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Abstract 

In the modern society different gas turbine applications play a major role such as power 

generation and the jet engine. To achieve higher efficiency for the gas turbine cycle experimental 

heat-transfer and aerodynamic research is necessary. The division of Heat and Power Technology 

at KTH has recently invested in a linear cascade test rig for turbine components. To receive 

reliable results from future experiments it is important that the flow pattern in the cascade 

correspond to the flow pattern inside a real turbine. The test section is affected by both up- and 

downstream phenomenon and therefore the design of the inlet and outlet of the test section is of 

great importance. A Computational Fluid Dynamics (CFD) analysis of the test rig is necessary to 

find a suitable geometry. The aim over the cascade is to achieve periodicity, for example, when 

the pressure distribution is repeated over the section of blades used in the cascade. 

A model of the inlet to the test section and the test section itself has been created. The domain 

has been discretized into finite volumes by applying a mesh and then solved with the commercial 

CFD package, ANSYS CFX14, to predict behavior of the fluid along the test rigs different parts.  

Two different geometries of the inlet were analyzed, one with a short transaction and the other 

with a longer transaction. The present work indicates that a transaction with a longer duct has a 

more uniform velocity- and pressure profile downstream.  

The solution for the fluid behavior inside the test section did not converge and the results are not 

reliable. However the results indicate that; some periodicity is achieved over the section of blades, 

transonic velocities occur and a high level of vortices further downstream the cascade is located. 

The reason why the solution did not converge and is unreliable could be numerous, one major 

impact may be that the underlying mesh isn’t good enough and does not resolve the aerodynamic 

phenomena that occur correctly. 



Sammanfattning 

I dagens samhälle är betydelsen av olika gasturbinsapplikationer markant, framförallt inom 

kraftgenerering och jetmotorer. Experimentella studier inom aerodynamiken och 

värmeöverföringen för gasturbiner är viktiga för att uppnå högre verkningsgrader för gasturbiner. 

Avdelning för Kraft och Värme på KTH har nyligen investerat i en linjär kaskad testrigg för 

turbinkomponenter för dessa ändamål.  

För att erhålla pålitliga resultat från framtida experiment är det viktigt att strömningsbilden inuti 

testsektionen återskapar den strömningsbild som uppstår i en verklig gasturbin. Fluidens 

beteende inuti testesektionen påverkas av vad som händer både upp- och nedströms kaskaden, 

därför är en Computational Fluid Dynamics (CFD) analys nödvändig. Målet är att uppnå 

periodicitet, att det finns en repeterbarhet i tryckfördelning över sektionen med vingprofiler där 

data från experimenten kommer att erhållas. 

En modell över inloppskanalen samt testsektionen har skapats. Domänen har diskritiserats till 

finita volymer och sedan lösts med ett kommersiellt CFD program, ANSYS CFX14. 

Två olika geometrier av inloppet har undersökts, en med en kort konvergent dysa samt en med 

en längre dysa. Resultatet tyder på att den med längre dysa ger en mer stabil hastighets- samt 

tryckprofil nedströms än vad geometrin med mer snäv kurvatur har. 

Resultatet för fluidens beteende inuti testsektion konvergerade inte och är inte pålitliga. 

Resultaten tyder på att viss periodicitet över bladen finns, samt att överljudshastigheter uppstår 

samt en hög intensitet av virvlar finns nedströms testsektionen. Anledning till varför lösningen 

inte konvergerade och inte är pålitlig kan vara många, det är dock troligt att diskritiseringen av 

domänen inte var tillräckligt bra och därför inte löste upp de aerodynamiska fenomen som 

uppstår inuti testsektionen på ett korrekt sätt. 
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Nomenclature 

Symbol Designation Unit 

  Velocity  m/s 

  Velocity m/s 

  Velocity m/s 

  Thermal diffusivity m2/s 

  Individual gas constant J/molK 

   Isentropic pressure ratio  

  Density kg/m3 

   Specific heat at constant volume kJ/kgK 

   Specific heat at constant pressure Kj/kgK 

    κ Ratio of specific heats  

  Pressure Pa 

      Static pressure Pa 

     Total pressure Pa 

  Temperature K 

   Compressor inlet temperature K 

   Compressor outlet temperature K 

      Isentropic outlet compressor temperature K 

   Turbine inlet temperature K 

   Turbine outlet temperature K 

      Isentropic turbine outlet temperature K 

  Efficiency  

  Turbulent dissipation J/kgs 

  Turbulent kinetic energy J/kg 

   Cycle work J 

   Compressor work J 

   Turbine work J 

  Internal energy J 

  Acceleration of gravity m/s2 

  Time s 



2 
 

  Shear stress Pa 

  Dynamic viscosity Pas 

   Kinematic viscosity m2/s 

  Heat J 

   Heat added in combustion chamber J 

   Heat transferred by exhaust gases  J 

   Mass flow kg/s 

 

Abbreviations 

RANS Reynolds Averaged Navier-Stokes equations  

CFD Computational Fluid dynamics  

DNS Direct Numerical Solution  

RMS Root Mean Square  
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1 Introduction 

In the modern society gas turbines play a big part with applications in propulsion and for power 

generation. The early gas turbines built in the 1940s had cycle efficiencies around 17 percent. The 

efficiency of the compressor and turbine them self were low and due to available material of that 

time the inlet temperature to the turbine was limited.  The effort to improve the gas turbine cycle 

efficiency since then can be divided in to three areas; increasing the turbine inlet temperature, 

increasing the efficiencies of the turbo machinery components and adding modifications to the 

basic cycle (Sundén & Faghri, 2001). Research and development in all these areas has contributed 

to improve the gas turbine efficiency, resulting in a more resource friendly gas turbine.  

The gas turbine efficiency is directly connected to the inlet temperature of the turbine. Therefore 

it is desired to use higher inlet temperatures to improve performance. This results in that the 

turbine components have to resist a more intensive heat load, especially the vanes and airfoils 

closest to the combustion chamber. Temperatures up to 1800 Kelvin are common and the 

components within the turbine need an effective cooling system to resist that amount of heat 

(Ekroth & Granryd, 2006). 

The performance of early turbines and compressors was decreased due the inefficiency of the 

turbo machinery components them self. The development and usage of advanced computer 

software made it possible to design components with minimal aerodynamically losses (Sundén & 

Faghri, 2001). 

By modifying the basic cycle, in example by adding reheating, regeneration and intercooling, the 

efficiency of the gas turbine cycle increases. These modifications come with increased initial and 

operation costs, and due to the historical low fuel costs the improvements haven’t been justified 

until later (Sundén & Faghri, 2001). 

The fluid path inside a gas turbine is very complex due to the often three dimensional flow, 

rotating machinery, transonic velocity’s, surface roughness, the geometry of the airfoils, laminar- 

and turbulent boundary layer and the freestream turbulence. Therefore it is very important to 

make experimental aerodynamic and heat transfer studies on turbine components, to help 

understand the phenomena that occur between the fluid and the concerned components. It is 

also significant to gain more information about how the available cooling systems work and use 

the gained data for further developments (Drost, 1998).  

2 Problem 

The department of Heat and Power at KTH has recently invested in a linear cascade test rig 

going to be used for experiments on turbine components, both aerodynamic and heat-transfer 

related. To receive reliable results it is important that the flow pattern inside the test section 

recreates the pattern that occurs around the airfoils inside a real gas turbine.  The test section is 

affected by both up- and downstream phenomenon and therefore the design of the inlet and 

outlet of the test section is of great importance. A proposal draft for the geometry of the inlet- 

and outlet -section has been drawn by Prof. Torsten Strand which can be seen in Appendix 1.   

The inlet is a transaction from a circular- to a rectangular section, the circular section has a 

diameter of half a meter, and the inlet to the test section has a dimension of 380x100 mm. The 
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fluid makes a narrow turn inside the test rig and the outlet is angled 90 degrees from the inlet as 

seen in Figure 1.  The outlet is a transaction from rectangular- back to a circular cross section. 

The test section is going to be located in an environment with geometric limitations. Therefore 

the geometry of the inlet and outlet has restrictions, which is going to force tight angles. A 

Computational Fluid Dynamics (CFD) analysis is necessary to be able to predict the behavior of 

the flow and to validate the flow field reliability so that the results from the experimental tests are 

applicable on real applications. 

The test rig is rectangular shaped and not annular as a gas turbine. The experiments are going to 

be made on a section of five airfoils and are therefore a simplified version of the real case. The air 

is supplied from a compressor externally, and lead to the cascade through a pipe which implies 

that inlet and outlet has to be a transaction from the circular- to the rectangular cross-section.  

 

Figure 1 Test section (Reiss,Bölcs, 1998) 

In a real gas turbine the blades and vanes are evenly distributed around the rotor and stator, this 

results in that the flow will be evenly distributed, periodically around the blades. Apart from a real 

gas turbine, the section of blades used for the experiment is placed linear instead of annular. The 

blade that is going to be used to gain the information from the experiments is the one in the 

middle and therefore it is significant that the flow pattern around the middle blade is reliable and 

corresponds to the flow that occurs in a gas turbine. The aim is to achieve periodicity, which 

means that the flow pattern, for example the pressure distribution, is repeated over the section of 

blades which corresponds to the flow in a gas turbine. 

The test section has four tailboards, two directly connected to the cascade and the other two 

controls the upper and lower passage. It is possible to use these tailboards to affect the flow 

behavior inside the section. Figure 2 is illustrating the cascade in detail with the two connecting 

tailboards. 
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Figure 2 Linear cascade in detail (Reiss,Bölcs, 1998) 

As stated the fluid path inside a gas turbine is very complex and the flow turbulence intensity is 

high, often up to 20 percent. This is not the case in the test rig and a turbulence grid upstream 

the cascade is used to trigger the turbulence intensity. 

As previously mentioned the test rig is going to be mounted and located in an area with 

geometric limitations, this along with the cross-section transaction is going to force narrow angles 

and undesirable geometric shapes which will result in fluid dynamics phenomena’s such as wakes 

and vortices which will affect the fluid behavior inside the test section.  

2.1 Objectives 

The main task in this project is to use computational fluid dynamics to deliver results that can 

indicate how the actual test section should be installed. The primary objectives are the following; 

 Analyze different geometry of the inlet to the cascade and its impact on the fluid 

behavior. 

 Retrieve reliable results to be able to evaluate the fluid behavior inside the test section. 

 Evaluate the periodicity around the blades and retrieve information on how the tailboards 

should be adjusted to achieve the repeated fluid behavior. 
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3 Background 

In the background studies focus has been on how gas turbines work and why it is significant to 

raise the firing temperature. The studies also investigate the fluid dynamic and heat transfer 

phenomena that occur inside a gas turbine. Focus has also been on how the numerical method in 

CFD software is functioning. 

3.1 Gas turbines 

A modern gas turbine is a complicated machine with many components but can in a simplified 

form be divided into three major parts; a compressor, a combustion chamber and a turbine 

(Cengel & Boles, 2011). A schematic view of the stages in a gas turbine can be seen in Figure 3.  

 

Figure 3 A schematic view of a gas turbine (Meherwan P. Boyce, 2012). 

The compressor compresses the incoming air which then enters the combustion chamber where 

fuel is added which then ignites together with the compressed fluid. The exhaust gases enter the 

turbine with high velocity and temperature. In Figure 3 the turbine are divided into two sets of 

turbines where the first set drives the compressor as it is connected on the same shaft. The other 

set is connected on an output shaft where work is delivered and can be connected to an 

application that needs power. This is the case in most industrial applications of gas turbines 

(Cengel, 2011). 

The turbine part of the gas turbine consists of a stator which is a fixed component and a rotor 

that can rotate 360 degrees. At the inlet, vanes direct the fluid onto the rotor with an angle so that 

the resulting force makes it turn which can be seen in Figure 4 (Meherwan P. Boyce, 2012).  
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Figure 4 A schematic view of the inlet with rotor blades and stator vanes. (Meherwan P. Boyce, 2012) 

The ideal thermo dynamical cycle that describes a gas turbine is a Brayton cycle which can be 

seen in Figure 5.  

 

Figure 5  The Brayton cycle as a function of temperature, T, and entropy, s (Ekroth & Granryd, 2006). 

As Figure 5 shows, atmospheric air is being drawn into the compressor and an isentropic 

compression happens in the compressor between points a and bis. The compressed air then enters 

the combustion chamber where fuel is added. After the combustion the air has been heated 

under constant pressure to the temperature Tc.  Exhaust gases with high temperature and pressure 

then enters the turbine where power is generated under isentropic expansion to the ambient 

pressure in point dis. The power that is being generated under the cycle can be described as the 

difference between the work that the turbine is generating, WT, and the work that the compressor 

needs, WC as can be seen in equation (1) (Ekroth & Granryd, 2006).     

            (1) 
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The heat that is being added in the combustion chamber, q1, and the heat that’s being transferred 

by the exhaust gases, q2, can be described as (Ekroth & Granryd, 2006): 

                  (2) 

                    (3) 

In equation (2) and (3), cp is the specific heat of the process and is defined as the energy required 

to raise the temperature of a unit mass of a substance by one degree (Cengel & Boles, 2011). In 

equation (2) the temperatures are the inlet and exit temperatures of the combustion chamber and 

in equation (3) the temperatures are the inlet and exit temperatures of the exhaust gases. The 

thermal efficiency of the ideal cycle can then be described as the ratio between cycle work and 

added heat as (Ekroth & Granryd, 2006): 

   
  

  
   

    

  
   

        
        

  (4) 

 

The isentropic pressure ratio can be described as (Ekroth & Granryd, 2006): 

     
  
  
 

   
 

 
     
  

 
  
     

  (5) 

where, κ, is the ratio of the specific heats.   

Inserted in equation (4) the thermal efficiency can then be described as 

     
 

  
  (6) 

The thermal efficiency in equation (6) is based on that the efficiency of the compressor and the 

turbine is the same and tends to go to very high numbers as the pressure ratio is increased. In an 

actual cycle for a gas turbine the efficiencies of the compressor, ηc, and turbine, ηt,, must be taken 

into account as well as it is not an ideal isentropic cycle and corrections for this must be taken 

into account. This is done explicitly in (Ekroth & Granryd, 2006), (Meherwan P. Boyce, 2012) 

and in (Cengel & Boles, 2011). The thermal efficiency can then be described as 

 

      
 

  
 

  
  
  
    

  
    

 
  
  

   
      

  
  

  (7) 

In this equation the thermal efficiency for the Brayton-cycle which is the first parenthesis is being 

corrected with a correction term (Ekroth & Granryd, 2006). In equation (7), Tc is the firing 
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temperature in the combustion chamber and ,Ta, is the ambient temperature in the beginning of 

the cycle. A plot of the cycle efficiency as a function of the pressure ratio and the firing 

temperature can be seen in Figure 6. The plot is based on a compressor efficiency of 87% and a 

turbine efficiency of 92% (Meherwan P. Boyce, 2012). 

 

Figure 6 Plot of cycle efficiency as a function of firing temperature and pressure ratio (Meherwan P. Boyce, 2012). 

This clearly shows that a higher firing temperature results in a better efficiency and combined 

with a high pressure ratio the difference is great. This also shows the importance of research in 

this area in order to raise the thermal efficiency for economic and environmental issues since 

more power can be generated with the same amount of fuel. 

3.1.1 Airfoil terminology 

When an airfoil shaped body moves through a fluid it generates an aerodynamic force, commonly 

referred to as lift and drag. The curvature on the airfoil combined with the angle of attack results 

in a pressure difference between the upper and the lower surface of the airfoil. The pressure 

difference implies that the average velocities on the upper and lower surface are different (Kundo 

& Cohen, 2008). 

 

Figure 7 Airfoil terminology (Houghton & Carpenter, 2003) 
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The suction side often has lower static pressure resulting in a higher velocity compared to the 

pressure side where the static pressure is higher and the velocity lower. The chord line is a 

straight line connecting the leading and trailing edge, the chord length is often referred to as the 

chord. The angle of attack is defined as the angle between the chord line relative the free stream 

velocity direction (Houghton & Carpenter, 2003). The terminology of an airfoil is illustrated in 

Figure 7. 

When airfoils are installed on a rotor they are often referred to as blades and the flow inlet angle 

is of interest instead of the angle of attack. The flow inlet angle is defined as the angle between 

the fluid flow direction and the turbine axis.  The axial chord is the length of the projection of 

the blade, as set in to a turbine, on to a parallel line to the axis of the machinery. The camber line 

is running from the trailing- to the leading edge and is equidistant between the pressure and 

suction side (Wilson, 1991). 

3.2 Principles of fluid mechanics 

Before the aerodynamic effects that occur in a gas turbine or a cascade test rig are taken into 

account it is necessary to define some fundamentals in fluid mechanics. Reynolds number is a 

dimensionless number which defines the nature of the flow if it is laminar or turbulent and is the 

ratio between inertial-, and viscous forces. Reynolds number in a pipe or over a surface can be 

defined as (White, 2011) 

     
   

 
  (8) 

In equation (8), x is the characteristic length defined as either the radius or the length of the 

surface. If the inertial forces overcome the viscous forces the flow is considered turbulent, 

otherwise it is laminar. The transition when this happens is defined differently depending on the 

geometry of the object (White, 2011).  

Laminar flow is characterized by a low Reynolds number and that the streamlines are parallel and 

therefore no mixing motion exists.   

Turbulence is characterized by a high Reynolds number and as stated earlier when the inertia 

forces becomes superior compared to the viscous forces. The flow behavior becomes irregular 

and unpredictable and varies in a chaotic way (Kundo & Cohen, 2008). The identifiable structure 

in turbulent flow are called eddies, a rotational flow structure which exist in a wide range of 

length scale. They are stretching, spinning and coalescing which implies that the mixing factor is 

high and diffusion of momentum and heat between fluid particles is rapid. The largest turbulent 

eddies interact with and extract energy from the mean flow (Versteeg & Malalasekera, 2007).  

Turbulence is chaotic, unpredictable and is characterized by a high level of eddies of different 

sizes and due to the turbulent eddies it will be velocity fluctuations in time. To describe turbulent 

flow the velocity is divided into a mean and a turbulent component,  

   '( )u t u u t    (9) 



11 
 

This method is called Reynolds decomposition, a mathematic technique to separate the 

fluctuation part from the average which is illustrated in Figure 8. The turbulent component is 

defined as the velocity fluctuation from the mean. (Versteeg & Malalasekera, 2007) 

 

Figure 8 Illustrating the time dependent fluctuations of velocity in turbulent flow (Duarte, Ramos, 2012) 

For steady flow condition the mean is the velocity for a extend period of time. The turbulence 

strength is defined as (Cebeci, 2004) 

                       (10) 

      

By dividing the turbulence strength, equation(10), with the mean velocity the turbulence intensity 

is defined as (Cebeci, 2004) 

                      
    

 
 (11) 

    

Turbulence intensity is a commonly used measure of turbulence. This definition allows flows to 

have same mean velocity but different turbulence intensity (Cebeci, 2004).The equation can be 

expanded to three dimensions by adding the velocity components from the other dimensions.  

One of the basic principles in fluid mechanics is the “no-slip condition” due to the viscosity in 

the fluid that implies that the relative velocity closest to the surface is equal to zero. This creates a 

boundary layer when the velocity goes from zero close to the surface to the velocity in the 

freestream. However, outside the boundary layer the fluid can be considered inviscid as the 

velocity gradients are small. The boundary layer can be laminar or turbulent with a transition 

zone between the two and is characterized differently depending on which it is and the geometry. 

The thickness of the boundary layer is defined as when the velocity has reached 99% of the 

freestream velocity (Karlsson, 2011).The vortices in the turbulent boundary layer affect the 

velocity gradient in such degrees that it evens out the velocity profile which can be seen in Figure 

9. 
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Figure 9 Laminar and turbulent boundary layer on a flat plate (NPTEl, 2005) 

3.3 Aerodynamic effects 

In gas turbines, the characteristics of the flow and the phenomena that occur within are affecting 

the efficiency of the gas turbine in terms of energy losses. These arise because of inviscid and 

viscous effects. To be able to predict these losses various types of experiments on cascades of 

blades have been established. The flow within a turbine is complex with unsteady three 

dimensional flow whereas in a cascade the flow is in general treated as two dimensional and 

steady. However, good results from testing have proven the method as acceptable. Therefore the 

flow of a typical cascade testing rig will here be accounted for (Dixon & Hall, 2010).  

A cascade testing rig usually consists of an inlet, a testing section and an outlet, all with different 

sorts of geometry that will influence the nature of the flow. Depending on the nature of the tests, 

low- or high speed flow and type of power will all influence on the design of the test rig (Reiss & 

Bölcs,1998). Typical aerodynamic effects that can occur are boundary layer separation, vortices 

and the influence of the walls boundary-layers close to the cascade for (Dixon & Hall, 2010). An 

example of a test section, a wind tunnel powered by a fan, can be seen in Figure 10.  

 

Figure 10 Schematic view of inlet, test section and outlet (Karlsson, 2012) 
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A power supply like a compressor or a fan drives the fluid into the test rig and a contraction part 

raises the velocity of the flow due to the equation of conservation of mass. To simulate the 

conditions in a gas turbine a turbulence grid is often placed into the test section (Drost, 1998). 

The cascade in the section consists of a number of identical blades that are equally spaced and 

parallel to one another. The measurements are made in the central region of the blades and 

therefore it is important that the flow is periodic and repeats over several blade pitches (Dixon & 

Hall, 2010). An example of a linear turbine cascade is illustrated in Figure 11. 

 

Figure 11 A cascade of turbine airfoils (Dixon and Hall, 2010) 

Due to the geometry of the blades a number of different aerodynamic effects can be expected 

and primarily because of the boundary layer along the blades. The boundary layer increases on 

both the pressure and on the suction side of the blade and combines at the edge where they form 

a wake and a defect in the stagnation pressure occurs. Downstream of the blade the wake will 

expand but decrease in its intensity (Dixon & Hall, 2010). The curved geometry of the blade also 

creates vortices under the tip of the blade (Lakshminarayana, 1996). Depending on the velocity 

and Mach numbers operating in the cascade – energy loses due to shock waves can also occur 

(Dixon & Hall, 2010). 

A shock wave is characterized by an abrupt change of fluid properties. A shockwave occurs when 

air or another medium undergoes a large compression and a thin wave of large pressure change 

occurs. The pressure change is accompanied with an increase in temperature. The rear face of the 

wave, being of higher temperature is progressing faster than the front face and the distance 

between the faces where the pressure change is present gets thinner and finally a shockwave, a 

pressure front with discontinuity is built up. The propagation of a shock wave is illustrated in 

Figure 12, where a2, represent the velocity at the rear of the compression wave and a1, the velocity 

at the front of the wave (Nakayama & Boucher, 2000).  

 

Figure 12 Illustrating the propagation of a shock wave (Nakayama and Boucher, 2000) 
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The outlet is often designed with a diffuser with an increasing cross section area. In a diffuser the 

velocity drops and pressure rises. Losses in a diffuser can be large due to separation when the 

boundary layer increases and vortices create backflow which is often the case with a large-angle 

diffuser (White, 2011).   

Boundary layer separation is an effect that occurs because of the pressure gradient in the fluid, 

which is the derivative of the pressure in one direction. One can consider that all streamlines in 

the boundary layer are parallel which must mean that the pressure gradient perpendicular to the 

streamline are equal to zero and it is only the pressure gradient in the direction of the fluid that 

matters. If this is positive it means that the pressure is increasing and if it is negative it is 

decreasing. This will affect how particles in the fluid behave and how the velocity profile in the 

boundary layer develops. With a negative pressure gradient – an acceleration of the fluid will 

occur, and with a positive pressure gradient – a retardation of the fluid will occur. If a strong 

retardation occurs it is possible that the particles closest to the wall changes direction and 

separates from the boundary layer and a wake are created (Karlsson, 2011). This is illustrated in 

Figure 13.  

 

Figure 13 Separation point and effects on velocity gradient (Massey and Ward-Smith, 2005) 
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How the pressure gradient affects the velocity is illustrated in Figure 14. 

 

Figure 14 Pressure gradient and its influence on the velocity (White, 2005) 

Anywhere where a sudden change in geometry occurs, as in an abrupt change of the area - 

separation will occur. In this area of separation the fluid will be strongly turbulent and vortices 

will be created. Due to the friction forces in the fluid these vortices will decrease in size and 

eventually die out. The kinetic energy within these vortices will then be transferred to heat and an 

energy loss is created. The effect when kinetic energy is transformed to internal energy due to the 

viscosity is called viscous dissipation (Karlsson, 2011). A figure of a sudden change in area and 

the separation effects that occurs is seen in Figure 15. 

 

Figure 15 Abrupt change of area and separation effects (Karlsson, 2011). 

The purpose of a diffusor is to lower the velocity of the fluid and this is created with a divergent 

geometry which lowers the velocity according to the conservation laws. According to the 

governing equations the pressure will increase and thus a positive pressure gradient occurs which 

increases the risk of separation. If the value of the pressure gradient is weak enough, the shear 

forces within the boundary layer will prevent it from separating and no separation will occur. 

However with an increased value of the pressure gradient the shear forces can’t withstand the 

pressure forces and separation occurs. This can be solved if the divergent angle decreases and 

thus the value of the pressure gradient drop (White, 2011). Another way to prevent separation is 
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to trigger the boundary layer to become turbulent. In a turbulent boundary layer the shear forces 

within are much stronger and thus preventing separation (Karlsson, 2011).    

3.4 Heat transfer 

Heat transfer is energy transfer that takes place due to temperature differences. The science of 

heat transfer seeks to explain how energy is transferred, at which rate and to predict the value of 

the heat-transfer coefficients. 

The heat transfer that occurs inside the gas turbine is hard to determine and it is not possible to 

calculate the heat transfer coefficients. There are three types of heat-transfer that occurs inside a 

gas turbine: conduction, convection and radiation. Conduction heat transfer exists whenever 

there is a temperature gradient in a body. The influence of heat transfer by radiation mainly 

occurs when high temperature differences are present. Therefore radiation heat transfer only is 

applicable in the combustion chamber and the first stages of a turbine (Drost, 1998).  

3.5 Principles of convection heat-transfer 

The thermal boundary layer is defined as the region where temperature gradients are present, as 

the hydrodynamic boundary layer, where viscous forces are affecting the flow. The temperature 

gradient in the boundary layer will result in heat-transfer exchange between the fluid and the 

body and this is what’s called convective heat transfer. Convective heat-transfer is divided in to 

two main categories, forced- and natural convection (Kays Et al, 2005).  The relative thickness of 

the thermal boundary layer is connected to the hydrodynamic by the Prandtl number, which is 

the ratio between kinematic viscosity and thermal diffusivity and is defined as (Holman, 2010) 

    
 

 
  (12) 

    

The Prandtl number expresses the relative magnitude of diffusion of momentum and heat in the 

fluid. The heat transfer coefficient in a laminar boundary layer can then be the determined as a 

function of Reynolds- and the Prandtl number (Holman, 2010). 

In the turbulent boundary layer, eddy-viscosity and eddy-thermal conductivity has to be defined. 

These parameters are often 10 to 20 times larger than the viscosity and thermal properties of the 

fluid itself. The primary difference between the heat-transfer in a turbulent boundary layer 

compared to a laminar are the eddy-parameters. The values of the eddy-parameters vary across 

the boundary layer, and the values for a specific eddy can only be determined from experimental 

data. This results in that all turbulent flow analyses in some way must rely on data because there 

is no theory to predict the turbulent behavior. The heat transfer coefficients are commonly 

determined by appropriate empirical relations (Holman, 2010). 

3.6 Cooling systems for gas turbines 

As have been earlier stated in order to increase the efficiency of the gas turbine it is important to 

raise the firing-temperature in the combustion chamber and this will in turn raise the inlet 

temperature of the turbine. In order for the material to withstand the extreme temperatures there 

must be some type of cooling scheme. The inlet temperatures have increased considerably since 
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the 1950’s from approximately 500°C to around 1600°C in a modern high-end gas turbine. This 

can only be possible if an improvement of cooling techniques and the metallurgy of the materials 

are being achieved. The cooling is often done with air with different sorts of techniques and the 

effect of the coolant depends on which cooling-technology, the temperature gradient between 

the coolant and the high temperature fluid and the location and the direction of where the 

cooling is taken place. The most common types of cooling techniques are convection-, 

impingement- and film cooling or a combination of them all (Meherwan P. Boyce, 2012).  

Convection cooling is the most common type of cooling concept in contemporary gas turbines 

and is achieved by designing channels inside the vanes where the air can flow and thus removing 

heat through the walls (Sundèn & Faghri, 2001). A schematic view of the principles of convection 

cooling is seen in Figure 16. 

.  

 

Figure 16 Convection cooling with channels (Meherwan P. Boyce, 2012). 

There is also a variation of convection cooling called impingement cooling where air is blown 

unto the inside of the blade with high velocity. This way the heat transfer due to convection 

increases but the amount of air needed increases correspondingly. This type of cooling technique 

is often used on high temperature areas where exposure is high (Sundèn & Faghri, 2001). A 

schematic view of the principles of impingement cooling is seen in Figure 17. 

.   

Figure 17 Impingement cooling (Meherwan P. Boyce, 2012). 
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A major type of cooling is film cooling. The film cooling technology is based on the ejection of 

air through small holes in the blade. This way a thin layer of cool air is created unto the surface of 

the blade which creates a protective layer against the hot main flow (Sundèn & Faghri, 2001). The 

efficiency of the film cooling process depends on various parameters such as the ratio between 

the coolant and the hot gas’s velocity, density, geometry of the holes and the turbulence of the 

main-stream. A more interesting ratio might be the ratio between the mass flow of the coolant 

and the main stream which illustrates the consumption of the coolant gas stream (Meherwan P. 

Boyce, 2012). The performance of the cooling film is hard to evaluate as it creates two 

involuntary effects; the film lowers the temperature of the surface but at the same time it 

increases the local heat transfer number as the mixing of the fluid increases (Reiss, 2000). A 

schematic view of the principles of film cooling is seen in Figure 18. 

 

 

Figure 18 Film cooling (Meherwan P. Boyce, 2012). 

The air for cooling is taken from the compressor and directed to the stator, rotor and other parts 

of the turbine that need cooling. One thing to keep in mind is that the air that’s bled from the 

compressor also affects the efficiency of the compressor and the overall efficiency of the gas 

turbine in a negative way. To be able to continuously raise the inlet temperature it is necessary to 

improve the cooling schemes (Drost, 1998). Higher temperatures in the turbine section are also 

being able because of improvements of the material of the blades. A modern compressor with a 

high-ratio of pressure affects the temperature of the air. The air leaving a gas turbine compressor 

can have a temperature as high as 650 °C and thus the air used for cooling of turbine blades is 

higher and affecting the efficiency of the cooling(Meherwan P. Boyce, 2012).  
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4 Numerical method 

Computational Fluid Dynamics seeks to deliver predictions of fluid behavior and aerodynamic 

phenomena based on the Navier-Stokes equations (Kundo & Cohen, 2008). The domain is 

discretized in to finite volumes by applying a mesh to the domain. The CFD program solves the 

equations over the finite volumes (Versteeg & Malasekera, 2007). The software used to deliver 

these predictions is ANSYS CFX, release 14.0. 

4.1 Governing equations 

All fluid dynamics are based on the conservation laws for mass, momentum and energy. By 

applying Reynolds transport theorem and replacing the viscous stress components to the 

momentum equation, the so called Navier-Stokes equations for a Newtonian fluid in three 

dimensions can be expressed as (Nakayama & Boucher, 2000): 
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The Navier-Stokes equations describe the motion of fluids and are nonlinear partial differential 

equations in almost every real situation.  

The mass conversation equation in three dimensions, which implies that mass increase inside a 

fluid element has to be equal to the flow of mass into the fluid element, which will result in the 

unsteady three-dimensional continuity equation for a compressible fluid (Versteeg & 

Malalasekera, 2007), 
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The energy equation, which implies that the increase of energy for a fluid particle has to be equal 

to the heat added and the work done on the fluid particle, can after some rearrangement and 

extracting the change of the kinetic energy the equation for internal energy,   ,is derived (Versteeg 

& Malalasekera, 2007), 
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In the above presented equations       and   can be determined from the thermodynamic 

equation of state, which for a perfect gas are (Havtun, 2012) 
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       (18) 

       (19) 

The equations of state are the linkage between the energy, mass, and momentum equations which 

arise from the density variations as a result of pressure and temperature variations in the flow. 

This results in that flows which can be handled as incompressible, for example low speed flows, 

often can be solved by the mass and momentum equations them self  (Versteeg & Malalasekera, 

2007). 

The system is now closed with seven unknowns and equations and can be solved for the time 

dependent dynamics of a fluid in motion. 

4.2 Turbulence modeling and Reynolds averaged Navier-Stokes 

equations 

Turbulence is chaotic and as previously mentioned contains fluctuations in time and space. It is 

very complex and contains eddies of different time and length scale. In theory the Navier-Stokes 

equation can describe turbulence properly but the numerical solution of the equations for 

turbulent flow is still very difficult. This is because the length and time scale of the smallest finite 

volume is big compared to the scale of the turbulent structure (Kundo & Cohen, 2008). This 

results in that it is not possible to calculate the turbulent flow exact, except for some idealized 

simple cases and applying direct numerical solution (DNS) which demands huge computational 

resources (Versteeg & Malalasekera, 2007). The turbulence is instead handled with a model, for 

example commonly used     model. 

For most CFD analyze on engineering applications, determining the time-average properties of 

the flow is important, not the details of turbulent fluctuations itself but rather the effects on 

mean flow properties from the turbulence. The basic concept of Reynolds averaged Navier-

Stokes equations (RANS) is to locate the fluctuating part of the velocity by applying Reynolds 

decomposition and then replace it with a turbulence model (Versteeg & Malalasekera, 2007).   

The most commonly used turbulence model in ANSYS is the     model. The model contains 

two extra equations to represent the turbulent properties of the flow, one handling the turbulent 

kinetic energy,    and the other one the turbulent dissipation,  . It is important to mention that 

the model contains five constants, which are determined by data from a wide range of turbulent 

flows (Versteeg & Malalasekera, 2007). Since it isn’t possible to calculate an exact solution it is 

even impossible to determine the error of the turbulence model. It is significant to mention that 

CFD analysis is never exact due to approximations and modeling errors, and should only be used 

as a complement experiments and theories related to fluid dynamics (Wolfshtein, 2009).  

  



21 
 

Some typical sources of errors are followed (Kundo & Cohen, 2008).  

 Discretization error 

o When a domain is discretized in to finite volumes, it contains errors since the 

flow is continuous and as previously mentioned the length scale of the smallest 

finite volume, is big compared to the turbulent structure. There for it is important 

that the mesh is of good quality so the discretization error can be minimized. 

 Input data error 

o Both domain geometry and fluid properties may only be known by 

approximation. 

 Boundary conditions error 

o Inlet conditions represents the real situation too crudely, flow properties 

information is needed and are generally not known exactly and are there for an 

approximation.  

 Modeling error 

o Since the flow may contain aerodynamic, and heat-transfer phenomena that are 

not properly described by the turbulence model, the model it-self contains errors. 
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5 Method  

In order to create a process that is progressive and efficient a work-model is created, this model 

over the work flow and practical steps of the solution-process is shown in Figure 19. The steps 

can be divided into three major phases: a pre-processing phase, a simulation phase and a post-

processing phase. In the pre-processing phase a model is created with appropriate boundary 

conditions from the input data. The simulation process is the numerical analysis and solution of 

the problem and the post-processing phase is the evaluation of the results. 

 

Figure 19 Work model 

The simulation is divided into two parts; one for the inlet section and one for the test section. 

This is done to be able to change turbulence intensity in the different parts of the test rig and 

recreate the effects off the not modeled turbulence grid. The turbulence intensity can be changed 

with the software for each simulation and by dividing the model into two parts the effects of the 

turbulence grid can be achieved. With two parts, each simulation does not require the same 

amount of computer power and are easier to handle. Results from the inlet section are used as 

boundary conditions to the test section. A flowchart of how a solution is obtained is presented in 

Figure 20. 
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Figure 20 Flow chart of the inlet- and the test-section result 

5.1 Scope 

In this project focus is on obtaining reliable results on the inlet to the test section and finding a 

suitable geometry to achieve a steady velocity- and pressure-profile into the cascade. Furthermore 

the focus is also on evaluating the periodicity over the blades. Modeling and optimization of the 

outlet will not be covered in this project. 

5.2 Geometry 

The model of the inlet, outlet and cascade is created in ICEM, the ANSYS software where the 

mesh for the numerical solution also is created. The fundaments for the geometry of the inlet, the 

test section and the outlet are all based on the proposal draft by Prof. Torsten Strand (see 

appendix 1). 

5.2.1 Inlet section 

The fluid is entering from a circular tube into the test section. However, as the test section is of 

rectangular shape with different dimensions a transition duct is needed. The proposal draft from 

Prof. Torsten Strand suggests a transition duct with dimensions according to Figure 21. 

 

Figure 21 Proposal draft of inlet geometry. Dimensions in mm. 

 

The length of the transition duct where the geometry goes from a circular tube into the 

rectangular test section is proposed to be 300 mm. Two different geometries of the converging 
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duct, one short, 100 mm with steeper curvature, and one longer, 300 mm, with smoother 

curvature of the inlet have been modeled. The result from these geometries will indicate the 

impact of these sudden geometry changes.   

The geometry of the inlet section with a steep convergent duct can be seen in Figure 22.  

 

Figure 22 Short duct geometry in 3D view and transaction duct in detail 

 

The geometry of the inlet section with a smoother curvature for the convergent duct is seen in 

Figure 23. 

 

Figure 23 Long duct geometry in 3D view and transaction duct in detail 
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5.2.2 Test section 

The geometry of the test section is developed from a blueprint which can be seen in Appendix 2, 

however, the quality of the prints are low and therefore own measurements of the cascade were 

added. The geometry of the test section itself is complex which made some dimensions hard to 

measure and determine correctly, and therefore some dimensions are arbitrary, a 3D view of the 

model can be seen in Figure 24. 

 

Figure 24 3D view of the model 

The cascade geometry has two tailboards, one large tailboard directly connected to the top blade 

which is used to increase the blocking behind the section of blades, which is affecting the 

behavior of the fluid around the airfoils. At the bottom blade a small tailboard is located which 

also has impact to the fluid behavior close to the blades. The test section also includes two other 

tailboards, one located behind the big tailboard and controls the upper passage and the other 

tailboard controls the lower passage. The blades and tailboards can be seen in Figure 25. 

 

Figure 25 2D view of the model 

y 

x 
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The default angles of the tailboards are set to 30 degrees from the y-axis except the small 

tailboard that’s attached to the blade furthest down which is 40 degrees from the y-axis.  

The dimensions of the blades used in the model are derived from coordinates from an existing 

airfoil with a different chord then the ones going to be used in the cascade. The airfoil axial chord 

was compared with the airfoil inside the cascade and scaled up to fit the geometry. The blades are 

angled relative the free stream velocity so that no vane is needed to conduct the fluid in the right 

direction relative the blade. 

Even though it is not in this projects scope to evaluate and optimize an outlet to the test rig an 

outlet is still needed. Convergence problems can occur if the outlet with its boundary condition is 

too close to an area of interest, such as if a vertex is too close to an outlet which will cause 

backflow into the domain (ANSYS® [1], Release 14.0). 

Therefore an extended cross-section of the geometry has been added to the test section to avoid 

problems with convergence in the numerical solution, but no further investigations of how the 

outlet geometry affects the fluid behavior upstream has been taken into account.  
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5.3 Mesh generation 

To be able to obtain a numerical solution the domain has to be discretized in to elements and it is 

done by applying a mesh to the domain. The quality of the mesh is fundamental for obtaining 

accuracy in the solution and convergence, and the most common tools for determine the quality 

of the mesh is to examine the internal angle and determinant of the element. It is desired when 

applying a mesh to maintain element orthogonality (ANSYS® [2], Release 14.0).  

With more finite elements the better the resolution gets, but the model becomes heavier and the 

numerical calculation gets prolonged since the domain contains more elements to calculate 

(ANSYS® [3], Release 14.0). This also implies that if a mesh is not refined enough, the accuracy 

of the solution is limited; the underlying mesh doesn’t dissolve the fluid behavior well enough. 

Therefore it is significant to locate the areas in the domain where high resolution is needed and 

where it is not. 

5.3.1 Inlet section 

The domain is meshed by hexahedron elements and a mesh of the inlet section with a long duct 

is seen in Figure 26. 

 

Figure 26 a) Mesh of the inlet section with long duct. b) Outlet profile from the inlet section. 

A zone of importance that needs a higher resolution in this section is mesh close to surfaces in 

order to dissolve boundary layers correctly. In the convergent duct aerodynamic effects can be 

expected so it is also an area that needs higher resolution. A figure of the meshing close to the 

outlet surface is shown in Figure 26b).  The mesh is clearly of higher density close to the surface 

in order to dissolve the boundary layer. 

5.3.2 Test section 

The mesh of the cascade contains complex geometry with blades and a 90 degree turn for the 

fluid. When meshing complex geometries keeping element orthogonality is more difficult and the 

meshing process becomes more severe and a good meshing strategy is needed. Due to the 

x z 

y 
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complex geometry the meshing strategy of this part was to mesh the test section in 2D and then 

extrude it to 3D.  

 

Figure 27 2D view of the mesh 

For the test section it is important that the area close to the blades dissolves correctly as this is an 

area of interest as well as after the cascade as many aerodynamic effects can be expected. To save 

computer time the mesh upstream from the cascade can be less refined as the fluid can be 

expected to behave more uniform. The mesh in 2D is seen in Figure 27, and if examined closely, 

difference in mesh density upstream the cascade can be seen. A Figure of the mesh of the blades 

is shown in Figure 28.   

 

Figure 28 a) Blade mesh in detail b) Isotropic view of a meshed blade. 
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5.4 Simulation 

The simulation is done with a commercial CFD-solver, ANSYS-CFX release 14.0. The governing 

equations for this solver are Navier-Stokes equations and the turbulence is modeled with the 

    model. 

5.4.1 Reference values 

The guideline values used as basis for setting boundary conditions for the simulation and 

evaluation of obtained results are calculated by Prof. Torsten Strand. In order the achieve high 

exhaust Mach numbers a mass flow of 11.5kg/s and inlet conditions of 2.5 bar and a temperature 

of 65 degrees is necessary. The values are determined from a simple one- dimension calculation 

of average flow conditions in a number of sections along the draft test setup and can be seen in 

Table 1. The locations of the different sections are illustrated in the draft in Appendix 1. The 

calculations are derived from the conversation of mass law, perfect gas relation, and the Bernoulli 

equation. The pressure drops between each cross section are derived from typical values of 

percentage loss from similar geometries.  

Table 1 The calculated values at different cross section along the test setup 

 

As stated earlier the turbulence grid will not be modeled and therefore the pressure drop between 

section four and five will be neglected. The total pressure from section five and the continuing 

sections will therefore be modified with a raise of 0.15 bar to fit the model. 

5.4.2 Boundary conditions 

The problem is defined in CFX-Pre which is part of ANSYS-CFX. In order to achieve a solution, 

boundary conditions are set at the inlet, outlet and surrounding surfaces of the model. These 

boundary conditions are of most importance to achieve a solution that is converged to a 

satisfying level. The most robust boundary condition is to set a velocity/mass-flow at an inlet and 

static pressure at an outlet (ANSYS® [3], Release 14.0). The outlet boundary conditions are taken 

or derived from the calculations of Prof. Torsten Strand (see Table 1 above). 
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The boundary conditions for the inlet section are set to mass flow at the inlet and an average 

static pressure profile at the outlet. The static pressure is derived from the values from Table 1 

with the mass conservation law and the general Bernoulli equation. The static pressure from the 

Bernoulli equation is expressed as (White, 2011). 

             
 

 
    (20) 

The total pressure     , and the velocity  , are treated as known from the calculated values. The 

density, is derived from the mass conservation law as (White, 2011); 

    
  

  
 (21) 

Where, A, is the area of the cross-section and, v, is the average velocity at the same cross-section. 

The equation is now closed and an expression for the static pressure can be derived for every 

cross-section. For the test section, the output data from the inlet section is used as a boundary 

condition to the inlet of the test section.  

5.4.3 Convergence/Obtaining a solution 

The solution is calculated by CFX-Solver which calculates the governing equations given the 

model and boundary conditions. The software tries to find a solution to the problem with the 

governing equations through several iterations. Whenever an equation is not satisfied correctly 

the difference between the solutions is the residual. An exact solution has thus a residual of zero. 

The progress of the calculations can be monitored by plotting the governing equations residual. 

A figure of this can be seen in Figure 29. In order for a solution to converge the residual should 

decrease with increasing time steps. A solution is sufficiently converged for engineering 

applications when the RMS (Root Mean Square) residual is no higher than 1.0e-4. Values larger 

than that can be suitable to obtain a qualitative understanding of the behavior of the flow field 

(ANSYS® [3], Release 14.0). 

 

Figure 29 Convergence of a solution 



31 
 

5.5 Post processing 

The solution is analyzed in CFX-Post where the result of the simulation is processed. In CFX-

Post, data from the simulation can be extracted, plotted and the flow visualized in various ways. 

MATLAB is used to plot data that’s extracted from CFX-Post. 
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6 Results 

The results from the inlet section and the test section will here be presented and discussed. 

Aerodynamic effects that occur and the periodicity on the blades is also reviewed.  

6.1 Inlet section 

For the inlet section it is primarily the data at the outlet that is interesting as it is those values that 

will be used as boundary condition to the test section. It is especially the velocity and total 

pressure profile that is of interest and that they show an even distribution over the cross section. 

The impact of the two different converging ducts is examined and what aerodynamic effects they 

achieve.  

The velocity- and total pressure - profile at the outlet of the geometry with a steep curvature is 

seen in Figure 30.  

 

Figure 30 The total pressure profile in a), and in b) the velocity profile for the steep curvature 

  

 

The velocity- and total pressure- profile at the outlet of the geometry with a smoother curvature 

is seen in Figure 31. 
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Figure 31 The total pressure profile in a), and in b) the velocity profile for the smoother curvature 

The velocity is in the same range for both cases with a clearly shown boundary layer closest to 

the wall where the velocity reaches zero. However, in Figure 31, the velocity profile is more 

evenly distributed over the cross section. In the same way, the pressure distribution in Figure 31 

has a more constant value over the cross section. In Figure 30 both the velocity and total 

pressure profile has a more non-uniform profile at the cross section.  

In Figure 32 the velocity profile from the top cross section for both geometries can been seen. 

 

Figure 32 Velocity distribution at the top cross section for the geometry with steep curvature 

Flow direction 
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Figure 33 Velocity distribution at the top cross section for the geometry with smooth curvature 

In Figure 32 the reason for the non-even velocity profile at the outlet is clearly visualized. The 

steep curvature forces the fluid into the narrow channel with high velocity and angle to the center 

of the geometry and boundary layer separation occur shortly after the converging duct. The 

velocity evens out closer to the outlet but has not yet managed to create an evenly distributed 

velocity at the outlet. In Figure 33 the smoother curvature creates a stiller transition into the 

rectangular geometry where no wakes are created after the converging duct. This results in the 

velocity profile at the outlet that’s more evenly distributed over the cross section. It cannot be 

ruled out that when the fluid reaches the blades at the test section the velocity profile would be 

evenly distributed, however, it is clearly shown that with these geometries the smoother curvature 

creates a more preferable velocity profile to the inlet of the test section. 

 In both Figure 32 and 33 the velocity reaches values close to zero at the cross section to the 

converging duct. In Figure 34 the vector distribution of the velocity in that area is seen in detail. 

Here the reason for the velocity drop is clearly shown; a vortex is created due to the sudden 

change in geometry. These vortices drain energy when the kinetic energy is transformed to heat 

by viscous dissipation and a pressure drop is to be expected by this as stated earlier (see section 

4.3).  

Flow direction 
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Figure 34 Vertex distribution close to the convergent duct of steep curvature 

The mass flow average with reference to the total pressure and velocity at the inlet and outlet for 

the two geometries is presented with associated Mach number in Table 2.  The mass flow average 

is a function calculator in ANSYS CFX-Post that weights each value based on the mass flow 

assigned to the point on the 2D cross section (ANSYS® [4], Release 14.0). The reference values 

are the expected values that Prof. Torsten Strand has calculated and has been discussed in section 

6.4.1. 

Table 2 Results from the two different inlet geometries with reference values 

 Unit Steep Curvature Smooth Curvature Reference Values  

Total pressure Inlet  [bar] 2.55  2.53  2.50  

Total pressure Outlet  [bar] 2.50 2.50 2.48  

Pressure drop  [bar] 0.05  0.04  0.02  

Velocity Inlet  [m/s] 22.4 22.5 22.7 

Velocity Outlet  [m/s] 147 147 140.5 

Mach number Inlet  0.06 0.06 0.06 

Mach number Outlet  0.39 0.39 0.38 

 

The average values in Table 2 for the two different types of geometries follow the same pattern 

with similar values with small differences. The steep curvature has a total pressure that’s slightly 

larger and a pressure drop through the entire inlet section that’s slightly larger. Compared to the 

reference values the greatest difference is for the inlet total pressure and the pressure drop that 

follows. The larger values for the total pressure are most likely due to the inserted boundary 

Flow direction 
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conditions of mass flow that forces the total pressure to a higher level. The pressure drop that is 

calculated by Prof. Torsten Strand is probably based on an even smoother curvature. Both inlet 

geometries have a sharp and rough edge to the convergent duct where vortices were created as 

Figure 34 showed.  These vortices could be the reason for the larger pressure drop in both 

geometries compared to the reference values. The reason why the velocity values differ from the 

reference values is because of the boundary layers that occur according to the no-slip condition 

that prof. Torsten Strands calculations doesn’t take into account. The velocity in the result is also 

as previously mentioned calculated with the mass flow average function in ANSYS which take 

the boundary layers into account. 

The values in Table 2 shows that the average calculated values at the outlet of both geometries 

are very close and well in the range for calculation errors from the simulation.  

6.2 Test section 

The test section is of complex geometry and finding a solution that was satisfyingly converged 

proved to be difficult. The CFX-Solver had difficulties finding a solution that could fully satisfy 

the problem and this leads to that the result and its values are unreliable. A number of different 

boundary conditions with both values from the inlet section and values from the calculated 

values were tested and all had converging problems except one, mass flow at the inlet and 

average static pressure. However, a converged solution is not the same as a reliable and correct 

solution. In the process when CFX-Solver tries to find a solution it might force values that are 

physically not possible or unrealistic. 

A list of the boundary conditions that were tested is shown in Table 3.  

Table 3 Boundary conditions that were tested 

Boundary condition IN OUT 

1 Total pressure –profile from inlet 

section 

Average static pressure 

2 Average total pressure from inlet 

section 

Average static pressure 

3 Average total pressure from inlet 

section 

Higher average static pressure 

4 Mass flow Average static pressure 
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In Table 4 average values of the total pressure, velocity, Mach number, density and mass flow is 

compared to the expected reference values. 

 

Table 4 Average results from different boundary conditions 

Boundary 

condition 

Tot. 

press. 

in  

Tot. 

press. 

Out  

Velocity 

in  

Velocity 

out  

Mach 

numb. 

in 

Mach 

numb. 

out 

Mass 

flow  

Density 

in  

Density 

out  

Conver

ged 

Unit [bar] [bar] [m/s] [m/s]   [kg/s] [kg/m3] [kg/m3]  

Reference 

values 

2.49 1.32 140.5 198.6 0.381 0.539 11.5 2.163 0.961  

1 2.51 1.24 68.3 144 0.184 0.766 5.04 2.49 0.891 NO 

2 2.50 1.31 59.3 394 0.159 1.05 4.98 2.47 0.748 NO 

3 2.50 1.78 59.3 192 0.159 0.513 4.94 2.47 1.51 NO 

4 5.68 1.57 58.3 383 0.159 0.633 11.5 5.78 1.12 YES 

 

As Table 4 clearly shows, the values differs greatly depending on which boundary conditions that 

is used which indicates the solution is not stable and it is hard to draw any sensible conclusions. 

The boundary conditions that use pressures (1-3) behave uniformly even if the values differ from 

one and another. The largest difference from the reference values is the mass flow which is more 

than half of what it is supposed to be. It is obvious that the solver has failed to find a reasonable 

solution to the problem and forced the mass flow to a smaller value in order to find a solution. 

The solution that converged (Boundary condition 4) has the right mass flow but instead 

computes total pressures that are unrealistic.  

The CFX-Solver behaved most reliable with boundary condition number 2 where an average 

total pressure from the inlet section were used  and therefore further analyses will be done on this 

case but as have been mentioned earlier – the results are not correct. As have been discussed in 

section (5.4.3), the CFX-Solver calculates the RMS-values of the residual for the governing 

equations and a figure of the RMS-values for this case is seen in Figure 35.  
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Figure 35 Plot of the RMS-values in CFX-Solver with target value 

The behaviour of the calculations in Figure 35 is that the program struggles to find a correct 

solution and convergs to a level where at least one RMS is well under the target value. The RMS 

V-Mom has the highest value at the end of the iterations. Figure 36 shows all values from the 

RMS V-Mom that are over the satisfiengly level of 1.0e-04. Most of the values are behind the 

cascade and in the outlet section. The blades and tailboards that is the most interesting part are 

relativly free from values over the target value. This can indicate that even thou the values are 

incorrect, the behaviuor of the fluid still holds some certanity.  
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Figure 36 Plot of the locations where value of the RMS V-Mom residual is greater than 1.0e-04 in body in a) and zoomed in on 
cascade in b) 

The reason way the CFX-Solver doesn’t find an acceptable solution can be numerous and hard to 

determine. One or many of the following sources can have impact on the result: 

 The mesh is not good enough. The density and quality of the mesh greatly impact how 

the solution converges, especially in areas of interest where wakes, vortices, shockwaves 

etc. are created.  

 Poor boundary conditions that interferes with the solver and creates unrealistic solutions.  

 The model is too complex. A large mass flow is supposed to go through a narrow passage 

and many aerodynamic difficulties can be expected from this that complicates the 

calculations. 

 A consequence to the complex problem can result in that the solver needs initial values in 

form of previous solutions to converge. Different sort of turbulence models or initial 

values for them can also impact on the result. 

 Transonic flow is known to create big convergence problems. 

 

 

 

 

 



40 
 

A figure of the streamlines across the test section and zoomed in on the cascade is seen in Figure 

37. 

 

Figure 37 Streamlines in the test section, a), and over the cascade in b) 

The streamlines in Figure 37 a) shows a huge vortex in the outlet that the solver can have 

difficulties with and it is clearly visualized that it affects the total flow after the cascade. If Figure 

37 a) is compared with Figure 36 a), the vortex is coinciding with the max RMS-values which 

proves that the solver have problems with that area. In Figure 37 b) the streamlines across the 

cascade are behaving in an unexpected way – instead of following the profile of the blade, the 

streamlines are pressed outwards against the big tailboard. This can indicate that the passage 

between the blades are too narrow for the mass flow and forces the fluid outwards. This can be a 

consequence from the angle that the blades are set up to together with the angle that the 

tailboards have. If the angles of the tailboards are set up to create a larger cross section area the 

behavior of the flow is likely to change. This can also affect the possibility to achieve 

convergence for the solver as the velocity reaches high values at these areas. A figure of the Mach 

distribution across the cascade at midspan is seen in Figure 38.     
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Figure 38 Mach distribution across the cascade at midspan 

In Figure 38 transonic flow is seen with high Mach numbers across the cascade with starting 

points from the blades trailing edge. With values over M1 (Mach 1) shockwaves would be 

expected and possible shockwaves are marked in Figure 38. A shockwave might develop from 

the trailing edge and spread towards the big tailboard. The behavior of a shockwave is that it 

bounces on walls and repels back – indications of this can also be seen in Figure 38. As earlier 

stated the solution is not dependable and analysis must be taken with this into account. Transonic 

flow with shockwaves is well known to be hard to model and calculate as earlier studies have 

shown (Martinez, 2011). 
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6.3 Study of blade periodicity 

One of the objectives and challenges in this project is to investigate and achieve periodicity across 

the blades. In this section, analyzing of the three center blades is done. Experimental testing will 

be done on the center blade so therefore it is important that the flow repeats itself over the 

closest blades. A figure of the pressure distribution across the cascade is seen in Figure 39. The 

figure can indicate some periodicity across the blades as the same pressure pattern repeats itself.  

 

Figure 39 Pressure distribution across the cascade at midspan 
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Plots of the blade loading for the different blades are seen in Figure 40 and 41. 

 

Figure 40 Plot of the blade loading at the different blades 
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Figure 41 Plot of the blade loading of all blades 

When the blade loading are plotted together in Figure 41 some clear dissimilarities are shown. 

The pressure sides of the blades follow the same pattern to the trailing edge where the pressure 

suddenly drops and spikes at different locations. On the suction side, Blade 0 and Blade -1 follow 

the same values while Blade +1 has a slightly lower value. Blade 0 deviates most from the 

pressure patterns at 85 percent of chord with a spike. The spikes at the trailing edge could be an 

indication of the shockwaves that has been discussed before. The profiles follow some similar 

behavior until the trailing edge where the pressure spikes and drop in an irrational behavior. This 

can indicate that the mesh density is too coarse close to the trailing edge and not able to dissolve 

the distribution correctly.  
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Plots of the blades Mach distribution is seen in Figure 42 and 43.     

 

Figure 42 Plot of the Mach distribution at the different blades 
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Figure 43 Plot of the Mach distribution of all blades 

The Mach number distribution indicates the same as the blade loading. Some periodicity is seen 

on both the pressure and the suction side along the blade surface until the trailing edge. Blade 0 

deviates with a spike at 85 percent of the chord which correlates with the spike of pressure which 

can be seen in Figure 41. M1 (Mach one) is found at the suction side at around 75 percent of the 

chord and on the pressure side at 90 percent of the chord. This correlates with where the 

narrowest part is found between the blades. According to the theory of a convergent nozzle the 

transition to M1 is found at the narrowest part. A visualization of the transition to M1 is seen in 

Figure 44 where green is velocities below M1 and red is velocities over M1.   

 

Figure 44 Trailing edge of blade and the transition to Mach one where green is below M1 and red is over 
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6.4 Sensitivity analysis 

In order to evaluate the mesh dependency of the solution, a sensitivity analysis of the mesh 

densities impact on output data is necessary. The mesh size is therefore scaled by factor plus 

minus 20 percent resulting in an increase and decrease of elements to be able to judge if the 

results are mesh-independent or not.  

As the solution did not converge in the test section, no mesh sensitivity study has been carried 

out at this part of the model, but the mesh density has high impact on the resolution of wakes, 

vortices etc. In one of the earlier attempts in obtaining a solution for the test section, based on a 

more coarse mesh, the vortices in the outlet part did not dissolve resulting in causing backflow 

into the domain from the outlet. 

A mesh sensitivity analysis of the inlet section is presented in Table 5. 

 

Table 5 Result from the mesh dependency study  

Scale factor Mesh size – inlet section  Total pressure out Velocity out 

Unit [Elements] [Bar] [m/s] 

1.0 (used for results) 641080 2.4990 146.7 

0.8 339598 2.4992 146.8 

1.2 1145088 2.4987 146.7 

 

As can see in Table 5, the mass flow average total pressure and velocity change due to mesh 

density is negligible. On the average properties the density-dependency is very low, but as stated 

earlier a high density mesh dissolves fluid behavior better than a low density mesh. In the inlet 

section where the fluid isn’t exposed to complex geometry and as high velocity as in the cascade, 

the fluid behaves more calmly and phenomena such as wakes, separation doesn’t occur to the 

level it requires a high density mesh to converge and get reliable resolution. 

6.5 Sustainable gas turbines 

In today’s modern society, the focus on achieving a sustainable future is all around us - and the 

gas turbine industry is no exception.  When gas turbines are so integrated in the modern world 

with applications in many areas it is no wonder they will stick around for some time.  In order for 

the gas turbine to keep its dominant position future research needs to keep focusing on 

developing the gas turbine for a sustainable future. Since the early days of the gas turbine in 

1940’s the focus has been on increasing the efficiency in various ways. And progress has been 

made, since the gas turbine introduced the efficiency is raised with reheating systems from 17 

percent to nearly 60 percent (Mitsubishi Heavy Industries, 2011). But to get gas turbines without 

reheating systems to achieve such values - more research needs to be done. The turbine cascade 

works as an important tool in experimental study of turbine components. With a relatively simple 

way, fluid conditions that satisfy the conditions in a real gas turbine are achieved. Crucial research 

in the areas of raising the inlet temperature and minimize energy losses in the turbine can all be 

studied and improved. This project will hopefully serve as a stepping stone to further research at 
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KTH which will lead us closer to a sustainable future were the gas turbine still holds its important 

position.   

7 Conclusions and suggestions for further work 

For the inlet section values from the outlet was compared with the reference values and plots of 

different profiles were examined. The average values from the outlet were well in the range for 

acceptable values compared to the reference values for both of the geometries except a slightly 

higher pressure drop. However, the pressure- and velocity profile for the outlet did differ. For 

the inlet section with smooth curvature – a more uniform pressure- and velocity profile presented 

itself at the outlet cross section. The conclusion is that a convergent duct with similar geometry 

but with a smoother transition to the convergent duct will both minimize the pressure drop and 

maintain correct values with an evenly distributed profile at the outlet. 

The solution for the test section did not converge satisfyingly in the CFX-Solver and therefore 

the results from this section are hard to analyze. The results differ greatly from the reference 

values which further imply the uncertainty of the results. The reason for the convergence 

problem could be numerous and further work should focus on this. A refined mesh on areas of 

interest together with initial values for the solver could be a step to the right direction.  

Periodicity over the blades is important to simulate the conditions in a real gas turbine and the 

blade loading and Mach distribution were analyzed over the mid span of the blade. The blades 

showed some periodicity at two thirds of the axial chord but stopped close to the trailing edge. 

Further work should be focused on investigating different angles of the tailboards to see how 

they affect the flow around the blades to achieve full periodicity.  

The condition for this model with a high mass flow entering a narrow channel creates many 

aerodynamic effects that greatly affect the possibility to get a reliable solution. Further work 

should be focused on getting a reliable solution to the test section and further investigate the 

reason for this problem. The outlet section should also be properly analyzed and how it affects 

the cascade upstream.  
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9 Appendix 1 – Proposal draft 

Proposal draft for installation of the linear cascade rig by Prof. Torsten Strand. 
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10 Appendix 2 – Blueprint of the test section 

Blueprint of the test section: 

 

 

 

 

 

 


