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Sammanfattning  
Gasturbinen har en viktig roll i nutida och framtida energidistribution för elektricitet på grund 

av dess stabilitet samt flexibilitet. Genom att öka temperaturen in till turbinen ökar den 

termiska effektiviteten. Den största begränsning av denna temperaturökning är materialen av 

komponenterna i turbinen. För att kringgå detta används kylning i turbinen med luft från 

kompressorn. Effektiviteten kan däremot minskas vid överdriven användning av kylluft och 

därav är designen av kylningen viktig för optimal användning av kylluft. Ett verktyg som 

oftast används vid design av turbiner är simuleringar med Computational Fluid Dynamics 

(CFD).  

För att uppnå en optimal design av kylningen behöver CFD simuleringarna korrekt prediktera 

temperaturtransporten genom turbinen. Därför fokuserade denna studie på att uppskatta och 

validera olika CFD metoders förmåga att prediktera temperaturtransporten genom en 1,5 stegs 

axiell turbin med experimentella resultat. Stationära CFD simuleringar gjordes med RANS av 

olika turbulensmodeller; k – ε, Wilcox k – ω and SST k – ω. Dessutom jämfördes två olika 

sätt att simulera gränssnittet mellan stationära och roterande domän; Mixing plane och Frozen 

rotor. Samtliga simuleringsmetoder inkluderade två olika konfigurationer av 

virvlarepositioner; Passage (PA) och Leading edge (LE) klockningar.  

Experimentella resultat visade en stegvis mer enhetlig temperaturprofil med fluidflödet 

genom turbinen. Detta sågs dock inte i samma utsträckning i någon av simuleringarna. 

Temperaturskillnaden mellan de varma och kalla stråken i samtliga simuleringar minskade 

marginellt i jämförelse med de experimentella resultaten. Samtliga resultat med stationära 

RANS simuleringar tenderade att över och under prediktera temperaturen av de varma 

respektive kalla stråken. Detta inträffade redan efter förstastegsledskenorna, där skillnaden 

från de uppmätta temperaturerna ökade över första stegs rotor. Detta på grund av att 

mixningen i fluiden under predikterades.  

Skillnader mellan de olika turbulensmodellerna var synliga efter första stegs rotor där 𝑘 – 휀 

turbulensmodell predikterade mest mixning av samtliga simuleringar av turbulensmodeller. 

Däremot predikterade den marginellt bättre i jämförelse med mätningarna. Andra resultat från 

denna studie var att gränssnittet med frozen rotor med flera positioner inte anger bättre 

mixning av fluiden genom rotordomänen än vad gränssnittet med mixing plane där liknande 

radiella temperaturprofiler fås. Däremot gav en simulering med en position av rotorn liknande 

resultat med radiellt fördelade temperaturer som mixing plan och skulle kunna användas för 

approximativa simuleringar med bättre konvergens. 

  



 

 

 

 

  



 

 

 

 

Abstract  
The gas turbine has an important role for the energy distribution due to its stability and 

flexibility. By increasing turbine inlet temperature (TIT) an increased thermal efficiency of 

the turbine can be achieved. The biggest limitation of the TIT is the material of the turbine 

components. To avoid this limitation, cooling is needed in the first stages of the turbine by air 

from the compressor. The downside of the cooling is the decrease of efficiency with excess of 

cooling air. To achieve an optimum cooling flow, the designing process is important. One 

major tool in the designing process is simulations by Computational Fluid Dynamics (CFD).  

For optimum and correct cooling design, the CFD simulations needs to accurate predict the 

temperature transport through the turbine. Therefore, this study focused to estimate the 

accuracy of different CFD methods in predicting the temperature distribution through a 1.5 

stage turbine with experimental results. The CFD simulations were done by using Ansys CFX 

and divided into two study cases with steady RANS. One with different turbulence models; 𝑘 

– 휀, Wilcox 𝑘 – 𝜔 and SST 𝑘 – 𝜔. The other with two different simulation approaches of 

interfaces for frame change; Mixing plane and Frozen rotor. All simulations included two 

configurations of swirlers clocking for interest of their differences within the turbine and 

validation of the CFD simulations; Passage (PA) and Leading Edge (LE) clockings.  

The experimental results showed a formation of gradually more uniformed temperature 

profile with the fluid. This could not be seen in the same extend with any of the simulations. 

The temperature difference between the hot and cold section with all simulations were 

marginally decreased in comparison of the measurements. All results with steady RANS 

simulations tended to over and under predict the temperatures of the hot respectively cold 

sections within the fluid flow through the turbine. This occurred already after the first stage 

guide vanes and the difference from the measurements increased after the first stage rotor. 

This since the steady RANS tended to under predict the mixing process through the turbine.  

Differences between the turbulence models were noticeable after the rotor blades, where the  

𝑘 – 휀 turbulence model predicted most mixing of the evaluated turbulence models but badly 

compared to the measurements. Another outcome from this study was that the frozen rotor 

interface with several positions of the rotor blades did not stated better results compared to 

mixing plane interface for temperature distribution in axial turbines. On the other hand, one 

simulation of one position of the rotor with frozen rotor interface could be used to simulate an 

approximatively similar circumferential average temperature as the mixing plane with better 

convergence with the disadvantage of bigger domain.  
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1 Introduction of project 
Gas turbine delivers one of the crucial energy forms for todays and future society, 

electricity. Due to its stability and flexibility, the gas turbine is predicted to replace 

the existing coal plants (World Energy Council, 2013). The dominant fuels of 

usage to gas turbines are fossil-based, and one way to contribute to a more 

sustainable power generation is by increasing the efficiency (Wucherpfennig, 

2017). Gas turbines produce mechanical work from thermal energy of a fuel, where 

it is based on the Brayton cycle (Cengel & Boles, 2014). This is done by 

compression, combustion and expansion, see Figure 1. The incoming air is 

compressed in several stages in a compressor, where one stage consist one stator 

and one rotor. The compressed air enters the combustor where it is mixed with fuel. 

By ignition of the mixture, a combustion process ensues. Hot gases from the 

combustion chamber flow through a turbine where they expand by passing several 

turbine stages, thence rotates a shaft. One stage of turbine contains stationary 

blades, called guide vanes, and rotated blades, called rotor blades. The guide vanes 

form convergent ducts which increase the velocity and decrease the pressure of the 

gases. In addition, they direct the gases to an optimum angel of entering of the rotor 

blades for maximum efficiency (Crane, 2010). The shaft rotation by the rotor 

blades is partly supplied to the compressor and the rest to produce electricity.  

 

 

  
Figure 1. Modern industrial gas turbine, SGT-800. 

An ideal Brayton cycle includes compression and expansion based on isentropic 

processes (Cengel & Boles, 2014). In an actual Brayton cycle, there are adiabatic 

processes where no heat or mass transfers between the system and the 

surroundings. This implicates an increasing required work in the compressor, while 

the obtained work from the turbine decreases, see Figure 2.  
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Figure 2. Temperature-entropy diagram for an ideal and actual Brayton cycle as blue respectively 

orange lines. 

The work produced in the turbine is partly used to pressurize the air in the 

compressor, thereby the net work is produced, 𝑊𝑛𝑒𝑡. In the ideal Brayton cycle, 

𝑊𝑛𝑒𝑡 is the difference between the turbine work, 𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒, and the compressor 

work, 𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟. This can be expressed in terms of total temperature, 𝑇𝑥 at 4 

different locations, and specific heat capacity, 𝐶𝑝, as in the t-s diagram, see 

Equations 1-4, (Cengel & Boles, 2014).    

𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 𝐶𝑝(𝑇3 − 𝑇4) 

 

(1) 

𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = 𝐶𝑝(𝑇2 − 𝑇1) 

 

(2) 

𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = 𝐶𝑝(𝑇2 − 𝑇1) 

 

(3) 

 

𝑊𝑛𝑒𝑡 = 𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − 𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = 𝐶𝑝(𝑇3 − 𝑇4) − 𝐶𝑝(𝑇2 − 𝑇1) 

 

(4) 

 

The thermal efficiency, 𝜂𝑡ℎ, of an ideal Brayton cycle is the ratio between the net 

work produced and the heat added in a combustion chamber, 𝑄𝑖𝑛, Equation 5, 

(Cengel & Boles, 2014).  

𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡

𝑄𝑖𝑛
 

(5) 

 

 

With Equation 6, the thermal efficiency can be expressed with total temperature 

(Cengel & Boles, 2014). 
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𝜂𝑡ℎ =
𝐶𝑝(𝑇3 − 𝑇4) − 𝐶𝑝(𝑇2 − 𝑇1)

𝐶𝑝(𝑇2 − 𝑇3)
= 1 −

𝑇1 (
𝑇4

𝑇1
− 1)

𝑇2 (
𝑇3

𝑇2
− 1)

 

 

(6) 

 

An increasing turbine inlet temperature (TIT)  𝑇3 gives an increased thermal 

efficiency of the turbine. It also allows a high-power density which makes it 

available to keep the size of the core engine down (Crane, 2010). The big limitation 

of the increasing of the temperature is the maximum temperature that may be 

tolerated in the turbine inlet (Moustapha, et al., 2003). In addition to the very hot 

gases, there are also extremely turbulent air flows. The gas temperature is high and 

non-uniform and the flow is complicated with swirl from the combustor and 

mixing of hot gas and coolant at different locations in the gas path. 

 

1.1 Background of gas turbine  
The flow in the gas path (turbine main flow path) of the turbine contains both 

primary gas (gas from the combustion process) and cooling air. The cooling air is 

taken from the high-pressure compressor and led to the combustion chamber and 

turbine, which has temperatures around 650 °C. Even though it appears to be a high 

temperature in general, it is enough to cool the turbine section with temperatures at 

1700 °C (Moustapha, et al., 2003). The cooling air enters and merges with the main 

flow in several positions of a gas turbine. The first section of cooling is in the 

combustion chamber, where the cooling air enters the last stage of the chamber. 

The second stage of cooling is in the guide vanes, where cooling air enters the gas 

path through holes in the guide vanes surface. The third stage of air entering the 

turbine gas path is through cavities, which is the clearance between the rotating and 

stationary disks (Manushin & Polezhaev, 2011). 

The movement of the flow through the gas turbine is often explained in cylindrical 

coordinates since its cylindrical shape, meaning for example the velocity is often 

expressed in tangential, radial and axial components. See Figure 3 for coordinate 

frame.  
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Figure 3. Cylindrical coordinate system applied to gas turbine with axial axis x, radial axis r and 

tangential axis θ. 

1.1.1 Combustion chambers: Inside and Out Coming Flow  

The combustors create hotspots/hot swirls that enter the guide vanes and travel 

through the turbine.  The selection of combustion chambers is big, where they all 

create a different amount of swirls and hot strikes. In general, they consists a fuel 

injector and a swirl generator where the combustion is divided into three different 

zones; primary, intermediate and dilution presented in Figure 4, (Massardo, et al., 

1999). One of the most critical components of the combustor is the swirl generator 

(swirler). The swirler consists of several vanes shifted from the center line of the 

combustor. This creates a slot between the vanes, where the flow accelerates. By 

swirling the flow, a stable combustion process can be engendered through desired 

ratio between axial and tangential velocities (Moëll, et al., 2017). The main fuel is 

injected at the inlet of the swirler, with a main purpose to achieve a correct mixing 

between air and fuel. The ratio of air to fuel in a combustion chamber is around 

100:1, while the stoichiometric ratio, reaction and production ratio, is 15:1, 

(Soman, 2011). The air flowing into the combustion chamber is divided into 

different stages of the combustion. The first stage of the airflow is submitted to the 

jet of fuel, and is called the primary zone, where around 15-20 % of the total air 

mass flow is used which is necessary for a fast burning, (Soman, 2011). To 

guarantee a complete combustion, 30 % of the total air mass flow is introduced in 

the intermediate zone of the combustion chamber (Soman, 2011). The correct 

points of the air inject must be carefully selected. The last section is the dilution 

zone, where air is injected with purpose of achieving an acceptable level of 

temperature before the gas enters the turbine. The secondary air is injected from the 

sides of the combustion chamber where the hot gas is detached from the 

combustion walls.  
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Figure 4. Primary parts, sections and air flow within a combustion chamber. 

The temperature leaving the combustion chamber is not homogenous, because the 

mixing of the hot gases and secondary air is not completed. The hot spot from the 

burning is still in the center, while the cold stream is noticed from the secondary air 

close to the walls (Massardo, et al., 1999), see Figure 5.  As well as for the radial 

temperature profile, irregularities also occur for the circumferential temperature 

profile. Hot spots can be found with circumferential variations which are residues 

of the combustions tangential positions (Moustapha, et al., 2003).  

 

 

Figure 5. Outlet circumferential averaged temperature profile from a combustion chamber. 

Velocity components from the swirler and secondary air make the flow in the 

combustor to be highly turbulent, which also vacates from the combustion chamber 

to the turbine inlet.   
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1.1.2 Turbine cooling 

After the discharge of the combustion chamber there is a ring of nozzle guide vanes 

(NGV’s) as the first stage of stationary guide vanes. Alloys for material of the 

vanes and blades that can handle the high temperatures from the combustion 

chamber are rare and expensive (Moustapha, et al., 2003). One way to increase the 

allowed TIT is by cooling the guide vanes and the rotor blades in the turbine. The 

most efficient way of cooling the guide vanes is by film cooling. Compressed air is 

lead through hollowed guide vanes and rotor blades where it exits the blades 

through holes in the surface of the airfoil and forms a film of cooling air over the 

surface, see Figure 6. These films act like an insulating blanket of air that limits the 

heat transfer from the hot gas to the blade surface (Han, et al., 2012). The cooling 

effect is dependent on the flow from the compressor air and the gases from the 

combustion chambers. Film cooling enables the TIT to be higher than the melting 

point of the material that the blades possess (Moustapha, et al., 2003). The melting 

point is not the only problem with the material, but also the materials behavior 

when it is exposed to high temperature and high loads. Although the film cooling is 

an effective cooling method which allows a higher TIT, it also causes destructive 

phenomena of the flow and the core engine (Saravanamuttoo, et al., 2001).To 

maintain a high effectiveness of the core engine, no excessive amount of mass flow 

from the compressor should be taken. The aerodynamic efficiency of the main fluid 

flow is also affected by the mixing process of the cold and hot streams. Therefore, 

the design of the film cooling is highly selective and needs an optimization 

between the heat transfer and aerodynamic losses (Han, et al., 2012).  

 

Figure 6. Schematics of film cooling of two guide vanes. 

The design of the cooling holes is a 3D process which has several requirements, 

where each of them has factors to considerate. One of the requirements is the film 

cooling to ample over the airfoil radially, which is illustrated in Figure 7. For the 

design to fulfill its purpose, it needs to be rapidly and evenly spread to form the 
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film over the whole airfoil. This implicates some mixture between the main stream 

and the cooling stream, see Figure 7. Another requirement of the cooling is the 

boundary layer pattern. For the film cooling to achieve the wished cooling affect, 

the jet of the cooling stream is wished to be attached to the surface.  

 

Figure 7. Mixing process of mainstream and coolant jets of a film cooling of guide vanes on the 

surface. 

As the hot gas passing by the guide vanes and rotor blades, the temperature drops. 

It drops as low as no cooling is needed in the last stages of the turbine, (Moustapha, 

et al., 2003). This due to the decreasing total pressure from work extraction while 

passing the blades at the rotor. Some temperature drop is also associated to the 

mixing of cooling air and the main stream. The temperature drop referred to the 

guide vanes is due to the mixing process. While the temperature drop referred to 

the blades is due to both the work output and the mixing from new cooling air. Due 

to the movement of the rotor blades, they experience a different temperature than 

the stationary frame. The relative temperature  𝑇𝑜,𝑟𝑒𝑙 is dependent on the absolute 

temperature  𝑇𝑜, relative velocity  𝑊 and absolute velocity  𝐶, see Equation 7. As 

long as the relative velocity is smaller than the absolute velocity, the relative total 

temperature will be lower than the absolute temperature (Moustapha, et al., 2003).  

 

𝑇𝑜,𝑟𝑒𝑙 = 𝑇𝑜 −
𝐶2

2𝐶𝑝
+

𝑊2

2𝐶𝑝
 

 

 

(7) 

 

The temperature leaving the combustion chamber is never uniformed, even though 

the designing of the combustion chambers tries to accomplish close to an even 

temperature profile, see section 1.1.1.  The temperature profile and its transport of 

the gas through the turbine are important for the cooling design (Han, et al., 2012). 

Looking at circumferential averaged temperature profile in Figure 5, the center 

region is residues from the primary combustion air. The low temperature close to 

the shroud (wall surrounding the turbine) and hub (inner section wall) is the 

residues of secondary cooling air. As the flow passes the turbine components, the 
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profile often retains a hot section in the middle and colder streams along the shroud 

and hub which can be found in Figure 5, (Moustapha, et al., 2003). The 

temperature profile is dependent on the mixing of cooling air, radial distribution of 

work, tip leakage and development of secondary flow. Circumferential variation of 

the temperature in the gas flow from the combustion chamber occurs to vary, 

which is something that greatly affects the first stage of guide vanes. Since they are 

stationary to the combustion chamber, some of the guide vanes are exposed for 

higher temperature than others (Moustapha, et al., 2003). Therefore, it is important 

to take account to the circumferential differences in relation to the averaged value. 

The experience of the temperature for a single guide vane may be hard to make 

allowances of and because of that, the vanes are designed to resist the pattern factor 

limit. The pattern factor is the ratio of local circumferential temperature to the 

average value in any radius. Radial profiles are often used for prediction of life 

estimation of blades. To obtain reasonable estimations of the heat loads, every 

stage of the turbine has to be predicted accurately (Moustapha, et al., 2003). The 

cooling of blades could be designed for a hot radial section. If this does not occur, 

an irregular temperature in the blade material can engender. Creep is a well-known 

problem in material, especially in the turbine where the material is exposed for 

high loads. Creep is called when material tends to do a plastic deformation. 

Another case is when a too high temperature in the blades causes oxidation, which 

often emerges in the tip. In turn it could cause major damages (Moustapha, et al., 

2003). The presents of the cooling section close to the shroud is often advantageous 

for the blade tip, see Figure 5.     

1.1.3 Cavities 

Clearance between the rotating and stationary disk are necessary in order to have a 

rotation in the gas turbine. These clearances are called cavities, which can be found 

both above and below the gas path. The cooling gas through the cavities has a 

primary task to ensure no hot gases leak out from the turbines hence maintain a 

high efficiency by small losses. At the same time, it contributes to cooling the inner 

and outer parts as the rotating and stationary discs, (Childs, 2011). Focuses in this 

report are the lower cavities, where the main flow from cavities are funded and is 

called wheel space with a rim seal closest to the gas path. The rim seal has the 

assignment to prevent the main flow to enter the cavities. Hot gases from the main 

flow entering the cavities are a big concern to the safety for gas turbines. This 

occurrence is dependent on the ratio of cavity flow and the main flow velocities, as 

well as the clearance and shape of the rim seal, (Owen, 2012). With the main flow 

passing the vanes and blades, a pressure gradient occurs radially through the rim 

seal and outward. This appears at different circumferential points depending on the 

positions of vanes. The results of asymmetric pressure profiles in the main flow are 

inflow and outflow trough the rim seal (Owen, et al., 2012). 
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1.2 FACTOR – project  
A test turbine within development of environment-friendly aircraft turbines has 

been built up by the German Aerospace Center (Deutsches Zentrum für Luft- und 

Raumfahrt; DLR) at a site in Göttingen. In order to gain significant insight into the 

design of aircraft turbines, experiments were carried out in a European Union (EU) 

project. The project is called the FACTOR-project, standing for Full Aerothermal 

Combustor Turbine interactiOns Research. The project involved 11 international 

business partners within gas turbines, including Siemens, and 9 academic partners 

e.g. universities as Oxford and Cambridge. The FACTOR-project focuses on the 

interaction between the combustion chamber and turbine, and was for the first time 

examined under realistic conditions in a new test rig. The interactions are complex, 

especially the fluid flow behavior between the cooling systems, flows from the 

combustion chamber to the turbine and the mixing of air inside the turbine 

(Wucherpfennig, 2017).  

1.2.1 Test Rig 

The gas turbine tests were highly accurate measuring methods which would not be 

suitable in real engines due to the high temperatures. The test turbine with the 

instrumentation set-up can be seen in Figure 8.  

 
Figure 8. Test gas turbine with instrumentation at Göttingen within the FACTOR-project, 

(Wucherpfennig, 2017). 

The test turbine consisted of a non-reacting annular combustor simulator with 20 

swirlers and a 1.5 stage turbine containing first stage guide vanes/NGVs, first stage 

rotor blades and second stage guide vanes. The goal of the project was to contribute 

to the development of environment-friendly and cost-effective gas turbines, 

(Wucherpfennig, 2017). The advantage with the test turbine was the high mass 

flow through the turbine with a pressure ratio of the compressed air which implies 



 

 

10 

 

the ability for analyzing the fluid flow in detail. The combustor simulator can be 

seen in Figure 9, where hot air enters the swirler. This creates a hot swirl which 

resembles the turbulent flows within the combustion chamber. The NGVs were 

film cooled with compressed air. As well as the NGVs, the rotor and the second 

stage vane can also be seen in Figure 9 with compressed air entering the gas path 

through cavities.  

 

Figure 9. Cooling flows and main hot flow in the turbine section of a test rig. 

Dried and compressed air was used as flow medium and is driven by a radial gear 

compressor, with a high pressure ratio (Dannhauer, et al., 2012). The combustor 

simulator and the turbine included cooling air flow, where air was taken from the 

compressor. The air was cooled down to the wished temperature, where the main 

part of the air flow was supplied to the combustion simulator. The cooling air for 

the supplying system of the turbine section was re-compressed with coolant 

compressors. The test turbine was carefully selected to be periodic within 18° for 

easy analysis. It entails 20 swirlers, 40 NGV’s, 60 rotor blades and 20 low pressure 

guide vanes (LPVs). A sector of the test turbine within 18° consists of one swirler, 

two NGVs, three rotor blades and one LPV, see Table 1. 

Table 1. Quantities of components in different sections. 

Section Degrees [°] Swirlers [-] NGVs [-] Rotor blades [-] LPVs [-] 

Whole turbine 360 20 40 60 20 

One section 18 1 2 3 1 

 

The meaning of the periodicity is that the section of 18° is reprehensive for the 

fluid flows behavior in the whole turbine, divided into 20 symmetric pieces.     
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1.2.2 Configurations of Swirlers Clocking  

How the hot swirl entering the turbine can affect the cooling efficiency. Therefore, 

the test turbine was designed to offer two mounting positions of the swirlers 

(Dannhauer, et al., 2012). This enabled studies for different configurations of hot 

spot from the swirlers entering to the turbine in relation towards the NGVs. Two 

different positions of the hot swirler flows were investigated and are presented in 

Figure 10. One of the configurations is when the hot swirl hits one of two guide 

vanes leading edge and where the configuration is called Leading Edge (LE) 

clocking, see Figure 10 (a). The other configuration is when the hot swirl enters the 

turbine between the two guide vanes and this configuration is called Passage (PA) 

clocking, see Figure 10 (b).  

 

 

(a) 

 

(b) 

Figure 10. Temperature contour to illustrate swirl clocking from the combustion chamber towards 

nozzle guide vanes with (a) Leading edge clocking, (LE) and (b) Passage Clocking, (PA). 



 

 

12 

 

1.3 Literature review   
The influence of hot gases to the turbine performance has been investigated since 

decades, (Shang & Epstein, 1997). Even though CFD method has its limitations of 

predicting the heat load and temperatures, but it still is a promising tool. Dunn 

(2001) evaluated state-of-art methods in CFD, where the codes have capability at 

predicting the surface pressure, while failing on the temperature distribution. 

Thereby different methods for predicting the temperature distribution need to be 

evaluated. Also, some details may need to be considerate.   

For an accurate prediction of the temperature and heat load calculations, the 

boundary conditions need to be meticulous. Uniform and non-uniform inlet 

temperature profiles have been considered in a study of a CFD model by Salvadori 

et al. (2011). The non-uniformity temperature profile causes preferential migration 

of hot gas, which would affect the blade life negative compared to a uniformed 

temperature profile. The rotor tip and casing have a beneficial effect from the 

combustor cooling stream. Dyson et al. (2014) have compared thermal prediction 

for a 1D and 2D turbine inlet temperature distribution. The clockings impact in the 

domain where difference depending on the dimension of inlet temperature. The 

temperature of the guide vanes were greatly affected by the dimension of 

temperature profile. An accurate temperature inlet temperature is required for 

reliable results within the turbine, according to an article by Mathison et al. (2012). 

They studied different inlet conditions for the comparison of measured results of a 

test rig. The temperature profile in front of the rotor blades at the outside span were 

highly affected by the inlet condition, while the inner span was less influenced. In 

order to predict the migration of the hot and cold streaks and their influence of the 

components through the turbine with CFD simulations, 2D inlet conditions are 

needed.     

An increasing TIT requires an increasing amount of cooling air, especially to the 

film cooling. The impact of the film cooling within the endwall region in a high 

pressure turbine rotor was investigated by Ong et al. (2008 & 2012) where they 

noticed a hot fluid streak down the pressure surface because of the presence of 

secondary flow and vortex near the endwalls. The film cooling may have impact of 

the temperature profiles through the turbine. Especially in studies where the 

temperature profiles that are to be examined.  

Aerodynamic design of a turbine requires accurate prediction on temperature at 

various axial locations. The location and migration of the hot spot from the 

combustion chamber are critical for designing airfoil cooling requirement and 

distribution. The migration from the hot swirl through the turbine has impact on the 

heat load on the blades and aerodynamic efficiency. Khanal et al. (2012) used CFD 

to simulate heat transfer for study of migration of hot-streak in swirling flow. 

Extensive simulations exhibit distinctive radial migrations of hot swirl which had 
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impact on the aerothermal performance. Wang et al. (2016) contemplated the 

impact of the directions of the inlet swirl to the heat transfer. A hot swirl tends to 

migrate to the tip of the blade when the clocking is positive to the rotor direction, 

and opposite with a negative swirl. Uncertainties on the prediction of the hot swirl 

occur for both steady and unsteady RANS calculations.  

A study on heat load prediction of a two stage turbine, where steady state 

calculations with mixing plane and unsteady calculations with profile 

transformation were partially investigated by Farhanieh et al. (2016). The geometry 

where defined to have a high impact of the prediction of the temperature, whiles 

the impact of steady or unsteady calculations did not affect the temperature in the 

same extend. The conclusion that could be drawn is the importance of geometry, 

such as stub section of cavities instead of patch is important to catch the fluid 

behavior. This can be chosen to spend computational time rather than unsteady 

calculations. As Wang et al. (2016) and Farhanieh et al (2016) identifies, unsteady 

calculations with RANS are showing uncertain calculations, with focus on the 

temperature prediction.     

For steady state preference, mixing plane is a common way to approach the frame 

change of stator to rotor and vice versa.  Prenter et al. (2016) investigated hot 

streaks within a high pressure stage turbine, where the mixing plane simulations 

tend to over predict the temperature of the gas and its impact to the blades surface. 

Murari et al. (2013) studied a single stage turbine with a hot streak entering at 

different circumferential positions, which included the mixing plane interface 

between the stator. The temperatures at the rotor blade were compared with 

measured data, where the steady state calculations with the mixing plane interface 

did not accomplish to predict the temperatures. The migration of the hot streak 

could not be identified as in the measured data.  

Since the step from steady to unsteady RANS calculations is heavy, concerning the 

computational calculations and time, the steady method should be extensive 

studied. The steady state method should also be validated since its broad of usage 

in the industry. Since the migration of hot streaks with mixing plane interface, 

different steady state approaches could be to concern. For as accurate prediction to 

simulate the temperature distribution in the turbine, the geometry of the cooling 

flows should be well-defined. This means that at least stub section of cavities and 

film cooling should be used. The 2D measurements of the temperature in the 

FACTOR-project make it possible for a unique selective study to compare 

simulations with. The two swirl/clocking configurations are valuable comparison 

between each other and to validate the simulations. The impact of swirler 

configurations on the temperature transport may also be detected.      
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1.4 Objectives of thesis work 
Knowledge of the gas temperature distribution is important for the design of 

turbine stages within gas turbines. This study focused to estimate the accuracy of 

different CFD methods in predicting the temperature distribution. The study 

included the two configurations of swirler clocking for interest of their differences 

within the turbine and for validation of different CFD simulations. Simulation was 

done with steady RANS and validated with measured data from the test rig. The 

steady RANS simulation included:  

- Three different turbulence models.  

 

- Two different interfaces of frame changing between the guide vanes and 

rotor blades. 
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2 Theory of CFD and turbulence models 
Fluid flow is one big challenge to describe theoretically, especially when 

calculation is dependent on several parameters. Different tools can be used for fluid 

flow calculations, where some are based on measured results, and some on pure 

physical equations. Dimensions of the tools can also variate, depending on the 

knowledge of the flow. One tool that is widely used and applicable to describe 

different fluid flows is Computational Fluid Dynamics (CFD). 

During the recent years, CFD calculations have contributed to development in 

many areas within fluid flow, heat transfer and other complex physical 

phenomenon. The usage of CFD calculation has been grown as the computer 

capabilities continuously evolves, (Versteeg & Malalasekera, 2007). Today the 

CFD tool is a daily based tool to simulate fluid flow and one of the main tools in 

the designing process for industrial applications. Since its large usage in industry, it 

is important to contemplate between accurate but time-demanding calculations or 

fast calculations with error-validated results. Through this section, Versteeg & 

Malalasekera (2007) is reference to the descriptions and equations unless nothing 

else is mentioned.  

2.1 The Finite Volume Method 
There are three numerical solution techniques in CFD: finite difference, finite 

element and spectral methods. The finite volume method is one type of finite 

difference and is the most widely used CFD technique for solving engineering 

problems. The numerical algorithm is evaluating partial differential equations 

(governing equations), where “finite volume” refers to the small volume 

surrounding each node point of the mesh. This allows the advantage of easily using 

unstructured mesh.  The numerical algorithm consists of three main steps.  

• The first step is the integration of the governing equations over the finite 

control volumes in the domain.  

• Second, the resulting of the integration is converted into a system of 

algebraic Equations.  

• The third and last step, the algebraic equations are solved by an iterative 

method. In this step, the discretization equation expresses the conversation 

of the variable (velocity, temperature, pressure and so on) inside the finite 

control volumes.  The discretization schemes in CFD approximate gradients 

such as Taylor series approximation, where the error approximations are 

highly dependent on the grid size. 

2.2 Governing Equations  
CFD simulations solve fluid flow equations to describe fluid motion within a 

domain. These equations are based on mass conservation, conservation of 
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momentum and energy conservation. They are described as continuity equation, 

momentum equation and energy equation. They are representing mathematical 

statements of the conservation laws of physics where the fluid is regarded as a 

continuum. The governing equations can be written as Equations 8-11 in Cartesian 

coordinates for a compressible Newtonian fluid (Çengel & Cimbala, 2014). 

The continuity equation states the rate of how much mass enters a system as it is 

equal to how much mass leaves the system, which can be seen in Equation 8. It 

also adds or subtracts the accumulated or lost mass within the system, as can be 

seen in the time dependent term.  

𝜕𝜌

𝜕𝑡
+ div(𝜌𝐮) = 0 

 

(8) 

 

Where   

div(𝐮) =
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
 

 

(9) 

 

The divergent term describes the mass that enters and leaves where the whole 

equation consists the fluid density, 𝜌, time, t,  and the flow velocity vector field, 𝐮, 

consisting velocities 𝑢, 𝑣 and 𝑤 in respectively x, y and z direction.   

The momentum equation comprises forces acting on a fluid that is equal to the rate 

of change in momentum, Newton’s second law of motion, which can be seen in 

Equations 10a-c. On the left side, it is rate of increase of momentum of fluid. On 

the right side, it is the summation of body forces. The equation is for each direction 

where 𝜇 is the dynamic viscosity and 𝑆𝑀 is the momentum source.   

𝜕(𝜌𝑢)

𝜕𝑡
+  div(𝜌𝑢𝐮) = −

𝜕𝑝

𝜕𝑥
+ div(𝜇 grad 𝑢) + 𝑆𝑀𝑥

 

 

(10a) 

 

𝜕(𝜌𝑣)

𝜕𝑡
+  div(𝜌𝑣𝐮) = −

𝜕𝑝

𝜕𝑦
+ div(𝜇 grad 𝑣) + 𝑆𝑀𝑦

 

 

(10b) 

𝜕(𝜌𝑤)

𝜕𝑡
+  div(𝜌𝑤𝐮) = −

𝜕𝑝

𝜕𝑧
+ div(𝜇 grad 𝑤) + 𝑆𝑀𝑧

 

 

(10c) 

The energy Equation 11 is based on the first law of thermodynamics where energy 

cannot be created nor destroyed, but transformed into different forms.  

𝜕(𝜌𝑖)

𝜕𝑡
+  div(𝜌𝑖𝐮) = −𝑝 grad 𝐮 + div(𝜇 grad 𝑇) + 𝚽 + 𝑆𝑖 (11) 

 

The left of the equal sign in Equation 11 is the rate of increase of energy while the 

right side is net rate of heat added in and work done on the fluid, where  𝑖  is the 

internal energy, 𝑝 is the pressure and 𝑇 is the temperature. The effects due to 
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viscous stress in internal energy equation is described as dissipation function, 𝚽, 

which can be described as in Equation 12 which contains the second viscosity, 𝜆.  

𝚽 =  𝜇 {2 [(
𝜕𝑢

𝜕𝑥
)

2

+ (
𝜕𝑣

𝜕𝑦
)

2

+ (
𝜕𝑤

𝜕𝑧
)

2

] + (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)

2

+ (
𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
)

2

+ (
𝜕𝑣

𝜕𝑧
+

𝜕𝑤

𝜕𝑦
)

2

} + 𝜆(div 𝐮)2 

(12) 

 

 

In Equations 8-11 there are four thermodynamic variables where their linkage 

between may be described as the equations of states, Equation 13.   

𝑝 = 𝑝(𝜌, 𝑇)              𝑖 = 𝑖(𝜌, 𝑇) (13) 

 

2.3 Turbulence theory 
In nature, most of the flows occur to be turbulent, especially when it comes to fluid 

flows with low viscosity like gas. Turbulence is a state of a fluid where the fluid 

behaves randomly and the velocity and pressure changes continuously in the same 

region. When the flow comes to this state, it is above the critical Reynolds number, 

𝑅𝑒𝑐𝑟𝑖𝑡. The previous governing equations in this paper cannot predict this chaotic 

turbulence as they are. However there are several methods to compose these 

equations for a turbulence prediction. There are three methods to calculate 

turbulence with CFD Equations; Reynolds-averaged Navier-Stokes equations 

(RANS), Large eddy simulation (LES), Direct numerical simulation (DNS).  

The RANS-method are based on Navier-Stokes equations that are time averaged 

which gains one extra term in the equations of the flow. These extra terms are 

modeled depending on which turbulence model that are used, since there are 

several different models to select. The fluctuations are discarded in the time 

averaging of the Navier-Stokes equations and a description of the turbulence 

effects on the mean flow is needed. The LES method uses a spatial filtering of the 

unsteady RANS equation instead of time-averaging. This operation separates and 

resolves the large eddies and models small scale eddies. The DNS method 

computes all turbulent fluctuations. This means that the turbulence is resolved in 

the whole range of spatial and temporal scales. In the last two methods, the 

calculations are based on unsteady flows which require large computational 

resources. The RANS-method is most common used for industrial applications, 

even though it is not often the most accurate way of modeling. The reason to its 

widely span usage is the amount of models for different application and the most 

time efficient turbulence modeling. For industrial usage, the fluctuations of the 

fluid are not often needed to be very accurate. Therefore, RANS is well suited for 

these cases. 
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The variables 𝐮, 𝑢, 𝑣, 𝑤  for calculation of RANS are based on the sum of the mean 

value �̅�, �̅�, �̅�, �̅� and the fluctuation component 𝐮´, 𝑢´, 𝑣´, 𝑤´ of the flow variable and 

can be seen in Figure 11 and calculated with Equation 14. 

 

 

Figure 11. One typical measured point in turbulent flow of flow variable. 

 

𝐮 =  𝐮 ̅ +  𝐮´        𝑢 =  �̅�  +  𝑢´        𝑣 =  �̅�  +  𝑣´       𝑤 =  �̅�  + 𝑤´          (14) 

 

The mean term is calculated from Reynolds time averaging, Equation 15. 

𝐮 ̅ = lim
𝑇→∞

1

𝑇
∫ 𝐮𝑑𝑡

𝑡+𝑇

𝑡

 
(15) 

 

 

The turbulent flow may be described with continuity Equation 16, Reynolds 

Equations, 17a-c including pressure, 𝑃,  and Scalar transport Equation 18. Φ and Γ𝚽  

founded in the Scalar transport equation, are the scalar property respectively the 

diffusion coefficient.  

div(�̅�) = 0 

 

(16) 

 
 

 
𝜕(�̅�)

𝜕𝑡
+  div(�̅��̅�) = −

1

𝜌

𝜕𝑃

𝜕𝑥
+ div(𝜇 grad �̅�)

+
1

𝜌
[
𝜕(−𝜌𝑢´𝑢´̅̅ ̅̅ ̅)

𝜕𝑥
+

𝜕(−𝜌𝑢´𝑣´̅̅ ̅̅ ̅)

𝜕𝑦
+

𝜕(−𝜌𝑢´𝑤´)̅̅ ̅̅ ̅̅ ̅

𝜕z
] 

   (17a) 
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𝜕(�̅�)

𝜕𝑡
+  div(𝑣�̅�) = −

1

𝜌

𝜕𝑃

𝜕𝑦
+ div(𝜇 grad �̅�)

+
1

𝜌
[
𝜕(−𝜌𝑢´𝑣´̅̅ ̅̅ ̅)

𝜕𝑥
+

𝜕(−𝜌𝑣´𝑣´)̅̅ ̅̅ ̅̅

𝜕𝑦
+

𝜕(−𝜌𝑣´𝑤´)̅̅ ̅̅ ̅̅ ̅

𝜕𝑧
] 

 

   (17b) 

 

 
𝜕(�̅�)

𝜕𝑡
+  div(𝑤�̅�) = −

1

𝜌

𝜕𝑃

𝜕𝑧
+ div(𝜇 grad �̅�)

+
1

𝜌
[
𝜕(−𝜌𝑢´𝑤´)̅̅ ̅̅ ̅̅ ̅

𝜕𝑥
+

𝜕(−𝜌𝑢´𝑣´)̅̅ ̅̅ ̅̅ ̅

𝜕𝑦
+

𝜕(−𝜌𝑤´𝑤´)̅̅ ̅̅ ̅̅ ̅̅

𝜕𝑧
] 

 

(17c) 

 

 

 

𝜕(Φ)

𝜕𝑡
+  div(Φ�̅�) = div(Γ𝚽 grad Φ) + [−

𝜕𝑢´𝜑´̅̅ ̅̅ ̅̅

𝜕𝑥
−

𝜕𝑣´𝜑´̅̅ ̅̅ ̅̅

𝜕𝑦
−

𝜕𝑤´𝜑´̅̅ ̅̅ ̅̅

𝜕𝑧
] + 𝑆Φ 

 

(18) 

 

The extra terms founded in Equations 17a-c and 18 are results from six stresses; 

three normal stresses in Equation 19, and three shear stresses in Equation 20. These 

turbulent stresses are called Favre and Reynolds-Averaged Reynolds stress tensors. 

The normal stresses describe variance of the velocities fluctuations and since they 

are squared velocity fluctuations, they will obtain a non-zero value. The second 

moments of the correlations between the velocity components are described with 

the shear stress Equations. 

 

𝜏𝑥𝑥 = −𝜌𝑢´𝑢´̅̅ ̅̅ ̅                𝜏𝑦𝑦 = −𝜌𝑣´𝑣´̅̅ ̅̅ ̅                 𝜏𝑧𝑧 = −𝜌w´𝑤´̅̅ ̅̅ ̅̅  

 

(19) 

 

𝜏𝑥𝑦 = 𝜏𝑦𝑥 = −𝜌𝑢´𝑣´̅̅ ̅̅ ̅            𝜏𝑥𝑧 = 𝜏𝑧𝑥 = −𝜌𝑢´𝑤´̅̅ ̅̅ ̅̅              𝜏𝑦𝑧 = 𝜏𝑧𝑦 = −𝜌𝑣´𝑤´̅̅ ̅̅ ̅̅  

 

(20) 

 

2.4 Turbulence models 
Turbulent flow appears in a complex way with interaction between eddies and a 

wide range of length and time scale. To calculate and simulate turbulent flow, the 

Reynolds stresses in Equations 19-20 must be predicted. This may be done in 

different ways depending on the flow and its behavior. This is the reason for 

several different turbulence models that have different way of describing the 

Reynolds stress. For a turbulence model to be useful, it needs to be accurate and 

simultaneously applicable in many fields. Some well-known, but still few of many 

are:  

- 𝑘 – ε 

- 𝑘 – ω 

- SST 𝑘 – ω 
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The turbulence models above are based on the presumption where the Reynolds 

and viscous stresses have an analogy action between them. Both stresses can be 

found in the right side of the momentum equation. With Newton’s law of viscosity, 

the viscous stresses are assumed to be proportional to the deformation rate of fluid 

elements. As the viscous stress, the Reynolds stress may also be assumed to be 

proportional to the mean deformation rate where Boussinesq proposed it to be 

expresses with the Equation 21.  

𝜏𝑖𝑗 = −𝜌𝑢𝑖´𝑢𝑗´̅̅ ̅̅ ̅̅ ̅ =  𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
 𝜌𝑘𝛿𝑖𝑗   

 

(21) 

 

Where 𝜇𝑡 is the turbulent/kinematic eddy viscosity, 𝑘 is the kinetic energy and 𝛿𝑖𝑗 

is the Krockner delta which rectifies the formula for the Reynolds stresses. Overall, 

turbulent transport of scalar properties can be modelled in similar way. By 

assuming that the analogy turbulent transport is proportional to the gradient of the 

mean value, the Equation 22 can be used for this where Γ𝑡 is the turbulent/eddy 

diffusivity and 𝜑 is the flow property. 

 

−𝜌𝑢𝑖´𝜑´̅̅ ̅̅ ̅̅ ̅ = Γ𝑡

𝜕Φ 

𝜕𝑥𝑖
  

 

(22) 

By the assumption of the Reynold analogy, the turbulent diffusivity is close to the 

value of the kinematic eddy viscosity since they are both connected to the eddy 

mixing. How they are to relation to each other can be settled with the Prandtl 

number 𝜎𝑡 in Equation 23.  

 

 𝜎𝑡 =
𝜇𝑡

Γ𝑡
 

 

(23) 

2.4.1 k – ε turbulence model 

The 𝑘 - 휀 turbulence model is widely defined and validated for different flows in 

industrial applications. The models advantages are in the free stream where it is 

fairly used for several applications. The modeling concentrates at prediction of the 

flow with mechanisms that affect the turbulent kinetic energy (Jones & Launder, 

1972). It is a two-equation turbulence model, which adds two more variables to the 

turbulence equations. 𝑘 =
1

2
(𝑢´2 + 𝑣´2 + 𝑤´2) is the turbulent kinetic energy where 

it is defined as the variance of fluctuation in kinetic energy. 휀 is the turbulent eddy 

dissipation, which is the rate of dissipation of turbulent kinetic energy. The velocity 

scale, 𝓋, and the length scale, ℓ, are defined with 𝑘 and 휀 as the Equations 24 and 

25.  
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𝓋 = √𝑘 

 

(24) 

 

ℓ =
√𝑘
3

휀
 

 

(25) 

With dimension analysis, the kinematic eddy viscosity may then be described with 

Equation 26 with a dimensionless constant 𝐶𝜇. 

 

𝜇𝑡 = 𝐶𝜌𝓋ℓ = 𝐶𝜇𝜌
𝑘2

휀
 

 

(26) 

Where values of 휀 and 𝑘 are calculated with the differential transport Equation 27 

respectively 28.  

 
𝜕(𝜌𝑘)

𝜕𝑡
+ div(𝜌𝑘𝐮) = div [

𝜇𝑡

𝜎𝑘
 grad 𝑘] + 2𝜇𝑡𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 − 𝜌휀 

 

(27) 

 

𝜕(𝜌휀)

𝜕𝑡
+ div(𝜌휀𝐮) = div [

𝜇𝑡

𝜎𝜀
 grad 휀] + 𝐶1𝜀

휀

𝑘
2𝜇𝑡𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 − 𝐶2𝜀𝜌

휀2

𝑘
 

 

(28) 

Where the first part of the Equations on the left side of the equal signs is the rate of 

change, the other part is the transport through convection. On the right side of the 

equal sign, the transport by diffusion is first defined, then the rate of production 

and last the rate of destruction. 𝑆𝑖𝑗 is described to be the mean value of the rate of 

deformation, see Equation 29. 

 

𝑆𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) 

 

(29) 

In Equations 26-28 some constants may be found. In general, these constants are 

set as (ANSYS, 2016): 

𝐶𝜇 = 0.09 

𝜎𝑘 = 1.00 

𝜎𝜀 = 1.30 

𝐶1𝜀 = 1.44  

𝐶2𝜀 = 1.92  
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These constants are determined with data from a wide range of turbulent flows. 

With usage of the scalar transport of diffusivity, Equation 18, the turbulent 

transport terms in Equations 27 and 28 can be defined. 𝜎𝑘 and 𝜎𝜀 are Prandtl 

numbers for connection between the diffusivities of 𝑘 and 휀 with the eddy viscosity 

𝜇𝑡. With knowledge of the pattern where the dissipation rate 휀 are large where the 

production of 𝑘 is large, the Equations 27 and 28 are taken as where 𝑘 is destructed 

or produced, the destruction and production of 휀 is proportional to this. For the 

sincere proportionality, constants  𝐶1𝜀 and  𝐶2𝜀 are defined.  

For calculation of the Reynolds stress, the Boussinesq relationship in Equation 21 

is utilized together with Equation 29 for the Equation 30.  

 

𝜏𝑖𝑗 = −𝜌𝑢𝑖´𝑢𝑗´̅̅ ̅̅ ̅̅ ̅ =  𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
 𝜌𝑘𝛿𝑖𝑗 = 2𝜇𝑡𝑆𝑖𝑗 −

2

3
 𝜌𝑘𝛿𝑖𝑗 

 

(30) 

The 𝑘 - 휀 turbulence model tends to over predict the level of turbulent shear stress 

due to large length scales. 

2.4.2 Wilcox k – ω turbulence model 

The Wilcox 𝑘 – 𝜔 turbulence model was taken place in the early modelling with 

CFD, (Wilcox, 1988). Since then, the turbulence model has been updated and 

carefully reviewed several times, (Wilcox, 2006). Instead of using the rate of 

dissipation for calculation of the length scale as the 𝑘 – 휀 turbulence model does, 

the turbulence frequency known as specific rate of dissipation may be used. This 

turbulence modelling method is well known for its validated prediction close to the 

wall. The turbulence specific dissipation can be expressed as Equation 31 for 

description of the turbulence flow.  

 

𝜔 =
휀

𝑘
 

 

(31) 

With use of the turbulence specific dissipation 𝜔, the length scale and the 

kinematic eddy viscosity can be expressed as Equation 32 respectively 33.   

 

ℓ =
√𝑘

𝜔
 

 

(32) 

 

𝜇𝑡 = 𝜌
𝑘

𝜔
 

 

(33) 

 



 

 

23 

 

The values of the kinetic turbulence energy 𝑘 and turbulence specific dissipation 𝜔 

is calculated with the differential transport Equations 34 respectively 36. 

 
𝜕(𝜌𝑘)

𝜕𝑡
+ div(𝜌𝑘𝐮) = div [(𝜇 +

𝜇𝑡

𝜎𝑘
 ) grad 𝑘] + 𝑃𝑘 − 𝛽∗𝜌𝑘𝜔 

 

(34) 

Where the production term 𝑃𝑘 of the kinetic turbulence energy 𝑘 is expressed as 

Equation 35. 

𝑃𝑘 = (2𝜇𝑡𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 −  
2

3
 𝜌𝑘 

𝜕𝑢𝑖

𝜕𝑥𝑗
 𝛿𝑖𝑗) 

 

(35) 

 
𝜕(𝜌𝜔)

𝜕𝑡
+ div(𝜌𝜔𝐮) = div [(𝜇 +

𝜇𝑡

𝜎𝜔
 )  grad 𝜔] + 𝑃𝜔 − 𝛽1𝜌𝜔2 

 

(36) 

Where the production term 𝑃𝜔 of the turbulence specific dissipation 𝜔 is expressed 

as Equation 37. 

 

𝑃𝜔 = 𝛾1 (2𝜌𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 −  
2

3
 𝜌𝜔 

𝜕𝑢𝑖

𝜕𝑥𝑗
 𝛿𝑖𝑗) 

 

(37) 

Where the first part of the equations on the left side of the equal signs is the rate of 

change, the other part is the transport thru convection. On the right side of the equal 

sign, the transport by diffusion is first defined, then the rate of production, 𝑃𝑘 and 

𝑃𝜔, and last the rate of destruction. In Equations 34, 36 and 37 some constants may 

be found. In general, these constants are set as (ANSYS, 2016) 

𝜎𝑘 = 2.00 

 𝜎𝜔 = 2.00  

𝛾1 = 0.553 

 𝛽1 = 0.075 

 𝛽∗ = 0.09  

As in the 𝑘 – 휀 turbulence model, the  𝜎𝑘  and 𝜎𝜔 are Prandtl numbers for 

connection between the diffusivities of 𝑘 and 휀 with the eddy viscosity  𝜇𝑡. The 

constant 𝛾1 adjust the production of the rate of turbulence specific dissipation  𝜔. 

𝛽∗ and 𝛽1 founded in the last term in Equation 34 and 37  to adjust the dissipation 

of 𝑘 respectively 𝜔. Then the Reynolds stress may be calculated with Equation 

(21). A general and well known problem for the Wilcox 𝑘 – 𝜔 model is when  𝜔 →
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0. As can be seen in Equation 33, the eddy viscosity 𝜇𝑡 will be infinite or even 

indeterminate when this happens, which is a case for the free stream. In order to 

obviate this case, a small value of 𝜔 is specified. Results of the Wilcox 𝑘 – 𝜔 

model seems to be dependent on this assumed value, causing unreliable results 

(Menter, 1992).  

2.4.3 Menter SST k – ω turbulence model 

As the Wilcox 𝑘 – 𝜔 model has its limitations in free streams where the 𝑘 – 휀 

model is well predictively of the turbulence flow and vice versa, the SST 𝑘 – 𝜔 

model took place, (Menter, 1994). This two equation turbulence model is suggested 

for application with adverse pressure gradients. Adverse pressure gradients occur in 

turbine, especially at the suction side of the blades. The static pressure decreases as 

the velocity increases, causing a local pressure minimum which leads to an adverse 

pressure gradient.   

Menters SST 𝑘 – 𝜔 model combines 𝑘 – 휀 and Wilcox 𝑘 – 𝜔 models to create an 

adaptive turbulence model fitting for various fluid flows. The 𝑘 – 휀 model is used 

in the free and fully turbulent fluid flow far from the wall. But near the wall, the 

𝑘 – 휀 transforms to the Wilcox 𝑘 – 𝜔 model.  

The 𝑘 – equation is the same as the original Wilcox 𝑘 – 𝜔 model with other 

constants adapted to this turbulence model, see Equation 38.  

 

𝜕(𝜌𝑘)

𝜕𝑡
+ div(𝜌𝑘𝐮) = div [(𝜇 +

𝜇𝑡

𝜎𝑘,2
 ) grad 𝑘] + 𝑃𝑘 − 𝛽∗𝜌𝑘𝜔 

 

(38) 

The 휀 – equation is a combination of the two models and expressed in Equation 39.  

 
𝜕(𝜌𝜔)

𝜕𝑡
+ div(𝜌𝜔𝐮)

= div [(𝜇 +
𝜇𝑡

𝜎𝜔,1

 )  grad 𝜔] + 𝑃𝜔,2 − 𝛽2𝜌𝜔2 + (1 − 𝐹1)2
𝜌

𝜎𝜔,2 𝜔
 
𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖

 

 

(39) 

 

The production term, 𝑃𝜔,2, is similar to the previous turbulence models, expressed 

in Equation 40.  

 

𝑃𝜔,2 = 𝛾2 (2𝜌𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 −  
2

3
 𝜌𝜔 

𝜕𝑢𝑖

𝜕𝑥𝑗
 𝛿𝑖𝑗) 

 

(40) 
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Equation 39 has one extra term compared to Equations 28 and 36, at the right side 

of the equal sign. This term is dependent on the blending factor 𝐹1. This blending 

factor is 1 in the boundary layer section and 0 in the free streams, and is defined in 

Equation 41.  

 

𝐹1 = tanh (𝜉4) 

 

(41) 

The blending factor is dependent on several states, as the ratio of turbulence and 

distance to the wall, 𝑦 ∗, expressed in Equation 42. The second term in the max 

brackets is determined by a turbulence Reynolds number. 

 

𝜉 = min [max {
√𝑘

𝛽∗𝜔 𝑦
,
500𝜇

𝑦2𝜔
}

4𝜌𝑘

𝐶𝐷𝑘𝜔𝜎𝜔,2𝑦 ∗2
] 

 

(42) 

Where  

 

𝐶𝐷𝑘𝜔 = max (2𝜌𝜎𝜔,2

1

 𝜔
 
𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
, 1 ∙ 10−10) 

 

(43) 

The kinematic eddy viscosity is calculated depending on which turbulence model 

suiting for the region and thereby the Equation 44 is used.  

 

𝜇𝑡 =  
𝑎1𝑘

max (𝑎1𝜔, 𝑆𝐹2)
 

 

(44) 

Where 𝑆 = √2𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 and the region is determined by the second blending factor, 

see Equation 45.  

 

𝐹2 = tanh [[max (
√𝑘

𝛽∗𝜔 𝑦
,
500𝜇

𝑦2𝜔
)]

2

] 

 

(45) 

Depending on the values of the blending factors, the 𝑘 – 𝜔 model can be 

transformed to the 𝑘 – 휀 model. When the blending functions are equal to one, 

which is in the near wall region, the model behaves as a 𝑘 – 𝜔 model and 

contrariwise when the blending functions is equal to zero. The constants seen 

below are linear combinations of the two turbulence models, using Equation 46.  

 

𝐶 = 𝐹1𝐶1 + (1 − 𝐹2)𝐶2 

 

(46) 
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Where the value of 𝐶1 is the constant from the 𝑘 – 𝜔 model and 𝐶2 is the constant 

from the 𝑘 – 휀 model. The coefficients are defined as: 

𝜎𝑘,2 = 1.00 

 𝜎𝜔,1 = 2.00 

𝜎𝜔,2 = 1.17   

𝛾2 = 0.44 

 𝛽2 = 0.0828 

 𝛽∗ = 0.09  
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3 Methodology 
To analyze the fluids behavior within the FACTOR test rig, some measurements 

were done in different 3D positions. This made the advantage to build up a CFD 

model to be compared with the measured data. The CFD software used for 

simulations was ANSYS-CFX, version 18.0, which is a finite volume commercial 

CFD tool. The two swirler configurations was investigated and compared with 

measured data, as well as different modeling approaches.   

3.1 Physic model  
Measurements have been done for several parameters and positions, where this 

study focuses on the temperature at different axial positions. The instrument is a 

pneumatic 5-hole-probe (5HP) with thermocouples. The two configurations of 

swirler clocking were examined. 

3.1.1 Geometry 

Figure 12 gives an overview of different measured positions in the test rig, with 

focus on the turbine. These axial positions were determined to be the most 

interesting planes in the high pressure (HP) stage where cross flow measurements 

were done. Plane 40, 41 and 42 were measured values in both tangential and radial 

directions, while plane 45 was measured in radial direction. The 3D coordinates of 

the instrumentation line were also positioned in these planes.  

 

Figure 12. The measured planes in the turbine from FACTOR rig cut-away in CAD Mock-up 2.9. 

Plane 40 were measured at the turbine inlet, just before the nozzle guide vanes, 

followed by plane 41 and 42 which had the positions just before respectively after 

the rotor blades. Plane 42 were measured at the outlet, after the LPV.    
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3.1.2 Measured data 

To perform the desired 2D radial and circumferential measurements, the 5HP was 

used and represented in Figure 13 with the positions of the measured points. The 

figure shows the frontal hole structure of the probe, where a back pressure hole is 

not seen. With post-processing of the probe holes pressure data yields radial and 

tangential flow angles, (Scherman & Krumme, 2017). It also enabled the corrected 

main flow Mach number and associated total pressure. In addition, the probe 

obtained a thermocouple on top of the probe head to measure flow temperature, 

seen red point in Figure 13. The thermocouple was added on the probe for a whole 

perspective of the flow distribution, and causing a spacing of the positions from the 

pneumatic holes. The circumferential traverse casing and the probe head size 

limited the measurements, both circumferentially and radially.  The probe is 

adjusted by making physical contact to the hub and then set back an offset of 1.0 

mm. Main reason of the offset was the present of a security margin, especially in 

the vicinity of the rotor. To consistency of the offset and the position of the 

thermocouple, the radial position of the thermocouple was 4.1 mm above the hub. 

 

Figure 13. Pneumatic 5-hole-probe for radial and tangential measurements, (Scherman & Krumme, 

2017). 

The circumferential angle for the probe traverse was defined to be positive in 

clockwise direction when looking upstream (as the probe holes do). Measurements 

were carried between angle -17.5° and 3.5°, which diverges with a bigger 

circumferential span than the periodic 18° with measured points presented in Table 

2.  

Table 2. Measured points within the turbine. 

Swirler 

Clocking 

Configuration 

Plane Total  

measure 

points [-] 

Radial 

measure 

points [-] 

Tangential 

measure 

points [-] 

Radial 

interval 

[mm] 

Tangential 

interval 

[deg] 

LE 

40 1722 41 42 1.350 0.50 

41 1682 29 58 1.357 0.35 

42 1682 29 58 1.357 0.35 

PA 

40 868 31 28 1.800 0.75 

41 1769 29 61 1.357 0.35 

42 1450 29 50 1.357 0.65 
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3.1.3 Configurations 

Impact of the flow from the combustion chamber was examined with the two 

different configurations of swirler clocking, LE and PA clockings, in terms of 

temperature transport through the gas path in turbine. The combustor flow 

simulator was central positioned with difference of 3.5° between LE and PA 

clockings (Scherman & Krumme, 2017). The difference in total temperature of the 

two configurations was due to an optimization of a heater operation, see Figure 14. 

However, the difference between minimum and maximal total temperature are 

identical.  

 

Figure 14. Circumferential averaged total temperature of the two configurations of swirler clocking, 

LE and PA clocking. 

Measured data was obtained by using the DLRs Data Evaluation v1.0 in order to 

export variables from the raw data document. After reading the raw data 

documents, parameters were needed to be marked to export as a .csv file.   

3.1.4 Modification of data 

The data were measured between angles to cover up an area where the fluid flow is 

periodic which is more than 18° difference between the maximum and minimum 

angle. . In order to compare the measured and CFX results, they were implicated 

into the same coordinate system. For example of how this is done, see Figure 15. 

Thereafter were the measured data modified by reproducing the measured values to 

represent one whole turbine. This is done with help of the rotation axis. The 

rotation axis made it possible to rotate the yz-plane of the measured results for this 

case, reproduce values after each other. The rotation was done of both measured 

and CFX values for comparison, more expressed in section 3.2.7. 
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All the measured data exhibited a small drift in temperatures and is obviously 

caused by not fully stable rig test conditions during the period of measurements. 

This causes a not perfectly periodic field. In order to minimize this effect a 

carefully selected span of 18° was chosen.  These data were also filtered with a 2D 

Savitzky-Golay filter. It smoothened out peaks and created a maximum error at 0.5 

% of the data.  

3.2 Computational model 
The model was based on a 3D CAD geometry of the 1.5 stage turbine where this 

CFX model had been made and used for (Chevrier, 2017), see Figure 16. The 

original CFX model contains simplification as stub section of the cavities. The tip 

clearance was set to 0.4 mm/1% of the blade span. Two guide vanes were modelled 

to be able to use the 2D measured flow from the combustion chamber as inlet 

boundary condition, see Figure 17 and Table 2. To facilitate convergence, a 100 

mm exit domain with full slip condition was added to the geometry. Assumptions 

and simplification affiliated to boundary conditions may be found in section of 

3.2.1.   

  
(a) (b) 

Figure 15. Measured points in plane 40 of Passage clocking in (a) Cylindrical coordinates and (b) 

Cartesian coordinates. 
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Figure 16. The geometry of CFX model with in x, y and z direction. 

 

3.2.1 Boundary Conditions 

Since the test rig used heated air, the fluid properties were based on air as an ideal 

gas from the material library in CFX. In general, the shrouds, hubs and blades were 

all set as no-slip walls with adiabatic heat transfer and smooth wall roughness. The 

boundary conditions along the sides of the domains, with the x-axis, were periodic 

sides. For all the interfaces, the General Grid Interface (GGI) was used. The 

periodic side uses interfaces as rotational periodicity with conservative interface 

flux for turbulence, heat transfer, mass and momentum (ANSYS, 2016). Inlet and 

outlet conditions were defined from measured data as Table 3 and were positioned 

at the boundaries in Figure 17. 

 

Y 

Z 
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Figure 17. Inlets and outlets of a domain with stub cavities in x and y direction. 

 

Table 3. Boundary conditions of the whole domain. 

Type Position Name Data 

Inlet 

1 Plane 40 

Tangential and radial field of total pressure 

Tangential and radial field of total temperature 

Tangential and radial field of direction of velocity in axial, 

tangential and radial components 

Tangential and radial field of turbulence kinetic energy 

and length scale 

2 
NGV upstream 

coolant feed 

Mass flow rate 

Total temperature 

Turbulence intensity 

3 

NGV 

downstream 

coolant feed 

Mass flow rate 

Total temperature 

Turbulence intensity 

4 
Upstream cavity 

feed  

Mass flow rate 

Total temperature 

Turbulence intensity 

5 
Downstream 

cavity feed 

Mass flow rate 

Total temperature 

Turbulence intensity 

Outlet 6 Plane 45 Radial field of static pressure 

 

Inlet conditions to the guide vane domain can be seen in Figure 17 and Table 3. 

The guide vanes contained cooling holes to create the film cooling, where inlet of 

the cooling air was conditioned as Table 3 with two inlets to every guide vane. 

Since a different mesh was used near and within the guide vanes cooling holes 

compared to the rest of the domain, a conservative interface was used. The rotor 

domain had a rotating motion with an angular velocity of 7700 rpm, this to 

simulate the rotation of the blades. To take account of the rotation, the walls were 

set in the rotating frame. The hub was divided into two parts; one associated with 



 

 

33 

 

the rotating rotor, and the other associated as stationary frame. The rotating and 

stationary hub is divided by the cavities. The part associated with the stator had a 

counter rotating wall, as well as the shroud. This implicates these wall velocities as 

stationary in the absolute frame, meaning that the wall has a tangential velocity 

which counter rotates against the frame motion (ANSYS, 2016). The mass flow 

rate, flow direction, fractional intensity of turbulence and temperature of inlet flow 

through the cavities or patches can be seen in Table 3. The rotor had a squealer tip, 

and to linkage the mesh an interface was used at the tip gap of the blade. The end 

of the second guide vane domain had free slip walls since they were extended in 

order for the model to converge. The outlet condition may also be seen in Table 3, 

where measured values of static pressure were used. Since the measured points 

only covers radial alteration, circumferential average static pressure was used with 

a pressure profile bend at 0.05.  

3.2.2 Interfaces for frame change  

The rotor domain is in a rotating frame while the vanes are in a stationary frame. 

To simulate the transition of the fluid from one frame to another, an interface for 

frame change is needed. There are two types of interfaces for frame change 

available in Ansys (2016):  

- Mixing plane (Stage) 

- Frozen Rotor 

Stage and frozen rotor are steady state methods, where they have the methods of 

interfaces have their advantages and disadvantages. 

3.2.2.1 Mixing plane (Stage) 

The mixing plane method is one of the widely used methods in turbine machinery 

due to its advantages of multistage machines. It performs a circumferential 

averaging of the fluid fluxes from one domain to the other and solves a steady state 

problem for each fluid domain. At the exit of the separate fluid domain, the average 

total pressure, total temperature, turbulence kinetic energy, turbulence dissipation 

rate and the local flow angles in radial, tangential and axial directions are computed 

and used as an inlet boundary to the next domain. Equally, the static pressure and 

local flow angles are computed at the inlet of the next domain and used as an outlet 

in the first. The pressure profile is decayed with 0.05 due to recommendations from 

Ansys solver guide (ANSYS, 2016). Because of the circumferential averaging, the 

mixing plane method opens the advantage to simulate with single stators and rotor 

blades from each stage. Mixing of flow and applying the average qualities for 

upstream and downstream components may affect the mixing of the flow (Du & 

Ning, 2016).  
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3.2.2.2 Frozen Rotor 

With the Frozen rotor model, the relative positions of the components are fixed 

while the frame of reference changes between them. The appropriate equations are 

transformed with the frame change and are taking some account of interaction 

between them. By converting transient flow into steady state computational 

resources can be saved. The advantages with the frozen rotor interface is its 

robustness and less usage of computer resources than stage or transient model, (IP, 

u.d.). Compared to the stage model, the frozen rotor keeps the down- and upstream 

as it is calculated which could be an advantage. On the other hand, the frame 

change does not include the transient effects. To take account of positions of the 

moving rotor, several positions can be simulated where some results can contain 

averaged values of these simulated positions (Gagnon, et al., 2008). 

3.2.3 Mesh 

Meshing of the first stage vane was performed in ICEM software and was the same 

mesh as in previous studies (Chevrier, 2017). Since the geometries of the cooling 

holes and feeds, they required a mesh of tetrahedral elements, see Figure 18. The 

tetrahedral mesh was also acquired in a 2.5 mm thick layer surrounding of the 

airfoil. Remaining parts of the gas path was meshed with hexahedral elements.  

 

 

Figure 18. Mesh of the first stage guide vane domain with tetrahedral elements within the cooling 

feeds, film cooling holes and a surrounding region of the airfoil. 
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3.2.4 Cases studied 

Two approaches for improvements of modeling for temperature distribution were 

investigated and divided separately:  

- Different turbulence models.  

- Different interfaces between the stationary and rotating domains. 

In order to review the turbulence models based on steady RANS calculations, 

several models were tested. The SST k – 𝜔 would be compared with the k - 휀 and 

Wilcox k – ω turbulence models, see Table 4 for turbulence models and near wall 

treatment. These models were in the same range of requirements of computer 

capacity and mesh.   

Table 4. Turbulence models used in this method. 

Turbulence model Near wall treatment 

𝑘 - 휀 Scalable 

Wilcox 𝑘 – 𝜔 Automatic 

Menter SST 𝑘 – 𝜔 Automatic 

 

Interfaces between the domains have different approaches of simulating the 

transport of the fluid flow through the rotor blades. The mixing plane and frozen 

rotor interfaces have their pros and cons where this study has considered the two 

approaches. In the study, both LE and PA clockings have been assayed for a 

pervading analyze. With the frozen rotor interface, three rotor blades were 

simulated, see Figure 19. The blades were modeled in six different positions with 

one degree interval to capture all the rotor blades positions relative to the vanes. To 

clarify the different models geometries considered in this report could be seen 

Table 5. All of the cases were performed with a physical timescale at 1 to 5·10-4 

and a total energy heat transfer.  

Table 5. Investigated cases in this method. 

Case Swirl   Geometry* Nodes Elements 

Turbulence models  

(Mixing Plane interface) 

LE 2:1:1 

15 063 160 26 549 086 
PA 2:1:1 

Mixing plane interface 

(SST 𝑘 – 𝜔 turbulence model) 

LE 2:1:1 

PA 2:1:1 

Frozen rotor interface 

(SST 𝑘 – 𝜔 turbulence model) 

LE 2:3:1 
23 051 692 33 928 926 

PA 2:3:1 
*Quantities of First stage vane: First stage Rotor: Second stage vane. 

3.2.5 Geometries 

Different domain interfaces have been investigated which eventuate to different 

geometries, see Figure 19. In Figure 19 (a), one rotor is simulated in the model, 

while the model in Figure 19 (b) includes three rotor blades. This was due to how 

different interfaces work between the domains, described in section 3.2.2.  
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(a) 

 

(b) 

Figure 19. Geometry for stage (a) and frozen rotor (b) interface. 

3.2.6 Convergence Criteria 

Convergence was confirmed with the criteria of residuals and monitored properties. 

Momentum and mass and heat transfer residuals criteria were to reach values 

below 1·10-4 for all domains. Criteria of residuals of turbulence kinetic energy and 

frequency were to reach values below 1·10-5. Convergence was also monitored by 

control of several flow properties, such as pressure, mass flow, velocity and 

temperature at main and critical positions to reach steady values. Monitored 

positions were inlets and outlet as well as downstream and upstream of the vane 

and blade leading and trailing edges. Temperature at spots of cold and hot streaks 

was monitored for perseverance of size of fluctuations. In simulations of embracing 

frozen rotor interface, the mass balance of inlets and outlets was also carefully 

monitored and convergence was set when the mass balance was correct. When 

main outlet and inlet flow reached a difference as the size of the cooling and 

cavities feeds, while the other monitored values had reached steady values, the 

simulation had converged.    

3.2.7 Post-processing 

For comparison of the fluid flow between the two configurations of swirler, CFX 

results in forms of streamlines and isosurfaces were created. Contour plots of the 

measured data were conducted within the CFX model coordinate system in each of 

the regarded planes. In order to utilize the six different rotor blade positions in the 

case with the frozen rotor model, an average MATLAB-code was created. The 

exported planes were taken in the same positions as previous, which fortunately 

were in the stationary domains. This enabled the opportunity to take advantage of 

the nodes positions in the mesh. It means that the exported variables were averaged 

at the same nodes, which is the same position in the coordinate system. Thereby a 

new average file could be created.  

3.2.7.1 Circumferential average results 

Circumferential averaging was used for comparison of measured and simulated 

results. In order to reach circumferential averaging figures, also called radial plots, 

the simulated results in the mentioned planes were area averaged. Meaning that no 

consideration of the mass flow was taken, which was matching the experimental 

method.  
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3.2.7.2 Circumferential and radial results 

For 2D (radial and tangential/circumferential) results, the data needed to be 

modified. The 2D results were used to produce contour plots in MATLAB of 

measured data and exported simulated results. Contour plots of the difference 

between measured and simulated data were also produced. The measured data set 

was cut off to 18° and reproduced to cover the whole cross area of the CFX 

geometry and Cartesian coordinate system, see Figure 15. To enable fast contour 

plots, the function patch was used in MATLAB. This was possible owing to 

exported face connectivity from CFX simulations. Since the measured data was 

measured in a shorter interval than the distance between the nodes in the CFX files 

in the free stream, a new grid was created to use for the interpolation. A grid was 

created for interpolation of both measured and simulated data and contour plots of 

the data differences could be created. The difference contour plots were defined as 

how the simulated data differ from the measured data. The scatteredInterpolant 

function in MATLAB is used with natural setting. This interpolation method uses 

a Delaunay triangulation of the scattered sample points for interpolation (Amidror, 

2002).   
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4 Results & Discussion 
The simulated and measured results enable the ability to analyze the fluid behavior 

and the simulations capability of prediction. Hot and cold streaks may be detected, 

and their impact on the turbine can be analyzed. In both clockings, hot and cold 

flows are concentrated which is questioned with the measured data.  

For a general picture of the high temperature flow, the hot streaks of the clockings 

are presented in Figure 20 with the SST 𝑘 – 𝜔 turbulence model. The hot swirl of 

LE clocking strikes one of two NGV’s, while PA clocking configuration lets the 

hot swirl passing between the NGV’s. The action of the film cooling can be noticed 

in Figure 20, especially in (a) where the hot fluid (temperatures at 465 K) does not 

strike the blade surface of the NGV.  For LE Clocking, one of two vanes is mainly 

exposed to the hot swirl compared to the other vane. Both trailing and leading sides 

of the exposed vane are affected. This is different to the PA Clocking where the 

hottest streak is located away from the vanes walls seen in Figure 20 (b).     

  

 

 

(a) (b)  
Figure 20. Isosurface of hot streak with temperature 465 K for (a) Leading Edge Clocking and (b) 

Passage Clocking  in guide vane domain. 

A migration of cold flow is also detected in the simulated results. The cold streak 

from the combustion chamber cooling at the shroud interacts dissimilar with the 

vanes depending on the clocking. The cold flow in LE clocking, see Figure 21 (a), 

is not interacting with the NGVs as much as in PA clocking, see Figure 21 (b). The 

coolant flow is mainly passing the vane domain to where it strikes along the 

shroud. The cold flow in the PA Clocking flow strikes at one of two NGV close to 

the shroud, which is vice versa to the hot strike of the clockings. The attendance of 

film cooling is also noticed in Figure 21 at the surface of the NGVs.  



 

 

39 

 

  

 

 

(a) (b)  
Figure 21. Isosurface of cooling streak with temperature 365 K for (a) Leading Edge Clocking and 

(b) Passage Clocking  in guide vane domain. 

The migrations of the hot and cold streaks are further presented in the mentioned 

cross flow Planes 41 and 42. The simulation results are validated with measured 

data for the two configurations of swirler clocking, divided into:  

- Comparison of turbulence models  

- Comparison of interfaces for frame change 

All contour results presented at the two planes are in the Cartesian coordinate 

system seen in Figure 15 at section 3.1.4. The zy-coordinates are based on the CAD 

model Mock-up.   

4.1 Turbulence models 
Resembling effects on the temperature transport may be seen from the two 

different swirls clockings with various turbulence models. The temperature 

difference between the simulated and measured results increases with the fluid flow 

through the turbine. Temperature contour plots are only presented in Plane 41 due 

to the mixing plane interface. Since the mixing plane interface does a 

circumferential averaging, the circumferential average results presents similar 

question of the temperature in Plane 42 and thereby temperature contour plots are 

not presented.     

4.1.1 Plane 41 

Temperatures of the measured and simulated results are presented in 

circumferential average and contour plots. For axial position of Plane 41, see 

Figure 12. 

4.1.1.1 Leading Edge Clocking 

Difference between the simulated and measured temperature can be seen after the 

fluid flow passing the NGV´s, see Figure 22. Simultaneously, the simulations seem 
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to catch the overall hot and cold streaks. By looking at the circumferential average 

values, the difference between the measured and simulated temperature is as 

highest as 10 K and occurs at the hottest section. The differences between the 

turbulence models are marginal. By looking at the circumferential average values, 

the SST 𝑘 – 𝜔 turbulence model is slightly more excessive of the prediction.  

 

Figure 22. Circumferential averaged total temperature shortly after nozzle guide vanes of measured 

and CFD results of Leading Edge Clocking configuration. 

The mean values of the simulated temperatures differ from the measured mean 

temperature with a percentage in Table 6.  

Table 6.  Simulated and measured mean temperature at plane 41 with LE clocking. 

Measured [K] 𝑘 – 휀 [K] Wilcox 𝑘 – 𝜔 [K] SST 𝑘 – 𝜔 [K] 

425.7 ( 0%)  420.2 (-1.3%) 419.1 (-1.6%) 418.2  (-1.8%) 

 

The measured temperature in in Figure 23 (a) reveals that the temperature profile 

has irregularities in tangential direction. The temperature profile has a temperature 

difference between the hot and cold sections at around 50 K, which is a bigger 

temperature irregularity than the circumferential average results of 30 K. A colder 

streak is detected close and along the whole shroud, where it extends down in 

negative radial direction at temperatures around 410 K. Other cold streaks may also 

be seen around y=-5 mm and y=35 mm. Hot spots are also detected in the contour 

plots in the measured data, see Figure 23 (a). The hot spots are migrations of hot 

fluid transport between the guide vanes after hitting the leading edge of one guide 
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vane. The biggest hot spot is the remains of the hot streak at the by the short side of 

the exposed guide vane. This hot section is also consistent, compared to hot spot 

migration by the long side of the guide vane. The hottest section is detected from 

the migration of the hot spot by the long side of the exposed guide vane. 

The contour plots show bigger differences between the simulated and the measured 

temperature than the ones by the circumferential average values. The cold streak 

seems to be predicted well in the simulations by looking at Figure 22 with average 

values, while the temperature contour plot reveals a bigger difference, see Figure 

23. 

Similar to the measured results, all the turbulence models predict a cold streak 

close to the shroud, see Figure 23 (b). The difference between the hot and cold 

section of the simulated temperatures is over 110 K, which is more than 100 % 

bigger than the measured ones. The simulations capture the positons of the cold 

streak, while predicting a colder temperature compared to the measurements. As in 

the measured results, a colder flow is founded downward the z axis with one major 

cold streak at y=20 mm and z=265 mm. This cold streak is referred to be migration 

from the film cooling, which can be seen in Figure 24.  For interest of comparison 

with the two clockings, see Appendix C. This cold migration from the film cooling 

is not seen in the same extend in the measured temperature. 

To judge from Figure 23 (b), the highest temperatures of the hot spots are founded 

in the two hot migrated spots. How the simulated temperature departs from the 

measured temperature are to be seen in Figure 23 (c). Disparity is seen in several 

positions for both cold and hot sections. The hottest spots are due to the 

comparison positions. In the measured results, the cold streak from the film cooling 

is in the same y coordinates as the hottest section of the simulated results. 

Therefore, a comparison could be misleading. The upper section, above z=265 mm, 

is though commensurable.  

The measured results do not contain as big cold streak as the simulation predicts. 

The streak is more locally in the simulated results than the one in the measured, 

where the whole cold streak is along the whole shroud. This leads to a hot section 

in the Figure 23 (c) close to the shroud. 

The temperature profile predicted by different turbulence models differ from each 

other. The 𝑘 - 휀 turbulence model predicts a more even temperature profile than 

Wilcox 𝑘 – 𝜔 and SST 𝑘 – 𝜔 turbulence models, seen on both hot and cold streaks. 

The area and intensities of the streaks are bigger for the two last mentioned models.   
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(a) 

 

 

 

 

  

  

(b)  (c)  

Figure 23. Temperature contour plot downstream shortly after nozzle guide vanes from (a) 

experimental (b) CFD (with different turbulence models) and (c) temperature difference results with 

a Leading Edge Clocking configuration. 
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Figure 24. Streamlines from film cooling of nozzle guide vanes with Leading Edge clocking. 

 

4.1.1.2 Passage Clocking 

The circumferential average temperature profiles of the PA clocking configuration 

are to be seen in Figure 25. Temperatures close to the shroud is lower than the 

average temperature, for both simulated and measured data. The measured radial 

temperature profile has a temperature difference over 30 K between the hot and 

cold sections, while the simulated temperature difference is around 75 K. Two 

cooler spots are also seen at radius 267 mm and 245 mm for all the turbulence 

models, which the measured results do not feature.  



 

 

44 

 

 

Figure 25. Circumferential averaged total temperature shortly after nozzle guide vanes of measured 

and CFD results of Leading Edge Clocking configuration. 

Simulated mean temperatures differ from the measured mean temperature as most 

at 2.6 %, see Table 7. 

Table 7.  Simulated and measured mean temperature at plane 41 with PA clocking. 

Measured [K] 𝑘 – 휀 [K] Wilcox 𝑘 – 𝜔 [K] SST 𝑘 – 𝜔 [K] 

423.1 (0%) 413.4 (-2.3 %) 413.5 (-2.3%) 412.1 (-2.6%) 

 

The circumferential average measured temperature profile gives similar 

temperatures as the temperature contour plots, due to the minor tangential 

temperature fluctuation, see Figure 26 (a). For the simulation temperature, the 

contour plot gives perception of greater temperature differences than the 

circumferential average temperature profile, see Figure 26 (b). The cold streak 

from the secondary cooling in the combustion chamber is seen on the top of the 

figures, close to the shroud. 

The simulated temperatures departs from the measured ones, see Figure 26 (b).  

Although the hot spot is more intense on one side from the guide vanes, hot streaks 

are detected on both sides with similar temperatures. The measured temperatures 

are in general more even compared to the simulated results where temperature 

difference between the measured and simulated results varies for both hot and cold 

streaks, see Figure 26(c). The cold streaks seen in Figure 26 in the radial profile are 

also detected in the contour plots of the simulated results at positions z=270 mm 
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when y=-17 mm and 20 mm where the simulation predicts colder streaks and 

bigger area. The measured temperature shows a difference at 10 K from the hotter 

sections, while the simulations show a difference more than 50 K from nearby hot 

sections.  

The cold streaks seen in Figure 25 in the radial profile are also detected in the 

contour plots of the simulated results. The cold streaks founded at position z=270 

mm and y=20 mm are migrated cooling flow from the film cooling, which is 

presented in Figure 27. The simulations calculate this flow to be bigger than the 

measured results. The cold streak at z=270 mm and y=-20 mm is the migration of 

secondary flow from the combustion chamber.  

The cold streaks at z=240 mm to 245 mm in Figure 26 (b) and (c) are not detected 

in the measured results, where the simulations can catch a cold streak from the film 

cooling. This is confirmed with streamlines from the film cooling, see Figure 27. 

For interest of comparison between the domains, see Appendix C. 

The turbulence models differ from each other where hot and cold streaks haves the 

same positions, but with different temperatures and extend. Turbulence models 𝑘 -

 휀 and Wilcox 𝑘 – 𝜔 are kindred, where the biggest difference is the division of the 

hot spots, see Figure 26 (b) and (c). The SST 𝑘 – 𝜔 deviates from the other with   

higher temperatures of the hot streaks but extending cold streak. 
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(a) 

 

 

 

 

  

 
 

(b)  (c)  

Figure 26. Temperature contour plot downstream shortly after nozzle guide vanes from (a) 

experimental, (b) CFD (with different turbulence models) and (c) temperature difference results 

with a Passage Clocking configuration. 
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Figure 27. Streamlines from the film cooling cavity of nozzle guide vanes with Passage clocking. 

 

4.1.2 Plane 42 

Temperatures of the measured and simulated results are presented in 

circumferential average plots for both LE and PA clockings. For axial position of 

Plane 42, see Figure 12. 

4.1.2.1 Leading Edge Clocking 

The measured temperature difference of hot and cold streaks is 10 K in 

circumferential average values while the simulated ones have 35 to 45 K 

differences, see Figure 28. Two major cold streaks can be identified close to the 

shroud and hub, at radius above 270 mm respectively radius less than 245 mm. The 

hotter temperatures, at radius 255 mm to 265 mm, differ from the measured data 

with 5 K while the colder section close to the shroud differs with 25 to 35 K from 

the measured temperature.  

The 𝑘 - 휀 turbulence model shows the best results, where the difference from the 

other turbulence models is noticed close to the shroud with almost 10 K. 

Complementary appearance is the average temperature, where the 𝑘 - 휀 turbulence 

model differ measured value, see Table 8.  
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Figure 28. Circumferential averaged total temperature shortly after the rotor blades of measured and 

CFD results of Leading Edge Clocking configuration. 

 

Table 8.  Simulated and measured mean temperature at plane 42 with LE clocking. 

Measured [K] 𝑘 – 휀 [K] Wilcox 𝑘 – 𝜔 [K] SST 𝑘 – 𝜔  [K] 

351.3 (0%) 339.8 (-3.3%) 336.9 (-4.1%) 336.5 (-4.2%) 

 

The cold streak close to the hub is due to the cold streak from the cavities, seen in 

Figure 29. The figures of both the clockings could be seen in Appendix A. 

 

 

Figure 29. Contour plots of the temperature within the rotor blade domain with Leading Edge 

clocking and Mixing plane interface. 
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4.1.2.2 Passage Clocking 

Similar temperature profile is found in the PA clocking as the LE clocking, but 

with a wider temperature difference between the hottest and coldest circumferential 

average temperature. The measured temperature difference of hot and cold streaks 

is 10 K in circumferential average values while the simulated ones have 40 to 50 K 

differences, see Figure 30.  

Differences between the turbulence models are marginal in the temperature profile 

and related results may be seen in Table 9 with the mean values. The difference of 

the mean values in the simulations related to the measured values is not as big in 

PA clocking as in LE clocking.  

 

Figure 30. Circumferential averaged total temperature shortly after the rotor blades of measured and 

CFD results of Passage Clocking configuration. 

 

Table 9.  Simulated and measured mean temperature at plane 42 with PA clocking. 

Measured [K] 𝑘 – 휀 [K] Wilcox 𝑘 – 𝜔 [K] SST 𝑘 – 𝜔 [K] 

343.8 (0%) 335.4 (-2.4%) 335.3 (-2.5%) 333.9 (-2.9%) 
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4.2 Interface of frame change 
The results from simulations of interfaces are presented in this section and only 

presented for plane 42. This because of plane 41 is before the interfaces and no 

differences between the interfaces can be founded before the interfaces of frame 

change.  

4.2.1 Plane 42  

Temperatures of the measured and simulated results are presented in 

circumferential average and contour plots.  

4.2.1.1 Leading Edge Clocking 

The radial temperature profiles of the mixing plane and frozen rotor are similar as 

seen in Figure 31. Cold streak close to the shroud is marginally dependent on the 

interface. The temperature difference between the interfaces of the circumferential 

average total temperature is below 5 K as maximum. Transitions from the hot and 

cold streaks, seen at radius 260 mm to 270 mm, are approximate the same. The 

mean temperatures of the simulations are likewise the radial temperature profiles 

complementary, see Table 10.  

 

Figure 31. Circumferential averaged total temperature shortly after the rotor blades of measured and 

CFD results of Leading Edge Clocking configuration in a comparison of frame change interface. 

Table 10. Interface models and measured mean temperature at plane 42 with LE clocking. 

Measured [K] Mixing Plane [K] Frozen Rotor [K] 

351.3 (0%) 336.5 (-4.2%) 337.1 (-4.0%) 
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Contour plot of the measured temperature is seen in Figure 32 (a) where cold and 

hot streaks are detected. A hot streak is spread in the middle of the gas path and 

towards the shroud merging with a cold streak and another cold streak from the 

cavity flow is traced close to the hub. Contour plot of simulation with mixing 

plane, see Figure 32 (b), is confirming the radial temperature profile with to cold 

streaks and a concentrated hot streak in the middle of the gas path. The simulation 

with frozen rotor interface engenders similar results as the mixing plane besides the 

shaped hot streak. The hot streak closer to the shroud can be recognized with the 

measured temperature, see Figure 32 (c). 

 

(a) 

 

 

 

 

  

(b)  (c)  

Figure 32. Temperature contour plot downstream shortly after the rotor blades from (a) 

experimental, (b) CFD (with different interfaces) and (c) temperature difference results with a 

Leading Edge Clocking configuration. 
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The cold streak close to the hub detected in the contour plots are described as flows 

from the cavities, which is presented in Figure 33. For interest of comparison 

between the clockings, see Appendix A.    

 

Figure 33. Streamlines from cavity flows around a rotor blade with Leading Edge clocking and 

Mixing plane interface. 

The circumferential average temperature profiles of the different rotor blades 

positions with the frozen rotor interface for frame change are similar to each other, 

see Figure 34. The biggest difference is founded within the cold streak close to the 

shroud. For interest of temperature contour plots of the positions, see Appendix B. 

 

Figure 34. Circumferential average temperature of six different rotor blades positions with Frozen 

rotor interface and LE clocking at plane 42. 
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4.2.1.2 Passage Clocking 

The radial temperatures of measured and simulated results for PA clocking are 

similar to the previous results of LE clocking, see Figure 35 respectively Figure 31. 

The two interface approach simulates are resembled in the circumferential average 

temperatures.   

 

Figure 35. Circumferential averaged total temperature shortly after rotor blades of measured and 

CFD results of Passage Clocking configuration in a comparison of frame change interface. 

 

Diverse to the measured results, hot and cold streaks are undiluted in the simulated 

results, see Figure 36 (b). Placements of the hot streak in the middle of the gas path 

are equitable but disproportionate. Analogous is the cold stream disproportionate in 

area and intensity. Simulations with the two interfaces are contrariwise 

comparable, inclusive the hot streak closest to the hub and the mean temperature, 

see Table 11.   

Table 11.  Interface models and measured mean temperature at plane 42 with PA clocking. 

Measured [K] Mixing Plane [K] Frozen Rotor [K] 

343.8 333.9 (-2.9%) 334.3 (-2.8%) 
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(a) 

 

 

 

 

  

(b)  (c)  

Figure 36. Temperature contour plot downstream shortly after rotor blades from (a) experimental, 

(b) CFD (with different interfaces) and (c) temperature difference results with a Passage Clocking 

configuration. 
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The circumferential average temperature profiles of the different rotor blades 

positions with the frozen rotor interface for frame change are similar to each other 

for PA clocking, see Figure 37. Unlike the results within LE clocking, the 

difference between the rotor positions are seen to be equally with the radius. See 

Appendix B for temperature contour plots of the different rotor blades positions. 

 

Figure 37. Circumferential average temperature of six different rotor positions with Frozen rotor 

interface and LE clocking at plane 42. 

 

4.3 General comparison and discussion 
While the measured temperature profiles even out in both radial and 

circumferential direction, the simulation ones continuous with approximate the 

same differences between the minimum and the maximum temperature through the 

rotor stage. The circumferential averaged measured temperature profiles of the two 

configurations of swirler clocking are analogous for Planes 41 and 42. This is due 

to a consistent temperature profile in the reality compared to the simulations which 

contradictory differs between the configurations of Plane 41, while Plane 42 is 

similar. The similarities of the profile at Plane 42 for both measured and simulated 

results can exhibit that the flow through the rotor domain is highly dependent on 

the vortices created on the blade rather than the inlet flow with minor irregularities 

on the temperature.  

The misjudgment of 30 to 40 K at the tip of the blades is a problem since the 

designing of the blade can be crucial to this external cooling. The blade tip is an 

exposed part of the blade where oxidation often emerges and a cold stream at the 

blades tip is beneficial.   
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The flow from the cavities simulations strikes along the hub, which is seen in both 

Figure 32 (b) and Figure 33. The facts of existence are that the cold streak mixes 

with the hot streak in a bigger extend, see Figure 32 (a) and (c). In real turbines, 

additionally upper cavities in the shroud are creating a colder streak along the 

shroud. If the prediction of the mixing process of this cold streak is misjudged, the 

real temperature can be differed from the simulated one even more.   

The temperature drops with the planes because of work output and the mixing with 

the cavity cooling air. The percentage of the differences between the measured and 

simulated mean temperatures acts differently through the turbine depending on the 

clocking. It is slightly increasing with PA clocking and more than doubles with the 

LE clocking. The difference is always negative, meaning that the temperatures of 

the simulations are always less than the measured.   Since the walls of the CFX 

models are adiabatic and the contrary was expected, this has to do with the fluid 

flow or work output.  

The path followed by the combustor simulation coolant flow is significantly altered 

by the clocking position. The migrated cold streak from the secondary flow from 

the combustion chamber in the LE clocking shown in plane 41 is reinforced in the 

simulations, see Figure 23. Pursuant to the simulated results, these cold sections are 

merged streak from the secondary flow and film cooling. The upper cold streak 

found at z=270 mm and y=-20 mm are instead from the secondary flow from the 

combustion chamber, which has merged with the film cooling and creates this 

downward cooling streak.  

The film cooling follows passage vortices and is the reason to the concentration of 

the cold streak concentrated and creates these minor streaks founded at positions 

z=270 mm and y = 20 mm for both LE and PA clocking, see Figure 23 and Figure 

26. These exist in the measured results as well but in a minor extend. This could 

indicate that acting of the film cooling is acting differently in the test rig compared 

to the simulations. It is probably because of a moderate mixing in the simulations 

compared to the measurements.  

The simulations of PA clocking at plane 41 state a cold streak at z=240 mm to 245 

mm in Figure 26 (b) and (c) which the measurements do not detect in equal extent. 

The swirl in PA clocking configuration causes a counter vortex along every second 

guide vane which deviates the film cooling, see Figure 27. This can also be seen in 

minor extend with the LE clocking. Due to these cold streaks composed with a 

moderate radial mixing in the simulations, the formation of hot swirl is different in 

comparison with the measured hot swirl. This also shows that the configurations 

have different impacts on the film cooling, because of the swirls formation. 

The circumferential averaged values of the simulated temperature do not deviate 

from the measured temperature as much as the contour plots. The hot and cold 
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streaks level out each other with circumferential averaging, leading to an evener 

temperature plot.  

The temperature profiles of the turbulence models in reference to the measured 

concede an inferior mixing of the fluid flow in both radial and tangential direction 

of simulations. Turbulence models predict similar results at plane 41 with some 

dissentient temperatures to each other. Temperatures within hot and cold steaks are 

locally higher respectively lower in the SST k – ω turbulence model than the other 

turbulence models in both PA and LE clockings. This is seen in the deviation of 

mean values, circumferential average figures and contour figures. This exhibit a 

trend of the model where the mixing process is unfavorable. Mixing process is 

proceeded better with the k - ε turbulence model, which is particularly seen after 

rotor blades in plane 42 where hot and cold streaks are slightly lower.  

The SST k – ω and Menters k – ω turbulence models are showing similar results on 

the temperature profiles and mean values. This could indicate that the SST k – ω 

dominant uses the k – ω turbulence constants and equations. Since the distances 

between the walls are close to each other for the whole domain, the constants from 

the k - ε turbulence model is not being used. The k - ε turbulence model shows 

better results in all the presented figures and tables. This turbulence model is on the 

other hand not preferable for applications of boundary layers with adverse pressure 

gradients that exist close to the walls in turbines. Since the aerodynamic designs 

are based on the variables close to the wall, the turbulence model is not preferable 

for these cases. Especially with results that do not shows much closer to the 

measured ones. The turbulence model that is more applicable for these applications 

by aerodynamic purposes is the SST k – ω (Versteeg & Malalasekera, 2007).  

The two interface approaches contributes with similar radial profiles, see Figure 31 

and Figure 35. Biggest differences between the mixing plane and frozen rotor are 

the tangential shape of the hot and cold streaks. Shape of the hot streak in LE 

clocking by frozen rotor interface may be identified with the measured result, but 

with tangential and radial offset. Contrariwise does not the shape of hot streaks of 

the simulations with frozen rotor in PA clocking match the measured ones. Instead 

is the position of the hot streaks founded to be likewise. The exaggerating of the 

temperature and the temperature gradients contributes to the conclusion of the 

simulations absent of mixing within the fluid. 

In comparison of the two approaches of interfaces, the tangential deviation is small 

in the frozen rotor. With 8 million more nodes and 6 different simulations, 

including more time spend on the post-processing, the cost of using the frozen rotor 

is higher than the one by using the mixing plane interface.   

The frozen rotor interface with one rotor blade positon do not diverge much from 

the averaged one of PA clocking, while some difference is found close to shroud of 
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LE clocking. If a faster and easier convergence with possible errors is preferable in 

some case, one simulation for one rotor blade position could be used.  

All turbulence models combined with steady RANS calculations under-predict the 

mixing process. The mixing process is not dependent of the turbulence models 

interfaces of frame change. To achieve the mixing of the hot and cold streaks, 

steady RANS has to relinquish. Implication of more expensive calculations may be 

needed for the prediction of mixing process. The component averaging presented in 

section 2.3 might be a simplification that under predicts the turbulence process.  
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5 Conclusions  
This thesis focuses on the study of hot swirl clocking inlet to a turbine and 

validation of steady RANS calculations with experimental results of temperature 

distribution through turbine. This may contribute to the understanding of the 

interaction between the combustion chambers and the turbine, through two hot 

configurations of swirler clocking. Different turbulence models and frame change 

interfaces between the stator and rotor were studied. The following conclusion 

could be drawn based on the results and discussion. 

- Measured temperature profiles in axial positions evens out downstream 

through the turbines, while simulated temperatures does not. 

- The circumferential average temperature after the rotor blades is not 

affected by the clockings, both showed by measured and simulated 

temperatures after the rotor blades.  

- All simulations with steady RANS showed exaggerating temperatures of 

hot and cold streaks, already after the nozzle guide vanes. Even though the 

circumferential average temperature profiles do not show this, contour plots 

do.   

- Temperature results from steady RANS calculations reveals that the method 

is weak at predicting the mixing in both radial and tangential direction by 

showing high temperature gradients and exaggerating cold and hot streaks.   

- Differences between the turbulence models are noticeable after the rotor 

blades, where the  𝑘 – 휀 turbulence model predicts most mixing of the 

evaluated turbulence models. The 𝑘 – 휀 turbulence model is not preferable 

from aerodynamic preferences within axial turbines.   

- There is no use of frozen rotor interface with several positions of the rotor 

blades compared to mixing plane for temperature distribution in axial 

turbines. The results are similar while the costs are greatly higher due to 

bigger domain (more nodes with several rotor blades), several simulations 

and more post-processing. 

- One simulation of one position with frozen rotor interface can be used to 

simulate an approximatively similar circumferential average temperature as 

the mixing plane with better convergence. The disadvantage is the bigger 

domain. 

- Steady RANS calculations cannot predict the mixing process of the fluid 

flow. In order to predict a mixing process by turbulence flow, more 

accurate calculations needs to be performed.  
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6 Future Work  
Presented results and discussion may inspire to a wide range of future numerical 

studies, both of the present model and more advanced studies.  

The mesh quality is always in question for performing CFD calculations. Analyze 

of different mesh and their impact of the temperature profile should be carried out. 

This could be especially significant due to the length scale, which has main impact 

on the turbulence prediction.   

This study has been focusing on the thermal behavior by looking at the temperature 

within the turbine. For validation of aerodynamic prediction, other parameters such 

as pressure and velocity components should be considered as well. This could also 

identify and confirm the mixing process.    

Transient solutions are the succeeding tread of approach to catch the mixing 

process. For a factual proceeding, the boundary conditions should be dynamic. A 

previous numerical study of resembling test rig was done with focus on the 

combustion chamber (Barhaghi & Hedlund, 2018) at Siemens Industrial 

Turbomachinery. This could be taken to advantages by using the outlet conditions 

as transient inlet conditions. This may establish results towards an actual fluid 

mixing within the turbine.  

The article by Barhaghi and Hedlund also inspire to more complicated turbulence 

models. They compared steady RANS with unsteady calculations of Scale 

Adaptive Simulations (SAS) and LES where the temperature profile of the outlet 

was presented. This showed the same behavior as the conclusion in this study of 

the steady RANS with predicting the mixing, while SAS and LES were much 

closer to the measured temperatures. Even though it is flow in the combustion 

chamber, the same trend is seen and applicable for the turbine.  

Another approach could also be to include the whole combustion chamber instead 

of using saved transient inlet conditions. This would transact an even more accurate 

fluid flow prediction, but also more nodes.   
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Appendix A 

 

Figure A.1.  Streamlines from cavity flows around a rotor blade with Leading Edge clocking and 

Mixing plane interface. 

 

Figure A.2. Streamlines from cavity flows around a rotor blade with Passage clocking and Mixing 

plane interface. 
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Figure A.3 Contour plots of the temperature within the rotor blade domain with Leading Edge 

clocking and Mixing plane interface. 

 

Figure A.4. Contour plots of the temperature within the rotor blade domain with Passage clocking 

and Mixing plane interface.  
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Appendix B 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure B.1. Temperature contour plot of simulations with frozen rotor at six different rotor positions 

with Leading edge clocking.   
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Figure B.1. Temperature contour plot of simulations with frozen rotor at six different rotor positions 

with Passage clocking. 
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Appendix C 

 

Figure  C.1. Streamlines from film cooling of nozzle guide vanes with Leading Edge clocking. 

 

 

Figure  C.2. Streamlines from film cooling of nozzle guide vanes with Passage clocking. 
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Figure C.3. Streamlines from film cooling of nozzle guide vanes with Leading Edge clocking, from 

a backward angle. 

.  

Figure C.4 PA Streamlines from film cooling of nozzle guide vanes with Passage clocking, from a 

backward angle. 


