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Sammanfattning 
Denna rapport utgör civilingenjörsexamensarbete på institutionen för maskinkonstruktion på 
Kungliga Tekniska Högskolan. Arbetet har utförts år 2009 på Siemens Industrial 
Turbomachinery AB (SIT AB) i Finspång. Syftet med arbetet är att minska läckaget av kylluft 
vid ledskena 2 på SGT-800, med hänsyn tagen till kostnad och verkningsgrad. Arbetet utgick 
från en bakgrundstudie där problemet fastställdes och en kravspecifikation sammanställdes. 
Effekter och kostnader av kylluftsreduceringen låg till grund för beräkningarna. Fem 
grundkoncept genererades med utgångspunkt från kravspecifikationerna. Konceptgenereringen 
och evalueringen grundar sig på Ullman, The Mechanical Design Process och Liedholm, 
systematisk konceptutveckling. Koncepten genomgick en grovsållning, med hjälp av en enkel 
evalueringsmatris, där ett av dem dömdes ut. Resterande fyra grundkoncept expanderades till 14 
detaljkoncept vilka genomgick en mer sofistikerad evaluering, där ett koncept visade sig 
reducera kylluften effektivt till en ringa kostnad. Det vinnande konceptet bestod av en c-tätning, 
vilken lödes till ledskenans sugsida, varvid tätningen kontraheras av ledskenans 
värmeutvidgning. Denna studie har visat att värdet av den ökade verkningsgraden är större än 
kostnaden att införa den rekommenderade konstruktionsändringen. 
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Abstract 
This report represents a Master of Science thesis at the department of machine design at The 
Royal Institute of Technology. The work was executed at Siemens Industrial Turbomachinery 
AB in Finspong in 2009. The purpose of this work is to investigate possible concepts in order to 
reduce cooling air leakage at guide vane 2 in SGT-800, due to cost and efficiency.  On basis of a 
background study, the technical specifications were elaborated, in which the demands and 
wishes were elucidated. Based on the problem itself and the delimitations, five different 
conceptual ideas were generated. The concept generation and evaluation rests mostly upon 
Ullman, The Mechanical Design Process and Liedholm, systematisk konceptutveckling. The 
conceptual ideas were put together and the combinations went through a rough evaluation 
procedure where one of the concepts was eliminated. The remaining four concepts were 
expanded to 14 more detailed concepts, of which one stood as a winner after the sophisticated 
evaluation matrix. The winning concept was a c-ring, brazed to the suction side, where the seal 
contracts due to the thermal expansion of the vane. This study has shown that the value of the 
gained efficiency is greater than the cost of the suggested design modification.  
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NOMENCLATURE 
Notations 

Symbol Description 

 T Temperature (K) 

 p Pressure (Pa)  

 η Efficiency 

 P Power (W) 

 cp Specific heat capacity, constant pressure (J/kg*K) 

 cv Specific heat capacity, constant volume (J/kg*K) 

 q Specific heat (J/kg) 

 w Specific work (J/kg) 

 k cp/cv  

 m Mass (kg) 
m&  Mass flow (kg/s) 

 α Coefficient of linear thermal expansion (1/K) 

Abbreviations 
CAD Computer Aided Design 

FEM Finite Element Method 

HTC Heat Transfer Coefficient 

IGT Industrial Gas Turbine 

PLC Pressure Loss Coefficient 

SGT Siemens Gas Turbine 

SIT Siemens Industrial Turbomachinery AB 

TIT Turbine Inlet Temperature 

Chemical elements 
Nb Niobium 

Ni Nickel 

Cr Chromium 

Co Cobalt 

W Tungsten 

Mo Molybdenum 

Ta Tantalum 

Ti Titanium 

Ni3Al Nickel aluminide 
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1 INTRODUCTION 
 
1.1 Background 
 
Studies at SIT show that the air leakage at guide vane stage 2 is significant. SIT want to 
investigate the possibilities to increase the turbine’s efficiency by reducing that air leakage.    
 
1.2 Company presentation 
 
Siemens is one of the largest companies in the world in IT, electronics and electrical engineering. 
The company has about 427,000 employees in 190 countries. Siemens Industrial 
Turbomachinery (SIT) in Finspång produces gas turbines in the range of 15-50 MW and steam 
turbines in the range of 60-250 MW. SIT employs around 2400 people and research, 
development, design, service, manufacturing and sales takes place under the same roof; the 
turnover in 2008 was 7 billion SEK. The most prominent products are the medium gas turbines, 
SGT-500, SGT-600, SGT-700 and SGT-800. Finspång traces its industrial roots back to the 15th 
century, e.g. the cannon works were among the biggest in the world for several hundred years. 
Finspång is located in the heart of Östergötland, about 180 km southwest of Stockholm, and 
confirmed by the author, the journey takes just under two hours.    
 

 
1.3 Purpose 
The purpose of this work is to investigate possible concepts in order to reduce cooling air 
leakage at guide vane 2 in SGT-800 due to cost and efficiency.   
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1.4 Formulating the problem 
 
The turbine inlet temperature (TIT) in a modern gas turbine, such as SGT-800, is high enough 
that some parts in the hot gas path must be internally cooled. Air is received from the compressor 
and flows through the secondary air flow system. Guide vane 2 is supplied by air from 
compressor stage 10 (of totally 15) via 16 inlet holes in the stator ring. At stator ring 2 there are 
52 single segment guide vanes mounted, forming a circle, and sealed by seal strips. See figure 1 
and 2. Some of the cooling air leaks to the gas path, partly through the seal strip and the groove 
and partly between the tip platform and the stator ring. See figure 3. If the leakage can be 
reduced, and thereby increase the air passing trough the remaining stages of the compressor and 
participate in the combustion, there may be an increase of the power output and efficiency. There 
may be disadvantages in reducing all of the air leakage, because some of the air leaking trough 
the stator ring and the tip platform (known as sealing air) acts as a barrier and prevents the hot 
gases from reaching the tip platform of the vane. Hence, this work will be concentrated to the 
region between the vanes, where also the leakage is most significant. Notice though that the 
leakage through the seal strip, between the vanes, helps reducing the temperature of the tip 
platform.  This report evaluates concepts that will reduce the leakage, the concepts cost will be 
compared to the economical value of the increased performance. 

 
 

Figure 1: Stator ring with tree guide vanes mounted 
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Figure 2: Seal strip 

 
Figure 3: Possible leak paths.Mass flow in kg/s at full load. 

 
 
1.5 Delimitations 
 
1.5.1 Demands 
 

1. Reduce stage 2 leakage. The cost increase must not exceed € 265*(increased power 
[kW]). 

2. The temperature of a non-coated part of the vane must not exceed critical value 
3. The temperature of a coated part of the vane must not exceed critical value 
4. Changes allowed in the area enclosed by the green line. See appendix 1 
5. The below listed components must not be changed 

• Stage 2 vane casting, internal geometry 
• Turbine casing. 
• Interface with turbine stage 1 & 2. 

 
1.5.2 Wishes 
 

1. Retrofit into units on the field should be possible 
2. Rework of old components should be possible 
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1.6 Description of the gas turbine 
 
The three main components of a gas turbine system in its simplest form are compressor, 
combustion chamber and turbine, shown in figure 4. Air is pressurized by the compressor and 
then the fuel is added at the entrance of the burner. Fuel and air mixes and ignites in the 
combustion chamber. The hot gas is then passing through the turbine, extracting energy from the 
hot gas to drive the rotor. The rotor powers the compressor and delivers shaft power used to 
generate electricity, power a pump or a ship et cetera.  The SGT-800 is designed for continuous 
heavy duty operation; it is a single shaft machine with 15 compressor stages of which the first 
three stationary stages have variable geometry. The compressor rotor is composed of discs which 
are electron welded to a single unit. A turbine has a number of stages; each stage consists of a 
row of vanes attached to the stator. SGT-800 is a three stage turbine which is manufactured as 
one module and bolted to the compressor shaft. To ensure durability and long life, the first stage 
blade is made of single-crystal material. The cold end of the turbine is connected to the generator 
via a speed reduction gear, reducing turbine speed from 6600 rpm to 1500/1800 rpm. An 
electronic starting motor is connected to the gearbox. 
SGT-800 has a power output of 47 MW and the electrical efficiency is 37.5%. In Gothenburg, 
e.g. (Rya kraftvärmeverk) three of the SGT-800 provides heat and electricity to the city. 

 
Figure 4: Simple gas turbine system. 

Compressor 
Turbine 

Combustion 
chamber 

Fuel 

Air 
Exhaust 
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Power 
output 

1
4
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1.6.1 Simple gas turbine cycle 
 
The thermodynamic cycle that represents the common gas turbine is the open Brayton cycle. See 
figure 5. The process is ideal, i.e. it is reversible and adiabatic, (isentropic). By open cycle means 
ambient air are supplied to the compressor, the exhausts are discharged in open air and the 
isobaric process 4 to 1 takes place in open air. [3] 

 
Figure 5: The open Brayton cycle 

 expansion, isentropic :43fer heat trans isobaric :32 n,compressio isentropic:21 →→→
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 The ideal efficiency thus depends only on the pressure ratio. Figure 6 shows the relation 
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Figure 6: Efficiency as a function of the pressure ratio. 
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1.6.2 Description of the guide vane 
 
Each stage of the turbine has a guide vane upstream, and is connected to the stator. The function 
of the guide vane is to deflect the hot gases to the preferred angle of attack towards the rotor 
blade.  The guide vane is highly stressed due to hot surrounding gases and its temperature must 
not exceed a certain critical value. The hot gas temperature at the TIT may exceed 1400oC in a 
modern gas turbine; hence the first and second stage vanes are cooled by air from the compressor 
in order to avoid maximum allowable temperature. The most common materials used in turbines 
and turbochargers are based on austenitic nickel, iron or cobalt. The vanes in SGT-800 are 
precision cast from the nickel alloy IN738-LC, and air-plasma-sprayed with a thermal barrier 
coating, and finally heat treated followed by an ageing process. [4], [5] On a microscopic level, 
grains are surrounded by grain boundaries, the grain boundaries contain carbides which act like 
glue. Typical grain size for IN738-LC varies from 0.1 mm to 0.5 mm depending on location. 
Each grain contains particles of the γ′ phase in a γ phase matrix. γ is mostly Ni with elements like 
Cr, Co, W and Mo in solution, and γ′ is essentially NI3Al with elements like Ti, Ta and Nb in 
solution, NI3Al is an intermetallic material with properties similar to both a ceramic and a metal. 
The γ matrix and the γ′ particles in a grain share the same orientation and therefore each grain is 
regarded as a single crystal. Vane and blade alloys typically contains >50wt% Ni, and are thus 
known as Ni-base alloys. They are sometimes known as super alloys because they are able to 
handle high temperatures for long times. [6]. See figure 7. The seal strip is solution heat treated 
and made from Hastelloy X, which balance strength, oxidation resistance and fabricability.  The 
alloy is frequent used material for aircraft, marine and IGT. [14]. Materials data see appendix 13 
 

 
 
 

Figure 7: Guide vane on a microscopic level showing grains and grain boundaries. Each grain is a 
single crystal which contains γ′ particles within a γ matrix [2]. 
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1.6.3 Elementary theory of axial flow turbine 

Gas enters the guide vane with a pressure p1, temperature T1 and velocity C1. The temperature T1 
and the pressure p1 are expanded to T2 and p2 and leaves with an increased velocity C2 at an 
angle 2α . See figure 8. The rotor blade inlet angle will be chosen to suit the direction 2β  of the 
gas velocity V2 relative to the blade at inlet. After being deflected and usually further expanded, 
in the rotor blade passages, the gas leaves at the temperature T3 and pressure p3 with relative 
velocity V3 at angle 3β . C3 is the gas velocity at the exit, at an angle 3α , known as the swirl 
angle. In a single stage turbine 01 =α and 11 αCC = . In a typical multi stage turbine, C1 and 1α  
will probably be equal to C3 and 3α  so that the same blade shapes can be used in successive 
stages. When the velocity triangles are superimposed, the geometry gives the relations 

ααα CCC == 32  and 3322 tantantantan αββα
α

−=−=
C
U . Applying the principle of angular 

momentum to the rotor, the stage work output per unit mass flow is  

( ) ( ) ( )323232 tantantantan ββαα αα +=−=+= UCUCCCUW wws . [7] 

 
Figure 8: Axial flow turbine stage [7] 
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2 PREVIOUS STUDIES 

 

Reduction of the cooling air, in order to gain performance and efficiency, is always a goal to 
strive for at SIT. To further develop the SGT-800, a study was performed where the aim was to 
increase the turbine power and efficiency by mean of reduction of the cooling air consumption. 
One of the changes was to introduce an orifice with a diameter equal to 86.5 mm, at the inlet 
pipe, to maintain the same pressure above vane 2 as for the old version [8]. In 2005 an upgrade 
of the cooling system was performed. The mass flow to guide vane 2 was reduced by changing 
the amount and size of the cooling holes in the inserts and changing the position of the film 
cooling holes of the inner platform. The insert was sealed at the bottom in order to prevent 
uncontrolled leakage of the cooling air to the trailing edge. The total air saving for the 52 vanes 
was 810g/s. However, the changes though, resulted in an increased leakage around the outer 
platform. [9] 

There may be disadvantages in reducing all of the air leakage, because some of the air leaking 
trough the stator ring and the tip platform, known as sealing air, acts as a barrier and prevents 
the hot gases from reaching the tip platform of the vane. Hence, this work will be concentrated to 
the region between the vanes, where also the leakage is most significant. 
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3 METHOD 
In order to fully understand the problem, the work initiated with a background study, gathering 
information and consultation with the co-workers and some of the companies specialists. The 
background studies included both construction and assembly. The assembly studies took place in 
the work shop. The construction studies prosecuted by drawings, the actual parts involved in the 
problem and 3D-CAD. All CAD modelling and drafting are made with NX 5.0. On basis of the 
many studies the technical specifications were elaborated, in which the demands and wishes 
were elucidated. Based on the problem itself and the delimitations, different concepts were 
generated. The concept generation and evaluation rests mostly upon Ullman, The Mechanical 
Design Process [2] and Liedholm, systematisk konceptutveckling [3]. The concepts were put 
together and the combinations went through a rough evaluation procedure in which one of the 
concepts was eliminated. The remaining concepts were expanded to 11 detailed concepts, where 
the winner was the segment vane in pairs. The concepts were introduced in a review, a group of 
specialists. Their task was to judge the concepts based on their sphere of authority. The summary 
was that attaching vanes in pairs might be worth further development, but it is also desirable to 
elaborate supplementary concepts. The main objections to the segment concept were related to 
stress problems. Based on the review, two more concepts were introduced, 3B and 3D. The 
winner of the new concepts was once again introduced to the specialist group, this time there 
were no objections.  
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4 ECONOMY 
 

Eliminating the air leakage also means that the compressor needs to compress that same amount 
of air through the remaining compressor stages i.e. from stage ten to stage fifteen. This costs 
power that has to be taken from the output power. Additionally, the leakage air expands over the 
turbine, contributing to the output power. In return, by combusting the air, a higher amount of 
power can be obtained. The power required to compress the air the remaining stages is 42 kW. 
The power from letting the leakage expanding over the turbine is 29 kW. The gained power from 
combusting the same amount of air is 249 kW. The net power gained is thus 178 kW. See 
Appendix 2 

The usable air mass flow gained by sealing the vane leakage is 250 g/s. By letting that amount of 
air participate in the combustion, the power output will be increased by 178 kW. The fuel mass 
flow required to combust the leakage is 5 g/s with a fuel to air ratio 0.02. Natural gas is used as 
fuel which has a typical specific calorific value of 48 MJ/kg [10]; this gives a potential power of 
243 kW by burning the additional fuel. The present turbine has a potential power of 125.3 MW. 
Which with the additional air and fuel gives 125.6 MW, but the power output is now 47,178 kW, 
this power is used to calculate the new efficiency; i.e. 37.6% 

Estimated annual operating hours for a representative gas turbine plant is 8400 h. Today’s fuel 
consumption is 1 TWh/a, with an expected fuel price of 42 €/MWh. The plant also produces 
electricity using steam, approximately 16 MW in electricity power, at an electricity price at 90 
€/MW. By subtracting the fuel price from the income, the net income is 3,400,000 € 

The equivalent calculation using the sealed vane version gives a total income of  
3,450,000 €. Thus, by eliminating the leakage the total income increases by 1.4% or 
approximately 500,000 SEK/year, assuming that the cost for maintenance and CO2 is unchanged 
and the steam production remains the same. See appendix 3 
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5 CONCEPT 
5.1 Concept Generation 
 
In chapter 1 the understanding of the problem was utterly founded. Now the goal is to generate 
concepts that will lead to a quality design. The concept generation is based on the devise that if 
you generate one idea, it is probably a poor one. If you generate ten ideas, you might have a 
good one.  
 
5.1.2 Conceptual design 
 
The flow chart of conceptual design shows that the generation of concepts is iterative with their 
evaluation; the updating of the plan is naturally part of the iterative loop. This technique expands 
a problem into many solutions before it is narrowed to one final solution See figure 9 

 
Figure 9: The conceptual design flow chart 
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5.1.3 Black box 
 
The purpose of the black box is according to Liedholm [2] to establish the main functions. The 
black box model is supposed to be abstract and independent of the technical solution. See figure 
10 and 11. 
 

 
 
 
5.1.4 Technical principles 
 
Inside the black box the transformation takes place; in this case there is only one transformation, 
in three parallel and combinable technical principles.   
 

 
Figure 11: Inside the black box 

5.2 Conceptual ideas 
 
The conceptual ideas are described in general terms; no detailed technical solutions are 
implemented in this stage. 
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5.2.1 Concept 1 
The purpose of concept 1 is to reduce the undesired mass flow over the vane by reducing the 
total mass flow.  
 
 

 
 
 
The principle used here is to choke the secondary air system and thereby supplies the vane with 
less air. The lesser amount of air passes trough the vane, the lesser air will leak. This combined 
with a reduced flow resistant, will make more of the air pass through the vane instead of leaking 
pass the seal strip. This can be achieved by e.g. perforate the impingement plate and restrict the 
air flow, see figure 13. 
 
Advantages  

• Low cost 
• Retrofit 
• Rework of old components 
• Easy to implement 

Disadvantages  
• Might not significantly reduce the leakage. 
•  The required amount of cooling air to the vane might not be sufficient 

 
 

 

 
Figure 13: Perforated impingement plate and existing restrictor

Reduce mass 
flow 

Technical principle 1 
- Reduce the total mass flow to the vane 
 

Choked flow/ Reduce the vanes internally 
Pressure Loss Coefficient

Figure 12: Flow chart of concept 1 
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5.2.2 Concept 2 
 
The purpose of concept 2 is to reduce the undesired mass flow over the vane by 
reducing the total mass flow.  
 

 
 
 
The same principle as concept 1 is used. Instead of choked flow, concept 2 uses 
cooling air from a lower compressor stage (1-9)  
 
Advantages 

• Cooler air 
 

Disadvantages 
• The required amount of cooling air to the vane will probably not be 

sufficient 
• Retrofit will be complicated 
• Rework will be complicated 
• High cost 

 
 

Supply the vane with air from 
compressor stages 1-9 

Reduce mass flow 

Technical principle 1 
- Reduce the total mass flow to the vane 

Figure 14: Flow chart of Concept 2 
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5.2.4 Concept 3 
The purpose of concept 3 is to seal the area where the leak is most critical 
 

 
 
 
 
The principle of concept 3 is to seal the area where the leak is most critical. The present seal strip 
is a bent metal sheet, and the leakage area is relatively large, which allows further improvements. 
This can be achieved in different ways, such as maintain the shape and design and just change 
the tolerances or completely change the design. Figure 16 shows an example of double groove.    
 
Advantages 

• Rework of old components 
• Low cost 
• Easy to implement 
• Might ease assembly 
• Retrofit possible  

 
Disadvantages 

• Might aggravate assembly 

 

 Improve the 
seal strip 

Reduce mass flow 

Technical principle 2 
- decrease leakage area 

Figure 15: Flow chart of concept 3 

Figure 16: Example of improved groove, double groove 



  24

5.2.5 Concept 4 
The purpose of concept 4 is to seal the area where the leak is the most critical 
 
 
 

 
 
The principle of concept 4 is to completely seal the gap between the vanes by create segments of 
vanes in pair or more. See figure 18. By creating vanes in pair the total leakage area between the 
vanes will be diminished to half, four vanes will reduce the leakage to 25% and so on. This 
concept can also be combined with concept 3 or/and 4 for further advantages.  
 
Advantages 

• Ease assembly  
• Reduces the number of seal strips 
• Retrofit possible 
• Rework if sold/braze or weld 

Disadvantages 
• Casting requires new mould 
• Stress might arise 
 

 

 Attach weld vanes in 1,2,4,13 or 26 
segments 

Reduce mass flow 

Technical principle 2 
- Decrease leakage area 

Figure 17: Flow chart of concept 4 

Figure 18: examples of one segment of the 2 and 26 segment 
concept 
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 5.2.7 Concept 5 
 
The purpose of concept 5 is to supply each vane individually with air 
 

 
 
The principle of concept 5 is that instead of all vanes share the air supply from a common 
manifold, each vane is supplied individually by e.g. a hose or a pipe, which is a lot easier to seal. 
An example of a vane with a roof and pipe connection is shown in figure 20.  
Concept 5 can be combined with concept 1. 
  
Advantages  

• An almost total seal is possible 
• Retrofit possible, but expensive 
• Rework possible, but expensive 
 

Disadvantages  
• The barrier air is also reduced 
• High cost 
• The stator ring loses its cooling 
• Vast modifications required  

 
Figure 20: An example of hose or pipe attachment to an individual sealed vane 

 Seal 
individually 

Reduce mass flow 

Technical principle 4 
- Each vane gets individual air supply 

Figure 19: Flow chart of concept 5. 
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5.3 Rough concept evaluation  
 
Without further development, some of the concepts can already be eliminated by using a basic 
matrix for evaluation; this evaluation is no more than a feasibility filter. The purpose of the 
rough concept evaluation is not to find the strongest alternative, but to find concepts that may 
have obvious or obscure weaknesses, which can be detected by using properly formulated 
criteria. It also serves as a basis for a more sophisticated method later on. The criteria used in this 
evaluation are based mostly upon the delimitations, but also obvious criterion such as financial 
reasonable. In this early state there is no weighted score used. The simple use of (+), (-) and (?) 
is good enough, where (+) is counted as 1, (-) as -1 and (?), which means that more knowledge 
must be developed, is counted as 0. See appendix 4  
 
 
5.4 Primary concept analyze 
 
After the first evaluation one concepts were rejected, concept 2. Concept 2 requires a major 
modification and the cooling air pressure must not be lower than the existing pressure in the gas 
path. After discussion with Janos Szijarto [16], experienced design engineer, it is obvious that 
more than four vanes in a segment will result in assembly, tolerance and stress problems, and is 
hence judged as not feasible. 
The remaining concepts  
 
Concept 1, Restrictor 
Concept 3, Improve the seal strip 
Concept 4, Vane segments 
Concept 5, Supply individually 
 
To investigate the remaining concepts further calculations must be made, especially concept 1 
needs to be analyzed in order to find out if it actually reduces the leakage at all. The other 
concepts need to be quantified to be evaluated in detail. For the calculations, concept 4 will be 
handled as a segment of two vanes.  
 
 
5.4.1 Calculations 
 
Mechanical leakage is a special case of a complex flow system. The key problem is the need to 
identify all the gaps, joints et cetera, which are possible routes of flow and to describe the 
complex network of flow paths. A Finite Element Method (FEM) based program is a very 
helpful tool for this purpose. The 3D finite element grid is imported from external mesh 
generators such as I-DEAS, CATIA and ABAQUS in form of a universal file. The heat 
calculation program is intended for 3D steady and unsteady temperature fields and cooling air 
flow parameters calculation in turbine elements such as blades, vanes, shrouds and so on. 
Another helpful tool in computing one dimensional compressible flow was the Flow and thrust 
balance program, known as Flowbalance, developed by Pratt&Whitney in order to solve 
complex flow systems. The Flowbalance program is now modernized and the obsolete use of 
data card is therefore redundant. The calculations are independent of the technical solution of 
each concept, e.g. the simulations don’t considerate which particular modification is made, just 
the effect of the modification.  
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5.4.2 Calculation results 
 
Concept 1 
A restrictor that chokes the flow to the stator ring was simulated, in the present version of the 
turbine a restrictor is actually mounted in one of the inlet pipes. See figure 21. To calculate a 
restrictor the Flowbalance were used. To simplify the simulation the already existing restrictor’s 
area was diminished to 86%. The results of the calculations showed that a restrictor reduces the 
undesired mass flow, known as leakage, with 9%. But it also reduces the desired mass flow, 
known as cooling air, to 95%. The leakage reducing effect of changing the area of the 
impingement plate was negligible. By a two times increase of the area of the impingement plate, 
the leakage reduced by only 0.3%, and ten times the area 0.5%. But the result showed that an 
increased area will increase the desired mass flow to the vane, to at most 100.7%, In order to 
investigate the combination, another calculation was executed. The input data was ten times the 
area of the impingement plate, and the restrictor at branch 205 in the Flowbalance chart was 
86% of its present area, the same setup as with the restrictor alone. The results for the new 
concept, the combination, showed that the air leakage reduced by 10% and the cooling air 
through the vane was only reduced to 96%. Despite the fact that a lower quantity of cooling air 
reaches the vane, simulations in the heat calculation program showed that the average 
temperature of the vane raised only 0.45%, and the maximum temperature increased 19 K. In 
some areas the temperature decreased by at most 10 K. It is noticeable that this result showed 
changes in the temperature, not only on the tip platform, but also the entire vane, where the 
temperature increased only 3 K. See appendix 5. 

 

 
 
Concept 3 
Some improvements are not possible to simulate, mostly because the leakage area is unknown. 
The following calculations are performed where the improvement can be measured. E.g. the 
thickened seal strip. Some effects of improvement will be estimated. The vane’s groove is about 
1.44 mm thick, and the seal strip is 0.8 mm. If the thickness of the seal strip is increased to 1.0 
mm it is still possible to assembly and the leakage area reduces from 8.9 mm2 /strip to 6.2 
mm2/strip. Another parameter that must be considered is the hydraulic diameter (Dh); Dh is often 
used in flow calculations to equate noncircular cross sections as circular. It is defined as four 
times the area divided by the wetted perimeter. In this case the area is a long slot; thus the Dh is 
approximated by two times the thickness. The results showed that the tightened seal strip 

Figure 21: The location of the restrictor. 
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reduced the mass flow by 31.6%. The average temperature was unaffected and the maximum 
difference was 32 K. See appendix 6. The setup for double strip was two equal branches 
connected in series. The results showed a leakage reduction by 24%. 
 
Concept 4 
The total mass flow through the seal strip at present version is 4.87 g/s at each vane, according to 
the heat calculation model. This value is more or less the correct one and will be used in all 
calculations as reference. The model for a single vane is well defined, so instead of creating a 
new mesh and a new hydraulic grid for the twin vane, the neighbouring vane was simulated with 
the assumption that no air passes between them and the heat transfer coefficient (HTC) was set 
to zero at the contact surface. This is acceptable since the HTC refers to convection, and also by 
the symmetry of the vanes. With the conceptual idea 4 applied to the model, the mass flow 
decreased by 49.9% (as expected). The temperature increased on average by 0.3% but locally as 
much as 170 K, in some areas the temperature fell by 60 K. See Appendix 7. Here arises a stress 
related risk, studies has shown that stress in the trailing edge might be a problem. 
  
Concept 5 
According to the heat calculation program the temperature rises significant at the outer platform, 
mostly because lack of barrier air, hot gases can and will bypass the seal strip. See Appendix 8  
 
5.5 Technical solution  
 
The concepts are described in general terms, but it’s important that that all the concepts to be 
compared being at the same level of abstraction. In this case each concepts technical solution. 
This means that the concepts will be split in their potential technical solution. E.g., the segments-
of-vane-concept will be split in braze, cast and weld. This makes it possible to evaluate all 
solutions simultaneously.  
 
5.5.1 Concept 4 
 
There are three plausible ways to attach the vanes, cast, braze or weld. The report Diffusion 
Brazing of Cast Inconel 738 Superalloy, AZojomo [15], IN 738 is described as a “difficult to 
weld superalloy”, and a method of diffusion brazing is suggested as a successful and cost 
effective alternative. Nevertheless, the above three methods will be evaluated from the aspects of 
two and four vanes in a segment, according to previous assumption that more than four vanes in 
a segment are not feasible. See figure 23. 



  29

 
 
 
 
 

 

 
Figure 23: The four vane concept 

 
 
5.5.2 Concept 1 
 
The technical solutions of concept 1 have already been staked out. The restrictor already exists; 
it is described as element 205 in the Flowbalance chart see appendix 9. The impingement plate is 
opened up by adding holes, or enlarging the existing holes.  

 Attach vanes in 13 or 26 segments 

Reduce mass flow 

Technical principle 2 
- Decrease leakage area 

4A, Braze 
two vanes 

4B, Braze 
four vanes 

4C, Weld 
two vanes 

4D, Weld 
four vanes 

4F, Cast 
four vanes 

4E, Cast 
two vanes 

Figure 22: Expanded flow chart of concept 4 
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5.5.3 Concept 3 
 
The present seal strip is cut in an angle from a sheet of steel, Hastelloy X, and then bent to into 
its final shape. Thus there are some difficulties to achieve profiled shapes, except tubular shapes 
where the angle is insignificant. To improve the seal strip area, a number of ideas were 
examined; e.g. the thickened seal strip mentioned earlier. In collaboration with Janos Szijarto 
[16] a concept developed with honeycomb attached to the side wall of the vane, and a number of 
machine cut ribs in the neighbouring vane. In cold conditions the ribs and the honeycomb are in 
contact. Due to the thermal expansion, the ribs are squeezed into the honeycomb and seal the 
area. See figure 25. 

 
Figure 25: Honeycomb brazed to the vane 

 
 
Concept 3B requires ribs at the opposite side, ribs that will intrude the honeycomb. Discussions 
with senior specialist Andreas Graichen [17] clarified that a method called cladding is plausible 
for creating ribs. 

Reduce 
mass flow 

Technical principle 1 
- Reduce the total mass flow to the vane 

1. Restrictor and 
Perforate 
impingement plate 

Choked flow 

Figure 24: Expanded flow chart of concept 1 
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The laser cladding process uses a laser to consolidate metal granules on a surface. This makes it 
possible to create solidified tracks at minimum 2 mm width. See figure 26. Unfortunately the 
cladding process is not capable of handling an angled surface.  

 
Figure 26: Cladding process 

 
The similar principle of thermal expansion is used for the open tube concept, more or less a steel 
c-seal. A tubular strip with a gap replaces the seal strip, the gap contracts at hot condition and 
seals the area. See figure 27.  

 
Figure 27: The tubular strip 
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There is a pressure difference inside the vane and outside, it is tempting to use that pressure to 
pressurize a seal, concept 3E. Unfortunately, new sealing problem arises. See figure 28.  
 

 
Figure 28: Pressurized seal strip  

A fifth way to improve the seal strip is to add another one. See figure 29. This makes it more of a 
labyrinth seal, which is well defined in the Flowbalance program, which makes the calculations 
more accurate.  

 
Figure 29: Double seal strip 

The five solutions representing concept 3 in the enlarged evaluation matrix are; the double seal 
strip, the honeycomb, the thickened seal strip, the c-seal and the pressurized seal strip. 

 
 

 3A, Double 
seal strip 

Reduce mass flow 

Technical principle 2 
- decrease leakage area 

 3B, 
Honeycomb 

3C, Thickened 
seal strip 

3D, c-seal 3E, Pressurized 
seal strip 

Figure 30: Expanded flow chart of concept 3 
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5.5.4 Concept 6  
  
Because there is no interference between the concepts, Concept 6 is a combination of selected 
solutions of the above concepts, and will participate in the evaluation. 4A brazed twin vanes, 1 
restrictor and 3C thickened seal strip, which are chosen due to their computability.    
The setup was an orifice at the inlet pipe with diameter 77 mm, two vanes attached to each other, 
pressure side to suction side. The impingement area was opened up 10 times and the seal strip 
gap reduced to 13.88 mm2 from the origin 20.23 mm2 per vane. Simulations in a heat calculation 
program showed that the leakage reduced 65.5% and the average temperature raised only 0.4%. 
The temperature of the outer platform raised 170 °C at the contact area though, which is slightly 
above the average temperature of the vane. Simulations in Flowbalance showed just about the 
same leakage reduction as the heat calculation program, 66% and the total reduction including 
the barrier air was 58%. The pressure in the chamber above vane 2 was 99% of the origin. The 
mass flow through the impingement plate was 100% of origin. With the standard impingement 
plate, the results showed 99% mass flow through the plate. All other results were equal, which 
indicates that adjustments to the impingement plate are more or less needless.  

 
 
 
5.6 Concept evaluation 
 
In this stage the final fourteen concepts will be evaluated in an advanced evaluation matrix. The 
criteria that have been used is Cost, Reduces the leakage, Retrofit, Rework, Temperature, 
Hazard/Robustness, Assembly, and Stress. Where Retrofit and Rework of old components 
represents the service aspect. Those criteria have been weighted due to their importance e.g. Cost 
is more important than Retrofit, and will be judged accordingly. See Appendix 12. Each criterion 
has been quantified from useless, via poor, tolerable, satisfying, and very good, to excellent into 

Reduce the total mass flow to the vane 

Reduce mass flow 

Decrease leakage area 

Thickened seal strip 

Choked flow 

Sold/weld two vanes 

Restrictor 

 Attach vanes in 13 or 26 segments 

Figure 31: Expanded flow chart of concept 6 
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numerical values in scale from 0-20. In some cases, such as Assembly, Retrofit and Rework 
importance was not possible to measure numerical, in those cases the rank was estimated based 
on experience and discussions with Janos Szijarto [16].  
The Cost, see table 1, was divided in two parts, investment and production. The investment cost 
considers new moulds, fixtures, tools etc and is a once-for-all cost. The production cost is the 
cost for machining, fabrication and any new parts that may be needed. For some concepts the 
production cost turned out to be negative, i.e. the cost for new parts and machining can be saved. 
The Cost scale is obtained from the economy calculations in chapter 4. In the evaluation the Cost 
are based on ten units. After 74 units, casting gets cheaper than welding, and after 89 units, 
casting is pure profit.  

Table 1: Cost rank 

Cost cost € Rank 
useless 25,000 0 
poor 20,000 4 

tolerable 15,000 8 
satisfying 10,000 12 
Very good 5,000 16 
Excellent 0 20 

 
Concept 1 and 3C can be accomplished without any rise in costs. See table 2  

Table 2: Cost score 

Concept 1 3A 3B 3C 3D 3E 4A 4B 4C 4D 4E 4F 5 6 
Cost € 0 4,380 260 0 1,000 1,520 2,496 1,989 1,630 1,695 13,310 12,465 18,200 1,630 
Score 20 17 20 20 20 19 19 19 19 19 10 11 6 19 

 
The Hazard/Robustness criterion is based on the MIL-STD 882B System safety Program 
Requirements, which focus specially on ensuring safety in military equipment and facilities. See 
table 3. The more complex method FMEA (Failure Mode and Effect Analysis) is often used in 
manufacturing industries, but the MIL-STD 882B is good enough for this application. The 
potential failures were elaborated in consultation with Janos Szijarto [16].  

Table 3: Hazard/robustness 

Hazard/Robustness     
Frequency of occurrence Catastrophic Critical Marginal Negligible 

Frequent 1 3 7 13 
Probable 2 5 9 16 

Occasional 4 6 11 18 
remote 8 10 14 19 

improbable 12 15 17 20 
Index Criterion 

1-5 Unacceptable 
6-9 Undesirable 

10-17 Acceptable 
18-20 Good 

Potential failures 
Seal strip Redox, (Reduction-oxidation) 
Cracks in seam 
Cracks in vane 
 

 
 
The Temperature importance is ranked due to the change in average material temperature at the 
vane. The scale is created with the unchanged vane as datum, cooler gives higher grade and vice 
versa. See table 4. 
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Table 4: Temperature rank 

Temperature % of datum Rank 
useless 107- 0 

poor 105-106 4 
tolerable 102-104 8 
satisfying 100-101 12 
Very good 97-99 16 
Excellent -96 20 

 
Concept 5 showed more than 5% change in average temperature, and scored 4. All others scored 
12.  
 
 
Leakage 
The leakage reduction is measured in percent, where more than 80% is considered excellent, see 
table 5 and 6.  

Table 5: Leakage rank 

Reduces The leakage % Rank 
useless 0 0 

poor 16 4 
tolerable 32 8 
satisfying 48 12 
Very good 64 16 
Excellent 80- 20 

 
 

Table 6: Reduction of the leakage score 

Concept 1 3A 3B 3C 3D 3E 4A 4B 4C 4D 4E 4F 5 6 
% 10 24 97 32 97 25 50 75 50 75 50 75 100 66

Score 2 6 20 8 20 6 12 18 12 18 12 18 20 16
 
Material integrity 
Some concepts may increase the stress, particular the segment concepts, therefore the stress is 
one important criterion. To be able to calculate the stress, a new model and mesh has to be 
created, which is out of range for this work, hence the rank is judged on basis of experience, 
discussions with Fredrik Borén [18] and previous reports of similar concepts. See table 7. 
Former studies at Siemens showed that the stress related problems increase with vanes in 
segment. Segment vanes are found in SGT-700, SGT-600 and also at guide vane 3 in SGT-800. 
The studies indicate that cracks at the trailing edge of the vane are probable to occur. However, 
the conclusion of report Examination of guidevane segments from SGT800 after 465 starts [11] 
was that all observed cracks were less than 60µm deep and none of the cracks could be 
considered critical. Furthermore, both Master Thesis Livslängdsförbättring av turbinledskena 1 i 
SGT-600 [12] and the report Vane 3, SGT-800 A+ Frequent Start, article number 2424964-A 
[13] suggests modifications of the outer platforms in order to reduce stresses at the trailing edge.      
 
The hotter underneath of the outer platform expands more than the top outer platform, the so-
called banana effect, which is the main factor that causes the stress, mostly at the trailing edge. If 
the vanes are weld, cast or braze, together at the outer platform, and only at the outer platform, 
then the underside of the platform allows expanding without causing the same amount of stress 
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to the trailing edge. See figure 32 and appendix 10. With this contrivance applied to the concepts 
4A-F, the stress score will be lifted from poor to tolerable. The stress will still be higher than in a 
single vane though. One problem with this idea is that the seal strip at the inner platform might 
have to be redesigned. 
 

 
Figure 32: Twin vane with gap at inner platform 

 
 
 

Table 7: Stress 

Concept 1 3A 3B 3C 3D 3E 4A 4B 4C 4D 4E 4F 5 6 
Score 8 8 8 8 8 8 5 3 5 3 5 3 8 5 

 
Assembly  
The assembly rank is estimated in consultation with John Larsson [19], experienced turbine 
assembler. See table 8. All of the segment concepts make assembly easier than the present 
version, due to the lack of seal strips, though the four vane segments assembly involves heavy 
lifting, which reduce the score. The thickened seal strip can either ease or aggravate the 
assembly, depending on the tolerances.  
  

Table 8: Assembly rank 

Concept 1 3A 3B 3C 3D 3E 4A 4B 4C 4D 4E 4F 5 6 
Score 12 6 14 8 12 14 16 9 16 9 16 9 8 8 

 
 
 
 
5.6.1 Evaluation results 
 
The concept that scored highest in the evaluation matrix was 3D, the tubular shaped seal, c-seal. 
See table 9. Concept 3B, the honeycomb, scored nearly as much. Third place was concept 6, the 
combination of three promising concepts. The datum solution scored 111, which means that four 
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of the concepts do not make any improvement in its entirety; however with respect to air leakage 
due to the cost, all concepts are profitable though. For concept 3B and 3D, the power gain is 147 
kW, which corresponds to 40,300 €, according to previous calculations.  
 

Table 9: Final Score 

Concept 1 3A 3B 3C 3D 3E 4A 4B 4C 4D 4E 4F 5 6 

Final 
score 115 109 135 121 143 117 119 113 116 111 99 95 101 122 

 
For the entire matrix, see appendix 11 
 
5.7 Further development of selected concepts 
 
Both concept 3B and 3D had distinguished qualities, although, concept 3D was the cheapest of 
them, and therefore attractive to develop further. To fully function, a compression of the material 
in the gap at the outer platform is required. The gap between the vanes is in cold conditions 1.8 
mm, due to the thermal expansion the gap contracts to approx. 0.95 mm and the force exerted at 
the vane is 270 N.    
Function as well as leakage reduction of concept 3D needs to be verified, for this purpose, a test 
jig was developed. The jig can either be tensioned in cold condition in order to study the 
behaviour of the tube, and/or be heated to study the heat expansion. With the chosen bulk 
material, length and bolts, the gap contraction will be similar to the truth case. While contracted, 
the leakage reduction capacity can be measured by pressurize the jig, either cold or hot. See 
appendix 13 and figure 33. 

 
Figure 33: Test jig 

5.7.1 Dimension 
 
The yield strength of the c-seal has to be high enough to withstand the stress due to the 
contraction. The calculations showed that Hastelloy X were not sufficient for this application, 
see appendix 13, the preferred material is IN-718 which is able to handle high stress at high 
temperatures. See appendix 14 and 15. The temperature though, was at the upper limit; therefore 
a change in design was necessary. See figure 34.  
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Figure 34: final design of the c-seal 

 
 
The new design locates the seal in a cooler region and a conventional seal strip, at the vicinity of 
the gas path, preventing hot gases from reaching the seal. It also allows barrier air, from the front 
of the outer platform, to pass between the seals. This design also eases assembly, the tube strip is 
brazed to the vane and the sheet metal strip can be pushed into place.  
 
 
 
 

6 RESULTS 
  
The aim for this thesis was, according to the delimitations, to reduce the air leakage at the outer 
platform of vane 2 in SGT-800. Several conceptual ideas were elaborated, of which most of them 
fulfil the demands. The most attractive concept, according to the evaluation method, was in a c-
seal, which contracts due to the thermal expansion of the vane. One of the reasons for this design 
is of course the low cost compared to other designs, but it also works irrespective of the distance 
between the vanes, i.e. transient state. By brazing the strip to the vane, the number of 
components remains unchanged, and it also eases assembly. The c-seal concept complies with 
the wishes of rework and retrofit as well.   
The leakage reduction is estimated to 83% including sealing air. By reducing the diameter of the 
restrictor to 77 mm, the outlet mass flow of the vane remains unchanged, which also gives a 
slightly better result, 84% reduction. It is desirable to verify those figures by using the test jig. 
The test jig allows verification of the seals behaviour under load, thermal expansion, and sealing 
capacity. For prototype construction, construction drawings are available for the jig, the 
restrictor, the seal and the brazing/assembly.  
Even though the final design requires a conventional seal strip, the profit is justifiable. The 
estimated cost to introduce new tools is 2,000 €, which is a once for all cost, and the production 
cost remains the same. The annual increased income at an arbitrary power plant is 40,000 €, 
which also corresponds to Siemens valuation of power, used in delimitations.  
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7 DISCUSSION AND CONCLUSIONS 

 
7.1 Discussion 
 

All concepts are profitable due to the leakage reduction, some concepts more and some less. The 
most expensive concept, the individually sealed vane, costs 18,200 € / unit, out of ten units, but 
the increased annual income is more than twice the cost. The cost is estimated based on similar, 
present investment of new tools and production cost. Any alteration in assembly time is 
neglected.  

The income is based on the power gain multiplied by the factor; 265 ⎥⎦
⎤

⎢⎣
⎡
kW
€ , which corresponds 

well to the calculations made from an arbitrary power plant.  

Heat calculations are performed in a suitable program frequently used at Siemens, the boundary 
conditions used in this work is mostly areas and conductivity. Supplementary calculations for 
mass flow in the secondary air system were performed with the program Flowbalance, which 
traces its roots back to the data card era. Input variables used here are areas. Most calculations 
should be considered as estimations, with varying accuracy. Nevertheless, the calculations give a 
sufficiently base for evaluation of the concepts. The material analysis of the winning seal is 
simplified; the corner of the tube is neglected, also the creep temperature is dangerously close to 
its maximum. Further, the wall thickness of the tube is 0.2 mm compared to the conventional 
seal strips thickness of 0.8 mm; it is uncertain how this affects the redox process. 

The method for this work relies upon both Ullman [2] and Liedholm [1] and has been chosen to 
subsequent eliminate bad concepts and lead to quality design. There are many different methods 
used in concept generating and evaluation, a different approach might have produced a different 
result. The criteria used for this evaluation matrix are based on the delimitations but also aspects 
as stress and service, service is split into rework and retrofit. The relative importance weightings 
are compared in pairs, in order to measure which of the criteria is the most important. The 
purpose of this work is to reduce the leakage due to the cost, from that point of view, of course, 
the cost and leakage reduction is more important than e.g. assembly. Even though the leakage 
reduction is important, it would be improperly to neglect the stress or the hazard. The values in 
the evaluation matrix are either calculated or estimated depending on accessibility. Since there is 
no way to measure the leakage of the winning concept without the test jig, it is estimated that the 
leakage completely cease at the sealed area. If future tests show different, the results may have to 
be reappraised. The test jig also allows confirming the thermal expansion. 

 The aim for this work is not to reinvent the wheel, but the background study showed certain 
conservatism amongst turbine manufacturer, the conventional seal strip is commonly used. The 
US Patent number 5,209,503 describes a joint between two ducts, which are traversed by hot 
gases. It uses a woven wire cloth and ceramic fiber to provide an elastic joint.   

The wishes of rework and retrofit are complied, but rework of existing vane with seal strip slot 
might cause cosmetic inconvenience.  
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7.2 Conclusions 
 

According to the results, the best way to seal the area between the vanes is to use a c-seal, a 
tubular seal with a gap that allows to be contracted by the thermal expansion of the vane. To 
keep the temperature low it is necessary to prevent the hot gases from reaching the seal. This is 
accomplished by using a conventional seal strip close to the gas path, this design also allows 
sealing air to pass between the two seals. With the method and criteria used in this work, the c-
seal concept satisfied the purpose and the delimitations the most. An initial, but revised, demand 
was to reduce the leakage by 80%, which is attained as well.  

Noticeable, four concepts scored less than the today’s solution with a sheet metal seal strip, 
which illustrates the difficult point in improving an established solution. 

 
8 RECOMMENDATIONS AND FUTURE WORK 

 

To fully understand the behaviour of the c-seal, a test jig was developed. The test jig is made of 
aluminium and the dimensions are chosen to imitate the thermal expansion of the vane. It is also 
capable of compressing the test seal in cold conditions, in order to study the contraction. While 
contracted, the leakage reduction capacity can be measured by pressurize the jig, either cold or 
hot.  

If the leakage between the vanes reduces, the mass flow through the vane will increase. To 
maintain the mass flow, the secondary air system needs to be choked. To achieve this it is 
recommended that the area of the restrictor is changed, in the case of the c-seal, the diameter of 
77 mm offers 100% of the origin mass flow. As a side effect, an additional leakage reduction is 
obtained. 

The rejection of concept 4, the vanes in segments, is based on similar concepts and discussions 
with material integrity specialists. It is desirable to verify or reject the weaknesses by a FEM 
analysis, especially the solution where the vanes are attached at the outer platform. If the result 
shows that it is feasible, the long term economy gain is severe, because the use of seal strip is 
diminished to half, and it can still be combined with the c-seal.  

 It is also recommended to analyze the temperature of the c-seal with the new layout; the 
program used in this report does not consider the sealing air from the front stage, with the lack of 
sealing air, the temperature gets higher than predicted.   
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APPENDIX 1 

Appendix to the delimitations in chapter 1.  

 

Figure 1.1: The area enclosed by the green line marks where construction modifications are 
allowed. 
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APPENDIX 2 
 
Leakage air power calculations 
 
Compressor power, Pcomp, from stage 10 to stage 15 
Index numbers from below figure      
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Turbine power, supplied by leakage air mass flow 
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Turbine power, burning the leakage air mass flow 
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The increased power from sealing the leakage 
kW 7.177292493.42 =−+−=−+= turairburncompleak PPPP  



  44

 
Figure 2.1: The Brayton cycle P-V diagram 

 

 

 

 

 

 

 

 

 

 

 



  45

APPENDIX 3 
 
 Economic calculations 
 
New output, burning the leakage, SGT-800 spec. 47 MW: 

kWPPP leakoutnewout 7.471777.17747000 =+=+=  
Required fuel mass flow, with fuel to air ratio 0.02 

s
kgFAR

s
kgmmFARm airairf 005064.002.0,2532.0 =

⎭
⎬
⎫

⎩
⎨
⎧ ===⋅= &&&   

Potential power of burning the fuel mass flow: 

kW
kg
MJqqmP gasnatgasnatfm f

24348000005064.048.. =⋅=
⎭
⎬
⎫

⎩
⎨
⎧

=== &&  

Potential power of the turbine, Sgt-800 spec. efficiency 37.5%: 

kW
P

P
spec

out
tot 125333

375.0
47000

≈==
η

  

Potential power of the turbine with additional fuel: 
kWPPP

fmtotnew 4.125576072.243125333 ≈+=+= &  

New efficiency: 375689.0
125576

7.47177
≈==

new

newout
new P

Pη  

Fuel consumption per year: 
{ } MWhhhoursoperatingannualttPf totcons 105280084003333.1253338400 =⋅=====  

Fuel consumption per year after eliminating the leakage: 
MWhtPf newnewcons 76.105484184004.125576 ≈⋅==  

Fuel cost per year: { } €44217600421052800/€42cos =⋅==== MWhffff pricepriceconst  
Fuel cost per year after eliminating the leakage: 

€443033544276.1054841cos ≈⋅== pricenewconstnew fff  
Annual income: 

( ) { } ( ) €476280008400164790/€90,16 =⋅+====+= MWeMWPtPPeai pricesteamsteamoutprice  
Annual income after eliminating the leakage:  

( ) ( ) €477623418400161777.4790 ≈⋅+⋅=+= tPPeai steamnewpricenew  
Annual net. Income:  

€34104004421760047628000cos =−=−= tnet faiai  
Annual net. Income after eliminating the leakage: 

€34589874430335447762341cos =−=−= tnewnewnewnet faiai  
Difference, annual income: 

€4858734104003458987 =−=−=∆ netnewnet aiaiai   
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APPENDIX 4 
The feasibility matrix used in the rough evaluation.  

Table 4.1 Feasibility matrix 

 

 

Evaluation criteria 

Reduces the leakage 

Retrofit 

Rework of old components 

Critical temperature 

Within the green line 

Retain: 

   - Geometry 

        - Guide vane internally 

        - Gas path  

   - Interface turbine stage 1&2 

Within reason/feasible 

Sufficient information available  

Financial reasonable  

C
oncept 1 

C
oncept 2 

C
oncept 3 

C
oncept 4 

C
oncept 5 

Concepts 
(+) - Satisfy  
(-) - Dissatisfy  
(?) - Develop more 
knowledge 

+ 

+ 

+ 

? 

+ 

+ 

? 

+ 

+ 

+ 

? 

+ 

? 

- 

? 

- 

+ 

+ 

+ 

-/? 
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- 

+ 

? 

? 

? 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

- - 

+ + 

+ 

- + 

? ? 

+ 

+ 

+ + 

+ 

? 

? ? 

+ 

+ 

+ 

? 

Decision  Go Go Go Go 

Total + 

Total - 

Overall total 

No 
go 

8 4 

3 0 

8 7 6 

0 1 2 

8 1 8 6 4 
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APPENDIX 5 
 

 
Figure 5.2: Delta T, Suction side concept 1 

Figure 5.1 Delta T .pressure side concept 1 

 
The graphic results for the restrictor concept. The temperature lines shows delta T, difference in 
temperature with present orifice area and the 77 mm restrictor. 
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APPENDIX 6 
Concept 3, the graphic display of the results for the thickened seal strip  
 

 
Figure 6.1Mass flow concept 3C  

 
Figure 6.2:Delta T, origin-concept 3C  
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APPENDIX 7 

Concept 4. The graphic results of the mass flow calculation, simulating two vanes attached to 
each other, pressure side to suction side. Each branch represents a leakage path, and the mass 
flow is given in [g/s]. The temperature fields show that the temperature increases in the contact 
area.   

 
Figure 7.1: Upper Left: mass flow branshes, pressure side attached vane. Upper right:mass flow suction side 
attached vane. Lower left: Delta T contact area pressure side. Lower left Delta T contact area suction side. 
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APPENDIX 8 
Concept 5 with isoline temperature. The flow direction marked with purple arrows. Notice that 
the flow direction is reversed at some of the leak paths, i.e. hot gases pass through the seals strip 
due to the lack of barrier air.  

 
Figure 8.1: Temperatures with individually sealed vanes 
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APPENDIX 9 
 
Part of the secondary air system hydraulic chart, relevant leak paths are numbered 145, 148, 150, 
154 and 155. 
 

 
Figure 9.1: Flowbalance chart. 
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APPENDIX 10 
The tangential displacement magnified 100 times shows the banana effect. 

 

 
Figure 10.1: ABAQUS FEM analysis, steady state 
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APPENDIX 11 
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APPENDIX 12 
Table 11.1: The weighted criteria matrix and the hazard/robustness matrix used in the advanced evaluation 

  

R
ed

uc
es

 th
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ss
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ss
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s 

Su
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Reduces the leakage  2 2 1 2 1 1 2 2 1 10 0,179 3 18% 
Retrofit 0  2 0 0 0 0 1 1 0 3 0,054 1 5% 
Rework of old components 0 0  0 0 0 0 1 1 0 1 0,018 0 2% 
Temperature 1 2 2  2 1 1 2 2 1 10 0,179 3 18% 
Cost 1 2 2 1 2  1 2 2 1 10 0,179 3 18% 
Stress 1 2 2 1 2 1  2 2 1 10 0,179 3 18% 
Assembly 0 1 1 0 1 0 0  1 1 3 0,054 1 5% 
Hazard/Robustness 1 2 2 1 2 1 1 1 1  9 0,161 3 16% 
          Sum 56 1,00 20 100% 
 

Hazard/Robustness     
Frequency of occurrence Catastrophic Critical Marginal Negligible 

Frequent 1 3 7 13 
Probable 2 5 9 16 

Occasional 4 6 11 18 
remote 8 10 14 19 

improbable 12 15 17 20 
Index Criterion 

1-5 Unacceptable 
6-9 Undesirable 

10-17 Acceptable 
18-20 Good 

 
 

 
Consequence Descriptions  
Catastrophic Serious risk for human injuries 

Critical 1 month downtime 

Important 24 hours downtime 

Marginal Fixed by next service 

Negligible Cosmetic damage 

Likelihood Range Description  
Frequent  Likely to occur often in the life of an item, with a probability of occurrence greater than 

10-1 in that life. Continuously experienced.   
Probable Will occur several times in the life of the item, with a probability of occurrence less 

then 10-1 but greater than 10-3 in that life. Will occur frequently.  
Occasional Likely to occur some time in the life of the item, with a probability of occurrence less 

than 10-2 but greater 10-3 in that life, will occur several times.  
Remote Unlikely but possible to occur in the life of an item, with a probability of occurrence 

less than 10-3 but greater than 10-6 in that life. Unlikely but can reasonable be expected 
to occur.  

Improbable So unlikely, it can be assumed occurrence may not be experienced, with a probability 
of occurrence less than 10-6 in that life. Unlikely to occur, but possible.  
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APPENDIX 13 
Thermal expansion 
 
Available space for one vane, at a point of the arc 

{ } mmrr  439.851.707
52

2
≈==⋅

⋅π  

Vane width at the same point, cold condition 
mm 61.83=coldw  

Gap at cold condition  
mm 829.161.83439.85 ≈−=coldd  

Vane width at hot condition 

{ } mm 5.84720 ,1107.147381)1( 6

0

≈
⎭
⎬
⎫

⎩
⎨
⎧

=∆⋅==
∂
∂

==∆+= − KT
K

IN
T
L

L
Tww coldhot αα  

Gap at hot condition 
mm 944.05.84439.85 ≈−=hotd  

This confirms by the values from the FEM model, i.e. the middle point gives a gap at 0.98 mm. 
Below figure shows tangential displacement. 
 

 
Figure12.1:  Tangential displacement, steady state condition 

 
Hot/cold difference in gap at the test jig, bulk material aluminium, length 200 mm, standard 
bolts, temperature difference 500K. 

mm 95.0100010)145.23(2.0500)( 6 =⋅⋅−⋅⋅=−∆= −
boltalTd ααl  
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APPENDIX 14 
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Figure 14.1Elementary case, beam circular radius of curvature 

Displacement in x-direction, given by tangential displacement of the vane: 
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APPENDIX 15 
INCONEL-738LC Source: Siemens materials data 

 
Hastelloy X Source: Siemens materials data 

 

 

 
 

INCONEL-718: Source: Siemens materials data 
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Low cycle fatigue properties 
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APPENDIX 16  

 
Figure 14.1: c-seal assembly draft 


