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Abstract 

The development of steam turbines is continuously moving forward and the aim is often 
to develop configurations with higher power output. Siemens Industrial 
Turbomachinery AB is currently in the beginning of a development project which 
replaces a single turbine with two interconnected turbines with higher pressure and 
temperature of the steam than before. To ensure reliable quality and hold down costs is 
it an advantage to do most of the assembly before delivery to site.  

This thesis work at Linköping University has been written in collaboration with 
Siemens Industrial Turbomachinery AB, Finspång. The objective of this work is to 
investigate the possibility to mount two turbines and a gearbox on a turbine frame. The 
frame will be used both for transportation and during operation.  
 
The thesis considerate analyses of the turbine layout and critical parameters that may 
affect a turbine frame. In addition was a frame concept developed and evaluated with 
respect to solid mechanics and alignment of the shaft arrangement.  
 
Our conclusion is that there are good possibilities to install the equipment on a frame 
and achieve demands due to solid mechanics and alignment of the shaft arrangement. 
We recommend Siemens Industrial Turbomachinery AB to carry on with the project and 
do further investigations of the natural frequency of the frame concept, compare 
financial advantages and disadvantages together with possibilities for transportation.  
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Sammanfattning 

Utvecklingen av ångturbiner går ständigt framåt och målet är ofta att utveckla 
konfigurationer med högre effektuttag. Siemens Industrial Turbomachinery AB är för 
närvarande i början av ett utvecklingsprojekt där man ersätter en turbin med två stycken 
sammankopplade turbiner med högre tryck och temperatur för ångan än tidigare. För att 
säkerhetsställa kvaliteten och hålla ner kostnader vill man genomföra så mycket som 
möjligt av sammankopplingen vid hemmamontaget.  

Detta examensarbete vid Linköpings Universitet har skrivits i samverkan med Siemens 
Industrial Turbomachinery AB, Finspång. Syftet med arbetet är att undersöka 
möjligheten att montera dessa två turbiner samt en växellåda på en turbinram. Ramen 
skall användas både vid transport och vid drift.  

Arbetet behandlar en analys av turbinuppställningen och framtagning av kritiska 
parametrar som kan tänkas påverka en turbinram. Vidare har ett ramkoncept utvecklas 
och utvärderats med avseende på bland annat hållfasthets- och uppriktningskrav.   

Vår slutsats är att det finns goda möjligheter att installera utrustningen på en ram samt 
uppnå hållfasthets- och uppriktningkrav. Vi rekommenderar även Siemens Industrial 
Turbomachinery AB att genomföra fortsatta undersökningar av egenfrekvensen för 
ramkonceptet, ekonomiska för- och nackdelar samt transportmöjligheter.  
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1 Introduction 

1.1 Company presentation 

This thesis was made at Siemens Industrial Turbomachinery AB located in the city 
Finspång, Sweden. The company belongs to the global Siemens Corporation that is one 
of the largest companies in the world within healthcare, energy and industry. There are 
405 000 employees working in the corporation (Siemens AB, 2011).  

The division in Finspång manufactures and develops gas and steam turbines. The power 
output ranges of the turbines are 15-50MW and 60-250MW respectively. They also 
design and plan complete power plants for production of electricity, heat and steam. 
There are 2700 employees (2011) in Finspång working with development, construction, 
service and market. The yearly turnover is 10 billion SEK. (Siemens AB, 2011) 

1.2 Brief description of a steam turbine 

The principle of a steam turbine is to convert thermal energy from high pressure steam 
into rotary motion on the axle of the turbine. A normal procedure is that steam is created 
by heating up water in a boiler and thereafter the steam is transported to the turbine. In 
the turbine the shape and geometry allows the steam to expand and the pressure energy 
is converted into kinetic energy. At the same time the steam passes stages of buckets, 
the kinetic energy produces work on the buckets and makes the turbine rotor rotate, see 
Figure 1. (Bloch, 1996) 

 

Figure 1. Principle of a steam turbine (SIT AB- Internal material). 

When the steam exits the turbine it is condensed into water. The water is pumped into 
the boiler again and the circuit is closed. The reason why the steam is condensed to 
water is that pumping steam is very inefficient compared to pump water. (Bloch, 1996) 
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Turbines are divided into different types depending on the working pressure of the 
steam. The types are: 

• LP (low pressure)  

• IP (intermediate pressure) 

• HP (high pressure) 

An electricity generation plant often consists of a combination of turbine types, since 
this increases the total efficiency. A normal combination is a HP turbine together with 
an IP/LP turbine. The turbines provide power to a generator and are often placed on 
each side of the generator, see Figure 2.  

 

Figure 2. A typical turbine layout where two turbines are attached to a generator(SIT 
AB- Internal material). 

If the turbines have different rotational speed a gear box is installed between the smaller 
HP turbine and the generator.  

The support of a HP turbine is divided in two types; fixed support and flexible support, 
see Figure 3. The fixed support is placed at the inlet of the turbine and its purpose is to 
fixate the turbine in all directions. The support creates a point that remains at the same 
position during thermal expansion of the turbine.  

 

Figure 3. Two types of supports: fixed and flexible (including key attachment). 

The flexible support has to handle with the thermal expansion and this is achieved by 
using a bending mechanism. When the turbine expands, the attached support will be 
bended in both axial and vertical direction. To prevent lateral movement a key support 
is place in the bottom of the turbine. In cold condition the flexible supports are mounted 

Flexible support 

Key attachment 

Fixed support 
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with a pre tension, when the turbine expands during operation the tension in the 
supports will be reduced.  

1.3 Background 

Siemens runs a R&D project where the target is to raise the efficiency of a steam turbine 
configuration. This will be done by using an extra HP turbine in the configuration 
shown in Figure 2. The two high pressure turbines connect to a double pinion gearbox 
and the outgoing gearbox shaft connects to the generator. The two turbines have the 
denomination HP R (High pressure regular) and HP S (High pressure super critical), see 
Figure 4. 

 

Figure 4. Arrangement with two HP turbines.  

The larger IP/LP turbine will be placed on the other side of the generator as before. A 
normal procedure is that concrete foundations are casted separately for each part in a 
configuration. Every part is installed separately at the site including final alignment, 
pipe welding and different auxiliary systems. After the installation is completed all 
connections are tested to ensure proper performance.   

In order to reduce the time of mounting at site there is a proposal to mount the two HP 
turbines and the gearbox on a frame at the factory. This means that some of the 
installation that usually is made at site can be done in the factory. Pressure tests can be 
done and if problems occur they can be solved easier. This will lead to increased quality 
since more of the controls can be done at an earlier stage.  

1.4 Aim 

The objective with this thesis work is to make a preliminary study of a frame for two 
HP-turbines and a gearbox and give recommendations to SIT AB whether they should 
do further investigations and a detail design or not.  

HP R 

HP S 

Gearbox 
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1.5 Problem description 

The problem can be divided and subscribe by four subtasks. 

• Analyze the layout and locate critical parameters 

• Determine the loads that will affect the frame  

• Conceptual design of a frame 

• Calculation of critical parameters and details of the frame  

 

1.6 Limitations 

• The result of this thesis work will be a design at concept level. The layout and 
data for the turbines and the gearbox can be changed afterwards. A high level of 
details are thereby unnecessary and the focus is set on the principal function of 
the construction 

 
• The material for the construction is essential but choices and eventual test has to 

be done by material experts at SIT AB. 
 
• The strength in welds will not be considered. 
 
• The turbines and the gearbox that the layout consists of are not fully developed.  

The information regarding dimension and forces is thereby insufficient. 
Assumptions will be made in order to verify the design.  
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2 Theory  

2.1 Rotor dynamics 

2.1.1 Oscillations and natural frequencies 

In oscillating system there are always some dissipative forces and oscillations, which 
will die out with time due to energy losses, for example friction. The decrease in 
amplitude for oscillating motion is called damped oscillations. So if a damped oscillator 
is not affected by a force it will stop moving altogether. But if a force is applied, 
varying by time in a periodic or cyclic way is it possible to maintain constant-amplitude 
oscillations. This kind of oscillation is called forced or driven oscillation and the force 
which is causing them is called driven force. If a system is displaced from its 
equilibrium and then left to itself it oscillates with a natural angular frequency ω´, which 
is determined by the mass, the spring coefficient and damping. If the frequency for 
oscillations caused by a driven force becomes the same as the natural angular frequency 
a phenomenon called resonance occur. Resonance in mechanical systems can be very 
destructive. One example is the Tacoma Narrows suspension bridge which was teared 
apart after reaching resonance. (Young & Freedman, 2004 ch. 13.7, 13.8 ) 

2.1.2 Basics in rotor dynamics 

In all practical cases in machinery there are always some energy leaks which easily can 
be transformed into other forms of energy, for example thermal energy. In rotating 
machinery there exist additional sources of leak, for example various modes of 
vibrations. All main modes of rotor vibrations, lateral, torsional and axial modes, may 
be present during rotor operation, see Figure 5. The one of these modes that can cause 
most concern is the lateral mode which may represent the mode with lowest frequency 
of the entire machine structure. These vibrations can easily be spread through the 
bearings, through the fluid encircling the rotor and transmitted to the non rotating parts. 
Eventually these vibrations will have a large impact on the machine foundation, to 
adjacent equipment and even to the building walls and to the surrounding air in the form 
of acoustic waves. (Agnieszka, 2005 ch.1) 
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Figure 5. Rotor vibration modes as side effects of a dynamic process of energy transfer 
from the source to work (Agnieszka, 2005 ch.1). 

Among all factors that contribute to these vibrations unbalance is the first and best 
known. If the rotor mass centerline does not coincide with its rotational axis unbalanced 
rotating forces occur. These forces acts perpendicular to the rotational axis, as 
centrifugal forces, and therefore belongs to the lateral vibration mode. The rotor 
unbalance is an almost inevitable element and has its frequency, synchronous to the 
rotational speed. If the rotor system is nonlinear more frequency components can be 
generated in response to an exiting force of a single frequency. This could be multiples 
of the excitation frequency such as 2x, 3x, 4x…. It could also be fractional frequencies 
such as 1/2x, 1/3x, 1/4x. (Agnieszka, 2005 ch.1) 

The second category of vibrations in machinery is called “free vibrations” or “transient 
vibrations”. These occur when the system is exposed for short-lasting impact which 
causing acceleration, velocity and/or position changing. The system responds with free 
vibrations with the natural frequency for the system. (Agnieszka, 2005 ch.1) 

The third category of vibrations in mechanical systems is known as self-excited 
vibrations. These vibrations have usually constant amplitude and are caused by a 
constant source of energy which may be external. The frequency of self-excited 
vibrations is close to one of the systems natural frequencies. Well known sources to this 
category are aerodynamic flutter vibrations of wings or blades and transmission lines 
sustained by unidirectional wind. (Agnieszka, 2005 ch.1) 

It’s important to make sure that the turbomachinery and its adjacent equipment can 
withstand the vibrations from all these categories during start-up, normal operating and 
shut downs. One example of failing in taking care of vibrations is the one below from 
Bently Nevada Corporation, see Figure 6. 
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Figure 6. Rotating machine catastrophic failure due to excessive vibrations. (Agnieszka, 
2005 ch.1). 

2.2 Thermo dynamics 

2.2.1 Thermal expansion 

Thermal energy increases the atomic radius and leads to expansion of the material, the 
opposite happen if thermal energy decreases. The change in the dimension of a material 
is given by the linear coefficient of thermal expansion. Three types of coefficients exist: 
volumetric, area and linear. Which is used depends on the application and the 
dimensions that are considered important (Askeland & Phule, 2006 p.646)  

Equation (2-1) is used to calculate the expansion/contraction of an initial length during a 
temperature change. (Askeland & Phule, 2006 p.647) 

∆L = α • L • ∆T  (2-1) 

Where:  

∆L = change in length 

L   = initial length 

∆T = change in temperature 

α  = coefficient of linear expansion/retraction   
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2.2.2 Thermal stresses 

Consider the situation where a structure is anchored at both sides, see Figure 7. A 
temperature change will generate either compressive or tensile stresses along the axial 
direction, this is called thermal stresses. (Askeland & Phule, 2006 p.651) 

 

Figure 7. Either compressive or tensile forces on an anchored structure during thermal 
influence.  

The thermal stresses can be handled with anchors dimensioned to resist the force or with 
anchors that allows expansion. The magnitude of the compressive or tensile stress is 
given by the equation (2-2). (Askeland & Phule, 2006 p.652) 

S= E• α • ∆T  (2-2) 

Where:  

S = Tensile or compressive stress in axial direction 

E = Modulus of elasticity 

2.3 Mechanical stress  

2.3.1 Tensile strenght and Yield strenght 

Figure 8 shows a stress-strain graph that are typcial for metal such as copper or soft 
iron. The graph shows a clear boundary between the rectilinear first part and the second 
part that is irregular. The break point is called yield limit. If a load is applied and then 
removed, the deformation in a material will return to zero if the appeard stress is lower 
than the yield strenght. There will be a remaning deformation if the limit is exceeded, 
this is called plasticity. The material will break if the tensile strength is exceeded.  
(Dahlberg, 2001a p 46-47)  
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Figure 8. Stress-strain graph that shows relation between stress and strain.  

2.3.2 Equivalent tensile stress  

The stress state in a common three-dimensional case is given by 3 normal stresses and 3 
shear stresses. These six components have to be taken in consideration when the stress 
in a single point is decided. The resultant stress in a single point from the components is 
called equivalent tensile stress, which may be used to comparison with the yield 
strength of the material. (Dahlberg, 2001a p328) 

The von Mises criterion is hypotheses that state the stress according to equation (2-3). 
The material starts to yield when the stress exceeds the yield strength. (Dahlberg, 2001b 
p25) 

222222 333 zxyzxyxzzyyxzyx
vM
e τττσσσσσσσσσσ +++−−−++=  (2-3) 

2.4 Structural design 

2.4.1 Beams 

Beams are structural members designed to resist stresses developed by shear and/or 
bending. The shear and bending is caused by loadings applied perpendicular to the 
beams longitudinal axis. If a load is applied collinear to its longitudinal axis normal 
stresses are raised. However these are often neglected since these stresses is generally 
much smaller than the stresses caused by shearing and bending. A beam that carries a 
load needs to be supported by its surroundings and the support reactions can be both 
forces and torques. The moment of inertia of a beam differs with the cross-section and is 
mainly dimensioning for deflection, angle of deflection and the shear stress. Other 
properties that affects the load handling of a beam is the length and if the beam is 
braced properly. (Dahlberg 2001a)  

An example is a horizontal beam supported in each end affected by its own weight. The 
beam will bend and stresses occur in the beam. The top of the beam will be under 

Tensile strength 

Stress 

Strain 

Yield strength 
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compression and the bottom under tension, see Figure 9. (Askeland & Phule, 2006 
p.417) 

 

Figure 9. A supported beam affected by compressive and tensile strength.  

To minimize these stresses it is important to place material where the stresses acts and 
thereby give the beam large cross-sectional area at the top and the bottom. There is 
neither tension nor compression along the center-line and it is thereby called the neutral 
axis. To achieve a low weight of the beam this part can have a small cross-sectional 
area. The result is the familiar I-beam, Figure 10. It’s an advantage to place the flanges 
as far away as possible from the neutral axis. The ideal I-beam has infinite height, 
infinite cross-sectional area in the flanges and minimal web thickness. (Askeland & 
Phule, 2006 p.417) 

 

Figure 10. An I-beam and the definition of flange and web. 

2.4.2 Plates 

A plate is a structural member designed to withstand loads directed in the propagation 
of the plate. When a load is applied normal and shear stress appears in the material, see 
Figure 11. These stresses are distributed so the magnitude of the stresses is equal all 
over the plate, this is called membrane stress. In this state the plate’s ability to withstand 
load becomes large. To achieve a stabile structure plates should be placed in order to 
avoid bending. (Johannesson et al., 2004 p.361) 

Flange 

 

Web 

mg Tension 

Compression 
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Figure 11. A plate with a load directed in the propagation of the plate and the resulting 
normal and shear stress.  

2.4.3 Framework 

A structure assembled by several members is called a framework. If a framework is 
built up by parallel members in two directions the framework need to be stabilized in 
order to achieve resistance to shear and bending. In Figure 12 a) diagonal struts is used. 
With this arrangement the framework is able to withstand load in all directions without 
generating high bending torques at the joints. Figure 12 b) uses diagonal struts placed at 
the corners, theses elements distributes the bending torque at the corners. In Figure 12 c) 
plates that are resistant to shear stress is used. (Johannesson et al., 2004 p.361-362)  

 

Figure 12. Three principles in how to manage a stabile structure. (Johannesson et al., 
2004 p.362). 

Normal stress, pressure 

  

 

Normal stress, tensile 

 

Shear stress 

a) Shear resistance by diagonal struts 

b) Shear resistance by torque resistant corners  

c) Shear resistance by plates  
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3 Method  

The method is divided into two parts: concept generation and technical methods. Since 
the task contains of several subtasks it’s not possible to apply the same method on every 
subtask. The method will be adapted for each subtask, the adaptation will be described 
for each subtask respectively in the forthcoming chapters.  

3.1 Concept generation 

The first part of the method is focused at the early phase in the product development. 
This phase will handle break down of the problem and concept generation.  

3.1.1 State of the art  

This stage in the project is similar to feasibility study. The difference is that the state of 
art aims to find out specific solutions for sub-problems or the main problem. The state 
of the art will tell what current technical solutions the market offer and if they can be 
applied to solve the analyzed problem. (Johannesson et al., 2004) 

3.1.2 Feasibility study 

The purpose with this analyze is to get a picture of the main problem and its 
surrounding elements that can affect the problem situation. Further on will this analyze 
together with a state of the art lead to a product design specification that sets the 
functional demands. To make a decent analyze, information needs to be gathered. This 
can be done by doing interviews at the company, read internal and external technical 
reports. (Johannesson et al., 2004) 

3.1.3 Product design specification 

The specification lists the properties that the product must have to be able to achieve the 
goals. The purpose with the list is to give guidelines to the development process and to 
give necessary information in the evaluation process. The listed properties are divided 
into demands and wishes. A product design specification does not have to be complete 
in the beginning of the project, the list will be supplemented during time as the 
knowledge of the product increases. In order to achieve a fair evaluation the properties 
shall as far as possible be verifiable. (Liedholm, 1999) 
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3.1.4 Brainstorming 

Brainstorming is a creative group technique where the aim is to generate a large number 
of ideas for the solution of the problem. The basic idea is that the mind should be 
allowed to run freely without being interrupted. Experience shows that a good result is 
achieved by follow the rules shown in Table 1. (Johannesson et al., 2004) 

Table 1. Brainstorming rules. 

- Prefer quantity before quality and set a minimum 
goal of number of new ideas generated before the 
session starts  

- Critics are not allowed during the session 

- Classify and treat ideas after the session 

3.1.5 Function means tree 

A function means tree is a tool that breaks down the problem into functions and means.  
The principle is to establish a main function to the problem that is to be solved.  To the 
main function solving means (technical solutions) are generated. This decomposition 
can be done in several stages and each sub function is followed by means, see Figure 
13. The aim with the tool is to accomplish a decomposition that simplifies the solution 
process. (Liedholm, 1999) 

 

 

 

 

 

 

Main function 

Sub function 1 

Mean 

Mean 1.1 

Mean 1.2 

Mean1.3 

Figure 13 shows the principle of a function mean tree 
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3.1.6 Morphological matrix  

A morphological matrix will be used to generate concepts from the functions means 
tree. This tool is widely used in product development processes. The matrix consists of 
functions and means, taken from the function mean tree. The means are then combined 
to fulfill all functions and thereby fulfill the main function, see Table 2. The result from 
this morphological matrix is four concepts shown in Table 3. (Johannesson et al., 2004 
p128) 

Table 2. Morphological matrix. 

Functions Means 

Function 1 Mean 1 Mean 2 Mean 3  

Function 2 Mean 4    

Function 3 Mean 5 Mean 6 Mean 7 Mean8 

Function 4 Mean 9 Mean 10   

 

Table 3. Resulting concepts from morphological matrix. 

Concept Means 

Concept green Mean 1 Mean 4 Mean 6 Mean 9 

Concept red Mean 2 Mean 4 Mean 7 Mean 10 

Concept black Mean 2 Mean 4 Mean 8 Mean 9 

Concept blue Mean 3 Mean 4 Mean 6 Mean 10 

 

It is possible to generate more concepts from Table 2. Function 1 can be solved by three 
means, function 2 by one mean, function 3 by four means and function 4 by two means. 
This results in 242413 =⋅⋅⋅ concepts. Investigating all possible combinations takes a 
long time and would not be economical. It requires feeling for what seems to be realistic 
and feasible in order to choose a good combination of concepts. (Johannesson et al., 
2004) 

3.1.7 Evaluation criteria 

Creation of criteria is an important task in the evaluation process. The criteria describe 
what is important to achieve and what shall be priority. It’s preferable to create criteria 
in an early phase of the work, otherwise it is a risk that the choices of criteria are 
affected by the previous work. There are no generally criteria to use, they differ from 
problem to problem and are dependent on the area of work, customers, laws and 
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cultures. There exists demands that the criteria have to fulfill and they are listed below. 
(Derelöv, 2002) 

Independent from solutions 

The criteria shall be independent from the solutions, otherwise there is a risk that some 
of the solutions will be favored. (Derelöv, 2002) 

Based on the product design specification 

A well worked specification shall give the majority of criteria. It is important to separate 
from wishes and demands. The demands always have to be fulfilled and they can not be 
used as evaluation material. The wishes set the ground to the criteria and thereby 
solutions that fulfill the wishes in the best way will be preferable. (Derelöv, 2002) 

Assessment  

The criteria will be formulated in a way that makes it possible to make an objective 
assessment. The criteria are weighted due to their importance. Typically a 5 or 10 
category rating system is used. The scoring of the concepts is based on how well they 
fulfill the criteria. Quantitative criteria are often easy to assess since there exists a 
measureable value. In cases where no measure exists, the criteria can be assessed by 
using the categories shown in Table 4. (Derelöv, 2002) 

Table 4. Categories for none measurable criteria. 

Score Categories Score Categories 

0 Completely Useless Solution 

1 Very Inadequate Solution 
0 Unsatisfactory 

2 Weak Solution 

3 Tolerable Solution 
1 Just Tolerable 

4 Adequate Solution 

5 Satisfactory Solution 
2 Adequate 

6 Good Solution With Some drawbacks 

7 Good Solution 
3 Good 

8 Very Good Solution 

9 Solution Better Than Requirements  

10 Ideal Solution 

4 Very Good Or Ideal  

 

Independent of each other 

The criteria have to be independent of each other, otherwise some properties will be 
given more weight in the evaluation. (Derelöv, 2002) 

Proper amount 

There is preferable to keep the amount of criteria relatively low, the recommended 
amount is about 8-12 criteria. (Derelöv, 2002) 
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3.1.8 Parwise comparison of evaluation criteria 

Parwise comparison may be used to evaluate the importance of the criteria against each 
other. The assessment scale together with an example of a comparison is shown in 
Table 5. (Derelöv, 2002) 

Table 5. Parwise comparison between criteria. 

2- More important    

1-Eaqual important    

0-Less important    

        

Criteria A B C D ∑ ∑norm Rang 

A - 0 1 2 3 0.24 2 

B 2 - 2 2 6 0.46 1 

C 1 0 - 1 2 0.15 3 

D 0 0 1 - 2 0.15 3 

 

When A (in the row) is evaluated against B (in the column) it is scored less important 
(0). Using the same procedure A is scored equal important (1) against C (in the 
column). When the matrix is completed there is a reversed symmetry around the 
diagonal. The scores that each criteria are given is summarized for each row and 
normalized. The column rang describes in which order the criteria are considered 
important. The criteria are then given a weight score due to their placement. (Derelöv, 
2002) 

3.1.9 Decision matrix 

To evaluate and decide which concept that fulfills the main function in best way a 
weighted decision matrix can be used, see Table 6. The matrix uses weighting factors to 
compare the importance of the criteria with each other. Each concept gets score for how 
well it fulfills a criterion, see v-column in Table 6. The score is multiplied with the 
weight and summed up to a total score, see t-column in Table 6. Each concept is then 
ranked after highest total score. (Johannesson et al., 2004) 
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Table 6. An example of a weighted decision matrix. 

Concepts 

1 2 3 4 Criteria Weight 

v t v t v t v t 

1 3 5 15 1 3 4 12 1 3 

2 1 4 4 2 2 4 4 1 1 

3 5 3 15 3 15 4 20 1 5 

Total score 34 20 36 9 

Ranking  2 3 1 4 

 

3.2 Technical methods  

3.2.1 FEM – Finite Element Method 

FEM is a numerical method for finding approximate solutions of partial differential 
equations. This requires that the geometry needs to be divided into discrete elements 
with predefined properties. The method is applicable to a wide range of physical and 
engineering problems. (Johannesson et al., 2004) 

A construction detail that is to be analyzed with FEM is at the first stage often 
modulated in CAD. The model is then divided into discrete elements, also called 
meshing. The mesh elements can be both 2 dimensional and 3 dimensional. The 
elements are connected to each other through defined nodes of the chosen element. The 
nodes of the elements have predefined connections between node force and 
displacement. Depending on the geometry, different shapes of the elements can be 
chosen and the properties that vary are number of nodes and degrees of freedom at the 
nodes. The chosen type and size of the element defines the problems total number of 
degrees of freedom and thereby the accuracy of the solution. Tough, a small sized mesh 
with a large amount of nodes increases the time of calculation (Johannesson et al., 2004) 

After the meshing is done constrains are applied to the geometry. Constrains sets the 
actual node displacements to zero and will simulate the fixation of the geometry. The 
loads applied to the geometry can either be distributed on an area or concentrated to 
nodes. When the calculation is executed the results can be analyzed, it is important to 
consider the risk of inaccuracy of the calculation. (Johannesson et al., 2004) 
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4 State of the art  

The state of art considers building techniques for frames and foundations. Most of the 
studies have been done with internal material from SIT AB and interviews of employees 
at SIT AB.  

4.1 Foundation 

A foundation is aimed to anchor a machine or similar in order to avoid movement and 
vibrations during runtime. It must also take care of thermal expansion and in some cases 
even seismic forces. A demand is often to give possibilities to adjust height and position 
for the machine. The foundation does often consist of a concrete slab. [SIT AB internal 
material 2010] 

4.1.1 SIT AB foundation principles  

SIT AB got two main types of foundations. One non spring supported where the 
concrete slab is constructed directly on grade or on concrete piles, Figure 14. The other 
one is a spring supported where steel springs is mounted on the concrete floor of the 
turbine building, Figure 15. The reason to use a spring supported foundation is to take 
care of seismic forces if needed and in some cases if the soil properties requires it. (SIT 
AB- Internal material) 

Ground
floor level

Side view

Top view

HP-Turbine
 and Gear Generator

Turbine shaft centerline

 

Figure 14. Non spring supported foundation. (SIT AB- Internal material). 
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Turbine shaft centerline

Ground
floor level

Side view

Top view

HP-Turbine
and Gear Generator

Springs

 

Figure 15. Spring supported foundation. (SIT AB- Internal material). 

4.1.2 Design and function for foundation plates  

SIT AB has two ways to mount their turbines on the foundation, see Figure 16 and 
Figure 17. Both these two types are quiet similar. The base plate is mounted on the flex 
support for the turbine. The sole plate and machine foot can be seen as the interface 
between the turbine and the concrete foundation. The sole plate is fixed in the concrete 
by grout or glued on the concrete slab. A bolt goes through the base plate, the machine 
foot, the sole plate and the concrete slab. The difference by these two types of 
foundation is that for type one, pictured in fig Figure 16, a washer and nut are mounted 
under the concrete foundation to fix the bolt. For type two, pictured in Figure 16, a 
square shape nut is molded into the concrete foundation. A machine foot or shims is 
used to adjust the height.  [SIT AB internal material 2010] 
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Figure 16. Standard foundation with columns arrangement. (SIT AB- Internal material) 

 

Figure 17. Standard low profile foundation arrangement. 

To make adjustments in the horizontal plane a setting screw and a locking nut is used as 
pictured in Figure 18. [SIT AB internal material 2010] 
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CONCRETE

SETTING SCREW

LOCKING NUT

 

Figure 18. Horizontal adjustment and fixing device with setting screws. (SIT AB- 
Internal material) 

4.1.3 Dimensioning forces and torque 

SIT AB design their foundation and sole plates after the following forces and torque. 
(SIT AB- Internal material) 

• Weight load 

• Thermal forces 

• Torque during normal operation 

• Axial forces during normal operation 

• Axial forces at short circuit 

• External pipe forces  

• Seismic forces 

• Bolt tension forces 
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4.2 Frame development at SIT AB 

During the nineties three turbine configurations adapted for offshore operation where 
developed, all of them included a frame. Steam turbines, gearboxes, generators and 
condensers where mounted on frames and transported as a single packages to site. 
Reflections and notifications that consider the frame are summarized in the following 
points:  

• It is important to define a zero point at the frame that every involved department 
(R&D, manufacturer and installation) refer to.  

• The frame needs to withstand the forces caused by adjustment of the turbines. 
Otherwise the adjusting may result in internal stresses that may affect the 
alignment.  

 

The gas turbines manufactured at SIT AB is mounted on frames together with a gearbox 
and often a load source (generator, compressor, etc). According to Isaac Larsson 
(Personal interview, February 2011) the development procedure of a gas turbine frame 
is simplified in the following points:  

• Identify all connection points and arrange the layout that the frame will link 
together. 

• Calculate the center of gravity for the layout based on including subparts.  
• Build a construction of beams and plates that connect the layout. Consider the 

center of gravity and create lifting points that balances the construction.  
• Dimension the frame due to the load cases that needs to be handled. Often the 

largest forces acting on the frame appears during lift and transport 
 

Principles in how to attach the frame into the foundation varies from using three 
supports and upwards. Three supports simplifies the arrangement procedure but 
increases the single forces acting on the supports compared using several.  

The frame is sometimes divided in two parts, one turbine part and one gearbox part. The 
parts are connected to each other with bolts. The benefits are a reduced transport weight 
and simplified lifting procedure. Disadvantage is that the alignment has to be done at 
site, but if a preliminary aligned is made at factory the amount of time is reduced.  

High forces occur where the gearbox is attached and it results in high bending torques 
that affects attaching elements to the gearbox. The frames are mainly built of I-shaped 
beams and plates that are welded together.  

4.3 Thermal expansion of the frame 

As explained in 2.2.1 there will be thermal movement in materials if the temperature 
changes. The gas turbine SGT 800 is today mounted on a frame and to handle thermal 
expansion the solution shown in Figure 19 is used. (SIT AB- Internal material, 
1CS105427) 
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Figure 19. Thermal expansion of a frame for SGT-800. (SIT AB- Internal material, 
1CS105427l)  

In Figure 19 the supports for the frame is seen from above. Support S11 is fixed in both 
the frame and the foundation. The rest of the supports are only fixed in the foundation 
so the frame can slide upon these supports when it expands. This means that the frame 
can expand freely. According to Mattias Viberg (Personal interview, February 2011) it 
is unknown how large the expansion will be and thereby is the solution above used.  
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5 Feasibility study 

The feasibility study has been focused on the technical areas that will affect the 
construction. The most of the information has been gathered from internal material from 
SIT AB. Besides reading technical reports and documents plenty of interviews with 
specialist at SIT AB have been done.  

5.1 Layout 

 Figure 20 shows a preliminary layout view over how the details can be placed in 
relation to each other and how the cross-over steam pipe can be designed. In Appendix 
15 drawings and detail views are to be found.  

 

Figure 20. Layout view with HP25S and HP40R connected to a gearbox.  

5.1.1 Level difference 

According to Appendix 15, the attachment points for the turbine supports and the 
gearbox are all on different levels. The design of the attachment elements on the frame 
need to fulfill these level differences. The oil tray of the gearbox shown in Figure 20 is 

Steam crossover 

 pipe 

HP40R 

HP25S 

Gearbox 

Gearbox oil tray 
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place below the attachment feet’s, this puts demands on the design of the attachment 
elements for the gearbox.  

5.1.2 Height requirements 

The maximum transportation height (including trailer) is 4.51 meters if there are 
viaducts along the way of transportation. If the total height is higher it is the carrier’s 
responsibility to ensure that the transportation is possible along the way. (Trafikverket 
2011) 

According to Appendix 15 the layouts have the heights shown in Table 7. 

Table 7. Height from bottom of turbine support for HP40R to different details. 

Setup Height measured to 
top of: 

Height [m] 

Steam crossover pipe 4.13 
HP40R and HP25S 

Valve casing HP25S 3.60 

 

The measures in Table 7 are excluding the height of the frame. This means that a 
transportation height below 4.5 meters (including trailer) is hard to achieve. According 
to Jan Hammer (Personal interview, March 2011) are packages higher than 4.5 meters 
often fine to transport. The transportation may need special permission and sometimes 
escort by police. There is no problem to transport a package higher than 4.5 meters 
between Finspång and the harbor in Norrköping. According to the reasoning above it is 
preferable with a design of the frame that gives a low total height.  

5.1.3 Width requirements 

Generally requirements2 for wide transportation are shown in Table 8. (Trafikverket 
2011) 

Table 8. Wide transportation actions. 

Width Action 

261cm-310cm Marking 

311cm-450cm Marking and warning vehicle 

Wider that 450cm Marking, warning vehicle and escort 

 

According to Appendix 15 and the layouts have the widths shown in Table 9. 

                                                 
1 Holds for transportation at Swedish and German roads. 
2 Swedish requirements 
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Table 9. Width between different details in the arrangement. All distances are outer 
measures. 

Setup Width measured 
from HP40R steam 
outlet to: 

Width [m] 

Steam crossover pipe 5.00 

Valve casing HP25S 4.88 HP40R and HP25S 

Turbine foot HP25S 4.45 

 

The results from Table 9 shows that the transportation has do be done with escort. It is 
important that the design of the frame does not increase the total width.  The turbine 
layout will set the total width, not the frame.  

5.1.4 Access to foundation bolts 

Each bolt that anchors the turbine- and gearbox support in the frame is needed to be 
accessible for a hydraulic nut runner. The same is required for the bolts that anchor the 
frame into the foundation. 

5.2 Loads acting on the structure 

This chapter describes and explains the different loads that a turbine frame will be 
affected by. To make a good preliminary layout of a frame it is needed to know which 
internal and external forces that will affect construction and were these are applied.  

There is no standard at SIT AB for frame load calculations for HP steam turbines. 
Therefore an assumption has been made that the load calculations for the frame can be 
done in the same manner as they are for foundations. In additional to those calculations 
some calculations that are made for gas turbine frames will be done. It is neither any 
standard for load calculations for the layout with two HP turbines connected to one 
gearbox. Therefore calculations are to be done for each HP-turbine and the gearbox. 

The calculation of the foundation loads regards the loads shown in Table 10.  
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Table 10. Foundation loads. 

Static loads 
1. Dead (Weight)   
2. Thermal  
3. Torque  
4. Axial  
5. External pipe 
6. Bolt tension  

Dynamic loads (Break down) 
7. Short circuit 
8. Seismic (Earthquake)  
9. Blade loss 

 
The majority of these loads are calculated according to Appendix 11. Appendix 11 does 
not include calculations for a two pinion gearbox and a blade loss for a HP turbine. 
These calculations are made in Appendix 12 and Appendix 13.  

5.3 Load cases  

Different load cases will be used to verify the strength properties of the frame. These 
cases consist of different combinations of the loads described in 5.2 and different safety 
factors. The stresses that occur during normal operational, shipping and the lifting case 
needs to be within the yield limit of the material. An exceeded limit causes plastic 
deformation and this may change the geometry of the frame. The stresses caused by the 
breakdown loads needs to be within the tensile strength of the material. This will ensure 
that the frame will remain still during a breakdown.  

5.3.1 Operational loads 

The operational loads have been divided in two different cases:  

Operational load with dead load of turbines and gearbox excluded 

This case will be used to determine the displacement that occurs at the attachment 
elements for the turbines and the gearbox. The displacement caused by dead weight will 
be taken care of in the alignment and is excluded in this case.  All static loads excluding 
dead weight of the turbines and the gearbox from Table 10 are used. 

Operational load with dead load of turbines and gearbox included  

This case will be used to determine the stress that occurs in the frame during normal 
operation. All static loads in Table 10 are used. This case may also be used to measure 
the displacement when the dead loads are included.  
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5.3.2 Transportation loads  

Lifting loads 

When a heavy structure is designed and dimensioned it is important to consider the load 
caused by lifting the structure. The size of the load depends on different circumstances 
such as acceleration, fabrication tolerances, and tolerances on lifting gears. To simulate 
a lift load case, a new design load is created. The size of the design load depends on 
different factors that are multiplied with the load caused by the dead weight of the 
structure (turbines, gearbox, and frame). The design load is given by equation (5-1). 
(DNV, 2000) 

( ) deadweightidesign LoadfactorfactorfactorLoad ⋅⋅⋅⋅= ...21  (5-1) 

How to choose proper factors for the design load is described in Appendix 1. The design 
load that will be used in the lifting case is: 

( )  weight dead weight dead elements supporting 20.24.105.11.105.125.105.1 LoadLoadLoad =⋅⋅⋅⋅⋅⋅=  

The factor of 2.2 will be multiplied with all dead weights including the weight of the 
frame. This case will be used to determine the stress and the displacement that occurs 
during a lift.  

Shipping loads 

The shipping load considers the load caused by acceleration on board at a transportation 
ship. The repetition frequency is higher during sea transport than other transportation 
options. Figure 21 shows the directions of the accelerations that are regarded in the 
shipping load.  The expected additional acceleration is set to 1.0g in vertical direction 
and 0.8g in horizontal direction. 1CS105427. (SIT AB- Internal material, Acceleration 
under transport av Siemensutrustning)  

 

Figure 21. Direction of the accelerations during sea transport. 

These accelerations will act on the dead loads of the turbines, the frame and the 
gearbox.  

5.3.3 Breakdown loads  

The breakdown loads is divided into three different cases where the stresses will be 
determined for each case.  

Vertical direction 

 

Horizontal direction 
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Earthquake  

The building code UBC-97 will be used to verify the frame against the load caused by 
an earthquake. The building code contains rules that specify a minimum acceptable 
level of safety for constructed buildings and structures.  

Load types and combinations according to UBC are described in Table 11 and Table 12.  

Table 11. Load types according to UBC 97. (Asce, 2010) 

Load type Variable Corresponding load case for HP-turbines 

Dead load D Standstill 

Live load L Operating loads (including dead load) 

Earthquake load E Seismic loads 

Table 12. Load combinations according to UBC 97.(Asce, 2010) 

Scale factors Load case 

D L E 

1 1.4   

2 1.2 1.6  

3 1.2 1  

4 1.2 1 1 

5 0.9   

6 0.9  1 

 

Load case 4 in Table 12 will be used in the verification since it contains both live and 
earthquake loads. The total load that the structure needs to handle is 1.2Dead load + 1 
Live load + 1 Earthquake load. The seismic load shown in Table 10 is used as the 
earthquake load. 

Short circuit of the generator  

This case considers the load caused by a short circuit of the generator. The additional 
load caused by this failure will be added to the operational load case (including dead 
load). 

Blade loss 

This case considers the load caused by a blade loss at the turbine. The additional load 
caused by this failure will be added to the operational load case (including dead load).  
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5.4 Evaluation of alignment in shaft arrangement 

When the frame is exposed for the different loads elastic deformation will take place 
and thereby will the position change for the fix- and flexible supports. This leads to 
change in position for the turbine, quill shaft and gearbox couplings and thereby change 
in alignment. To verify that this change in position is tolerable the position for these 
couplings needs to be measured and evaluated after deformation. This verification will 
be done for the operational load. The deformation that takes place during shipping and 
lifting loads will return to its original position as long as the stresses are within the yield 
limit.  

The alignment is evaluated according to two criteria. Radial clearance, CRadial, due to 
radial displacement, see Figure 22 a), and clearance between quill shaft and turbine 
shaft, CShaft, due to displacement of alignment angle, see Figure 22 b). (SIT AB- Internal 
material) 

 

Figure 22. Clearence in shaft arrangement during operation. 

The radial clearance, CRadial, occurs due to displacement of the shafts relative each other 
in both y- and z-direction. It’s calculated according to: 

couplingrotorTurbinecouplingQuillshaftyRadial yyC ,,,, −=  

 

couplingrotorTurbinecouplingQuillshaftzRadial zzC ,,,, −=  

Where 

a) CRadial due to       radial 
displacement 

b) CShaft due to       
displacement of alignment 
angle 

CShaft 
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angel 

Turbine rotor 
coupling Quillshaft 

coupling 

Quillshaft coupling 
Turbine rotor coupling 

CRadial 
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couplingQuillshafty ,  : y-coordinate for quill shaft coupling [mm] 

couplingrotorTurbiney ,,  : y-coordinate for turbine rotor coupling [mm] 

couplingQuillshaftz ,  : z-coordinate for quill shaft coupling [mm] 

couplingrotorTurbinez ,,  : z-coordinate for turbine rotor coupling [mm] 

The vector sum of the clearances needs to be within a certain value that is decided for 
the shaft arrangement. The sum is calculated according to: 

2
,

2
,sumVector zRadialyRadial CC +=  

 

The shaft clearance, CShaft, occurs due to displacement of the alignment angle in both 
xy-plane and yz-plane. It’s calculated according to:  

L

ntDisplaceme
DC zy

FlangeyzxyShaft
,

,, ⋅=  

Where: 

FlangeD  :  Flange diameter [mm] 

zyntDisplaceme ,  : The difference of the displacement between the bearings at the 
in and outlet side of the turbine in respectively direction [mm] 

L  : Length between the bearings at the in and outlet side of the 
turbine [mm] 

5.5 Material 

The material used in calculations is S275JR-Structual steel, non alloy quality steel. The 
physical properties are shown in Table 13.  

Table 13. Physical properties for S275JR. (SIT AB internal material, K-190-141250) 

Elasticity modulus E 212GPa 

Density ρ 7.85g/cm3 

Yield strength ReH 265MPa 

Tensile strength Rm 410-560MPa 

Linear expansion coefficient α 11.9·10−6/°C 

5.6 Thermal expansion effects  

When e soundproof cover is used, the surrounding temperature inside the cover may 
reach 60oC according to Karl-Gunnar Andersson (Personal interview, March 2011). 
This means that the frame will reach this temperature since the cover is connected into 
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the construction. The surrounding temperature when the turbines are aligned and 
mounted can be assumed to 20 o C. This means that the construction will be affected by 
a temperature change of 40oC. The temperature caused by conduction from the turbine 
into the support will not exceed 60 oC (SIT AB- Internal material, RT DA 32/06). The 
thermal stress that occurs if a structure in anchored at both sides is explained in 2.2.2. A 
change of 40oC results in the thermal stress shown in Table 14.  

Table 14. Thermal stress calculations at a change of 40 oC. 

E = 212 GPa , ∆T=40oC, α=11.9·10−6/°C  

S = E · ∆T · α = 100Mpa (2-2) 

The concrete foundation that the frame is mounted is assumed to not be affected of the 
temperature change of 40 degrees. This means that the frame will expand and the 
foundation will remain still. It’s thereby essential to design supports between the frame 
and foundation that allows expansion to avoid the thermal stress shown in Table 14. A 
fixed point will be design as explained in chapter 4.3 and the rest of the supports will 
allow movement in required directions.  

5.7 Lifting points 

To ensure a robust and safe lifting procedure the lift will be done with four lifting 
points. The lifting element shown in Figure 23 is placed where the center of gravity for 
the structure exists.  

 

Figure 23. Lifting layout with involved parts.  

The lifting angle needs to be within 35 degrees and the preferable value is 30 degrees 
according to Joakim Samuelsson (Personal interview, April 2011). There is no lower 
limitation on the lifting angle, but a small angle causes higher sensitivity for external 
disturbance during a lift 

Lifting element 

Lifting angle  

 

Sling 

 

Center of gravity 

Lifting point  
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5.8 Beam combinations 

According to 5.1.2 does the frame need to be as low built as possible. In additional does 
the frame need to have attachment elements for the turbine and gearbox supports on 
different levels. These requirements can be fulfilled in infinite number of ways. 
According to chapter 2.4.1 is an I-beam ideal to handle load relative its weight.  

In order to investigate if I-beams can be designed or assembled to fulfill these 
requirements two test concepts were developed and analyzed with FEM.  

5.8.1 Test concept 1 - Two I-beams 

This concept consists of two I-beams with different height placed on top of each other, 
see Figure 24. The purpose with the design is to achieve a height difference and at the 
same time achieve a section of the assembly that is low built. The two beams are welded 
together in the region called transition area. The ends in this area are cut with an angle α 
in order to get a smother transition between the two beams, see Figure 26. A smaller α 
will result in a reduced stress in the web.  

 

Figure 24. Test concept 1, Two I-beams. 

5.8.2 Test concept 2 - Combined beam  

This beam concept has two different heights, see Figure 25. The purpose is to achieve a 
height difference, one lower section and still have a beam strong enough to handle 
loads. The transition between the two heights is done with an angle α in the transition 
area, see Figure 26. Once again is it an advantage to have α as small as possible.  

Transition area 
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Figure 25. Test concept 2, Combined I-beam. 

5.8.3 FEM-analyze 

The concepts are compared with an ordinary I-beam. Thereby it is possible to see which 
dimensions an ordinary I-beam needs to have the same performance as the concepts. 
The beams will be supported with more supports in the real case. The result in form of 
nodal displacement should just be used as comparison for the beams and does not have 
a realistic value. The condition for the test can be seen in Figure 26. Force F acts 
perpendicular to the flange on the distance l for each beam. The force is an 
approximated value and has only been used to evaluate the concepts against each other. 
The same angle α and length L is used for all beams. Two values for α was used in test 
in order to see how the angle affects strength of the beam. The beams that are used in 
the test are HE, European wide flange beams. The wide range of dimensions of wide 
flange beams makes it possible to use the same width of the flanges independent on the 
height of the beam. The ordinary I-beams used are HE300A, HE500A and HE700A. For 
the other two concepts HE300A were used for height h and HE700A for height H. 

Transition area 
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Figure 26. Conditions for the FEM analyze. 

The result from the analysis is shown in Table 15. 

Table 15. Result from FEM-analyze shown as nodal displacement 

  
Two  

I-beams 
Combined  

I-beam 
Single 
 I-beam 

Height h [mm] 300 300 300 300 300 500 700 
Height H [mm] 700 700 700 700       
Angle α [degrees] 30 45 30 45       
Load in z-direction 
[kN] -166,4 -166,4 -166,4 -166,4 -166,4 -166,4 -166,4 
Displacement in z- 
direction [mm] -3,43 -3,99 -3,06 -3,62 -10,67 -3,46 -1,73 
Rank after least  
displacement 3 6 2 5 7 4 1 

 

A single 700 I-beam gives the least nodal displacement. Concept “Combined I-beam” 
performs better than Concept “Two I-beams”, but the difference can be considered 
small. The conclusion that can be made is that the two concepts works fine and they can 
be compared to the performance of a 500mm high single I-beam. 

Single 

I-beam 

Two  

I-beams 

Combined  

I-beam 
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6 Product design specification 

The specification has been created due to the results from the feasibility study and the 
state of the art together with involved people in the project. The product design 
specification is shown in Table 16. 

Table 16. Product design specification.  

Dimensions     

[1] The width of the frame shall not be wider than the total 
width of the turbine layout  

   D 

      

[2] Width including turbines and gearbox ≤ 4.5 m W3 

      

[3] Height including turbines and gearbox ≤ 3.5 m W4 

      

[4] Length including turbines and gearbox ≤ 10.0 m W 

      

[5] Weight including turbines and gearbox ≤ 85.0 tonnes W5 

     

Loads     

[6] The design shall be dimensioned to withstand the stated load 
cases.  

 D 

    

[7] The design shall not cause problems  with alignment of the shaft 
arrangement  

 D 

Performance     

[8] Allow heat expansion caused by heat transfer from turbine 
supports without cause problem with alignment of the shaft 
arrangement. 

 D 

  

[9] Handle heat expansion and fluid reaction forces in the steam pipe 
between the two HP-turbines, without exceed requirements for 

 D 

                                                 
3 Width wider than 4.5 requires escort by police during transportation   
4 When the total height (including trailer) is higher than 4.5 meters the transportation has to 
avoid obstacle such as tunnels, overpasses, etc. The height of a trailer is set to 1.0m  
5 A total weight of the package below 85 tonnes implies that the transport can be done with a 
truck to site. If the weight exceeds 85 tonnes the transportation has to be done mostly by ship.  
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external pipe forces according to STI No. 9100-02E. 

  

[10] Make place for drainage, drainage valves and connecting pipes. D 

      

[12] Allow adjustments of position for the turbines in 6 degrees of 
freedom relatively the frame. 

 D 

  

[13] Allow adjustments of position for the frame in 6 degrees of 
freedom relatively the foundation at site. 

 D 

  

[13] To avoid resonance in the system the natural frequencies for the 
frame and the turbine string shall not coincide for normal 
operation state.  

 D 

Overall design requirements     

[14] Allow access to service points at turbines and gearbox.  D 

      

[15] Allow easy access to service points at turbines and gearbox.  W 

      

[16] The lifetime of the frame shall exceed the lifetime of the turbines 
and the generator. 

 D 

    

[17] Avoid modification of turbine supports.  W 

    

[18] The design should have low sensitivity due to change in shaft 
center distance. 

 W 

      

[19] The design should have low sensitivity due to change in axial 
distance relatively the turbines. 

 W 

      

[20] The design and placement of lifting points shall allow a simple 
lifting procedure. 

 W 

      

[21] The design should regard and make place for connection points for 
auxiliary systems. 

 W 

      

[22] The frame should be easy to manufacture.  W 
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[23] The turbines should be easy to mount on the frame.  W 

      

[24] The frame should be easy to mount on site.  W 
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7 Preliminary calculations 

Preliminary calculations of foundation loads and load combinations have been made. To 
be able to calculate the loads it requires specifications of the turbines and the gearbox. 
Since the turbines and the gearbox are not full developed yet some of the specifications 
have not been available. These specifications have been taken from similar fully 
developed turbines. There by are the calculations not accurate enough for evaluation of 
a final construction since that will be a certain margin of error of the values. These loads 
will be used in the concept development and in the evaluation of a final design. The 
calculation and combination of the loads is shown in Appendix 2 and Appendix 3. 
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8 Concept Generation  

This chapter describes the different concepts that have been developed. The concept 
development is divided into frame concepts and support concepts. Common methods 
used in all concept developments are brainstorming due to results from the feasible 
study, other methods have been used if necessary.  

8.1 Frame concepts 

To be able to develop and evaluate the different frame concepts it is important to 
consider the different loads cases in chapter 5.3 that will affect the frame during 
different scenarios. The layout has been divided into three areas: Area 1, Area 2 and 
Area 3, see Figure 27. 

 

 

Figure 27. The breakdown of the layout into three areas and the attachment points.  

Where: 

Area 1 consider the region where the flexible supports are attached 

Area 2 consider the region where the fixed supports are attached 

Area 3 consider the region where the gearbox is attached 

Depending on the region different forces and torques have to be handled. The total list 
of all forces and torques acting on the frame is shown in Appendix 2. The forces and 

Area 1     Area 2     Area 3     

x 

y 

Gearbox     

HP S 

HP R 
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torques have been summarized for each direction and divided into two groups: design 
loads and breakdown loads. The magnitudes of the forces and torques have been 
replaced with a ranking score. The two groups: design loads and breakdown loads have 
been ranked separately with the score 1-3, where 1 is the largest. Each load type listed 
in Table 17 below acts on each support in respectively area. The rank will simplify the 
understanding of where the important forces and torques acts.  

Table 17. Lists the forces and torques that acts on each support at the different regions.  

Area 1   

Design loads Direction Rank 

Force - x 3 

Force - z 3 

Torque - y 2 

Breakdown loads Direction Rank 

Force -z 2 

Force -y 3 

Area 2    

Design loads  Direction Rank 

Force x 2 

Force -z 2 

Torque y 3 

Breakdown loads Direction Rank 

Force -z 2 

Force ±y 3 

Force ±x 2 

Torque ±y 2 

Area 3   

Design loads  Direction Rank 

Force x, y 1 

Force ± z 1 

Breakdown loads Direction Rank 

Force ± z 1 

 

The frame concepts consist of two categories of steel members; main members and 
secondary members. The main members can be seen as the core in the structure and will 
handle the majority of the loads. In common for all concepts generated below is that the 
main members are all placed in x direction. This placement will be preferable according 
to handle the loads describe in Table 17. The attachment elements for the supports will 
be attached at the secondary members that will distribute the loads to the main 
members. Figure 28 shows an example of usage of both main members and secondary 
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members. It also displays placement of the supports together with the ability to place 
members.  

 

Figure 28. Conceptual layout of a frame seen from above. 

x 
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8.1.1 Frame concept 1 – No horizontal difference together with 
new turbine supports 

In this concept the problem with the total height is handled with a change in design of 
the turbines flex supports. A new design of the supports makes it possible to use a single 
height of the main member trough the whole construction. In order to get the needed 
height difference between the fix- and flex supports additional attachment elements 
needs to be placed on top of the main and secondary members, see Figure 29.  

 

Figure 29. Concept drawing of frame concept 1, side view. 

To realize this concept the total height of the flexible support needs to be reduced to a 
level similar to the level of the fixed support. This level of reducing is difficult to 
achieve with the bending mechanism design used today. In order to not increase forces 
and torque on the supports and turbine housing due to thermal expansion the supports 
needs to be more flexible, and at the same time be able to handle the same load. This 
can though be solved for example with change in cross-section area or by introduce 
supports that use rotational joints similar to the ones used for SGT-7506.   

Load and geometry consideration 

Area 1 

This area is the least critical between the three of them due to both load and geometry 
considerations. According to Table 17 is the bending torque around the y-axis 
dominating and will be determinative when dimensioning this area. In the middle of the 
frame are two of the supports collinear and depending on how the beams are placed can 

                                                 
6 SGT-750 is a newly developed gas turbine from SIT AB that uses a rotational joint technique 
in their supports to handle the thermal expansion.  
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the load in the middle become twice as high compared to the sides of the beam. It’s an 
advantage if the main I-beams in x-direction can be placed where these forces act, or as 
near as possible. In that way the I-beams will be used in the best way, according to 
chapter 2.4.1. There is plenty of space in this region to place both main and secondary 
members to create a stabile structure that handle the loads according to Figure 28.  

Area 2 

This area is rather similar to Area 1 and mostly of the reasoning above can be applied 
even here. Due to the level difference between the main members and the fixed supports 
of the turbines, the load will have a heavier impact on the frame. The forces and the 
torque acting on the supports will lead to that a bending torque occur where the 
attachment elements are placed. 

Area 3 

Area 3 is affected by heavy loads. This concept has the advantage that the supports for 
the gearbox can be built up with a quite low height. A low height for the supports gives 
less impact on the base frame than for higher supports. The gearbox oil tray can 
eventually be placed lower than the main beams.  

Lifting aspects 

This concept makes it easy to place lifting points to achieve equilibrium due to the 
center of gravity of the entire package. The possibility to use same dimensions for the 
main members all over the frame simplifies the procedure to accomplish a stabile 
structure.  

Access for auxiliary systems 

Since this concept has low distance between the turbines and the frame in the z-
direction is it important to make place within the frame for example drainage valves and 
pipes. The frame needs to have space for these auxiliary systems in all three areas. In 
area 1 shall drainage pipes with small diameter be placed. In additional can drainage 
valve be placed close to the drainage outlet on the turbine. If there wouldn’t be space 
enough to place the pipes on a level above the main beams there is two other options. 
One is to let the pipes go straight down and then out under the frame in the space that 
will occur due to the height of the foundation supports. From the bearing bracket at the 
fix support in area 2 it is placed a large oil drainage pipe. This pipe goes to a lubricating 
oil tank where an oil pump is placed. From the outlet can the piping go in any direction 
and thereby don’t cause any problem concerning geometry of the frame.  

Access for bolts between frame, turbine and gearbox supports  

In area 2 and 3 is the turbine supports and the gearbox feet placed upon attachment 
elements. These will probably be constructed with plates or similar and thereby will it 
be enough space for mounting bolts and nuts and adjustment of the Vibracon. There is 
less space in area 1, but with a new design of the supports it is possible to create a 
solution that is easier to install and adjust.  

Supports to foundation 

For the same reason as is discussed in Lifting aspects will this frame have a stabile 
structure. This is even an advantage here to get as few foundation supports as possible. 
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With fewer supports the time of work at site with mounting and alignment on site is 
reduced. If needed, there is plenty of space to place supports in the middle of the frame.  

Sensitivity due to layout changes 

 

Change in pinion center distance 

A change in this distance will not affect the construction of the frame, since placement 
of supports can be placed all over the single leveled frame, see Figure 28.  

Change in shaft length 

The same argument used above can be used in the case where the shaft length is 
changed, see Figure 28.  
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8.1.2 Frame concept 2- Horizontal difference in frame with original 
turbine supports 

In this concept the frame is built of main members with different lateral levels. The 
original turbine supports is used and the lowest level on the frame is the area where the 
flexible supports are attached. The main members are in this case composed of two I-
beams placed on top of each other according to chapter 5.8.1. The gearbox attachment 
and the turbine supports are attached at the elements shown in Figure 30. 

 

Figure 30. Concept drawing of frame concept 2, side view. 

Load and geometry consideration 

Area 1 
The height of this area sets the total height of the package, thereby it’s important to 
build it as low as possible. A limited height in z-direction makes it harder to achieve a 
design that handles torque around the y-axis and forces in z direction according to 
chapter 2.3. Forces in y and x direction should not be any problem to handle. 

To handle the loads a proper placement of steel members is important. Even if the 
height is restrictive there is plenty of space to place elements in both y and x direction. 
Together with placement of members, supports to foundation can be used to transmit the 
loads directly into the foundation to avoid bending torques. The most critical part of 
Area 1 is in the middle where both flex supports are attached. This part will be exposed 
of doubled forces and torques compared to the sides of Area 1 (y-axis).  

Area 2 

In Area 2 the transition between the different horizontal levels take place. The transition 
it self should not cause any problem due to the results from chapter 5.8. A problem 
within this area is how to attach both fix supports into the frame. The elements for 
attachment of the fixed supports may be hard to design due to placement of the main 
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members. Figure 31 below shows the conflict area between the attachment of the fixed 
support and the flexible support. They are placed close to each other in y-direction, but 
at different height which causes problem. 

 

Figure 31. An example of beam placement and the conflict area between the supports. 

One issue is that the elements where the fixed supports are attached are quite high. This 
will increase the bending torque acting on the frame. To avoid that the torque is 
transmitted to the weaker Area 1 it is necessary to place supports to foundation that 
prevents this transmission.  

Area 3 

The main problem in area 3 is that the gearbox attachment will be place at a quite high 
level from the foundation. The large torques and forces will generate high bending 
torques acting on the frame.  

Lifting aspects 

The position of the center of gravity of the whole construction results in lifting points 
placed in the weak Area 1 and Area 3. This may cause problem in the critical area 
shown in Figure 32.  

 

Access for auxiliary systems 

This concept is rather spacious between the fixed- and flexible support and access to 
connections and piping should not be a problem. 

Center of gravity  

Lifting sling   

 Lifting point   

 Critical area during a lift  

Attachment elements 
for the fixed support 

Conflict area  

Flex supports 
attachment   

Transition region   

Figure 32. The critical area during a lift of a construction designed after this 
concept. 
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Access for foundation bolts 

The complex geometry in the transitions regions may cause problem with access to 
bolts when mounting the turbines.  

Supports to foundation  

To achieve a solid construction with this concept the placement and amount of supports 
is important. As mentioned above the critical part due to solid mechanics is area 1, an 
increased number of supports could be a solution. It may be problem to place supports 
in the transition area since the access will be limited in this region of the frame.  

Sensitivity due to layout changes 

Change in shaft center distance  

This concept is sensitive to a change were the distance is reduced, this will cause 
problem with the conflict area described in Area 2 above. A change that increases the 
distance will simplify the construction.  

Change in shaft length distance 

If the change results in an increased distance between the turbines it will have negative 
affects due to solid mechanics, because the weak Area 1 needs to be extended. A 
decrease of the distance will have the opposite affect since Area 1 is shorten.  

There will be no further problems if the change is equal for both turbines. 
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8.1.3 Frame concept 3 - Horizontal difference in frame with 
new turbine supports 

This concept is a combination of concept 1 and 2. It got new lower flex supports which 
make it possible to have less height difference between area 1 and 2. This implies that I-
beams with varying cross-section can be used as main members, see Figure 33. What’s 
differs more from concept 2 is that there is no displacement in x direction for the main 
members transition area, which can be seen in Figure 30. The dimensions for the main 
members in Area 1 will set the total height the whole package. 

 

Figure 33. Concept drawing of frame concept 3, side view. 

The challenge here is to design new flex supports, which mostly can be done in the 
same manner as is described for frame concept 1. What can be critical here is the space 
for the flex support attachment near the transition in area 1, see Figure 34. 

 

Figure 34. An overlooking view of frame concept 3. 
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Load and geometry considerations 

Area 1 

As can be read above does the dimensions of the main members in this area set the total 
height. The loads acting in this area are to be handled in the same way as for frame 
concept 1. It will be high tensions in the transition but that should not cause problem 
according to chapter 5.8. What can be critical here is the space for the flex support near 
the transition in area 1. One way to solve this is to let the high part of the main 
member’s even cover the flex support for the smaller HP-turbine, see Figure 35. An 
advantage is that the frame will be less sensitive due to layout changes. It’s even 
possible that the transition can be done with a smaller angle and in that way will less 
tension occur in the web. A shorter part with a low height will increase the beams 
resistance against loads. 

 

Figure 35. An alternative solution to attach the flex support. 

Area 2 

The height of the attachment elements for the fix supports will be small. This implies 
that the minimal force and torque will be transferred to the frame which is a great 
advantage. The loads acting in this area are to be handled in the same way as for area 1 
in frame concept 1. 

Area 3 

This concept gives advantages with low supports for the gearbox in the same way as in 
area 2. To make room for the oil tray for the gear box same reasoning can be used as for 
frame concept 1. 

Lifting aspects 

This concept will have similar difficulties when lifting shall take place as frame concept 
2. The critical area shown in Figure 36 needs to be dimensioned to handle the lift.  
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Figure 36. Shows the critical area when lifting shall take place. 

Access for auxiliary systems 

This concept is rather similar to frame concept 1 on this point. It is tough even more 
important to make room for auxiliary systems within the frame for this concept. 

Access for foundation bolts 

Since both fix and flex support is placed on the members with small elevating elements 
will it be critical with space for mounting the turbine supports. For the gearbox should 
not it be any problem as is described in frame concept 1. 

Supports to foundation 

Same reasoning as for frame concept 1 can be used on this point. 

Sensitivity due to layout changes 

Change in pinion center distance 

A change in this distance will not affect the construction of the frame since placement 
of supports can be placed all over the single leveled frame, see Figure 28.  

Change in shaft length 

It is no problem if the shaft length changes with same magnitude for both turbines. It is 
neither any problem if the shaft for the supercritical problem is extended or the shaft for 
the regular HP-turbine is shortened. If wise verse shall take place that will not work. 

8.2 Supports to foundation 

This part of the chapter handles the development of supports between the frame and 
concrete foundation. The chapter is divided into the sub problems: Arrangement of 
supports, flexible supports, fixed supports and key supports.  
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Lifting sling 

Lifting point 

Critical area  



Preliminary study of a frame for two module turbine system 

52 

8.2.1 Arrangement of supports  

The arrangement of the supports is an important factor when the thermal force is to be 
handled. The principle is that the arrangement should consist of one point that is fixed 
while all other points are flexible. 

Concept, Fix point at the end   

This concept has a fix point at the end of the frame where the gearbox is placed. In the 
other end a key support is placed that allows movement in x direction, see Figure 37. 
The other supports are flexible in two directions and are illustrated with the black 
arrows. The expected thermal expansion is illustrated with the red arrows and is related 
to the fix point.  

 

Figure 37. The concepts with a fix point located at the end of the frame and flexible 
supports. 

 

Following support types are needed in this concept: 

• Fix support 
• Key support in longitudinal direction 
• Flexible supports in 2 dimensions  

 
Advantage 

• Handle the problem in a simple way  
• The placement of the fix point is ideal and will not cause problem with 

alignment during expansion.  
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Disadvantage 

• The flexible supports that are placed near the gearbox are exposed for high loads 
due to torque and the flexible function could be affected when support has to 
withstand the loads.  

Concept, Fix point in center of gearbox   

This concept has a fixed point at the center of the gearbox, see “appeared fix point” in 
Figure 38. Three supports that allow movement in on direction are placed at both sides 
and at the top of the gearbox.  The intersection between the three allowed directions 
creates a fix point in the middle of the gearbox. The rest of the supports are flexible in 
two directions and are illustrated with the black arrows. The prevented thermal 
expansion is illustrated with the red arrows and is related to the fix point.  

 

Figure 38. The concept where a fix point is created by key supports.  

The support types that are needed is this concept is:  

• Support that allows movement in one direction while preventing in the two other 
directions  

• Flexible supports in 2 dimensions 
 
Advantage 

• The support function and placement handles the torque from gearbox in a good 
away due to placement of the supports.  

Disadvantage 

• Since the fix point is placed in the center of gearbox thermal expansion is 
possible in the direction from the gearbox to the generator.  

y 

x 
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8.2.2 Fix support concepts 

The demand for the fixated support is to prevent motion in all directions. All 
adjustments that need to be done when alignment takes place can be done by the other 
supports.  

Concept 1 – Welded fix point 

 

Figure 39. Welded fix point. 

In this concept, Figure 39, a steel detail is attached to the beam were the fix point should 
be placed. After alignment between the skid and the generator is done the height of the 
detail is adjusted so the detail touches the steel plate. The steel detail is then welded to 
the steel plate which is molded into the concrete foundation.  
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Concept 2 Bolted fix point  

 

Figure 40. Bolted fix point. 

In this concept, Figure 40, a steel detail is attached to the beam were the fix point should 
be placed. This detail is supported by a Vibracon or a thick walled pipe and shims, 
which gives possibilities for height adjustment. After alignment between the skid and 
the generator this steel detail is bolted to the concrete foundation.  

8.2.3 Flexible supports  

In this concept generation the flexible support is handled. The different support concept 
is generated from the function mean tree and the morphologic matrix shown in 
Appendix 4 and Appendix 5.  

Sliding supports  

The sliding support concepts are based on placement due to a geometrical relationship 
between the heat expansions in two directions. Since the heat expansion is proportional 
the total extension in length and width can be describe with a resultant expansion, see 
Figure 41.  
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Figure 41. The resultant expansion and the angel of the resultant. 

By placing the sliding support in line with the resultant expansion the support handles 
thermal expansion in both width and length.  

To guarantee that sliding take place where it suppose to, the friction force between the 
gliding surfaces needs to be lower than the force from the thermal expansion.  This can 
be solved with grease, fine tolerances, surface roughness and different material.  

Concept 1 – Profile sliding  

This support allows movement in one direction while preventing movement in the two 
other directions, see Figure 42.   

The sliding mechanism is build with a T-form and between the frame and sliding part a 
Vibracon is mounted for height adjustment. They are connected with a bolt trough the 
frame and Vibracon to a threaded hole in the sliding part.  

The fixed part is mounted to the foundation with the same principle that is used for the 
turbine feet’s. The holes for the foundation bolts are wider than the bolt and make it 
possible to lateral change with the adjustments blots. The foundation bolts are tightened 
with the required torque to maintain proper friction force between the surfaces.  

 

Figure 42. Sliding support concept.  

Advantages  

• Gives a fully controlled movement in one direction. 
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• The adjustment of the vertical and lateral position can be done separately witch 
simplifies the alignment procedure at site.  

 

Disadvantages 

• The construction is relatively complex 
• Two foundation bolts are required per support compared to on bolt in other 

solutions 

Concept 2 – Sleeve in trail 

This concept uses a sleeve to take care of thermal expansion, see Figure 43. It allows 
expansion in x-direction and is fixed in the two others. Clearance between the sleeve 
and the frame combined with a trail in frame makes it possible for the frame to slide in 
one direction, which in this case is x-direction. 

 

Figure 43. Support with sleeve in trail. 

The clearance is just so large so friction does not occur between surfaces on the sleeve 
and frame. The foundation bolt fixes the frame in y- and z-direction. To adjust the 
position in the horizontal plane setscrews are used. Two methods can be used for 
vertical adjustment, shims and vibracon, Figure 44. 
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Figure 44. Support with shims to the left. Support with vibracon to the right. 

Overall advantages 

• Parts that exist today can be used. 
• Easy mounting with just one foundation bolt. 

 

Overall disadvantages 

• It can be tricky to achieve the trail in a determined direction with fine tolerances.  
• It allows a small displacement in two directions which can lead to fatigue 

damages. 
 

Advantages with vibracon 

• Easy height adjustment. 
 
Disadvantages with vibracon 

• More expensive solution than shims.  
 

Advantages with shims 

• The needed height for the shims is lower than for the vibracon which gives a 
lower building height for the whole installation. This can lead to better stability.  

 
Disadvantages with shims 

• It’s possible that slip occurs between the shims which can lead to fatigue 
damages. 

Concept 3 – Sleeve 

This concept is similar to Concept 2 – Sleeve in trail, see Figure 45.The only difference 
is that the sleeve doesn’t run in a trail. Instead is the diameter for the hole in the 
foundation plate large enough to allow the frame to expand. This means that this 
solution only fixes the frame in the z-direction. For height adjustments see Figure 44. 
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Figure 45. Support with sleeve. 

This concept got the same advantages and disadvantages as Concept 2 – Sleeve in trail 
except from one thing. Because this concept doesn’t use a trail is it easier to 
manufacture and install than Concept 2 – Sleeve in trail. 

8.2.4 Key supports  

The key support is used to prevent movement in one direction. By placing the support in 
the middle of the structure the thermal expansion will be equal on both sides of the 
support. 

Concept 1 Block adjustment 

In this concept a key plate is welded into the frame. The key can slide in a track that is 
mounted into the foundation. The holes for the foundation bolts are wider than the bolt 
and make it possible to lateral change with the adjustment bolts, see Figure 46. 

 

Figure 46. Block adjustment. 
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Advantages 

• Simple solution with few parts involved 
Disadvantages 

• The geometry is sensitive due to angel changes which can lead to locking and 
the sliding function will be reduced. 

Concept 2 Frame adjustment 

In this concept the adjustment in lateral direction is done by a sliding mechanism in the 
frame. The sliding block is bolted directly into the foundation. The key that slides in the 
track can either be of a cylindrical or rectangular shape, see Figure 47. 

 

Figure 47. Frame adjustment 

Advantages 

• The sliding block can be bolted directly and do not have to be change in position 
due to alignment of the structure. 

 
Disadvantages 

• Complex construction 
• The geometry is sensitive due to angel changes with can occur a lock and the 

sliding function will be reduced. 
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8.2.5 Combined concepts and evaluation 

The support and arrangement concepts have been combined in a morphological matrix 
see Table 18.  

 Table 18 Morphological matrix supports. 

Function  

 

Means (Partial concepts) 

Arrangement of 
supports 

 

 

 

 

“Fix point at the end” 

 

 

“Fix point in center”  

 

 

 

Flexible support 

 

 

“Profile sliding” 

 

 

“Sleeve in trail” 

 

“Sleeve” 

 

 

Key support 

 

 

“Block adjustment” 

 

“Frame adjustment” 

 

 

Fix support 

 

 

“Bolted fix point” 

 

 

“Welded fix point”  

 

 

Concept 1 Concept 2  Concept 3 Concept 4  
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9 Concept evaluation 

9.1 Frame concepts 

9.1.1 Evaluation criteria  

The criteria that are used in the evaluation of the frame concepts are shown in Table 19. 

Table 19. Evaluation criteria.  

A Ability to handle loads 

B Ability to be lifted 

C Low total height 

D Ability to use standard supports 
E Low sensitivity in a change of shaft center distance 

F Low sensitivity due to a change of axial lengths  

G Easy to manufacture 

H Easy to mount turbines and gearbox 

I Easy to mount on site 

J Easy access to connections and service 
 

The criteria have been evaluated against each other by using the par wise comparison 
method. The result and the score for each criterion are shown in Table 20. 

Table 20. Parwise comparison of evaluation criteria.  

Criteria A B C D E F G H I J ∑ ∑norm  Score  
A - 1 2 2 2 2 2 2 2 2 17 0,19 10 
B 1 - 2 2 2 2 2 2 2 2 17 0,19 10 
C 0 0 - 2 1 2 2 2 2 2 13 0,14 8 
D 0 0 0 - 2 2 2 2 2 2 12 0,13 7 
E 0 0 1 0 - 2 2 2 2 2 11 0,12 6 
F 0 0 0 0 0 - 1 0 0 1 2 0,02 1 
G 0 0 0 0 0 1 - 0 0 0 1 0,01 1 
H 0 0 0 0 0 2 2 - 0 1 5 0,06 3 
I 0 0 0 0 0 2 2 2 - 2 8 0,09 5 
J 0 0 0 0 0 1 2 1 0 - 4 0,04 2 
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9.1.2 Decision matrix 

The frame concepts have been evaluated against each other by using a decision matrix. 
The reasoning behind the scoring of each concept in Table 21 is shown in Appendix 6. 
An ideal solution is represented that the concepts are compared against.  

Table 21. Decision matrix for the frame concepts. 

Concepts 
Ideal 1 2 3 Criteria Weight  

v t v t v t v t 
Criteria A 10 10 100 9 90 7 70 10 100 
Criteria B 10 10 100 10 100 7 70 9 90 
Criteria C 8 10 80 8 64 5 40 10 80 
Criteria D 7 10 70 1 7 10 70 3 21 
Criteria E 6 10 60 7 42 4 24 7 42 
Criteria F 1 10 10 10 10 7 7 9 9 
Criteria G 1 10 10 10 10 6 6 9 9 
Criteria H 3 10 30 8 24 10 30 7 21 
Criteria I 5 10 50 10 50 6 30 9 45 

Criteria J 2 10 20 7 14 10 20 7 14 

Total score 530 421 367 431 

Normalized score 100% 79% 65% 81% 

Ranking     1 3 2 

9.1.3 Result  

Concept 1 and 3 has achieved almost the same score. These two concepts have a lot in 
common, specially the redesign of the flexible supports. Concept 2 achieved the lowest 
score. In a meeting together with involved people a decision is taken to go further with 
development of concept 3. It is believed that concept 3 will generate the lowest 
construction.  

9.2 Supports 

9.2.1 Evaluation criteria  

The criteria that are used in the evaluation of the supports frame concepts are shown in 
Table 22. 
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Table 22. Evaluation criteria. 

A Ability to withstand weight load without any changes in alignment. 

B Ability to withstand operational load without any changes in 
alignment. 

C Withstand a breakdown. 

D Ability to handle thermal expansion/ retraction 

E Ability to achieve requirements for alignment 

F Easy mounting 

G Low complexity 

H Easy manufacturing 

 

9.2.2 Decision matrix 

The support concepts have been evaluated against each other by using a decision matrix. 
The criteria have been ranked with a score from 1 to 5. The scoring of each concept is 
shown in Table 23. 

Table 23. Decision matrix for the support concepts. 

Concepts 
1 2 3 4 Criteria Weight  

v t v t v t v t 
Criteria A 5 5 25 5 25 5 25 5 25 
Criteria B 5 4 20 4 20 5 25 4 20 
Criteria C 5 4 20 4 20 4 20 4 20 
Criteria D 4 5 20 4 16 3 12 4 16 
Criteria E 5 3 15 4 20 4 20 4 20 
Criteria F 3 2 6 3 9 4 12 3 9 
Criteria G 5 2 10 3 15 4 20 3 15 
Criteria H 2 2 4 2 4 4 8 2 4 

Total score   120   129   142   129 

Ranking     3  2  1  2 
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9.2.3 Result 

Concept 3 has achieved the highest score and is also the concept that is chosen. The 
main reason of the choice is the low complexity level of the concept together with a 
robust design. Concept 3 includes:  

• Arrangement of support: “Fix point at the center” 

• Flexible support: “Sleeve” 

• Key support: “Block adjustment” 

• Fix support: “Bolted fix point” 

There will be no further development on the supports. The arrangement of supports will 
act as constraints in the verification of the final construction of frame concept 3.  
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10 Final design 

This chapter describes how concept 3 was further developed, modeled and analyzed 
with FEM. The model is adapted to the setup with HP25S and HP40R and the loads in 
the FEM-calculations only hold for this setup. First is a basic model presented 
containing beams, supports and lifting elements and further on is a strengthened model 
presented. The last mentioned one is made in order to evaluate how strengthening 
elements affect the frame and improve it order to fulfill the demands due to alignment 
and solid mechanics.  All modeling and FEM is made in the software Siemens NX 6.0. 

10.1 Models 

10.1.1 Basic model 

The frame is based on the frame described in concept 3 and can be seen in Figure 48. 
The number of main members was reduced to three because it was considered 
sufficient. With three main members is it easier to place easy accessible foundation 
supports. It makes also the frame less sensitive due to layout changes, for example if the 
shaft center distance is reduced. The main members are connected with secondary 
members with the same dimensions as the main members.  

 

Figure 48. A 3D model of the frame. 

In order to evaluate a lifting procedure was lifting elements modeled and added to the 
frame. The design of them is set to be as simple as possible but still realistic. They are 
placed so the loads are handled by both main and secondary beams, see Figure 48. The 
lifting elements will not be evaluated due to solid mechanics. 

 

Frame 

Supports 

Lifting elements 
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The beams that are used are similar to the ones chosen in 5.8.3. For the high level parts 
are the I-beam HE800B7 used. For the low level I-beams are a 400mm high beam used 
with the same web and flange dimensions as HE800B. Material for the beams and plates 
are chosen according to 5.5. A drawing of the frame including measures and weight can 
be seen in Appendix 14 

10.1.2 Strengthened model 

In addition to the basic model was a strengthened model created. This uses the basic 
model as a base together with strengthening elements. The purpose is to see the 
potential to gain the performance by adding simple elements. These can be categorized 
into three categories, see Table 24, and is presented in Figure 49 and Figure 50 by three 
colors. The purpose with this model is to explore the  

Table 24. Strengthening elements. 

Type Color Main function 

Vertical sheet Yellow Strengthen main and secondary members due 
to bending torque. 

Vertical sheet Green Strengthen secondary members due bending 
torsion. 

Horizontal sheet Red Strengthen the structure in the area 

 

Figure 49. The basic model in blue together with strengthening elements. Isoview from 
outlet side. 

                                                 
7 European wide flange beam 
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Figure 50. The basic model in blue together  with strengthening elements. Isoview from 
gearbox side. 

10.1.3 New design of supports 

In addition to the frames presented above, attachment elements need to be designed. 
This is due to fit the layout in Appendix 15, and to simplify the mounting of the turbines 
and the gearbox. Table 25 shows required height for attachment element to the fix 
supports and the gearbox. 

Table 25. Heights required for new attachment elements for the fix supports and the 
gearbox. 

Setup Required height for 
attachment element 

for 

Height [mm] 

Gearbox 395 

HP25S-fix 225 HP40R and HP25S 

HP40R-fix 186 

 

To make this concept work does even new flexible supports needs to be designed. Table 
26 shows which height each supports needs to be reduced by. This height differs 
depending on if the old sole plates shall be used or not.  
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Table 26. Required height reduction of new flexible supports compared to the old ones. 

Setup Sole plate Required height 
reduction for 

support 

Height [mm] 

HP25S-flex 225 
Included 

HP40R-flex 400 

HP25S-flex 60 
HP40R and HP25S 

Excluded 
HP40R-flex 285 

10.1.4 Layout including turbines and gearbox 

According to 5.1 and 6 is not the height requirement fulfilled without the frame and 
thereby neither with the frame if the crossover steam pipe is included in the 
arrangement. In addition to the heights in Table 7 does the frame add another 400mm. 
The total height of the package can be seen in Table 27. It is possible to transport the 
whole package without regarding transport regulations if the crossover steam pipe is 
excluded. If the crossover steam pipe should be included is transport conditions needed 
to be investigated for each order. 

Table 27. Height of the whole package. 

Setup Crossover steam 
pipe 

Height [m] 

Included 4.45 
HP40R and HP25S 

Excluded 4.00 

 

The width of the whole package will not be wider than the layout with the turbines and 
the gearbox itself and the result can be seen in Table 28. 

Table 28. Width of the whole package. 

Setup Crossover steam 
pipe 

Width [m] 

Included 5.00 
HP40R and HP25S 

Excluded 4.88 
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10.2 CAD-model and mesh 

The CAD-models is built up with both 2D surfaces and 3D elements. A 2D mesh is 
described by fewer equations than a 3D mesh and FEM calculations can therefore be 
done more efficient for 2D meshes. In addition does a 2D mesh fit better for the shape 
of an I-beam due to the proportions with a great length of the beam versus the thin web 
and flanges. The supports for foundation and the attachment elements for the turbines 
and the gearbox are approximated in this model with boxes which are modeled in 3D. 
Such easy design is described by few equations even if they are 3D meshed. Even the 
lifting elements are modeled in 3D due to the complexity in shape. In Figure 51 can the 
2D-surfaces be seen as blue and the approximated supports and the lifting elements in 
3D as grey. 

 

Figure 51. The model of the frame with 3D-elements and 2D-surfaces. 

All approximated supports and attachment elements got a material with a low density 
and a high Young’s modulus. With low density does not the boxes weight affect the 
frame. The supports and attachment elements that later on needs to be designed, if the 
frame concept shall be used, needs to allow as small displacement as possible. A high 
Young’s modulus for the boxes gives similar properties. 

10.2.1 Constraints 

Operational, earthquake and breakdown loads 

The constraints for all load cases except from the lifting procedure follows the principle 
from 9.2.3. The principle has been further developed and some supports have been 
added. All supports are constrained in z-direction. The constraints in x- and y-direction 
for each support are shown in Figure 52. 

3D-elements 

2D-surfaces 
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Figure 52. Constraints in X-Y-plane for operational, earthquake and breakdown loads. 
View from below the frame. 

Lifting 

 

The lifting procedure is described in 5.7. To simulate this procedure in a realistic way it 
puts highly demands on the constraints. The target with the constraints is to get the 
reaction forces that act on the lifting elements on the frame in right direction and to get 
the constraints to act similar to a sling.  

This is solved by fix a lifting point which is placed in center of gravity in x-direction, 
see Appendix 7. In z-direction it’s placed 0.5m above the highest point of the whole 
package including turbines and gearbox, see Figure 53. Between the lifting point and 
the lifting sleeves on the frame is a large number of 1D-node elements connected. These 
nodes have constant length and infinite stiffness. The lifting sleeves are placed onto the 
lifting elements and constrained with contact constraints. The sleeves together with the 
1D-node elements simulate a lifting sling with which is free to rotate around the lifting 
elements. The reaction forces that occur during the lifting procedure will be pointing 
towards the lifting point. The lifting angles can be seen in Appendix 8.  

Frame 

Supports 
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Figure 53. Constraints for a lifting procedure. 

 

10.2.2 Application of loads  

The loads are applied on the supports according to Appendix 3. The supports are 
divided into sub-faces with the size of the sole plates used today and all loads are 
applied as surface loads. There is no feature in Siemens NX 6.0 to apply torques on 3D-
meshes. The torques is instead simulated with forces acting on levers, presented in the 
model as 1D-node elements, attached in the supports.  

10.2.3  Evaluation of displacement of alignment in shaft 
arrangement 

The frame needs to holds for the demands on alignment for the shaft arrangement stated 
in 5.4. In this model has an approximation been made. Instead of measure the position 
for the couplings, measurement points have been created. These are positioned at the 
same place as the couplings in y- and z-direction. In x-direction are they placed in 
middle of the supports, see Figure 54. Each measurement point is connected to the 
supports with 1D-node elements.  
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Supports/Lifting point 

Lifting elements 
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Figure 54. Measurement points for respectively supports. 

10.3 FEM-Results 

The results of the FEM analyze for the basic and strengthen model are shown in 
Appendix 9. The load case regarding a blade loss has not been analyzed since all loads 
are smaller than the earthquake case. The shipping load has been considered smaller 
than the operational load and is thereby not analyzed either. Results are presented for 
each model together with a summary that regards both models. The result shown shall 
bee seen as reasoning around different factors that will affect the frame. Numerical 
values are used to give strength to the reasoning.  

10.3.1 Stresses 

The value of the stresses has been taken according to the Von mises criterion, described 
in 2.3.2. The resulted values are the maximum achieved from the FEM results. The 
stresses are compared against the yield limit of 265MPa and the tensile strength of 
410MPa of the material described in chapter 5.5 

Base model 

During operational load the maximum stress is 92MPa, in this case 34% of the yield 
strength is used. The lifting case causes a maximum stress of 108MPa witch 
corresponds to 41% of the yield strength. The highest stress of 140MPa occurs in the 
short circuit case, this is 53% of the yield strength.  

Strengthen model  

The operational load causes a stress of 48MPa, compared to the base model this is an 
improvement of 48%. The lifting cases cause a stress of 112MPa which is similar to the 
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base model. The short circuit load causes the highest break down stress of 110MPa, this 
is an improvement of 20% compared to the base model.  

Summary 

All stresses for both models are lower than the yield limit of the material and thereby 
does no plastic deformation  

The usage of the material during operational loads are relatively low and thereby there 
is a certain margin to handle thermal stresses that are described in chapter 5.6. 

10.3.2 Alignment tolerances 

The clearances for the alignment have been calculated according to chapter 5.4 and are 
shown in Appendix 10. The angle clearances are described by percentage usage of the 
maximum allowed clearance for respectively direction. The radial clearances are 
described by the percentage usage of the maximum allowed vector sum. The usage will 
indicate how the alignment tolerances for the shaft arrangement are affected by using a 
frame instead of a regular foundation. 

Base model  

The maximum usage of the angle tolerance is 28% in y-direction and 70% in z-
direction. This means that there are 72% and 30% left of the angle tolerances for the 
alignment on the frame.  

The maximum usage of the tolerance for the vector sum is 212%. This means that the 
tolerance limit is strongly exceeded. 

Strengthen model  

The maximum usage of the angle tolerance is 13% in y-direction and 42% in z-
direction. This means that there are 87% and 58% left of the angle tolerances for the 
alignment on the frame.  

The maximum usage of the tolerance for the vector sum is 108%. The tolerance limit is 
slightly exceeded. 

Summary 

The angles clearances are within the tolerances for both of the models while the 
tolerance for the vector sum is exceeded by both. Tough does the improvement between 
the strengthen model and the base model shows the potential to create a design that will 
fulfill the alignment tolerances.  
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11 Verification of product design 
specification 

The verification is based on the product design specification in 6. The characteristics are 
listed with numbers. 

 

Dimensions  
No. Verified Comment 

[1] Yes The width of the turbine layout is wider than the frame.  

   

[2] No The resulted width is shown in Table 28. The total width is caused by 
the turbine arrangement and is not possible to change in the present 
situation. Since the total width exceeds the limit of 4.5m the 
transportation needs to be done with escort. 

   

[3] No The height of the package is shown in Table 27. By adding the height 
of the trailer the total height will be at least 5.0m This means that the 
transportation needs to avoid obstacles along the way of 
transportation. 

   

[4] Yes The length is shown in Appendix 14. There is a certain margin up to 
10 meters. 

   

[5] Yes The total weight of the package is 71700kg. This includes the base 
frame, HP25S, HP40R and the gearbox. This means that there are 
certain margin that can be used for installation of auxiliary systems 
and reinforcement elements of the base frame. 

   

Loads 
   

[6] Yes According to 10.3.1 are all stresses within the yield limit. 

   

[7] No According to 10.3.2, the angel clearances are within the tolerances for 
the shaft arrangement. The radial clearances exceed the tolerances. 
The improvement between the base and strengthen model shows that 
this will be solved by further reinforcement of the frame.  
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Performance 
[8] Yes The chosen arrangement of supports allows thermal expansion of the 

frame.   

   

[9] - This has not been investigated and needs to be done when the pipe 
design is decided. 

   

[10] Yes The frame has a spacious design. 

   

[11] Yes The original mounting solutions will be used. 

   

[12] Yes The supports to foundation will handle this. 

   

[13] - This has not been investigated. This needs to be done to ensure that 
frame not will cause vibrations. 

Overall design requirements 

   

[14] Yes The frame has a spacious design and is not restrictive in order to 
reach service points. 

   

[15] - This has not been investigated.  

   

[16] Yes The frame got a simple design, it’s made of steel and has no parts that 
need continuous maintenance.  

   

[17] No The flexible supports needs to be shortened. Required height 
reduction can be seen in Table 26.  

   

[18] Yes See Sensitivity due to layout changes in 8.1.3.  

   

[19] No In most cases the sensitivity is low. The frame is not restrictive for 
layout changes, See Sensitivity due to layout changes in 8.1.3. 

   

[20] Yes The lifting elements are easy accessible. The lifting angles are under 
35o and close to 30o which is preferred, see Appendix 8. 
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[21] Yes The frame has a spacious design and is not restrictive in order to 
install connection points for auxiliary systems. 

   

[22] - The beams with two heights needs to be manufactured and standard 
beams can not be used. It’s though possible to modify standard beams 
to achieve this design.  

   

[23] Yes It’s thought that attachment elements for the turbines fix-supports and 
the gearbox should be designed. The required heights for these are 
thought to be as low as possible. Still should there be enough space to 
make room for foundation bolts, nuts and mounting the turbine 
supports in an easy way, Table 25. 

The flex-supports are placed on an extra wide I-beam. There is plenty 
of space to mount foundation bolts and reach them with tools.  

   

[24] Yes The foundation supports is only placed on the edges of the frame to 
simplify mounting, see Figure 52. 
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12 Discussion 

12.1 Method choices and it is limitations 

This thesis work treats a preliminary study at a concept level for a R&D project. Our 
work has been focusing at gather information required for a design phase and to 
summarize how to go through with one. When we started our work was there a lot of 
uncertainties for technical data and which it still is. A lot of information has been added 
during our work and we didn’t realized how hard it was to make a time schedule for this 
kind of project. In the early stages of our work could less time have been consumed at 
gathering technical data and instead spend on the state of the art and the feasibility 
study. This could have been resulting in an improved thesis work.   

 

Functional mean tree and morphological matrix were just used for the sub concept 
development of the supports. We found it hard to adapt the methods to the main concept 
development of the frame. Maybe had it been possible to breakdown the problem more, 
develop sub solutions and generated more concepts. Instead were problem areas located 
for each concept and the possibilities to solve them.  

 

When we considerate loads and geometry for the frame development were the layout 
divided into three areas. We found it necessary to do this in order to get a picture on 
which problems there was without making the reasoning unclear. Though were the total 
affect on the frame for critical load cases not regarded at this stage. Perhaps had other 
effects been discovered which could had simplified the further developing of concept 3. 
For example was a stabile structure in area 1 more important for the whole frame than 
we first thought.  

12.2 Technical aspects 

12.2.1 Loads 

Since the thesis has been made against an R&D project, the turbines and the gearbox 
have not been fully developed during the period of work. Thereby has some of the 
information regarding loads and dimensions been insufficient. Assumptions have been 
made to be able to calculate the loads that are used in the verifications. If the size of the 
margin of error is large it will affect the calculations and the FEM results. Since the 
calculations are used for verification at a concept level and not for a fully developed 
product is this uncertainty considered to be fine.  



  Discussion 

  79 

12.2.2 FEM-model 

Since no outer part has verified the model in use the FEM-model may contain hidden 
errors that affect the results. Therefore should the results in first hand be used to 
compare different results with each other.  

 

The stresses that are used in the assessment have been taken from the maximum 
achieved stress from the FEM-analysis. In the analysis the function “average” has been 
used to reduce the influence of stress concentrations. No detailed stress analysis has 
been made since none of the resulted stresses are higher than the yield strength. A more 
detailed stress analysis would probably result in lower stresses than showed.  

 

The modeling have been made without the turbine and the gearboxes, instead the 
supports have been modulated Figure 51. For the gearbox this solution is considered to 
be realistic since the gearbox housing can be seen as rigid. In reality the turbine housing 
will act as a strengthening element between the fix and flexible supports and thereby 
also between the attachment elements. This is not considered in model where the turbine 
has been replaced with two individual boxes. This will gain the strength in the frame in 
a real case and probably lead to reduction of stresses and displacements.   

12.2.3 Alignment tolerances and results 

It has been difficult to determine what a good alignment criterion is. In this thesis we 
have used the tolerances that are used when the turbines are mounted on concrete 
foundations. The results in form of percentage usage will tell how much of the total 
tolerance for the whole shaft arrangement that the frame needs. Let say that the usage is 
60%, this means that the tolerance that is left for alignment for the shaft arrangement is 
40% of the original value. We have not decided a limit that the usage needs to be 
within, this will only be used as a guideline that will be helpful in comparison of 
different designs.  

 

For the radial clearance, which mostly depend on the displacement in z-direction, was it 
hard to achieve a usage percentage under 100%. A large part of the loads in z-direction 
can be derived to the external pipe forces. All these forces are dimensioned after what 
the turbine housing needs to holds for and in reality they act in both positive and 
negative z-direction. We have used the worst case and only applied them in negative z-
directions. Likely will these forces thereby be smaller in reality which gives a smaller 
radial clearance. 

12.2.4 Transportation 

The wishes for dimensions of the whole package are not completely fulfilled and 
transport regulations needs to be regarded for every single project. In addition to the 
setup handled in this thesis a generator and an IP- or LP-turbine will be included in the 
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setup which is explained in 1.3. A package for an IP- or LP turbine will probably have 
dimensions near the ones displayed in Table 27 and Table 28. This means that 
regardless of how large the dimensions for the setup we have work with, does other 
equipment with large dimensions need to be transported to site anyway. The additional 
cost for transportation of a frame solution is relatively low if transportation is done for 
an IP- or LP turbine.  

12.3 Future work 

Further investigation of the vibrations properties of the frame needs to be done. By 
creating a dynamic model the natural frequency can be calculated. To avoid resonance 
the natural frequency for the frame shall not be within the working frequency of the 
shaft arrangement.  

This thesis considers technical aspects that are important when designing the frame. No 
economical analysis has been made. The technical aspects tell whether it is possible or 
not while the economical aspects will determine if the frame will be done or not. It’s 
thereby important to investigate economical potential in the project. Basic factors that 
the investigation should include are:  

• Cost of frame  
• Reduction of time at site versus increased time in factory 
• Additional transportation costs 

 

In addition to the factors above it is important to investigate if the customer is willing to 
invest in a frame based solution. Reasoning that the customer may find interesting are:  

• There are many involved parts in the new configuration (3 turbines, a gearbox 
and a generator). By using a frame with two of the turbines together with the 
gearbox can be seen as one single part. The customer may find this solution less 
complex than the standard procedure.  

• Increased quality since auxiliary systems can be mounted in a factory 
environment that probably has better equipment than different sites all over the 
world.  

• The sensitivity against project delays at site will reduce, since more of the work 
is done at the factory.  
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13 Conclusions 

The objective with thesis has been to make a preliminary study of a turbine frame for 
two steam turbines and a gearbox. The work has been focused on the technical areas 
that will affect the frame.  

The study has shown that the main problem is the large dimensions of the turbine 
layout. This means that there will be difficulties to transport the package to site. The 
critical dimension is the width and the height. The width is set by the turbine layout and 
is not possible to change. The total height depends on the frame and the layout. Our 
suggestion is a low frame in combination with a height reduction of the flexible 
supports for the turbines. The final achieved dimension will not guarantee that the 
transportation is feasible to all locations in the world. For each project the possibility of 
transportation needs to be investigated.  

With the exception of the transportation, we have not found any further problems with 
the technical areas that have been investigated. There are good possibilities to: 

• Install the equipment on a frame 

• Fulfill demands due to alignment of shaft arrangement during operation. 

• Handle the loads.  

  

We recommend SIT AB to go through with the project and do further investigations for: 

• Natural frequencies   

• Economics 

• Transportation  
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Appendix 1 - Lifting forces 
How to choose proper factors for the design load is described below.  

Basic loads 

The static weight object is the main load that affects the construction during a lift. It’s 
important to achieve equilibrium with correct placed lift points on the structure. The lift 
points are placed in relation to the center of gravity of the structure. If the center of 
gravity position is miscalculated it can cause problem with uneven force distribution on 
the sling. The center of gravity inaccuracy factor is set to 1.05 and it protects the 
structure from miscalculation of the position of the center of gravity. (DNV, 2002) 

Dynamic loads  

All lifts are exposed to dynamic effects caused by variation in hosting speeds, vessel 
and crane motions, cargo barge movements, object movements etc. The effect of the 
global dynamics on the structure will be influenced by parameters such as:  

• The environmental conditions 
• Rigging arrangement 
• Type of crane vessel 
• Stiffness of crane-boom and lifting appliances 
• Type of cargo vessel 
• Weight of lifted object  
• Lifting procedure and whether the lift is in air or water.  

 
(DNV, 2002) 
 
The dynamic load effect is taken care of a dynamic amplification factor (DAF). The 
value of DAF is determined from Table 1.1. The value may be considered as minimum 
for lifts in air, provided the lifting operation will take place during fine conditions. 
(DNV, 2002)  

Table 1.1. Dynamic Amplification Factors. 

Static Hook Load 
DAF  

Onshore 

DAF  

Inshore 

DAF  

Offshore 

50-100t 1.10 1.15 1.30 

100-1000t 1.05 1.10 1.20 

1000-2500t 1.05 1.05 1.15 

>2500t 1.05 1.05 1.10 
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Skew loads 

Skew loads are the extra loading caused by equipment and fabrication tolerances, and 
other uncertainties with respect to the rigging arrangement. The skew load depends on: 

• Sling elongation 
• Multi hook lifting  
• Sling length inaccuracies 
• Fabrication tolerances of lift points 

 
(DNV, 2002) 
 

The skew load factor varies from 1 to 1.25 and depends on how the lift is done. In the 
worst case where 4 points are lifted individually the factor 1.25 is used. Since the lifting 
equipment may be different at site and assembly the largest factor is used. (DNV, 2002)  

Characteristic weight 

When the weight of the structure is determined by weighing an inaccuracy factor of 1.0 
is acceptable. For estimated weights such as from CAD-models a weight inaccuracy 
factor of minimum 1.1 should be applied. (DNV, 2002) 

Center of gravity 

Inaccuracies in the center of gravity position should be considered. Especially if the 
construction is build of different subparts. The centre of gravity inaccuracy factor is set 
to 1.05. (DNV, 2002) 

Design/Load – factor  

The purpose with the factor is to use it individually for each element to achieve a 
sustainable design that isn’t over dimensioned. The design factor is defined according to 
Equation (1). (DNV, 2002) 

 cfdesign γγγ ⋅=  (1) 

where 

fγ  : Load factor that in the DNV report is chosen from the ultimate limit states 

(ULS) 8, in this case the factor is chosen to 1.2 assuming that the load and load affects 
are well controlled.  

cγ   :  Consequence factor that accounts the consequence of a single element failure.  

Load factors and consequence factors according to (DNV, 2002) are shown in Table 
1.2. 

                                                 
8 Design method considering maximum load carrying and plastic deformation of a structure.  



  Appendix 

   

 

Table 1.2. Load and consequence factors. 

Element category γf γc γdesign 

Lift points including 

attachment to object 
1.2 1.3 1.6 

Lifting equipment 1.2 1.3 1.6 

Main elements supporting the 

lift point 
1.2 1.15 1.4 

Other elements of lifted object 1.2 1.0 1.2 
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Appendix 2 - Load calculations 
 

The definition of the supports is shown in Figure 2.1. 

 

Figure 2.1. Definition of supports. 

Result of the calculations is shown in Table 2.1.  
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Table 2.1. Load calculations. 

Forces for different load cases 
Dead load  

  Equipment Acting on support Fx [kN] Fy [kN] Fz [kN] Torque y-
dir. [kNm] 

Weight load  

1 Turbine-HP40R A1 and A2   -71,13  

2 Turbine-HP40R A3 and A4   -53,25  

3 Turbine-HP25S A1 and A2   -28,12  

4 Turbine-HP25S A3 and A4   -43,99  

5 Gearbox All supports   -38,01  

Normal operational load  
Thermal forces 

6 Turbine-HP40R A1 and A2 77,25   61,75 

7 Turbine-HP40R A3 and A4 -77,25   -139,00 

8 Turbine-HP25S A1 and A2 61,76   61,64 

9 Turbine-HP25S A3 and A4 -61,76   -111,04 

10 Gearbox All supports 196,51 196,51   

Torque  

11 Turbine-HP40R A1    -33,6  

12 Turbine-HP40R A2   33,6  

13 Turbine-HP40R A3   -22,9  

14 Turbine-HP40R A4   22,9  

15 Turbine-HP25S A1    -28,94  

16 Turbine-HP25S A2   28,94  

17 Turbine-HP25S A3   -17,02  

18 Turbine-HP25S A4   17,02  

19 Gearbox Support (HP25 side)   197,77  

20 Gearbox Support (HP40 side)   -197,77  

Axial forces  

21 Turbine-HP40R A1 and A2 105   104,79 

22 Turbine-HP25S A1 and A2 56,25   56,1375 

External pipe forces  
Forces due to Fc (Fc=Fx+Fy+Fz)  

  Turbine-HP40R A1 and A2 - - -  

  Turbine-HP40R A3 and A4  - -  

  Turbine-HP25S A1 and A2 ±22,5 ±8,8 ±61,8  

  Turbine-HP25S A3 and A4  ±13,7 ±37,9  

Forces due to Mc (Mc=Mx+My+Mz) 

  Turbine-HP40R A1 and A2  - -  

  Turbine-HP40R A3 and A4  - -  

  Turbine-HP25S A1 and A2  ±6,3 ±14,5  

  Turbine-HP25S A3 and A4  ±6,3 ±13,8  

Resulting forces (Max of Fc and Mc is choosen) 
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37 Turbine-HP40R A1 and A2 ±28,1 ±16,1 ±76,0  

38 Turbine-HP40R A3 and A4  ±12,0 ±36,6  

39 Turbine-HP25S A1 and A2 ±22,5 ±8,8 ±61,8  

40 Turbine-HP25S A3 and A4  ±13,7 ±37,9  

Shutdown   
Short circuit (Axial forces)  

23 Turbine-HP40R A1 and A2 ±525,0   ±524,0 

24 Turbine-HP25S A1 and A2 ±281,3   ±280,7 

25 Gearbox Support (HP25 side)   988,86  

26 Gearbox Support (HP40 side)   -988,86  

Blade loss 
Vertical case  

27 Turbine-HP40R A1 and A2   ±27,7  

28 Turbine-HP40R A3 and A4   ±63,8  

29 Turbine-HP25S A1 and A2   ±6,7  

30 Turbine-HP25S A3 and A4   ±15,5  

 Horizontal case 

31 Turbine-HP40R A1 and A2   ±49,5  

32 Turbine-HP40R A3 and A4   ±63,6  

33 Turbine-HP40R Key attachment fix  ±22,2   

33 Turbine-HP40R Key attachment flex  ±51,1   

34 Turbine-HP25S A1 and A2   ±12,0  

35 Turbine-HP25S A3 and A4   ±15,4  

36 Turbine-HP25S  Key attachment fix  ±5,4   

36 Turbine-HP25S  Key attachment flex  ±12,4   

Seismic forces  

41 Turbine-HP40R A1 and A2 ±60,8 ±34,6 ±103,8  

42 Turbine-HP40R A3 and A4  ±26,1 ±46,1  

43 Turbine-HP25S A1 and A2 ±33,1 ±12,9 ±56,4  

44 Turbine-HP25S A3 and A4  ±20,2 ±35,6  

45 Gearbox B1-BN ±17,4 ±17,4 ±40,2  

 

Each load in Table 2.1 has been given a number. This number corresponds to the 
location where the load acts. The numbers are shown in the layout drawings 
below:
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Appendix 3 - Load cases 
This chapter shows the load cases that are used in the FEM analysis. The definition of 
the supports is shown in Figure 3.1. 

 

Figure 3.1. Definition of supports. 

Operational loads 

Load case 1 = Operational load with dead load of turbines and gearbox included  

Load case 2 = Operational load with dead load of turbines and gearbox excluded (just 
change the load in z column) The values of the forces and torques are shown in Table 
3.1. Loads caused by external pipes have been applied in +x, +y, -z directions.  



Preliminary study of a frame for two module turbine system 

 

 

Table 3.1. Values of forces and torques during normal operation. 

Load 
case 1 2 1 2 1 2 1 2 

HP25S A1 A2 A3 A4 

x [kN] 140,5   140,5   -61,8   -61,8   

y [kN] 8,8   8,8   13,7   13,7   

z [kN] -118,9 -90,7 -61,0 -32,9 -98,9 -54,9 -64,9 -20,9 

mx [kNm]                 

my [kNm] 117,9   117,9   -111,0   -111,0   

mz [kNm]                 

                  

HP40R A1 A2 A3 A4 

x [kN] 210,4   210,4   -77,3   -77,3   

y [kN] 16,1   16,1   12,0   12,0   

z [kN] -180,7 -109,6 -113,5 -42,4 -112,8 -59,5 -67,0 -13,7 

mx [kNm]                 

my [kNm] 166,5   166,5   -139,0   -139,0   

mz [kNm]                 

                  

Gearbox B1 B2 B3 B4 

x [kN] 196,5   -196,5   196,5   -196,5   

y [kN] -196,5   -196,5   196,5   196,5   

z [kN] 159,4 197,4 159,4 197,4 -235,5 -197,4 -235,5 -197,4 

mx [kNm]                 

my [kNm]                 

mz [kNm]                 
 

Lifting loads  

The values of the design loads used in the lifting case are shown in Table 3.2.  

Table 3.2. Values of the design load used in the lifting case. 

 Design load Design load Design load Design load 

HP25S A1 A2 A3 A4 

z [kN] -61,9 -61,9 -96,8 -96,8 

HP40R A1 A2 A3 A4 

z [kN] -156,5 -156,5 -117,2 -117,2 

Gearbox B1 B2 B3 B4 

z [kN] -83,6 -83,6 -83,6 -83,6 
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Break down loads 

 

Earthquake 

The values of the forces and torques are shown in Table 3.3. The seismic loads have 
been applied in +x, +y, -z directions. 

Table 3.3. Values of the forces and torques during an earthquake 

HP25S A1 A2 A3 A4 

x [kN] 173,6 173,6 -61,8 -61,8 

y [kN] 21,7 21,7 33,9 33,9 

z [kN] -181,0 -123,0 -143,3 -109,3 

mx [kNm]         

my [kNm] 117,9 117,9 -111,0 -111,0 

mz [kNm]         

          

HP40R A1 A2 A3 A4 

x [kN] 271,2 149,6 -77,3 -77,3 

y [kN] 50,7 50,7 38,1 38,1 

z [kN] -298,8 -231,6 -169,5 -134,0 

mx [kNm]         

my [kNm] 166,5 166,5 -139,0 -139,0 

mz [kNm]         

          

Gearbox B1 B2 B3 B4 

x [kN] 213,9 -179,1 213,9 -179,1 

y [kN] -179,1 -179,1 213,9 213,9 

z [kN] 192,4 192,0 -202,9 -202,9 

mx [kNm]         

my [kNm]         

mz [kNm]         
 

Short circuit of the generator  

The value of the forces and torques that occurs during a circuit of the generator is shown 
in Table 3.4. 
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Table 3.4. Values of the forces and torques during a short circuit. 

HP25S A1 A2 A3 A4 

x [kN] 365,6 365,6 -61,8 -61,8 

y [kN] 8,8 8,8 13,7 13,7 

z [kN] -118,9 -61,0 -98,9 -64,9 

mx [kNm]         

my [kNm] 342,5 342,5 -111,0 -111,0 

mz [kNm]         

          

HP40R A1 A2 A3 A4 

x [kN] 630,4 630,4 -77,3 -77,3 

y [kN] 16,1 16,1 12,0 12,0 

z [kN] -180,7 -113,5 -112,8 -67,0 

mx [kNm]         

my [kNm] 585,8 585,8 -139,0 -139,0 

mz [kNm]         

          

Gearbox B1 B2 B3 B4 

x [kN] 196,5 -196,5 196,5 -196,5 

y [kN] -196,5 -196,5 196,5 196,5 

z [kN] 950,8 950,8 -1026,9 -1026,9 

mx [kNm]         

my [kNm]         

mz [kNm]         
 

Blade loss 

The largest blade loss load occurs in the vertical case for the turbine HP40 R. The blade 
loss load has been added to the operational loads shown in Table 3.5. 
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Table 3.5. Values of the forces and torques during a Blade loss in the vertical case. 

HP25S A1 A2 A3 A4 

x [kN] 140,5 140,5 -61,8 -61,8 

y [kN] 8,8 8,8 13,7 13,7 

z [kN] -118,9 -61,0 -98,9 -64,9 

mx [kNm]         

my [kNm] 117,9 117,9 -111,0 -111,0 

mz [kNm]         

          

HP40R A1 A2 A3 A4 

x [kN] 210,4 210,4 -77,3 -77,3 

y [kN] 27,2 27,2 37,6 37,6 

z [kN] -230,2 -64,0 -139,8 -3,4 

mx [kNm]         

my [kNm] 166,5 166,5 -139,0 -139,0 

mz [kNm]         

          

Gearbox B1 B2 B3 B4 

x [kN] 196,5 -196,5 196,5 -196,5 

y [kN] -196,5 -196,5 196,5 196,5 

z [kN] 159,4 159,4 -235,5 -235,5 

mx [kNm]         

my [kNm]         

mz [kNm]         
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Appendix 4 – Functional mean tree for 
supports 
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Appendix 5 - Morphological matrix for 
supports  

 





  Appendix 

   

Appendix 6 – Evaluation of frame 
concepts  
A - Ability to handle loads 

Since the amount of time has been limited and no FEM analysis has been done in this 
stage the assessment of the concepts have been done due to the following points: 

• Possible heights on the main members at the different areas  
• Ability to place material between the main members  
• The affect you get by using build up attachment elements for the gearbox and 

the fixed supports, due to bending torque from forces cause by increased 
distance. 

 
Area 1 will be the dimensioned factor for all concepts since the height of the frame in 
this area will set the total height of the entire package. The assessment of the concepts 
according to the points describe above is shown in Table 6.1 where 1 indicates the 
highest score. 

Table 6.1. Results for ability to handle loads 

 Concept 1 Concept 2 Concept 3 

Area 1 1 3 2 

Area 2 2 3 1 

Area 3 3 2 1 

Totalscore 6 8 4 

Placement 2 3 1 

 

The result is that concept 3 has the overall best capacity to handle loads.  

B - Ability to be lifted 

To be able to judge the different concept’s ability to handle lifting forces it is important 
to know where the center of gravity is located. A preliminary calculation shows that the 
center of gravity of the turbines and gearbox is placed between the transition of Area1 
and Area 2. This means that lifting points have to be placed at Area 1. The lifting load 
will probably be the dimensioning factor for Area 1 since the operational loads is 
relatively low in this area. The assessment is done according to possibility to place 
material in z-direction to resist the bending torques around the y-axis cause by lifting 
slings. The result is shown in Table 6.2. 
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Table 6.2. Result for ability to be lifted. 

 Possiblilty to place material in 
z- direction 

Placement 

Concept 1  Ideal 1 

Concept 2 Good 3 

Concept 3  Better Than Requirements 2 

 

C - Low total height 

The concepts that use solutions with modified supports will increase the possibility to 
achieve a low total height. There is a risk that concept 2 will generate a detailed 
construction that is too high and thereby make it impossible to mount the steam pipe 
before transport. The result is shown in Table 6.3. 

Table 6.3. Result for low total height.  

 Possibility to achieve a low 
total height 

Placement 

Concept 1 Very Good  2 

Concept 2 Satisfactory  3 

Concept 3 Ideal 1 

 

D - Ability to use standard supports 

Concept 2 uses the original supports while the other two uses modified supports. The 
supports for concept 1 have to be done lower than for concept 3. It is considered slightly 
harder to modify the supports for concept 1 than for concept 3, since it needs a lower 
support than the other. The result is shown in Table 6.4. 

Table 6.4. Result for ability to use standard supports. 

 Ability to use standard 
supports 

Placement 

Concept 1 Very Inadequate 2 

Concept 2 Ideal 1 

Concept 3  Tolerable 2 

 



  Appendix 

   

E - Low sensitivity in a change of shaft center distance of the gearbox  

There will be no problem in concept 1 and 3 with a change of the center distance 
between the outgoing shafts from the gearbox. Concept 2 will be affected if the distance 
is reduced since main members will collide with the flexible support for one of the 
turbines. An increase of the distance will not affect concept 2. The result is shown in 
Table 6.5. 

Table 6.5. Result for sensitivity due to a change of the shaft distance.  

 Low sensitivity for a change Placement 

Concept 1 Good  1 

Concept 2 Adequate  2 

Concept 3  Good  1 

 

F - Low sensitivity due to change of axial lengths between gearbox and turbines. 

Concept 2 and 3 is sensitive due a change where the distances relatively the turbines are 
reduced. Which take place when the shaft length for the supercritical turbine is reduced 
and/or the other shaft length is increased. Vice versa will not be any problem. The result 
is shown inTable 6.6. 

Table 6.6. Result for sensitivity due to a change of axial lengths. 

 Low sensitivity for a change Placement 

Concept 1  Ideal 1 

Concept 2  Good 3 

Concept 3   Better than requirements 2 

 

G – Easy to manufacture  

The assessment is made by regarding the difficulties to manufacture the frame. Concept 
1 is relatively simple since it uses a single main member over the whole length. Concept 
2 and 3 are more complex since they need main members with a height transition 
between area 1 and 2. In common for all concepts is the need of attachment elements for 
the supports. The design of the elements has not been a part of the assessment since it 
was hard to distinguish different manufacturing aspects between them. The result is 
shown in Table 6.7. 
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Table 6.7. Result for easy to manufacture.  

 Easy to manufacture  Placement 

Concept 1 Ideal  1 

Concept 2 Good with some drawbacks 3 

Concept 3  Better than requirements 2 

 

H - Easy to mount turbines and gearbox  

The assessment is made by regarding the access to bolts and overall spaciousness. 
Access to bolts is considered easier when the attachment element has been built up from 
the main members. Concept 2 uses many built up element while concept 3 uses a few 
amount. Concept 1 also uses few elements but it is more spacious than concept 3. The 
result is shown in Table 6.8.  

Table 6.8. Result for easy to mount turbines and gearbox. 

 Easy to mount  Placement 

Concept 1 Very good  2 

Concept 2 Ideal  1 

Concept 3  Good  3 

 

I - Easy to mount on site  

The assessment is made by regarding the amount of supports needed between the frame 
and the concrete foundation. The mounting procedure is considered to be more difficult 
when the need of support increases. The result is shown in Table 6.9. 

Table 6.9. Result for easy to mount. 

 Easy to mount on site Placement 

Concept 1 Ideal 1 

Concept 2 Good with some drawbacks 3 

Concept 3  Good  2 
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J - Easy access to connections and service 

The assessment is based on the amount of space that is available between the turbines 
and the frame. The result is shown in Table 6.10. 

Table 6.10. Result for easy access. 

 Easy access Placement 

Concept 1 Good 2 

Concept 2 Ideal  1 

Concept 3 Good 2 
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Appendix 7 – Center of gravity 

Turbines and gearbox 

 

mGearbox: = 15500 kg 

mHP40R: = 27000 kg 

mHP25S: = 14700 kg 

 

GGearbox 

: 
Center of gravity for the gearbox 

GHP40R : Center of gravity for the HP40R 

GHP25S : Center of gravity for the HP25S 
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y-direction 
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Total 

 

 

mTurbines+Gearbox = 52000 kg 

mFrame = 9191 kg 

 

GTurbine+Gearbox: Total center of gravity for the 
turbines and the gearbox 
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Appendix 8 - Angles for a lifting 
procedure 
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Appendix 9 - FEM results 

Base model 

Operational loads 

 

Operation-Displacement 

Load case 1 2 1 2 1 2 
HP25S Gearbox HPS HPSfix HPSflex 

x [mm] 0,0854 0,0584 -0,3245 -0,3663 0,7933 0,8758 
y [mm] -0,0825 -0,0752 -0,2348 -0,1546 -0,0425 -0,0266 
z [mm] 0,0012 0,0260 -0,1740 -0,0997 0,0081 0,1012 
HP40R Gearbox HPR HPRfix  HPRflex  
x [mm] 0,0075 0,0456 -0,5198 -0,6099 0,6747 0,7804 
y [mm] -0,1108 -0,1113 -0,0002 -0,0935 0,0010 0,0125 
z [mm] -0,1197 -0,090 -0,0087 0,0328 0,0058 0,0068 
 Gearbox Generator     
x [mm] 0,0814 0,0530         
y [mm] -0,1094 -0,1057         
z [mm] -0,0522 -0,0235         
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Operation - Maximum stress 

  Von Mises [Mpa] 
2D Stress Top - Elemental 92,27 

2D Stress Bottom - Elemental 85,89 

 

 

Lifting loads 

Lifting-Displacement   

HP25S Gearbox HPS HPSfix HPSflex 

x [mm] 0,5227 0,4339 -0,6262 
y [mm] -0,0190 -0,0920 -0,0680 
z [mm] -0,094 -0,6878 -0,8956 
HP40R Gearbox HPR HPRfix  HPRflex  
x [mm] 0,5241 0,2753 -0,5709 
y [mm] -0,0008 0,0547 0,5268 
z [mm] -0,1053 -0,8848 -0,4573 
 Gearbox Generator     
x [mm] 0,5234    
y [mm] -0,0104    
z [mm] -0,1031    
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Lifting-Maximum stress 

  Von Mises [Mpa] 
2D Stress Top - Elemental 107,97 

2D Stress Bottom - Elemental 107,97 
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Break down loads 

 

Earthquake - Maximum stress 

  Von Mises [Mpa] 
2D Stress Top - Elemental 108,11 

2D Stress Bottom - Elemental 99,29 

 

 

 

Short circuit of the generator - Maximum stress 

  Von Mises [Mpa] 
2D Stress Top - Elemental 139,74 

2D Stress Bottom - Elemental 137,70 
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Strengthen  model 

Operational loads 

 

Operation - Displacement  

Load case 1 2 1 2 1 2 
HP25S Gearbox HPS HPSfix HPSflex 

x [mm] 0,0546 0,0407 -0,2233 -0,2619 0,3686 0,4299 
y [mm] -0,0434 -0,0367 -0,1192 -0,0619 -0,0138 -0,0044 
z [mm] -0,0022 0,0137 -0,1720 -0,0621 -0,0076 0,0592 
HP40R Gearbox HPR HPRfix  HPRflex  
x [mm] 0,0336 0,0187 -0,3321 -0,4009 0,4182 0,4933 
y [mm] -0,0535 -0,0558 0,0101 -0,0549 -0,0102 0,0012 
z [mm] -0,0713 -0,0525 -0,0670 0,0233 0,0079 0,0097 
 Gearbox Generator     
x [mm] 0,0458 0,0313         
y [mm] -0,0619 0,0591         
z [mm] -0,0342 -0,0150         
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Operation - Maximum stress  

  Load case 1 
 Type  Von Mises [Mpa] 
2D Stress Top - Elemental 47,39 

2D Stress Bottom - Elemental 42,43 
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Lifting loads  

 

Lifting - Displacement  

HP25S Gearbox HPS HPSfix HPSflex 

x [mm] 0,5218 -0,3956 -0,8489 
y [mm] -0,0191 -0,0642 -0,0484 
z [mm] -0,0939 -0,6488 -0,4825 
HP40R Gearbox HPR HPRfix  HPRflex  
x [mm] 0,5225 0,2605 -0,5061 
y [mm] 0,0057 0,0406 0,5540 
z [mm] -0,102 -0,8267 -0,4697 
 Gearbox Generator     
x [mm] 0,5219    
y [mm] -0,0078    
z [mm] -0,1029    

 

 

Lifting - Maximum stress 

  Von Mises [Mpa] 
2D Stress Top - Elemental 111,59 

2D Stress Bottom - Elemental 111,59 
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Break down loads 

 

Earthquake - Maximum stress 

  Von Mises [Mpa] 
2D Stress Top - Elemental 65,40 

2D Stress Bottom - Elemental 65,40 
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Short circuit of the generator - Maximum stress 

  Von Mises [Mpa] 
2D Stress Top - Elemental 92,00 

2D Stress Bottom - Elemental 109,28 
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Appendix 10 - Change of alignment in 
shaft arrangement 
The calculated clearances have been described by a percentage usage of the maximum 
allowed value for the existing layout (SIT AB-Internal, 1CSD 481970]. To be able to do 
the comparison the corresponding diameter of the flange has been used. 

Base model  

Clearance due to alignment angle 

Turbine/direction  Displacement Lfix,flex DFlange C [mm] 

HP25S - y 0,1280 2320,5 402 0,0222 
HP25S - z 0,2009 2320,5 402 0,0348 
HP40R - y 0,1060 2808,2 402 0,0152 

HP40R - z 0,0260 2808,2 402 0,0037 
 

Comparison of angle clearance with existing layout 

 Turbine/direction Calculated Allowed Usage % 
HP25S - y 0,0222 0,08 27,7 
HP25S - z 0,0348 0,05 69,6 
HP40R - y 0,0152 0,08 19,0 

HP40R - z 0,0037 0,05 7,4 
 

Radial clearance HPS 

 GearboxHPS HPSfix Difference (ABS) 
y [mm] -0,0752 -0,1546 0,0794 
z [mm] 0,026 -0,0997 0,1257 
  Vector sum 0,1487 
  Allowed  0,07 
  Usage %  212,4 

 

Radial clearance HPR 

 GearboxHPR HPRfix Difference (ABS) 
y [mm] -0,1113 -0,0935 0,0178 
z [mm] -0,09 0,0328 0,1228 
  Vector sum 0,1241 
  Allowed  0,07 
  Usage % 175,4 
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Strengthen model  

Clearance due to alignment angle 

  Turbine/direction Displacement Lfix,flex DFlange C [mm] 

HP25S - y 0,0575 2320,5 402 0,0100 
HP25S - z 0,1213 2320,5 402 0,0210 

     
HP40R - y 0,0561 2808,2 402 0,0080 

HP40R - z 0,0136 2808,2 402 0,0019 
 

Comparison of angle clearance with existing layout 

  Turbine/direction Calculated Allowed Usage % 
HP25S - y 0,0100 0,08 12,5 
HP25S - z 0,0210 0,05 42,0 

     
HP40R - y 0,0080 0,08 10,0 

HP40R - z 0,0019 0,05 3,9 
 

Radial clearance HPS 

 GearboxHPS HPSfix Difference (ABS) 
y [mm] -0,0367 -0,0619 0,0252 
z [mm] 0,0137 -0,0621 0,0758 
  Vector sum 0,0799 
  Allowed  0,07 
  Usage % 114,1  

 
Radial clearance HPR 

 GearboxHPR HPRfix Difference (ABS) 
y [mm] -0,0558 -0,0549 0,0009 
z [mm] -0,0525 0,0233 0,0758 
  Vector sum 0,0758 
  Allowed  0,07 
  Usage % 108,3  
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Appendix 11 - Foundation loads 
calculation 
This appendix have been censored  
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Appendix 12 – Two-pinion gearbox 
calculations  
In this appendix the load created from gearbox is calculated. The definitions of the 
dimensions and reactions forces are shown in Figure 12.1. The majority of the formulas 
are taken from Appendix 11. The reaction forces F1 and F2 represent the support forces. 
The support forces for four supports are obtained by dividing the reaction forces by two.  

 

Figure 12.1. Definitions of dimensions and reaction forces on the gearbox.  

Weight load 

The reaction forces caused by the dead weight are calculated according to:  

mg
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F dead ⋅
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Where: 

m  = total mass of gear 

g  =  acceleration of 
gravity 

Thermal forces 

The forces caused by thermal expansion can be described by the friction force acting 
between the contact surfaces of the gearbox and frame. The maximum transferred force 
to the frame occurs just before sliding take place between the contact surfaces. The size 
of the force depends on the dead weight of the gearbox and the pre-tension of the 
attachment bolts. The forces are calculated according to: 
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m  =total mass of gear 

g  = acceleration of gravity 

nbolts = total number of 
foundation bolts 

µ =friction coefficient 

 

Torque  

The torques acting on the gearbox and foundation is shown in Figure 12.2. M1 and M2 
are torques from the turbines and M3 is the torque from the generator. M4 is the torque 
the foundation is exposed for.  

 

Figure 12.2.Torques acting on the gearbox and foundation. 

The torque load is calculated according to:  

321 MMMM X ++=   
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P = total effect on the 
respectively shaft 

n =rotor speed  

 

Assumption that F1,torque = - F2,torque and L1=L2 the torque is distributed toe the reaction 
forces according to:  
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1
,,2,,1 2 L

M
FF x

normaltorquenormaltorque ⋅
=−=  

 

Reaction forces due to short circuit in the gearbox is considered five times bigger than 
during operation 

1
,,2,,1 2
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M
FF x
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Axial forces 

Axial forces occur when a thrust bearing is mounted on the gear together with helical 
design of the gears. The value of the axial force is given by the manufacture of the 
gearbox.  

In x-direction the force will be distributed on each bolts  

bolts

ax
x n

F
F −=  

 

 

In z-direction the force (due to moment) is distributed equally for each bolt, the 
direction of the force in a pair of bolts along the x-axis is reversed to each other. 

W

H
n

F
F

bolts

ax
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2

 
 

Seismic forces  

 

mfactorV *=  kN (Acting at CG) 

Factor includes g=9.81 m/s2 

Arrangement dependent:  

If there is a thrust bearing on the gear the weight of the generator rotor (and when 
applicable also the gear rotor weight of the second gear) is included. If the gear has no 
thrust bearing only mgear is used.  

X-direction: 

Total mass in x- direction: rotorgeneratorgear mmm +=    

Load at supports:
bolt

X n

V
F ±=       

Y-direction: 

Total mass in y- direction: gearmm =  
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Load at supports:
6
V

Fy ±=  (The force is considered to be distributed equally  

 on all support plates with or without bolts.) 

 

Z-direction: 

The maximum force due to overturning moment from the force in x-direction and y-
direction is used 

Load at supports: kN
L

HV
FZ 2.103

* ±=±=  
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Appendix 13 – Blade Loss calculations 
If a blade loosens from the turbine rotor unbalanced forces will occur. Normally for 
steam turbines a blade loss is only calculated for the IP- and LP turbines. In this case 
with two HP turbines and a gearbox on a frame it’s important to know which impact a 
blade loss will have on the frame. It is enough to dimension the frame after the largest 
turbine blade which has the largest moment of inertia. This blade is found in the final 
step.  

 

The force that occur when a blade losses can be approximated with the centrifugal force 
times a factor of 2.5 for the blade which is defined as 

r

mv
rmFC

2
2 =⋅⋅= ω  (1) 

Where: 

FC: Centrifugal force 

m: Mass of the blade 

r: Radie to centre of gravity for 
the blade  

v: Velocity 

 

The centrifugal force in the final step is according to Figure 13.1and (1) defined as   

1

2

, R

mv
F finalstepC =  (2) 

The force component from the centrifugal force that acts on each support according to 
Figure 13.1is thereby defined as  

 
(3) 

flexCfinalstepCfixC FFF ,,, −=  (4) 

FC, flex acts in Pflex and FC, fix acts in Pfix, see Figure 13.1. 

B

A
FF finalstepCflexC ⋅= ,,
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Figure 13.1 Dimensions for a turbine for blade loss calculations 

The support for the fix- and flex point can be seen in Figure 13.2. They are only 
dimensioned to support load in X- and Z-direction. The key in the middle support all 
force in Y-direction.  
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Figure 13.2 Fix- and flex support. 

Since the point were the blade was attached rotates the centrifugal force do the same. So 
an adequate approximation would be to calculate the centrifugal force in all angles. This 
would be to complex and to time-consuming so instead an approximation was made 
with one vertical component and one horizontal component.  

A free body diagram for each component visualizes this, see Figure 13.3 and Figure 
13.4.  
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Figure 13.3. Free body diagram vertical component. 
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Figure 13.4. Free body diagram horizontal component. 
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Equations (3)-(8) give the forces for each support and component. 

 

Vertical case 
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(12) 

Horizontal case 
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Appendix 14 – Conceptual drawing 
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Appendix 15 – Layout for HP25S and 
HP40R 

 

This appendix have been censored  

 



 

 

 


