished by the 

arrangement of their concentrator mirrors, as shown in figure 3: 

- Parabolic trough; 

- Dish Stirling system; 

- Concentrating linear Fresnel reflector; 

- Solar power tower. 

The solar steam turbine under study runs in a power plant equipped with a parabolic trough. This 

type of solar thermal collector  is straight in one dimension and curved as a parabola in the other 

two, lined with a polished metal mirror. The energy of sunlight , which enters the mirror parallel 

to its plane of symmetry, is focused along the focal line, where objects are positioned that are 
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intended to be heated. The other arrangements have different types of reflectors: the Stirling system 

concentrates the light onto a receiver using a parabolic reflector, Fresnel reflectors are flat mirrors 

with the aim of concentrate the sunlight onto one or more linear absorbers and lastly solar power 

tower are CSPPs consisting of a large number of two-axis tracking mirror called heliostats [12].  

 

Figure 3: Concentrating solar power plants (a) parabolic trough, (b) concentrating linear Fresnel reflector, (c) dish 

Stirling, (d) solar power tower. 
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2.4. Steam turbines thermodynamics 

2.4.1. Basic Cycle 

The basic and ideal thermodynamic cycle, on which all the aforementioned power plants are based 

on, is the Rankine Cycle (figure 4). There are four processes in the Rankine cycle: 

 Process 1-2-2’: The working fluid is pumped from low to high pressure. As the fluid is a 

liquid at this stage, the pump requires lower energy compared to the one obtained in the 

turbine; 

 Process 2-3’-3: The high pressure liquid enters a boiler where it is heated at constant 

pressure by an external heat source to become a dry saturated vapor. The input energy 

required can be easily calculated graphically, using an enthalpy-entropy chart (Mollier 

diagram), or numerically, using steam tables; 

 Process 3-4: The dry saturated vapor expands through a turbine, generating power. This 

decreases the temperature and pressure of the vapor, and some condensation may occur; 

 Process 4-4’-1: The wet vapor then enters a condenser where it is condensed at a constant 

pressure to become a saturated liquid. 

All of the described process are ideal, in the sense that in reality there cannot be isentropic 

processes or isobaric processes due to the presence of losses.  

 

Figure 4: Rankine Cycle  
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2.4.2. Thermodynamics of Steam Turbines 

The analyzed process in this thesis work refers to the expansion of the steam in the turbine. Several 

thermal and fluid dynamic phenomena happen in the interaction between the fluid and the blades 

of the turbine. The steam expansion is the most important; usually it is drawn on the h-s diagram. 

Starting from the inlet conditions of pressure and temperature the fluid expands in the blade rows 

of the machine exchanging its thermal and kinetic energy with the blades, generating force on them 

due to the pressure gradient. A typical steam expansion is sketched in figure 5, where the index 1 

refers to the inlet and 2 to the outlet of a single stage.  

 

 

Figure 5: Steam expansion line [1] 

 

Since all the processes are real, the expansion is not isentropic and for this reason, losses in the 

machine are present due to the friction between the fluid and the blades. Therefore, the useful 

enthalpy difference to generate work is less than the ideal one and as common for all the thermal 

machines, the isentropic efficiency is defined by the meaning of the equation (1):  

 

                                                   � =
�������

��������
                             (1) 

 

Where the index s represents the enthalpy that would be reached by the steam if the expansion 

were isentropic. The machine extracts work from the fluid by the enthalpy drop and the obtained 

power �  ̇can be expressed by formula (2) 
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                              �̇= �̇(ℎ�� − ℎ��)                    (2) 

In which the ℎ� is called the stagnation enthalpy of the fluid, and it is the combination of the static 

enthalpy ℎ and the kinetic energy 1 2⁄ �� and �̇ is the mass flow.  

Employing Newton’s second law in form where it applies to the moments of forces brings to a 

formula, which is of central importance for the energy transfer process in turbomachines.  

The equation is referred to as Euler’s turbine equation [6]. This equation allows to calculate the 

specific work produced by a single stage of turbine as follows in equation (3) 

            Δ� � = (ℎ�� − ℎ��)= (����� − �����)         (3) 

 

Or alternatively 

                                    Δℎ� = Δ(���)                          (4) 

Equation (4) depicts perfectly the idea of turbomachine: a change in total enthalpy and a 

consequent extractable work can be achieved only if a swirl is provided to the fluid. The swirl can 

be achieved by a difference in the tangential component of the fluid velocity (the index to which 

the tangential direction refers is �). 

All of these equations and processes are related to a single stage of turbine; it is called stage the 

combination of two blade rows: the first one static and the second one that rotates and therefore 

they are called stator and rotor.  

Steam turbines are never single stage turbine but they are designed to be multi-stage. This allows 

to increase the efficiency of the overall cycle (Rankine cycle) trough regeneration by steam 

extraction between the different stages and to reduce problems relative to have too high exhaust 

velocity at the condenser (that can lead to structural problems on the blades). 

When the turbine has to run under conditions which diverge from the design it is possible to 

evaluate the new conditions with a rule credited to Stodola (1945) [14]. With this rule, a method 

to evaluate the highly non-linear dependence of extraction pressures with the flow in multistage 

turbines [15]. This law relates the mass flow and the pressures (inlet and outlet) by the declaration 

of constant turbine pressure ratio; more over it states that if the pressure after a certain number of 

stages varies in proportion with the steam amount, the pressures of the previous stages vary with 

the same trend. This means that the back pressure determines the pressures in the overall turbine. 

In order to apply this law it has to be assumed that the mass flow in each stage is constant and 

therefore, it is applicable to the whole multistage turbine. This rule has been used for many years 

in steam turbine practice and it is used in the thermal model for the off design calculations.  
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2.4.3. Gland steam sealing 

One of the major component for a steam turbine are the labyrinth sealings. They are placed at the 

beginning and at the end of the shaft and their function is double depending on the operating 

condition of the turbine. If the turbine is on load, the sealings have the purpose of preventing the 

leakage of the steam, whereas if the turbine is not running they are used to prevent the entrance of 

air in the machine [16]. Minimizing these leakages if therefore important because it has a great 

impact on the overall cycle efficiency. Figure 6 displays the typical location of a labyrinth joint. 

 

Figure 6: labyrinth joint geometry in steam turbine rotor and passage of steam trough the sealings during operating 

conditions (2a) and off conditions (2b) [4] 

During stand-by, the gland steam is entirely supplied from an external source (Figure 6b). In order 

to maintain the turbine sealed from the ingress of external air, the external gland steam is injected 

into the labyrinth joints [16]. Due to the vacuum conditions in the condenser, the low-pressure side 

of the low pressure turbine is provided with external gland steam even during normal turbine 

operation. Each end of the shaft is subject to different temperature conditions, and for this reason 

the seals are provided at two different temperature levels to avoid temperature gradients with the 

shaft conditions. In this way, no thermal stresses are induced. 

Increasing the turbine load brings the steam that flows trough the seals to be a mixture of leaked 

steam and injected steam. After reaching a certain load the sealings are self-sustained by the leaked 

live steam and for this reason non injection is needed anymore. The level of loading for self-

sustainment depends on each model of turbine but typical values are in the range of 40% -60%. 

Labyrinth seals are designed with different geometries depending on the application (figure 7 for 

a stepped labyrinth geometry). 
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Figure 7: Stepped labyrinth geometry [17] 

 

The steam expands trough the labyrinths by throttling; this means that the pressure decreases and 

the enthalpy level is constant. The nature of this flow is described by a Fanno line [17] that makes 

the leakage mass flow dependent on the steam inlet conditions, the outlet pressure and the costant 

of the seal as possible to see in equation (8).  

Each leak path within the seal is characterized by a seal constant, Cseal. This constant expresses 

how constrained the path is for the flow and can be expressed as a function of geometric 

parameters, as it shown in Equation (6). The leakage mass flow is then calculated in each path 

using equation (5). 
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      (5) 

 

Where �̇���� is the gland steam mass fow rate, P the pressure, νin the specific volume at the inlet. 

 

              �����=
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            (6) 

 

Where ds the sea diameter, δ the seal clearance, z the number of teeth, τ the tooth pitch of the seal 

and λ the tooth width. 

For full load operation and stand by, necessary input and details for the gland sealing network are 

provided by the manufacturer, the seal constant and the corresponding mass flow are then 

calculated using (5) and (6). 
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2.5. Steam turbine transient operation and flexibility  

2.5.1. Start-ups 

The required flexibility for the steam turbines nowadays makes the design requirements of the 

machines higher than in the past. Faster starts and load changes are required while maintaining 

operational safety [18]. In power stations, renewables or not, the principal factors to be considered 

are related also to availability and economy [19]; in order to satisfy these factors, limiting criteria 

have to be respected. These limits regard how the turbine reacts to transient conditions from a 

thermo-mechanical point of view. 

The parameters that influence the most the thermal behavior of a steam turbine are the following: 

 Speed; 

 Steam pressure; 

 Steam temperature. 

The speed influences the centrifugal stress and it is source of vibrations; the steam pressure and 

temperature have a strong impact on all the components of the turbine in terms of stresses and 

deformations. Especially the temperature put limits on the loading of the machine, since 

temperature differences occur both in steady and transient states. The transients regard variable 

operations of the turbine while bringing the turbine to steady state conditions. 

One major aspect concerning the transients in steam turbines is represented by the start-up phase. 

The start-up process of steam turbines connects several engineering subjects, such as stress 

analysis, heat transfer and heat conduction calculation, material properties and thermodynamic 

conditions [19]. 

The initial thermal response of a steam turbine during transient start-up conditions is characterized 

by the temperature differences of the incoming steam, which result in temperature gradients within 

the turbine metal [20]. The high temperature gradients can induce relevant thermal stresses and 

seriously damage all the components of the turbine.  

Depending on the initial metal temperature of the turbine the start-ups can start from a cold state, 

a warm state or a hot state and this condition influences the duration of the start-up; this will be 

explained in §2.5.2. 

The process of start-up for steam turbines can be divided in the following sub-phases: 

 Pre-warming; 

 Rolling; 

 Loading. 
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Turbine preparation to start-up begins with barring the rotor by the turning gear, which operates 

as teeth gear, driven by an electrical or hydraulic motor. Prior to switching on the turning gear, the 

oil cycle is open [21]. After starting the oil system and turning gear, the condensation system can 

be started, that is cooling water, air ejection and condensate pumping systems. Simultaneously, 

gland steam system is started to prevent air in-leakage; the gland steam must have an appropriate 

temperature in order to avoid thermal stresses. Then before the admission of the live steam in the 

turbine, the steam supply pipelines have to be warmed up. 

 

2.5.2. Start-up curves 

Starting a turbine as fast as possible is important, and the start-up time is related to the allowed 

thermal stress for the material; this means that the faster the turbine is started the higher is the 

thermal stress and therefore a compromise has to be found. Live stress controllers can be used in 

order to monitor on-line the state of the turbine components where it is possible; anyway, the so-

called start-up curves can be used as well. They schedule how the turbine can reach nominal speed 

and full load and the turbine manufacturer, considering the maximum stress in critical thick-walled 

components (casing and rotor), establishes them. The purpose of the curves is to maintain thermal 

stresses under a given temperature dependent limit [22].  

The types of start-up curves are related to the lowest metal temperature before the beginning of 

the start, as discussed before. Then the choice of one curve or one another is related to this 

temperature. Knowing it, the permissible temperature step and allowable limit determine the start-

up time [21]. All considerations lead to the conclusion that, the warmer is the turbine the faster 

can be the start. 

 

FIgure 8: Typical start-up curves for steam turbine: hot, warm and cold start-up 
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2.5.3. Start-up Phenomena  

The main phenomena occurring during start-ups and that limit the starting time, are due to the 

unsteady temperature gradients that take place between the steam and the different components of 

the turbine. From these gradients and a not uniform temperature distribution, stresses and strains 

affect the material of the machine. 

The surface of the material, which is in contact with hot steam, has a higher temperature than the 

deepest part and it tends to expand, but the neighboring layers of lower temperature restrain the 

expansion and then internal thermal stresses occur [3]. The maximum thermal stress, in elastic 

range, is expressed by the meaning of equation (7): 

          � =
�∙��

(���)
(�� − ��)               (7) 

Where � is the Young modulus, �� is the mean linear expansion coefficient, � is the traverse 

expansion coefficient, �� is the mean integral temperature and �� is the initial temperature. 

Further, several factors aggravate the thermal stress states of turbine during start-ups. The initial 

temperature of the metal is one of them; in order to avoid shock due to excessive gradients it is 

desirable that the steam and the metal have same temperature level. Moreover, since the steam is 

injected from the inlet section and it warms the different components with its flowing, an axial 

gradient takes place as well. Component thickness is another factor to consider as thermal stresses 

are more critical in thick-walled components. This is due to the fact that such a component is 

subject to great temperature differences throughout its radial thickness. Consequently, the 

permissible steam temperature transient during start-up decreases quadratically as the component 

thickness increases. All of these factors lead to longer times before reaching nominal steam 

conditions.  

Combining thermal stresses, high pressure and cycling on the machine due numerous starts and 

shutdowns throughout the lifetime of the turbine, may produce fatigue crack [23]. LCF occurs 

when stresses are close to the yield limit of the material and therefore plastic strain occurs. Usually, 

LCF is presented as plastic strain against cycles to failure. Cracks can occur in the components of 

the turbine due to fatigue if thermal stresses are too high [24].  

Lastly, problems related to thermal expansion and not stress are not negligible. The main cause is 

represented by the axial temperature distribution and depending on how the component is heated 

or fixed. The amount of free thermal expansion ∆�, reached after heating up to a certain 

temperature �, can be calculated using equation (8): 

          ∆� = �� ∙�� ∙(� − ��)               (8) 
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This equation represents absolute thermal expansion in relation to a fixed point in a foundation. 

But since the difference in mass the experienced expansions by rotor and casing are different (the 

casing is heavier than the rotor) [3], differential expansion is therefore defined  by equation (9):  

          ∆���� = (∆���� − ∆����)               (9) 

Free expansion is not a problem because it does not affect the lifetime of the turbine and it does 

not damage it; differently the relative expansion between rotor and casing is a problem. Moving 

and stationary parts must not enter in contact. This phenomena is called rubbing and it is 

dangerous as the thermal stresses; Differential expansion exists also at steady state but largest 

values are assumed during transients (run-up, loading). During start-up rotor expands radially 

due to both rotational speed and higher temperature than the casing. Relative change of 

dimensions leads to decreased clearances in the turbine steam path, both in radial (radial 

clearances) and axial (axial clearances) direction. Excessive expansion would lead to zero 

clearances and rubs in the steam path resulting in damages to the blades and the seals.  
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3 STEAM TURBINE TRANSIENT THERMAL TOOL AND 

MODELING 

 

 

3.1. Introduction and Motivation 

Considering all the problems related to the start-up of the steam turbines, improvement and 

optimization of the operation of the machines become necessary. This is a strong motivation to 

implement models, which can simulate and give accurate predictions of the thermal behavior and 

the temperature distribution within the material. 

At KTH (Division of Heat and Power Technology), a dynamic tool to model thermal transients 

of steam turbines was developed and called ST3M in previous works [4]; ST3M is a code tool 

combination of MATLAB and COMSOL with the aim of give an accurate evaluation of the 

thermo-mechanical properties of steam turbines after the transients they experience.  

In general, the model is a Finite Element analysis of the metal of the turbine, which is performed 

considering the thermal stresses generated during the transient operation of the machine. In this 

thesis work, a new version of ST3M was developed for the model of a solar steam turbine (HP16 

in Andasol power plant). The development was mainly focused on implementing new BCs in the 

model to validate it and then to investigate how the BCs influenced the results.  

3.2. The structure of ST3M 

The logical flow of ST3M, sketched in figure 9 is based on setting different input parameters, 

which are necessary to perform the overall calculation in different steps; after have chosen a 

specific study case the first logical block of the tool regards the MATLAB code. The boxes are 

different in both color and shape: the rectangular white boxes represent the processes that ST3M 

performs after having set the inputs; the inputs are colored in grey and green. The main difference 

between them is that the grey inputs are design inputs of the turbine (they can be provided by the 

manufacturer) while the green ones represents inputs regarding the operational conditions of the 

turbine. 

Once having defined all inputs, ST3M begins computing with the data of live steam and gland 

steam all the thermodynamic properties of the expansion, both nominal and off-design, and the 

leakage flows of steam in the labyrinth seals. This are then combined with the model geometry 

and the Nusselt correlations established by the user in order to calculate the related heat transfer 
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coefficients. Once having this, it is possible to formulate the thermal boundary conditions for the 

FEM model. In addition, the live steam properties are also part of the evaluation of the anisotropic 

material parameters. This is because ST3M models the turbine geometry in different blocks. More 

specifically, due to the presence of gaps and clearances, the conductivity of the blocks for the rotor 

discs and stator carriers is considered anisotropic in order to account for the mixture of steam and 

metal properties. 

The advantages of ST3M come from both MATLAB and COMSOL, because all the physics is 

solved by the library of COMSOL and there is the possibility of interact from the MATLAB 

environment directly on the code structure and algorithm. A user can change both the green and 

grey inputs, allowing to use the tool for different conditions and to analyze several aspects of the 

thermal behavior of the turbine. In the next paragraph, the main performed processes by ST3M are 

explained in terms of inputs, outputs and calculations. 



 38 

 

Figure 9: ST3M Algorithm 
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3.2.1. Modular Geometry Process  

ST3M is able to describe different turbine geometries in spite of their complexity. The approach 

that is applied to do that is a modular approach; the geometry of every turbine can be drawn by 

ST3M considering the coordinates of the main components and zones of interest in the radial and 

axial direction (since the module is axisymmetric the tangential direction is not taken into account). 

This characteristic of the tool is therefore important for future analysis of different turbines and 

for the geometric comparison between similar models.  

The inputs to describe the geometry of a turbine using the modular approach are the following: 

number of stages, number of extractions and the relative position of every stage with respect to the 

extractions. The turbine geometry, modeled in this way is, is analyzed considering three main 

sections: inlet, blade passage and outlet, as shown in figure 10.  

 

 

Figure 10: Real geometry of HP turbine with the sections of modular geometry 

The widths of the modules depend on the number of stages and they are composed of casing, 

shaft, disc and diaphragm domains; differently for inlet and outlet, the modules are only 

composed of casing and shaft and the way they are divided depends on the lengths of the 

bearings and labyrinth joints. Lastly, in the blade passage the partitioning occurs at every steam 

extraction point. The output of the modular geometry process is shown in figure 11 and the 

overlapping of the two geometries is appreciable in figure 12. 

 

INLET OUTLET BLADE PASSAGE 
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Figure 11: Modular geometry of the HP turbine with the sections of modular geometry 

 

Figure 12: Overlapped real geometry and modular geometry of HP16 
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3.2.2. Off-design Steam Expansion Process  

The live steam expansion is modeled in the MATLAB environment by the off-design steam 

expansion process. All the steam properties are computed using XSteam, a MATLAB function. 

The necessary inputs for these calculations come both from live steam data (steam temperature 

and pressure, rotational speed of the shaft, opening rate of the valve), provided by the 

manufacturer, and operating conditions that can be set by the user. In order to evaluate all the other 

properties related to the expansion of the steam in the blade passage, an iterative process is 

performed which calculates the off-design isentropic efficiencies [25] and then applies the 

Stodola’s cone law [26]. 

The isentropic efficiency is calculated using equation (10) 

                     �� = ��� − 2�
�
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�
∆���

∆��
− 1�

�

               (10) 

In which  ��� is the nominal isentropic efficiency, obtained from the nominal design conditions of 

the turbine. N and ∆ℎ� are the off-design rotational speed and isentropic enthalpy variation, 

respectively. Those denoted with the subscript “0” represent the nominal versions of these same 

properties.  

Then using Stodola’s cone law it is possible to relate the mass flow coefficient to the pressure ratio 

across the unit. The mass flow coefficient is defined in the equation below 

                                � = �̇�
�

�
                                 (11) 

Where v is the specific volume of the steam and P the pressure. The expansion is considered as it 

was in a single nozzle and with these assumptions the elliptical proportionality, typical of Stodola’s 

rule, is represented in equation (12)   
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Thanks to this proportionality, it is possible to relate the nominal condition to the off-design 

conditions with equation (13) 
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Introducing the “Stodola constant” Y, fixed for all loads [26] in equation (14) 
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                   (14) 

The off-design mass flow is computed using equation (15)  

                   �̇ = �
���

������
�

� ∙� ∙��
                         (15) 

The outputs of the process are all the thermodynamic properties of steam in off-design 

conditions and the mass flows (depending on the number of extractions). These outputs are 

useful for the following processes regarding the material properties, the transient gland steam 

sealing process and the heat transfer calculations to set the BCs of the FEM. 
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3.2.3. Transient Gland Steam Sealing Process  

This process calculates the properties related to the leakage flow of the gland steam sealings in the 

turbine. In order to do that the parameters at steady state and off design conditions are provided 

by the manufacturer and read by the code as inputs; the calculations are firstly performed at full-

load operation by using equation (6) to evaluate the sealing constant for each leaking path and 

equation (5) for the full-load leakage flow. 

Once the sealing constants have been evaluated, the model calculates the off-design leakage flow 

using again equation (5). In this case, the used inputs are the off-design load conditions. At the 

same time, the gland steam properties are calculated as well. This calculation is based on the load 

of the turbine, as this amount determines the proportion of external gland steam to internal leakages 

from live steam to the seals. All these properties and the leaked mass flow are then used to define 

the BCs on the surfaces of the gland steam sealing paths. This process is explained in §3.3.4. 

3.2.4. Anisotropic Material  

The domain is divided in four main blocks, sketched in figure 13. The rotor and casing blocks are 

modeled as isotropic material while the rotor and stator blade disks are differently modeled.  

Figure 13: Main blocks of the FEM 

Rotor and stator blade disks are respectively discs and diaphragms and the conduction in the radial 

direction is preferable while in the axial direction the material has a high resistance to the heat 

diffusion. Therefore, the material in these two blocks is modeled as anisotropic. This is justified 

by the presence of gaps, convoluted geometry and clearances in that region. From this assumption 

the steam and the metal in this zone are modeled as one conducted zone; the thermal conductivity 

Isotropic 

Casing 

Rotor 

Anisotropic 

Diaphragms 

Discs 
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is then calculated in the axial and radial direction with the rule of mixture, considering the steam 

gap fraction � in equations (16) and (17)  

������� = �∙������ +  (1 − �)∙������      (16) 
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3.2.5. Heat Transfer Calculations Process  

In order to perform the study on the FEM and set the proper BCs to solve it, ST3M performs the 

calculations on the heat transfer properties of the turbine under study. This is achieved using as 

inputs the outputs of the processes regarding live steam and gland steam, the geometry data and 

if needed empirical Nusselt Correlations. The new version of ST3M is also able to calculate one 

time all the Heat Transfer Coefficients (HTCs) and store them in file .txt, avoiding for repeated 

simulations the same calculation. How the HTCs are computed is explained in the chapter of 

validation results and the empirical Nusselt Correlations come into play for the sensitivity studies 

performed in this thesis work.  
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3.3. Validated Model Boundary Conditions  

In order to solve the heat conduction equations of the FE model, the choice of proper boundary 

conditions plays a crucial role. Only defining the right ones allows to reproduce the right thermal 

behavior of the turbine and to post process the result afterwards. In heat conduction, the physical 

phenomena of major interest, from where the different BCs come, are the conduction itself and the 

convection that the material can experience with a moving fluid on its boundary [27]. The FE 

model from a mathematical point of view reduces the differential equations (19), the BCs and ICs 

to an algebraic system.  

Considering the physics of heat conduction the possible BCs for the boundaries of the domain are 

the following: 

 Isothermal boundary; 

 Insulated boundary, a boundary where heat flux is negligible and therefore the surface is 

assumed adiabatic; 

 Convective heat flux on the boundary due to the presence of a moving fluid. 

For the study case, the most common BC is the convective heat flux since that the largest part of 

the turbine and its components are in contact with live steam, leaked steam or gland steam. Since 

that, the start-up periods are under investigation the convection with ambient air is considered 

negligible. The axis of the shaft is considered adiabatic for the assumption of axisymmetry. Figure 

14 shows the different boundary conditions applied to the model for the validated HP turbine 

 

FIgure 14: Thermal Boundary Conditions  

As described in the chapter of steam turbines theory, the start-up period can be studied considering 

three sub-phases: pre-warming, roll-up and loading phase. Considering the different stages of a 

start-up the BCs need to be set according to the physical phenomena occurring; for this reason, 

every condition refers to a specific stage (or more) of the investigated period. The tool, based on 
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the acceleration rate of the shaft read as input data, calculates the three different phases and then 

logical constraint are applied to the BCs.  

 Pre-warming Rolling Loading 

Bearing Oil X X X 

Gland Steam X X X 

Live Steam  X X 

Leaked Steam   X 
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3.3.1. Bearing Oil Temperature 

The bearing boundary condition is applied to all bearing surfaces. They are considered as 

isothermal surfaces [28], where the temperature is the oil temperature that is in contact with the 

outer surface of the shaft. This condition is considered active over the all period of start-up and it 

has to be adapted every time step because the acceleration of the shaft increases the friction 

between the oil and the shaft. The friction goes into thermal energy and then the temperature raises 

as the shaft speed; however, the temperature of the oil has to respect a maximum limit in order to 

avoid functional problems for the bearing. For this reason, the two inputs for the calculations of 

this BC are the temperature of the oil at OFF condition and the temperature at ON condition.   

3.3.2. Convection to Live and Leaked Steam 

The interaction between live steam and the metal is a convective heat flux condition. During the 

rolling and loading phases, all the surfaces in contact with the incoming live steam become 

engaged and drive the heat transfer process.  

The heat transfer calculations process computes the HTCs; the tool is able to calculate HTCs if the 

manufacturer gives them or empirical Nusselt Correlations are implemented (as done in the 

sensitivity analysis of the HP16 model). 

The first case regards the validated model and for the study case, the nominal values were known 

for the inlet section, the stages in the blade passage, the outlet section and the inter-casing cavity. 

In figure 15 the nominal values of the HTCs for the blade passage per stage are shown. Since that 

the stages of the turbine were not part of the geometry of the model, a logical condition on their 

coordinates was set into COMSOL to use them in the right zone.  

 

Figure 15: HTCs in the Blade Passage (nominal values) 

 In order to calculate the off-design values, the nominal HTCs were scaled according to the well-

known Nusselt correlations as in equation (18) 
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Equation (20) was applied for the inlet, outlet, blade passage and cavity of the turbine model. 

Different Nusselt correlations will be implemented to carry out a sensitivity study on their impact 

on the model. For the cavity of the inter-casing it was assumed that the boundaries have the same 
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temperature of the leaked steam, which flows only during the loading phase. The HTC for this BC 

was given by the manufacturer and scaled for off-design condition as in equation (18). 

3.3.3. Condensation Phase 

Condensation occurs when the temperature of a vapor is reduced below its saturation temperature. 

In steam turbines, the process commonly results from contact between the vapor and a cool surface 

[20]. The latent energy of the vapor is released, heat is transferred to the surface, and the 

condensate is formed [27]. For this reason a logical condition was set for all the boundaries in 

contact with live steam, and the HTC was defined according to the two heat transfer phases of 

convection and condensation, comparing the surface metal temperature with the saturation 

temperature of the steam for each time step.  

 

3.3.4. Convection to Gland Steam 

The gland steam condition is set in the end seals of the shaft and in the casing where relevant; 

differently from the live steam BCs, the process of transient gland steam sealing calculates all the 

properties considering the mode of operation of the turbine. This is possible using as inputs the 

outputs of the off-design steam expansion process and the gland steam data. No logical conditions 

are needed for this BC on the time range. The corresponding HTCs were calculated using equation 

(19)[28], where ℎ is the height of the expanding chamber and � the radial clearance. 

                   �� = 0.476∙�
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�
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∙���.����.��         (19) 

The leak flows within the labyrinth paths of the seal are of different magnitudes and this makes 

the HTCs to be different as well. This is because the paths are connected to the seal, to the 

condenser and the pipe; the geometry of the gland steam network was divided into the number of 

sections and proportions corresponding to each leakage path. 
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3.4. FEM and Time Integration (COMSOL environment) 

The model that allows calculating the temperature distribution of the turbine comes from the 

differential equation of the heat diffusion in solids (20)  

            ∇ ∙(�∇�)+ �̇ = ���
��

��
             (20) 

Since that the problem in exam is related to a turbomachine the frame of reference in which the 

equation is written is the cylindrical one; for this reason the spatial derivative are made with respect 

to �,� and �. The heat diffusion equation is then rewritten as equation (21) 
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One assumption that simplifies the model is the axisymmetric; with this assumption, it is possible 

to study the turbine in a 2D domain and the derivatives respect to � are 0. This assumption is 

assumed to be valid, even though turbines cannot be considered completely axisymmetric for the 

presence of casing flanges or inlet pipes. 

The equation (21) has to be solved in time and space. The number of equations solved in the FE 

model are less because the considered domain is only 2D and this makes the calculations faster 

than in 3D.  

As inputs, the model in COMSOL requires initial values (ICs), mechanical BCs (since the analysis 

is a thermos-mechanical study and the turbines are constrained in some boundaries) and the 

definition of an appropriate time step to capture the transient behavior of the metal. The mechanical 

BCs and ICs of the model are green inputs, so the user can set them. The definition of the time-

step is not shown in ST3M flow-chart; however it is possible to define it as an input in the previous 

MATLAB process. This parameter accomplishes two important functions: it is necessary to 

evaluate in time, all the off-design conditions and to interpolate the input data if the user wants to 

refine the time mesh, and perform the time integration of equation (21) in COMSOL. Then the 

main output of ST3M is represented by the thermo-mechanical properties of the metal, and the 

user can perform the post-process of the results in both the software.  
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4 VALIDATION RESULTS 

 

 

4.1. Measured Data and Inputs for ST3M 

The validation process was accomplished comparing the results in terms of temperature transients 

of the model of turbine under study against measured data of 96 hours. Three start-up periods were 

chosen  and studied to validate the model. 

The data from the power plant comprised inlet steam temperature and pressure, pressure for the 

extraction steam and the exhaust, speed of the shaft and valve opening value. The manufacturer 

provided also data for the gland steam; the latter regards temperatures of the steam in the sealings 

and opening data of the valves, for both sides of the shaft. Figure 16 shows the value for the live 

steam and the speed of the shaft of the turbine. In order to choose correctly the start-ups the opening 

valve value is a fundamental parameter as well. Figure 17 shows all the data for the valve of the 

live steam. 

 

Figure 16: Live Steam Measured Data 
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Figure 17: Opening Valve Value for Live Steam 

As it is possible to see not all the data in figure 17 were representative of start-ups for the turbine; 

this is because the turbine is started only when the valve for the live steam is open and the hot 

steam enters the inlet. In the other periods the turbine is not operative or is shutting down. 

 Therefore, the following three start-ups were chosen and studied:  

 Start-up from 8 hours to 15.75 hours; 

 Start-up from 60 to 68 hours; 

 Start-up from 80 to 89 hours. 

As for the live steam, the gland steam inputs were provided. Figure 18 and 19 show respectively 

temperature and valve opening of the HP side of the sealings of the shaft and the LP side. 

 

Figure 18: HP Gland Steam Measured Data 
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Figure 19: LP Gland Steam Measured Data 
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4.2. Validated Model 

The validation process was performed taking into account the temperature of the casing in three 

specific locations, as sketched in figure 20.  

 

Figure 20: Locations for the validation points 

The first two points are located at the inlet of turbine, and they are respectively in blue the outer 

casing measurement and in red the inner casing. The middle casing measurement is located above 

the cavity of the turbine.  

The first start-up, sketched in figure 21, covers the period from 8 hours to 15.75 hours; it is 

important to notice that where the temperature goes to 0 corresponds to the time frames when the 

steam valve is closed. This is a consequence of the calculations of ST3M and it involves all the 

start-ups. 

 

Figure 21: First Start-up 
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Figure 22 shows the results for the first start-up (in red and in blue respectively the inner casing 

location and the outer casing location); in general, the model has a good agreement with the trend 

of the locations of interest, but the result are affected by high errors in the preloading phase. The 

maximum two errors for the inner and the outer casing are respectively of 28% and 33%. These 

errors are due to the approximation of the geometry using the modular approach and the fact that 

for this start-up the rollup phase is subjected to two strong temperature transients in a short time 

frame (from 20% to 33% of the time since start). Therefore, the model was not able to capture 

properly the thermal trend in this phase. However, the thermal behavior for the middle casing 

location is well described with a maximum error of 11.5%. 

 

Figure 22: Validation Results for Start-up 1 

The second start-up, represented in figure 23, covers the period from 60 hours to 68 hours. This 

start-up does not present great oscillations of the steam properties and of the shaft speed, as in the 

other two studied periods. 

Differently from the first start-up, the results in this case (figure 24) are better in terms of both 

trend and errors. The maximum errors for the inlet locations are less than 10% and the middle 

casing location shows errors less than 5%. At higher temperatures and steadier starts, the model 

gives good results compared to strong transients.  
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Figure 23: Second Start-up 

 

Figure 24: Validation Results for Start-up 2 

The third start-up, represented in figure 25, covers the period from 80 hours to 89 hours. Similarly 

to the second start-up, the results, in figure 26, show again a good agreement with measured data; 

however for the inlet points, the outer casing gives an error of 16% in rollup phase; the middle 

casing location behavior is well captured again as in the other two cases. 
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Figure 25: Third Start-up 

 

Figure 26: Validation Results for Start-up 3 

To summarize, the model was able to predict the thermal behavior of the studied turbine for the 

second and the third simulations; the first analyzed start-up was too difficult to capture due to all 

the approximation of the modular geometry and the transients in the pre-loading phase. The model 

was not able to reproduce properly the radial gradient between the inner and outer casing location: 

in order to get it as a result the analyzed locations in the modular geometry had an offset in axial 

direction, closer to the cavity where the gradients were present.  
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Furthermore, a study on the differential expansion that the turbine experienced was carried out. 

The differential expansion was studied as well for the three start-ups. The investigated points are 

sketched in the following figure. Figures 27 shows the results of the simulations. 

 

Figure 27: Points for Differential Expansion Study and Results  

As expected the trend of the differential expansion is similar to the metal temperature one and the 

maximum and minimum values do not exceed 1 mm and -1 mm. At the beginning of the start-ups, 

the differential expansion is positive for start-up 1 and 3, and negative for start-up 2. This can be 

justified by the fact that the ICs of temperature are different between this three study periods: this 

leads to a higher expansion of the rotor than the casing when the differential expansion is positive 

and lower in the opposite case. For start-up 1 and 3 the gland steam ICs are higher than the casing 

temperatures, while in the second start-up the casing is much warmer than the rotor; another aspect 

to be considered is that it is not easy to define the right ICs in the inner rotor modules, and they 

influence the pre-warming phase of the differential expansion. The maximum value is present at 

the end of every rollup phase because the rotor presented higher temperatures compared to the 

casing due to the rotational speed when the shaft tries to reach nominal speed; this condition is 

influenced by the decelerations experienced by the shaft and the closed valve. For this reason in 

start-up 1 and 3 during the roll-up phase negative peaks are present respectively at 21% and 32% 

of time since starting for the first one and at 22% for the third one. In these cases the casing has 

grown faster for the higher temperatures conditions reached (and considering the high errors 

encountered during the validation process) leading to a drop of the differential expansion. The 

loading phase is in accordance with the trend of the metal temperature, and the differential 

expansion reaches steadiness with the temperature, showing positive values.  
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4.3. Sensitivity Studies 

Analyzing the results of the validation process, sensitivity studies on aspects that had the major 

influence on the results were analyzed. The carried out studies regarded: 

 Locations for the inlet points compared to the closest ones to real coordinates; 

 Impact of Nusselt Correlations to calculate the HTCs; 

 Impact of the inter-casing cavity BC. 

4.3.1. Impact of modular geometry on the model  

As mentioned in §4.2. , the chosen locations for the comparison against the data were not the same 

of the real ones; this was due to the uncertainty introduced by the modular approach. Therefore, 

other two axial positions were studied. Figure 28 shows the three different locations. 

 

Figure 28: Locations for the impact of the modular geometry on the results 

The results are compared showing the difference between position 1 and 2 and the validated model, 

represented by position 0. The axial offset between position 0 and the other two are the following: 

 ∆��→� = 95 ��; 

 ∆��→� = 225 ��. 

Moving closer to the real positions made the results of the model to have higher temperatures than 

the measured data; this affected less the inner casing point than the outer location, reducing the 

radial gradient between the two points. In the following table the average differences. These values 

are computed with respect to the validated model per each time step and then the average is 

calculated; the maximum difference regards the first start-up, reaching 4.1 % for the outer casing 

point and a minimum value for the second start-up of 0.9 %. This makes the model able to give 

better results with higher temperatures and steadier start-up periods as the second one and the third 

one of this study are. 
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 Position 2 outer 

casing 

Position 2 inner 

casing 

Position 1 outer 

casing 

Position 1 inner 

casing 

START-UP 1 4.1% 3.1% 3.2% 1.4% 

START-UP 2 2.5% 0.9% 2.3% 1.03% 

START-UP 3 3.1% 1.7% 2.4% 1.02% 

 

Figure 29 shows how this difference is distributed along the temperature trend for the second start-

up, highlighting the different impact of the location offset on the outer point and the inner point. 

 

 

Figure 29: Differences on the temperature trend between the position0 and position 1 and 2, Start-up 2 
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Another important aspect of this sensitivity study is showed in figure 30, where the radial 

gradients experienced by the two points in the different locations (and the measured data) are 

sketched. The model is able to get a result in terms of gradients closer to the measured data, 

while the other two positions which are closer to the real locations, do not reproduce the radial 

gradient in the same order of magnitude and even with negative values. This can be justified 

because in the analyzed modules the only convective BC is represented by the live incoming live 

steam at the inlet. This is the reason why moving closer to the cavity of the turbine, where the 

experienced temperatures by the metal are lower, the results are closer to the measured data. 

 

Figure 30: Radial Gradients for Start-up 2 

The impact of this study was quantified in this way:  

�������(�)= ����������(�)− ����������(�) 

The same calculation was made for the position 2. The results of this study are sketched in figure 

31: the maximum impact does not exceed 20 °C for the outer casing and 10 °C for the inner casing.  

 

Figure 31: Impact of the modular geometry on the model, Start-up 2  
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4.3.2. Impact of Nusselt empirical correlations on the model  

The second sensitivity study was carried out to investigate the influence of the use of empirical 

Nusselt correlations on the model. In fact, ST3M can also evaluate the HTCs in the different zones 

of the domain, as already done for the gland steam convection BCs.  

In this case, the boundaries of the geometry were approximated as flat plates or circular pipes, 

depending on the used correlation. The used ones were the following: 

Turbulent flow on isothermal flat plate (22)[27]: 

           �� = 0.0296���/����/�            (22) 

This formula was applied to calculate the HTCs for the inlet, blade passage and outlet boundaries; 

since they are isothermal for each time step and the flow is turbulent the correlation (22) can be 

applied. 

Dittus-Boelter(23)[29]: 

           �� = 0.023����
�/����/�            (23) 

This correlation was applied to the inlet, blade passage and outlet boundaries. These boundaries 

were assumed as the internal surfaces of a circular pipe and the characteristic length in this case 

was represented by the hydraulic diameter. 

Davis (24)[29]: 

              �� = 0.038��.��(� − 1)�.�����
�/����/� �

�

��
�
�.��

        (24) 

The Reynolds number and Prandtl number were computed using again the hydraulic diameter 

because the boundaries of inlet and blade passage were assumed as circular pipes and the parameter 

a is the ratio between inner and outer diameter ratio. Moreover, the surfaces are isothermal, which 

simplifies the term about the viscosity in formula (24). 

Average Nusselt number for flat plate in turbulent flow (25)[30]: 

�� = 0.036���/����/�         (25) 

Three different combinations of the previous correlations were used to compute the HTCs and the 

results were compared to the validated model. The combinations were chosen in this way: the inlet 

boundaries can be considered as flat plates or circular pipes, where the inner diameter is 

represented by the gland steam sealings boundaries. The blade passage boundaries are five, 

considering the geometry. Differently from the validated model, where a logical condition on the 

axial coordinate was set to use the HTCs for each stage, the computed HTCs were five for each 
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surface. The assumptions in this case considered the blade passage for the first combination as 

subsequent flat plates and for the other two as channel for the steam flow. An important 

approximation has to be explained: the geometry of the outlet section can give some problems 

when it is necessary to compute HTCs in that region. Approximating the boundaries as flat plates, 

the Reynolds number was calculated in this way. The two first boundaries were chosen and the 

characteristic length was computed as an average of the length of the two; since the mass flow at 

exhaust were known the two circular area were computed and dividing the mass flow by the 

average of the two the terms of density and velocity was found. Then, the Reynolds number was 

computed using the well-known formula. The HTC computed for the first boundary was applied 

to all the other ones of the outlet zone. Considering instead the section as a flow channel the area 

used was the mean of the two circular areas and the diameter the mean of the two; the applied 

correlation was the (23) and the Reynolds number evaluated using as characteristic length the mean 

of the two diameters. Figure 32 shows the approximation made for this calculation. 

 

Figure 32: Outlet approximation to compute the HTCs 

In the following tables, the different combinations are reported. The difference among the three 

combinations is that the first one considered all the boundaries as flat plates; the other two 

considered instead all the flow passage as a pipe with the inner diameter represented by the rotor 

boundaries and the outer by the casing boundaries. 

Used Correlations INLET BLADE PASSAGE  OUTLET 

1° combination Turbulent flat plate Turbulent flat plate (23) Turbulent flat plate 
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2° combination Davis Davis Dittus-Boelter 

3°combination Dittus-Boelter Dittus-Boelter Dittus-Boelter 

 

The results evidence that the implemented Nusselt correlations, considering the three 

combinations, give the same results as the one obtained from the manufacturer before the loading 

phase. This can be justified because during the rollup phase the mass flows entering the turbine 

are relatively small compared to the nominal one and this lead to low HTCs and low convection 

on the metal in both cases. Differently in the loading phase, when the convection is dominant and 

the load of the turbine increases the sensitivity analysis shows that  the use of empirical correlations 

has an impact on the convection because the HCTs, computed in this way, are lower in order of 

magnitude than the ones used for the validated model.  

 

Figure 33:  Temperature for the three combinations of empirical Nusselt Correlations, Start-up 2 

Figure 35 shows how the two points studied for the validation are influenced by the impact on the 

inlet HTC; considering the boundaries as flat plates lead to lower HTCs than considering them as 

circular pipes, as possible to notice from figure 34, and for this reason the impact in terms of 

temperature on the model is higher than in the other combinations with a maximum of 10 °C 

(figure 35). This means that the assumption of considering the boundaries as circular pipes gives 

closer results to the HTCs provided by the manufacturer, and it can be considered as a better 

assumption. All the differences are evaluated with the same relation explained in §4.3.1 a part for 

the HTCs. In this case in order to show positive values the calculations were performed in this 

way: 
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���������(�)= ��������������� (�)− ��������������(�) 

 

Figure 34: Impact on HTC for inlet boundaries, Start-up 2 

 

Figure 35: Impact on temperature on the model, Start-up 2 

The sensitivity study was carried out also on the differential expansion. Considering the outlet  

boundaries in figure 36, the aformentioned approximations give higher HTCs if assumed as flat 

plate (22) than the manufacturer and lower if assumed as circular pipes using correlation (23) but 

there is one order of magnitude of difference between the impact on the inlet HTCs and blade 

passage HTCs (figure 37).  
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Figure 36: Impact on HTC for outlet boundaries, Start-up 2 

 

Figure 37: Impact on HTCs for blade passage boundaries, Start-up 2 

The differential expansion varies considerably (with a maximum difference with respect to the 

validated model of about 10 % correspondent to 0.045 mm) only with the first combination. This 

can be justified since the casing grows slower than the rotor (compared to the other two 

combinations) because it is colder than the validated model of approximately 10 °C. The rotor is 

colder using Nusselt correlations than applying manufacturer HTCs for all the three studies, but 

with the assumptions of flat plates the HTCs have the highest values (the lowest difference 

compared to the manufacturer HTCs). This means that the rotor grows faster in combination 1, 

than in combination 2 and 3. A colder casing and a warmer rotor makes the differential expansion 

raising; the effect of the difference for the outlet HTC compared to the others can be considered 

negligible. For the other two combinations the blade passage HTCs are dominant in the casing 
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making it colder and the same consideration can be done for the rotor; since that the differential 

expansion is a relative calculation between rotor and casing, it does not vary with the same impact 

of the first study. The impact on the differential expansion is reported in figure 38.  

 

Figure 38: Impact on Differential Expansion on the model, Start-up 2 

At the end of the roll-up phase, a negative peak with the same importance of the highest impact in 

the loading phase is present. This drop in the differential expansion can be justified by the fact that 

the rotor grows slower with lower HTCs for the blade passage (for all the three cases, with the 

greatest difference obtained with the combination 1 of -0.05 mm); then for combination 2 and 3, 

there is an oscillation before it stabilizes around 0 impact. This happens because the differential 

expansion is studied varying the HTCs, which vary according to the load with equation (18); for 

combination 1 this is not captured. 
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4.3.3. Impact of Cavity BC on the model  

Another sensitivity study was performed to investigate how the impact of the BC in the inter-

casing cavity affected the result of the model for the location of the middle casing point and the 

differential expansion. As explained in the paragraph about convection of live steam, the BC for 

the cavity consisted of assuming the temperatures of the surfaces as the temperature of the 

extracted steam and the HTC was the one provided by the manufacturer. In the following table, 

the carried out studies are reported. 

 Validated 

Model 

Saturation 

Temperature 

Heat Transfer 

Coefficient 1 

Heat Transfer 

Coefficient 2 

Temperature Extraction 

Temperature 

Saturation 

Temperature 

Extraction 

Temperature 

Extraction 

Temperature 

Heat Transfer 

Coefficient 

Manufacturer 

HTC 

Manufacturer 

HTC 

10 

Manufacturer 

HTC 

Manufacturer 

HTC/10 

As possible to notice from the results of this study, in all the four cases the model is able to maintain 

a good agreement with the measured data, without exceding 10% or error. Differently for the trend, 

it is observed that in the case HTC1 the model captures the thermal behavior of the studied zone 

better than the other cases and the validated model itself. This can be justified by the fact that 

reproduce the real conditions in the chamber is not simple, taking into account both convection 

and condensation phases. Therefore, a higher HTC, can better reproduce the transients of 

temperature for this BC. Assuming instead as temperature the saturation temperature of the steam 

at each time step, gives worse results because in this way condensation phase is dominant, since 

the metal temperature of the boundary cannot exceed the saturation temperature of the steam. The 

case with a lower HTC than the one provided by the manufacturer and used for the validation, 

gives as results higher temperatures, because in this case the model applies the condensation HTC 

(which is much higher than the others) for the cavity boundaries and the effect of conduction is 

more relevant than the other cases. Figure 38 shows the temperature results for the mid casing 

point and the error relative to the measured data for all the studied cases; figure 39 shows the 

impact that the assumptions has on these results, with the same calculation performed in §4.3.1. 

Considering the temperatures reached in the cavity, this BC has an influence of maximum 8% 

reached with the HTC2 case (20 ° C warmer). At the end of roll-up phase the load of the turbine 

presents different oscillations, as already mentioned in §4.3.2. and since that the load influences 

the trend of HTCs, a too the results for the HCT1 case presents a minimum peak, with a difference 
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of – 20°C with respect to the validated model, emphatising the intial trend of the loading phase; 

this is also justified because with a too low HTC, as in HTC2 case, these oscillations are not 

captured and the tendence of the temperature is the opposite of the validated model 

 

Figure 38: Temperature at middle casing point varying cavity BC, Start-up 2 

 

Figure 39: Impact on middle casing temperature, Start-up 2 

The results were analyzed also in terms of differential expansion and they are shown in figure 40 

The trend for every study is the same, and considering that only the casing is affected by the 

different assumptions on the cavity condition, the differential expansion varies according to the 

results for the temperature in the cavity. With a higher temperature, as in the HTC2 case, the cavity 

is warmer and this means that the casing grows faster in time; for this reason, considering not 

varied the expansion of the rotor, the differential expansion dimishes. The same consideration, but 
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with opposite conclusion can be made for the saturation and HTC1 cases. The pre-warming phase 

is not influenced because there is no mass flow entering the turbine. 

 

Figure 40: Differential Expansion varying cavity BC, Start-up 2 

The impact on the differential expansion is reported in figure 41. Comparing impact on 

temperature for the middle casing point and for the differential expansion, the obtained trend is the 

same but with opposite sign. This is due to the fact that this study was carried out only varying a 

BC in the casing without modifing anything in the rotor.  

 

Figure 41: Impact on differential expansion, Start-up 2 

For this reason higher temperatures in the cavity lead to a faster growth of the casing, while the 

rotor grows with the same rate as the validated model. The differential expansion dimishes for this 

reason (case HTC2). An opposite conclusion is obtained for case HTC1 and assuming saturation 
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temperature as BC temperature for the cavity boundaries. The difference between the sensitivity 

analysis and the validated model does not exceed 0.2 mm and – 0.2 mm with an initial peak for 

the HTC1 case, justified by the fact that the casing is colder. Relatively the impact can reach 100% 

during the loading phase, doubling or halving the differential expansion for cases HTC1 and HTC2 

respectively. The peak at the beginning of the differential expansion for the HTC1 case comes 

from the fact that the casing in that period is colder due to the wrong reproduction of the 

oscillations of load for a too high HTC than the one used for the validated model.  
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4.4. Strategy of Validation for High Pressure Turbine 

A strategy to validate other similar turbines considering the experience of this thesis work is now 

proposed. The validation of any other similar turbine to the HP16 can to be carried out in this way.  

The first operation to complete is to set all the necessary parameters to compute the off-design 

steam properties in ST3M; these parameters can be all obtained from the manufacturer and they 

comprise the described data in chapter § 3.3.2. When the steam parameters are ready, in order to 

perform the FE on the model, BCs and ICs have to be set according to the operational mode of the 

turbine. It is now possible to run ST3M and post-process the first results. In order to consider the 

validation process accomplished, the user has to decide a range of allowable error considering the 

measured data. This means that the validation becomes an iterative process, where the 

understanding of the most influent BCs is fundamental.  

The final yellow decision box is the most important for any validation; the change of influent BCs 

and ICs is not easy and different aspects have to be taken into account. First, it can be possible that 

the points that have to be used to validate and reproduce properly the thermal behavior of the 

turbine do not correspond the real locations for many reasons. The modular geometry gives the 

possibility to increase the flexibility of the model but it is not able to reproduce the surfaces, the 

real shapes of the turbine introducing approximations as showed and commented in the first 

sensitivity study.  

After having decided a location for the validation, the next step is to understand what the behavior 

of the neighbored modules is; their influence plays a crucial role on the results of the module of 

interest for the simulations.  

To refine the BCs and the ICs, knowing the module where the validation is being performed and 

the physical behavior of the ones around it, have to be refined: this can be done by eventual by a 

simply combinations of two or more physical phenomena as for example the convection of the live 

steam and the gland steam. This possibility has to be studied because no data are provided about 

surfaces of heat transfer, so it is not simple to understand the real interaction between them; a 

sensitivity study can be carried out to investigate it.  

One more mention has to be done if the validation is performed against measured data of 

differential expansion; the main difference is that the differential expansion is the result of 

everything that happens in the turbine, both in casing and rotor, and in every module giving as 

final results the two deformations to be subtracted. This means that a validation process carried 

out with this aim is more difficult and it requires more accuracy in defining ICs and BCs in the 

casing and in the rotor, in order to avoid errors in the computations.  
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In general, the major aspects of ST3M can be considered fixed and ready to start a new process of 

validation for another turbine. However, some aspects of the tool should be improved to obtain 

better results: 

 The description of the geometry using the modular approach, moving closer to the reality 

where the results are not correct, considering the range of error for the validation;  

 The use of finer mesh both for the domain and for the time mesh can be a possible study; 

 Improve the description of the cavity BC; 

 Improve the bearing BCs; 

 Improve the description of convection to capture better strong transients, as in Start-up 1. 

The described process is summarized by the following flowchart using the logic of the streetlight: 

green line means that the operation is completed; instead, a red line needs another step to going 

further in the validation. 
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5 CONCLUSIONS AND FUTURE WORK 

 

 

The rising demand of energy and the use of different new sources as renewables and CSP is 

increasing the needed performances by steam turbines. The number of experienced start-ups is 

much higher than in the past and the design of the machines has to be improved to reach a 

compromise between the goal of having fast start-ups and avoiding failures due to thermal stresses 

and rubbing of the turbine. For this reason the start-up periods have to be controlled; they are 

governed by start-up curves that help in understanding in how starting the turbine to reach nominal 

load and speed, without letting problematic phenomena occur in the machine.  

In this thesis work, a small solar HP turbine was modelled and the thermal model was validated 

and implemented in sensitivity studies to investigate the impact of some important aspects of its 

approximations and description of the turbine on the results. This was done with the aim of better 

understand from where the main errors of the model come from; all the experience of the thesis 

was then useful to think and prepare a strategy of validation for similar turbine to the one of the 

study case. A previous version of the tool was taken under development to run the turbine of the 

study case; this process consisted in a preliminary study of the code and successfully in setting the 

parameters of the studied turbine.  

The model, ready to run in this way, was validated against measured data of metal temperature for 

three points and three start-up periods; the obtained results were in agreement with the trend for 

the second and third start-up, while the first study presented severe errors at the inlet of the turbine 

during the roll-up phase. Calculations were performed also for the differential expansion, without 

any measured data to compare; the behavior of the differential expansion as expected followed the 

evolution in time of the metal temperature for rotor and casing. 

The outcomes of the validation created interest in analyzing the possible sources of the errors; 

therefore, sensitivity studies were carried out to understand the impact of the approximations 

introduced by the modular geometry and what BCs influenced the most the results. Since that the 

modular geometry, although giving faster results and simpler description of the geometry, is not 

able to reproduce the different shapes and complicated geometry of the machine, the heat transfer 

calculations suffered of errors. This forced to validate the inlet points farther away than the 

locations in where the data were measured. Then the first sensitivity study was carried out to 

understand how far away the model was able to reproduce the same behavior of the turbine, 

obtaining as results that the farther the validation points are and the closer they are to the cavity, 
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the better was the resulting agreement with the measured data. The model then was object of two 

more sensitivity studies to examine instead how the BCs for the live steam and the cavity 

influenced the calculations in terms of both temperature and differential expansion. The live steam 

BCs were varied using empirical Nusselt correlations to compute the HTCs and the study showed 

how only assuming flat plates correlations, the results of the model got a relevant impact, while 

for the assumptions of concentric channels the results were the same as the validated model. The 

last sensitivity study on the cavity BC was important to understand how the assumed HTC for the 

cavity boundaries has influence on the results, suggesting that even for low flow conditions a 

higher HTC can better reproduce the thermal behavior in the cavity.  

The experience of this thesis work was useful to set and prepare a strategy for future validation of 

similar turbines and on which aspects of the model future works can be focused. The model and 

the tool can be refined in making the modular approach more flexible to eventual changes of the 

geometry or in the region of interest for validation processes, to raise locally the level of accuracy 

of the domain. The cavity BC has a strong influence on the trend of the results and therefore, a 

more accurate study of it can improve the tool.  

The aforementioned issues can be the base for future works.  
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