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ABSTRACT 

 
The gas turbine is one of the most important parts of the air-breathing jet engine. Hence, 

improving its efficiency and rendering it operable under high temperatures are constant goals for 

the aerospace industry. Two types of flow within the gas turbine are of critical relevance: The 

flow around the first row of stator blades (also known as the nozzle guide vane blade - NGV) and 

the cooling flow inside the turbine blade cooling channel. The behavior of the former flow type 

affects the total pressure level downstream of the NGV, thereby affecting the efficiency of the gas 

turbine. The behavior of the latter flow type affects the cooling performance of turbine blades, 

having a direct effect on the maximum total temperature the turbine material can withstand, as 

well as affecting the level of thrust produced via the total temperature. The flow in the vicinity of 

the turbine blades and the endwall boundary layer has a great effect on the behavior of the overall 

flow through the gas turbine. The flow near the pin-fins contained inside turbine blade cooling 

channels dictates the cooling performance of the blade. These two facts have prompted the 

aerospace industry to investigate the potential benefits of modifying the shape of the endwall. The 

results of various studies showed improvements in both flow types. Following this thought 

process, this thesis study focused on finding innovative ways of attaining even higher 

performance. We previously demonstrated that adding upstream endwall fences leads to 

beneficial changes in the flow near the NGV blade. Inspired by our prior findings, we decided to 

analyze the effects of endwall shape modifications on turbine cooling channel flow, in addition to 

the flow near the NGV. In short, the subject of this thesis work was to search for methods that 

could improve the characteristics of these two types of flows, thus enabling superior engine 

performance. The innovative aspect of our work was to apply an endwall shape modification 

previously employed by non-aerospace industries for cooling applications, to the gas turbine 

cooling flow which is vital to aerospace propulsion.  
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 Since the costs of investigating the possible benefits of any idea via extensive 

experiments could be quite high, we decided to use computational fluid dynamics (CFD) 

followed by experimentation as our methodology. We decided to analyze the potential benefits of 

using vortex generators (VGs) as well as the rectangular endwall fence. Since the pin-fins used in 

cooling flow are circular cylinders, and since the boundary layer flow is mainly characterized by 

the leading edge diameter of the NGV blade, we modeled both the pin-fins and the NGV blade as 

vertical circular cylinders. The baseline case consisted of the cylinder(s) being subjected to cross 

flow and a certain amount of freestream turbulence. The modifications we made on the endwall 

consisted of rectangular fences. In the case of the cooling flow, we used triangular shaped, 

common flow up oriented, delta winglet type vortex generators as well as rectangular endwall 

fences. The channel contained singular cylinders as well as staggered rows of multiple cylinders. 

For the NGV flow, a rectangular endwall fence and a singular cylinder were utilized. 

Using extensive CFD modeling and analysis, we confirmed that placing a rectangular 

endwall fence upstream of the cylinder created additional turbulent mixing in the domain. This 

led to increased mixing of the cooler flow in the freestream and the hotter flow near the endwall. 

As a result, we showed that adding a rectangular fence created a 10% mean heat transfer increase 

downstream of the cylinder.  

When vortex generators are used, as the flow passes over the sharp edges of the vortex 

generators, it separates and continues downstream in a rolling, helical pattern. Combined with the 

effect generated by the orientation of the vortex generators, this flow structure mixes the higher 

momentum fluid in the freestream with lower momentum fluid in the boundary layer. Similar 

turbulent mixing behavior is observed over the entire domain, near the cylinders and the side 

walls. As a result, the heat transfer levels over the wall surfaces are increased and improved 

cooling is achieved. The improvements in heat transfer are obtained at the expense of acceptable 

pressure losses across the cooling channel. When the vortex generators are used, the CFD 
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modeling studies showed that overall heat transfer improvements as high as 27% compared to the 

baseline case are observed inside a domain containing multiple rows of cylinders. A price in the 

form of 13% pressure loss increase across the channel is paid for the heat transfer benefits. 

Experiments conducted in the open loop wind tunnel of the Turbomachinery Aero-Heat Transfer 

Laboratory of the Department of Aerospace Engineering of Penn State University supported the 

general positive trend of these findings, with a 14% overall increase in heat transfer over the 

constant heat flux surface when vortex generators are installed, accompanied by an 8% increase 

in pressure loss.  

To our knowledge, our study is the first to demonstrate the positive effects of vortex 

generators used in conjunction with circular pin-fins on the heat transfer properties of gas turbine 

blade cooling channel flow. The findings of our study may also have practical implications for 

other scientific and industrial fields using flows of similar Reynolds numbers. 
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NOMENCLATURE  

 

 

ὙὩ  =  Reynolds number based on the cylinder diameter  =   Ð
 

ɟ = Density (kg/m
3
) 

ɛ = Viscosity (kg/m.s) 

ὟÐ = Ὗ  = Freestream velocity in the streamwise direction (m/s) 

Ὗ  Inlet velocity profile (m/s) 

k = Turbulent kinetic energy (m
2
/s

2
) = Ὗ Ὅ  

ɤ = Magnitude of vorticity (1/s) = 
Ⱦ

Ⱦ  

I t = Turbulence intensity (%) 

l = Turbulence length scale (m) 

cɛ = A coefficient related to the k- ɤ SST turbulence model  

h = Heat transfer coefficient (W/m
2
.K) 

x = Streamwise direction 

y = Lateral direction 

z = Vertical direction 

ὖ = Static pressure (Pa) 

ὖ = Total pressure (Pa) 

ὅ    Static pressure coefficient 

ὅ   
  Mass averaged total pressure based Cp within complete y-z planes 
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ὅ       

   

  Mass averaged total pressure based Cp within 2 

mm high rectangular y-z planes 

D = Cylinder diameter (m) 

 

St = Strouhal number 

 

f = Frequency (Hz) 

 

ŭ = Boundary layer thickness (m) 

Ὦ
Ȣ Ⱦ  Colburn factor 

ὖὶ  Prandtl number 

ὔό  
Ȣ

 Nusselt number based on channel height  

ὙὩ
Ȣ

  Reynolds number based on channel height  

Ὢ
Ў

ὑ   Fanning friction factor     

ὑ πȢφ„ ςȢτ„ ρȢψ   Empirical expansion-contraction coefficient  

„   Channel size factor    

N = Number of channel areas 

Wpass = Passage width (m)    

W = Domain width (m) 

ὔό  = Nusselt number based on diameter  

Ὢ  = Static pressure loss factor 

Vh = Voltage across the heater strip (V) 

Rh = Resistance of the heater strip (Ohms) 
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Ah = Area of the heater strip (m
2
) 

I = Vh / Rh = The current passing through the heater (Amperes) 

Ὕ  = Freestream static temperature (C or K) 

Ὕ  = Surface temperature on the kapton heater (C or K) 

Ὧ  = Thermal conductivity of depron (W/m.K)
 

Ὕ  = Temperature read from the thermocouple between the depron and heater surface (C or K) 

Ὕ  = Temperature read from the thermocouple between the depron and  

plexiglass surface (C or K) 

ή Ὧ  = Conductive heat loss (W/m
2
) 

ή   = Total heat flux (W/m
2
) 
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Chapter 1  
 

Introduction  

 

The air-breathing jet engine is the driving force of modern day aircraft. While every one 

of its components has unique functions and purposes, the gas turbine stands out as one of the 

most crucial of these components. The energy which is extracted from the fuel-air mixture by the 

turbine keeps the engine running, therefore ensuring the continuous flight of the aircraft. Thus, 

the proper and efficient operation of the gas turbine is of utmost importance. 

There are many subtopics of gas turbine technology that are of unique significance; this 

thesis work will focus on two specific ones: The cooling flow within gas turbine blades and the 

flow near the nozzle guide vanes (NGV). 

The total temperature at the inlet of the turbine directly contributes to two important 

factors: The efficiency of the turbine 
[1]

 and the amount of thrust generated by the engine 
[2]

. In 

other words, the higher the value of the total temperature, the higher will the efficiency and thrust 

become. Consequently, it is of paramount importance to render the engine operable at the highest 

possible total temperature. One method of doing this will be to generate/find new materials strong 

enough to withstand the total temperature as well as the mechanical stress. A less complicated 

method of attaining higher operational total temperatures would be to improve the cooling of the 

blades themselves. In addition, even if stronger materials were found, cooling would still create 

additional performance. Therefore, improving the cooling of turbine blades will be extremely 

useful under any circumstance. 

Increasing the heat transfer within turbine blade cooling channels by promoting turbulent 

mixing is a very effective way of improving the cooling. Cylindrical pin fins of various 
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alignments and configurations serve this purpose very well, because they create a flow of 

increased turbulence and unsteady character compared to the plain channel which does not 

contain pin fins. The flow of increased turbulent nature in turn promotes additional convective 

heat transfer. 

 

 

Figure 1.1 Internal layout of the gas turbine cooling channel, pin-fin cooling region  

circled in red 
[3]
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Pin-fins of different shapes and types, circular and non-circular alike have been 

investigated in great detail. An experimental study which places rows of straight or inclined pin 

fins to determine their effect on heat transfer levels has been done by VanFossen 
[4]

. This study 

also makes a comparison of long versus short pin fins (shorter than 4 cylinder diameters in 

length), leading to the heat transfer coefficients on the pin surface being 35% higher than the 

endwall surface, and the short pin fins creating an important increase in heat transfer levels when 

compared to the channel with no fins installed. Metzger and Haley 
[5]

 performed an experimental 

study where the effect of rows of short pin fins made out of heat conducting and non-heat 

conducting material had on heat transfer was analyzed. It was observed that both the non-

conducting and conducting pin fins generated a similar result, and both showed an increase in 

heat transfer when compared to the channel with no fins installed. Uzol and Camci 
[6] 

have 

conducted an experimental study consisting of three different pin fin arrays. The techniques used 

were Liquid Crystal Thermography and Particle Image Velocimetry (PIV), for pin fin geometries 

which are circular, simple elliptic (SEF) and N-type (consisting of a NACA 4-digit profile). The 

SEF and N-type fin arrays performed better in terms of total pressure loss, whereas the circular 

pin fin array resulted in a 27% increased heat transfer rate compared to the other geometries. 

Another experimental study which investigates the effect of placing a circular pin fin with no tip 

clearance (distance between the fin tip and endwall) and fins with varying amounts of clearance 

shows that improvements in total pressure loss levels are obtained with moderate heat transfer 

decreases
 [7]

.  

 Another method to improve heat transfer is to use vortex generators (VGs) as turbulence 

promoters 
[8-10]

.  The specific name "vortex generator" comes from the fact that vortex generators 

induce additional longitudinal vortices into the domain they are inserted in. Aside from their 

usage in boundary layer separation control on the lifting and control surfaces of high-performance 

swept wings, VGs with various geometric properties are installed on flat plate fins and on plate 
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fins which have a pin fin (such as a circular or elliptical pin fin), in order to enhance heat transfer 

for certain heat exchanger and cooling applications.  

 In the case of a delta wing type VG, when flow approaches the VG inclined at a certain 

angle of attack with a finite amount of velocity, a region of high pressure is formed below the 

wing 
[8]

. Conversely, a region of low pressure is formed above the wing. Friction causes the flow 

to separate over the side edges of the wing, and the flow begins to roll-up from below the wing 

towards the top. Consequently, this roll-up is shed hundreds of wing chord lengths downstream of 

the wing. Vortex generators also have different forms which operate on similar vortex generation 

principles, such as the delta winglet type vortex generator. Depending on how they are oriented 

with respect to the oncoming flow, the delta winglet type vortex generators are classified under 

two main groups: "Common flow up" and "Common flow down" 
[9]

. When the common flow 

within the two legs of the longitudinal vortex is directed upwards and away from the wall, these 

are called common flow up type VGs. Conversely, when the common flow within the two legs of 

the longitudinal vortex is directed downwards and towards the wall, these are called common 

flow down type VGs. Common flow up leads to the thickening of the boundary layer inside the 

vortex wake, whereas common flow down leads to the thinning of the boundary layer within the 

wake. The shed vortices are called longitudinal vortices, and their axes are parallel to the surface 

the wing is attached to. The core of the longitudinal vortex is a high velocity, low pressure zone. 

Also, when a vortex generator or multiple VGs are installed on a plate fin which has a pin fin, 

they usually increase the size of the wake which leads to an increased pressure drop downstream 

of the pin fin. If they are installed on flat plate fins, then they also induce an additional pressure 

drop. However, this adverse effect is considered acceptable since they have a very important 

benefit: Due to their orientation and separation inducing thin geometric structure, the VGs cause a 

massive increase in turbulent mixing inside the flow. As the flow passes over sharp edge of the 

vortex generator, it separates and detaches from the surface. It then continues downstream in 
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between the confined zone created by the vortex generators in a vortical pattern. This vortical 

flow structure induces increased turbulent mixing into the domain, which combines the high 

momentum flow in the freestream with the relatively lower momentum flow near the endwall and 

pin-fin surfaces. Thus, the exchange of hot and cold air is promoted in the boundary layer region 

as well as the majority of the domain, leading to increased heat transfer over the endwall and pin-

fin surfaces. This fact is put to use in many heat exchanger applications such as the cooling 

devices for automobile engines, which employ very shallow (width to height ratio 30-100) 

channels with low Reynolds numbers (around 500-2000). However, it has not been used widely 

for cooling purposes in gas turbine cooling channel flow. We think that investigating the benefits 

of the vortex generator concept will be invaluable to our current investigations which involve 

turbine cooling passages, as well as other disciplines which require improved heat transfer using 

turbomachinery scale Reynolds numbers. For gas turbine cooling channel flow, the width to 

height ratio varies between 1 and 8, and the Reynolds number range is between 10000 and 

100000. It should be noted that, due to the increased flow blockage they add into the flow zone, 

the heat transfer improvements obtained using the vortex generators involve an increase in the 

pressure loss across the channel. Therefore, it is aimed to obtain heat transfer improvements while 

keeping the pressure loss increase as low as possible. 

The gas turbine's efficiency is adversely affected by the viscous loss generated due to the 

horseshoe vortices which form around turbine NGVs and rotor blades 
[11]

. Compared to the 

freestream flow, the endwall boundary layer contains a momentum deficit, which is the main 

reason behind the generation of the horseshoe vortex 
[12]

. A portion of the hot gas mixture of air 

and fuel is transported by the horseshoe vortices from the combustor exit towards the NGVs. The 

aerodynamic and heat transfer characteristics of the flow around turbine inlet flow could be 

improved if the location at which such vortices form were known. As a result, the allowed 

operational total temperature at the turbine inlet would be larger, which would also imply the 
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presence of a higher turbine efficiency. In addition, the convection of horseshoe vortices into 

turbine passages which contain high speed flows creates a noticeable total pressure loss. All of 

these factors urge the necessity to understand and improve the conditions imposed by the 

horseshoe vortex.  

Two physical features combine to create a roll-up within the streamwise plane of 

symmetry: First, the presence of the wall boundary layer leads to the separation of the fluid from 

the hub endwall at a wall saddle point 
[13]

. Compared to the boundary layer flow the freestream 

has larger momentum. Due to this difference in momentum levels, the flow which stagnates near 

the saddle point undergoes a rolling motion 
[13]

. Second, the bluff body located downstream 

imposes an adverse pressure gradient, which is impossible for the fluid to compensate for after a 

certain point 
[14]

. Subsequently, the roll-up in mention progresses downstream in the shape of a 

horseshoe.  

Various experimental studies have been conducted to investigate the behavior of 

horseshoe vortices and the effects that accompany them 
[13-17]

. The time dependent characteristics 

of and the heat transfer in the vicinity of a horseshoe vortex around a body having a symmetric 

airfoil profile have been studied by Praisner and Smith 
[16], [17]

. Hada et al. observed that the heat 

transfer near the leading edge-hub endwall junction was strongly influenced by the leading edge 

diameter in their study which contains a computational validation of their experiments 
[18]

. 

Detailed experimental analysis of horseshoe vortex formation around a vertical cylinder in cross 

flow has been carried out by Eckerle and Langston 
[13] 

and Eckerle 
[14]

. Eckerle and Awad have 

provided a correlation based on the Reynolds number calculated using the diameter of the 

cylinder 
[15]

. A number of researchers have shown that utilizing endwall fences placed within 

turbine passages and the turbine environment in general will be beneficial 
[19-21]

. The literature on 

horseshoe vortices and turbine aerodynamics in general suggests that modifying the endwall 

shape at aerodynamically crucial locations could result in fewer losses.  
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Building an experimental setup to investigate fluid properties inside the cooling channel 

and/or around the NGV blade is possible; however, it will be an expensive endeavor, both in 

terms of time and funds. On the other hand, thanks to the high computing capabilities of modern 

computers, modeling the flow within such domains with the use of Computational Fluid 

Dynamics (CFD) is a fast and economical method. Furthermore, the best results obtained using 

CFD will suggest optimum configurations, and a lot of time and resources may be saved by 

experimenting only with such optimum configurations.  

Keeping in mind the points mentioned about turbine cooling channel flow and the flow 

around a NGV, and after having studied the previously published work, we conducted 3 CFD 

based studies 
[22], [23], [24]

. Throughout these studies, along with the circular cylinder shaped pin fin, 

we modeled the NGV blade as a circular cylinder, where the diameter of the cylinder is 

proportional to the leading edge diameter of the blade. The leading edge diameter of the NGV is 

the dominant factor which affects horseshoe vortex formation around the blade and near the hub, 

and as such, it is reasonable to use this proportionality in the numerical computations. The main 

idea behind these studies was to insert an endwall fence upstream of the cylinder. In the case of 

the flow around a NGV, the fence is expected to partially or totally relieve the adverse effects of 

the horseshoe vortex from the flow domain, and successfully modify the location of the main roll-

up and subsequent horseshoe vortex. These goals are desired to be achieved without affecting the 

freestream region. The results indicated that these goals were attained 
[22], [23], [24]

. For the flow 

around a NGV, the rectangular endwall fence successfully modified the shape and location of the 

main horseshoe vortex roll-up 
[22], [23]

. The endwall fence will yield decreased interaction between 

consecutive horseshoe vortices if used in a turbine NGV row 
[22], [23]

. Furthermore, when placed at 

an even bigger distance upstream of the cylinder, the endwall fence will result in slight spanwise 

total pressure as well as local, mass averaged total pressure improvements downstream of the 

cylinder 
[24]

.  
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During our studies involving the endwall fence and the flow around the NGV, we 

observed that the endwall fence significantly increases the turbulent mixing inside the domain. 

Turbulent mixing is a great contributor to improving heat transfer, therefore we decided to 

investigate the potential effect of using the endwall fence inside the turbine cooling channel flow 

as well 
[24]

. The presence of the endwall generates an increase in turbulent mixing and turbulent 

kinetic energy levels within the cylinder wake. Hence, a higher amount of heat transfer - an 

average of 10% increase when compared to the baseline case with no fence installed - towards the 

hub surface is observed within the cylinder wake 
[24]

. This is an important result for circular pin 

fins, because increased heat transfer coefficient levels over the hub surface implies that improved 

cooling can be achieved through the application of such fences.  

The final part of this study focuses on the turbine cooling channel flow. Inspired by the 

results we obtained regarding heat transfer, we decided to investigate the effect of the vortex 

generator on heat transfer in our domain. We inserted two pairs of common flow up oriented, 

delta winglet type vortex generators inside a channel which contains an array consisting of three 

rows of staggered cylinders, and investigated the flow behavior at various Reynolds numbers. 

The computational study of this setup resulted in an important finding: The vortex generators 

increase the exchange of high and low momentum flow inside the domain, which results in 

significantly improved heat transfer, as high as a 27% overall increase compared to the baseline 

case which has no vortex generators involved. This improvement was accompanied by a 13% 

increase in static pressure loss across the channel, which is an acceptable amount for gas turbine 

cooling channel flow. We also carried out an experimental study to verify our computational 

results: Experiments conducted in the open loop wind tunnel located in the Turbomachinery 

Aero-Heat Transfer Lab show that the vortex generators result in an overall 14% heat transfer 

increase compared to the baseline case, over the constant heat flux surface, validating the general 
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trends obtained during the CFD study. The static pressure loss increase across the channel 

associated with the experiment was 8%. 

The CFD simulations were carried out with the commercially available software 

FLUENT which is developed by ANSYS. The meshing software used, GAMBIT, is also a 

product of ANSYS. The k-˖ model with Shear Stress Transport (SST) has been used due to its 

reputation for generating good results with flows containing adverse pressure gradients. The 

Reynolds numbers we have used in our simulations range between 11000 and 83000.  

Our work has the unique characteristic of applying an endwall shape modification 

previously employed by non-aerospace industries for cooling applications, to the gas turbine 

cooling channel flow which is vital to aerospace propulsion for the first time.  

The conclusions drawn from this study are very important because they demonstrate that 

the usage of vortex generators generate a noticeable improvement in the cooling properties of the 

cooling channel flow. As a result, the operational performance of gas turbines will be improved. 

In addition to the aerospace industry, the improved heat transfer properties will also be beneficial 

for any discipline and application which contains channel flow using a similar Reynolds number 

range and channel width to height ratio. An example to these additional fields would be cooling 

applications for computers. 
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Chapter 2  
 

Literature Review: Past Studies focusing on Heat Transfer and Performance 

Increase in Channel Flow and Turbine Flow 

In order to obtain information which is crucial to our analysis of the turbine channel 

cooling flow and the flow development around the NGV blade, an important number of studies 

previously published have been investigated. This chapter provides the main aspects of some of 

these studies beginning with horseshoe vortex formation, continuing with endwall shape 

modification and concluding with pin-fins and cooling applications. 

Eckerleôs PhD thesis contains a detailed study of horseshoe vortex formation around a 

cylinder in cross flow 
[14]

. The results show the formation of a single, main vortex in the plane of 

symmetry, and no other vortices were present. The formation of the horseshoe vortex and whether 

multiple vortices form or not depend on the Reynolds number used. The measurements of flow 

conditions within the plane of symmetry showed good agreement with the potential flow solution. 

Eckerle and Langston conducted an experimental investigation of the horseshoe vortex formation 

around a cylinder in cross flow 
[13]

. They have carried out extensive measurements of pressure 

and velocity, in addition to obtaining visual images of the surface flow. The horseshoe vortex was 

completely within the endwall boundary layer, and its extending legs tended to move away from 

the main flow axis. Eckerle and Awad found a new parameter which depended on the Reynolds 

number based on the cylinder diameter and the momentum thickness 
[15]

. This number correlated 

well with their own experimental results and those of two other published studies. 

 Goldstein and Karni investigated the effect of the endwall boundary layer and three-

dimensional secondary flows on heat and mass transfer 
[25]

. They have noted that due to the 

interaction between the endwall boundary layer and the cylinder, the resultant three-dimensional 
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secondary flows increased the heat transfer within the cylinder wake at distances up to 3.5 

cylinder diameters from the wall. Praisner and Smith analyzed the temporal dynamics of the 

horseshoe vortex and the resulting heat transfer around a symmetric airfoil shaped vertical 

body
[16], [17]

.  Four different vortex formations within the symmetry plane have been observed, and 

the secondary vortex which forms right below the saddle point is replaced by a fluid inrush, 

which implies the displacement of the endwall boundary layer from the wall and its subsequent 

mixture with the horseshoe vortex. Similar to these studies in content, Hada et al. conducted an 

experimental work on flow around a symmetric airfoil 
[18]

. It is concluded that the leading edge 

diameter has an important influence on the endwall heat transfer near the endwall-leading edge 

junction. In addition, they conclude that the endwall heat transfer coefficient is directly 

proportional to the Reynolds number based on the leading edge diameter of the airfoil.  

 Modifying the shape of the endwall to improve flow attributes within turbines has been 

the subject of a number of studies 
[19-21]

. Most of these studies focused on the results of placing 

endwall fences within turbine passages to control cross flow. The potential benefits of placing a 

boundary layer fence on the endwall to reduce the effects of passage vortices on turbine passage 

flow has been investigated by Camci and Rizzo 
[19]

. They found that, within a 90 degree turning 

duct which had a square cross section of 203 mm by 203 mm, all cases involving a fence height 

of 12.7 mm resulted in decreased total pressure loss when compared to the no-fence case, which 

shows that endwall fences mounted on the endwall have promising characteristics which can 

improve turbine performance. Rizzo's experimental work shows that a thin fence which extends 

from the 0ϊ to 90ϊ planes, has a height equal to half the boundary layer thickness, has a width of 

4.7 mm and is located in the middle of the pressure and suction sides of the duct reduces 

secondary flow effects by modifying the shape of the passage vortex and results in a reduction of 

the passage averaged total pressure loss by 6.5%, when compared to the no-fence case 
[20]

. 

Prümper tested a great number of configurations to analyze the effect of placing boundary layer 
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fences on turbine endwalls, and found that cascade losses are reduced and the application of 

fences could especially be beneficial to cascades having short blades 
[21]

. Turgut's thesis contains 

a detailed analysis of nonaxisymmetric endwall contouring and leading edge modifications on 

turbine NGV flow 
[26]

. His study showed that leading edge fillets successfully minimized 

horseshoe vortex formation in front of the blade and that endwall contouring reduced the cross 

flows going from the pressure side to the suction side of the vane. CFD results indicate a 7% 

reduction in total pressure loss, while the experimental results indicated a 15% reduction.  

The idea of using protrusions installed on the endwall or lower surface of a flow to 

improve heat transfer has been the subject of many previous studies. These protrusions are 

usually named pin-fins and they have various shapes and profiles, one of the most common 

geometries being the circular cylinder. VanFossen's experimental study investigates the effect of 

inserting rows of straight or inclined circular pin-fins on channel flow heat transfer 
[4]

. It was 

found that short pin-fins created an important increase in heat transfer levels when compared to 

the plain channel with no pin-fins inserted. An experimental study where the potential benefits of 

using rows of short pin fins made out of heat conducting and non-heat conducting material 

showed that, both the non-heat conducting and heat conducting pin-fins generated a similar 

result
[5]

. Furthermore, an increase in heat transfer when compared to the plain channel was 

observed in both cases. In addition to working with circular pin-fins, Uzol and Camci have 

analyzed the effects of using the simple elliptic (SEF) and N-type (having a NACA 4-digit 

profile) geometries for pin-fins 
[6]

. Liquid Crystal Thermography and Particle Image Velocimetry 

(PIV) methods indicate that an array consisting of circular pin-fins resulted in a 27% 

improvement in heat transfer rate when compared to the SEF and N-type pin-fin arrays, while the 

SEF and N-type pin-fin arrays generated a lower total pressure loss across the channel due to 

decreased flow blockage. In their experimental study, Chang et al. observed that a circular pin-fin 

with no tip clearance (distance between the pin-fin tip and endwall) and pin-fins with varying 
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amounts of clearance created reductions in total pressure loss with moderate heat transfer 

decreases
 [7]

.  

 The concept of using vortex generators as heat transfer promoters has been researched by 

a number of authors 
[8-10], [27-32]

. Pauley and Eaton's experimental work investigates the effects of 

placing delta winglet type VGs on a flat plate fin, and they compare the results of the cases with 

VGs to the baseline case which contains only the plate fin 
[10]

. The researchers analyze the 

influence of various parameters on heat transfer performance downstream of the two pairs of 

common flow down type VGs and notice that all spacing (lateral separation between the VGs) 

values generate noticeable heat transfer enhancement within the longitudinal vortex wake. Russell 

et al.ôs study contains an analysis of various vortex generator configurations placed on the 

channel endwall 
[27]

. They conclude that rectangular winglets are the most effective heat transfer 

promoters, especially when placed close to each other in a staggered array formation. An 

experimental work which investigates the effect of placing delta wing, delta winglet pair, 

rectangular wing and rectangular winglet pair type of vortex generators on a plate fin, and 

compares the results with the baseline case containing no VGs was published by Fiebig et al. 
[8]

. 

They found that the delta winglet pair of VGs generates heat transfer enhancements of up to 60% 

percent over the fin surface. Also, delta winglet pairs and delta wings are found to be superior to 

their rectangular counterparts in general. Chen and co-workers' numerical investigation contains a 

detailed analysis of various combinations of VGs and pin-fins of elliptical nature 
[28]

. Throughout 

the numerous studies they have conducted, the authors concluded that the combination of the 

elliptical tube and common flow down type delta winglet pairs is the optimum way to enhance 

heat transfer. They have obtained heat transfer improvements ranging from 50% to 87%, but they 

also mention that this increase is accompanied by a noticeable increase in total pressure loss. 

Torii and co-workers' experimental study is one of the few which uses common flow up type 

delta winglet pairs with staggered or in-line arrays of circular tubes 
[29]

. They have found that the 
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common flow up type delta winglet pairs placed in the vicinity of a staggered array of circular 

tubes, not only shows heat transfer enhancement, but also manages to achieve this by decreasing 

the pressure loss by 40% at higher Reynolds numbers.  

 The literature review contained in this chapter provided additional support to our initial 

thoughts about the potential benefits of using VGs as heat transfer enhancers in gas turbine 

cooling channel flow, and using endwall fences in improving the flow in the vicinity of the NGV 

as well as the gas turbine cooling channel flow.  
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Chapter 3  
 

Numerical Analysis to Obtain Increased Heat Transfer and Performance in 

Channel Flow and Turbine Flow 

 This chapter contains the details of the numerical (computational) portion of our research. 

It begins with the description of the theoretical background of the turbulence model used, in 

addition to the main aspects of the software utilized. It also includes the geometrical layout and 

mesh structure of the investigated cases. The numerical modeling of the flow was conducted in 

FLUENT, version 14, a commercially available software developed by ANSYS. The generation 

of the flow domain and the meshing of the grid was done in GAMBIT, another software 

developed by ANSYS. 

3.1 Theoretical Background: The k-ɤ SST Turbulence Model 

Two-equation turbulence models are widely used in numerical studies due to their ability 

to serve as a fine compromise between accuracy and fast computing. The first researcher to work 

on a two-equation turbulence model was Kolmogorov 
[33]

. He chose to use the turbulent kinetic 

energy, k, and the dissipation rate per unit turbulence kinetic energy, ‐, as the two turbulence 

parameters to be used in the model.  He modeled the two differential equations which determine 

the variation of these two parameters, and created the model. His dissipation rate transport 

equation was based on Helmholtz's equation written for the magnitude of vorticity, .̟ 
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Wilcox 
[34]

 later continues along Kolmogorovôs thought process, by starting with the 

turbulence kinetic energy. The turbulence kinetic energy, or the kinetic energy per unit mass of 

the turbulent fluctuations, k, can be calculated as 
[35]

: 

 

Ὧ όǋόǋ όǋ ὺǋ ύǋ  (3.1) 

 

The eddy viscosity can be expressed as 
[34]

: 

 

‘ ὧέὲίὸὥὲὸȢ”ЍὯ ὰ  (3.2) 

 

where l is the turbulent length scale, and όȟὺȟύ  are the fluctuation velocity 

components. The Reynolds-stress tensor is given by 
[34]

: 

 

† ς‘Ὓ ”Ὧ‏   (3.3) 

Ὓ    (3.4) 

 

where Ὓ  is the mean strain rate tensor. The final form of the turbulence kinetic energy 

equation is written as: 

 

” ”Ὗ † ”‭ ‘   (3.5) 

 

Based on Equation 3.3, Kolmogorov made the reasonable assumption of considering k to 

be proportional to ’ (dynamic viscosity), since the dimensions of ’ are ὰὩὲὫὸὬ ȾὸὭάὩ and 

those of k are ὰὩὲὫὸὬ ȾὸὭάὩ. As a result, the dimensions of ’ȾὯ are (time). The 

dimensions of the turbulence dissipation parameter ‭ are ὰὩὲὫὸὬ ȾὸὭάὩ. Thus, ‭ȾὯ has 

dimensions ρȾὸὭάὩ.  The statement of an equation in terms of ɤ is enabled by having a variable 
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which has units of ρȾὸὭάὩ. Using the vorticity transport concept, Kolmogorov obtained 

Equation 3.6 after a dimensional analysis and results obtained from observing the physical nature 

of the problem: 

 

” ”Ὗ ‍”‫ „‘   (3.6) 

  

 The k-ɤ model is one of the most commonly used two-equation turbulence models in 

numerical computations. FLUENT contains Wilcox's k-ɤ model 
[34]  

and Menter's k-ɤ with SST 

model 
[36] 

as part of its turbulence models.  

Wilcoxôs model utilizes the following essential equations and parameters:  

 

Kinematic Eddy Viscosity:   

‘  (3.7) 

Turbulence Kinetic Energy: 

” ”Ὗ † ‍ᶻ”Ὧ‫ ‘ „ᶻ‘    (3.8) 

Specific Dissipation Rate: 

” ”Ὗ ‌ † ‍”‫ ‘ „‘      (3.9) 

Closure Coefficients and Auxiliary Relations: 

‌   ,  ‍   ,  ‍ᶻ  ,  „ πȢυ ,  „ᶻ πȢυ   (3.10) 

‭ ‍ᶻ‫Ὧ  ,  ὰ
Ȣ

    (3.11) 
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 The model is shown to be accurate for a wide variety of turbulent flow problems, and it 

is recommended that the interested reader should consult Reference 34 for additional information. 

The k-ɤ model with Shear Stress Transport is essentially a modification of Wilcox's 

original k-ɤ model. Menter developed it and it accounts for a common basic problem of two 

equation models, which is their inability to foresee the onset and extent of separation when a 

strong adverse pressure gradient is present 
[36]

.  

The transport of the principal turbulent shear stress is better represented by the eddy 

viscosity definition of the SST model: 
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ɋ is the absolute value of the vorticity, and Ὂ ÔÁÎÈὥὶὫ, where 
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Additional detail related to the development of this model can be found in Menter's 

original publication 
[36]

. 

The cylinders, and when installed, the endwall fences and vortex generators create a 

strong adverse pressure gradient. In addition, the SST k-ɤ model provides a fine balance of 

accuracy and speed while conducting the numerical computations. These two factors have led us 

to decide on using the SST k-ɤ model for our calculations. 

 

3.2 Details of the Computations and Flow Conditions 

This subsection describes which settings were used in FLUENT during the CFD 

calculations, in addition to the flow and boundary conditions. Before moving on to the specifics 
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of the fence installed cases and vortex generator installed cases, the common points of both will 

be explained.  

The solver used in our computations is a pressure based and implicit solver. The solution 

control parameters are the unknowns in the Navier-Stokes equations, namely the x, y, z velocity, 

the turbulence kinetic energy k, the magnitude of vorticity ɤ, continuity and energy terms. The 

solutions were run until a steady convergence for each of these parameters was attained. The 

convergence criterion for all these parameters was to have residual levels of 10
-3
 or less, where 6 

out of 7 of the residual levels were on the order of 10
-5
 or less. Second order discretizations were 

used for all the differential terms in the turbulence equations contained in the solution scheme. 

The pressure-velocity coupling was set to the coupled mode. The k-  ̟model with SST turbulence 

model was utilized. The flow was assumed to be fully turbulent, since it accurately represents 

both the cooling channel flow and the flow around the NGV. The flow is incompressible. 

 The inlet static pressure, which is also the reference static pressure for the entire domain, 

is the standard atmospheric pressure of 101325 Pa. The air density is 1.225 kg/m
3
, and the 

viscosity of air is 1.7894 x 10
-5
 kg/m.s. 

 

3.2.1 Fence Installed Cases 

The inlet of the domain is a velocity inlet. The side surfaces and the top surface are 

assigned a symmetry boundary condition. The lower surface, the cylinder, and when present the 

fence, are all set to the wall boundary condition. The outlet of the domain is an outflow type 

boundary condition. This boundary configuration constitutes a good way of representing the flow 

around a NGV, since the symmetry type boundary condition is useful in representing the nature 

of this type of flow. It is also a useful setup for the cooling channel flow. 
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The flow inside the domain of the fence installed case has a Reynolds number of 11000. 

At this Reynolds number region, the wake of the singular cylinder exhibits a periodic oscillation. 

In order to accurately capture all flow patterns, the simulations for the cases containing the 

rectangular endwall fence were carried out using a time-dependent solver.  

 The inlet velocity profile of this study contains a boundary layer, and its velocity values 

are provided by extensive measurements conducted during a previously published study at our 

Axial Flow Turbine Research Facility (AFTRF) 
[37]

. 

The turbulence criteria were the turbulent kinetic energy k and the magnitude of vorticity 

ɤ. They depend on the velocity profile and are calculated at each data point as follows: 

 

Ὧ Ὗ Ὅ   (3.14)     

‫
Ⱦ

Ⱦ    (3.15)     

 

 where I t is the freestream turbulence intensity, UProfile is the inlet velocity profile, l is the 

turbulence length scale and Cɛ is a constant related to the k-ɤ SST turbulence model. The 

freestream turbulence intensity is set to 1%, because this value is an accurate representation of the 

conditions of the flows being analyzed. The turbulence length scale is chosen as 18 mm, due to 

the fact that it is equal to the cylinder height, which represents the maximum possible eddy 

length. Cɛ is equal to 0.09. 

 The time step for the unsteady calculations is selected on the experimentally proven 

Strouhal number of 0.2 for a circular cylinder 
[38]

. Since the cylinder diameter is equal to 12 mm 

and the freestream velocity is 14 m/s, the natural frequency and natural time step of the 

oscillations is found by the following equations: 

 

Ὢ    (3.16) 
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Ўὸ    (3.17) 

 

 Using Equation 3.16, the natural time step is found to be equal to 4.3 ms (0.0043 s). In 

order to accurately distinguish flow variations at each time step, the actual time step used in the 

calculations is 1/5
th
 of the natural value. A total of 200 time steps are completed to make sure that 

the time variations of the flow were accurately resolved. In addition, each time step contains 20 

pseudo time steps for reaching steady state convergence within that time step. 

 The heat transfer aspect of the flow is captured by including the energy equation in the 

flow solution. The temperature difference between the gas and the walls is set to 200 K. This 

temperature difference between the gas and the walls enables a large enough heat transfer to 

occur for visualization and comparison. 

 

3.2.2 Vortex Generator Installed Cases 

The inlet of the domain is a velocity inlet. The side surfaces, the top and bottom surfaces, 

the staggered rows of cylinders, and when present the vortex generators, are all set to the wall 

boundary condition. The outlet of the domain is an outflow type boundary condition. In real life, 

since the cooling channel flow occurs within a region completely surrounded by solid surfaces, 

the best way to analyze this type of flow with CFD is by setting the two sides, the top and the 

bottom of the domain to the wall boundary condition. 

The flow inside the domain of the vortex generator installed cases has a Reynolds number 

varying between 17000 and 83000. Since we are interested in observing the time-averaged overall 

heat transfer change, we ran these simulations in steady mode. 

 The inlet velocity profile of this study contains a boundary layer, and its velocity values 

are found by using the 1/7
th
 power law: 
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 The freestream velocity for the cases vary between 3.39 m/s and 16.5 m/s. The boundary 

layer thickness is set to 1 mm, both on the top and bottom surfaces of the domain. Since this is a 

good real-life representation of the velocity profile located inside the open loop wind tunnel of 

the Turbomachinery Aero-Heat Transfer Laboratory, it is also utilized in our CFD modeling. 

 The turbulence criteria were the turbulence length scale and the freestream turbulence 

intensity. The turbulence length scale is set to 2 mm, and the freestream turbulence intensity is set 

to 2% 
[37]

. 

 The heat transfer aspect of the flow is captured by including the energy equation in the 

flow solution. The temperature of the gas is set to 298 K and the temperature of the walls is set to 

348K. The net temperature difference between the gas and the walls enable a large enough heat 

transfer to occur for visualization and comparison.  

 

3.3 Grid Independence Study 

 One of the most important parts of a CFD based analysis is the grid independence study. 

As the name implies, the goal of the study is to make sure that the results of the computations are 

independent of the mesh size. In other words, the results of the CFD runs should be very close to 

each other, at and above a certain mesh size. The mesh size is equal to the total number of three 

dimensional, hexahedral cells that are contained in the structured mesh.  

 The procedure of the grid independence study begins by selecting a reasonable mesh size 

for initial calculations. Deciding whether a mesh size is reasonable or not depends entirely on the 

application, and it requires a certain amount of experience and know-how with CFD software. 

During our previously published studies, we determined that a mesh size on the order of 1 million 
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three dimensional hexahedral cells generated accurate results 
[22, 23]

. Since our current work is 

involved with a bigger domain, as well as new geometric modifications, after numerous runs we 

decided that a mesh size of approximately 3 million three dimensional hexahedral cells will be 

enough to generate accurate results.  

 One of the most effective ways of determining grid independence is to assign it to a 

significant parameter. The static pressure coefficient is indeed such a parameter, and is calculated 

as follows:  

 

ὅ        (3.19) 

 

where the static pressure on the cylinder surface is calculated along the circumference at the 

middle of the cylinderôs height, and the static pressure at the inlet is the mean static pressure at 

the inlet of the domain. We used the middle cylinder of the first row of staggered cylinders 

located in our VG installed cases. 

 

Figure 3.1 The static pressure coefficient calculated along the mid-height circumference of the 

middle cylinder of the first row 
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 Figure 3.1 shows that our results are indeed independent of the size of the structured grid. 

Since all three mesh sizes generate very close results, we decided that a mesh size of 3 million is 

ideal for our cases involving the vortex generator. For the cases employing the rectangular fence, 

this number varied between 1 million and 3 million. 

 

3.4 Numerical Steps of Attaining Performance Increase using Fence Related 

Effects 

 The details of the flow domain generation for the fence installed cases and the subsequent 

meshing will be explained in this subsection. 

 

3.4.1 Geometrical Setup: Baseline Case 

 The computational domain is a rectangular field which has a height of 18 mm, a width of 

63 mm and a length of 336.9 mm. A vertical circular cylinder of 12 mm diameter and 18 mm 

height is placed inside the field, and the origin of the coordinate system is placed at the center of 

the lower circular surface of the cylinder.  
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Figure 3.2 Three dimensional overview of the baseline case 

 

 Since one of the goals of the study is to analyze the flow around a NGV, the domain and 

the cylinder are created based on the dimensions of a NGV previously used in our lab during the 

studies of Turgut 
[26]

, Kavurmacioglu et al. 
[39, 40]

  and Rao et al. 
[41]

. The mid-span axial chord 

length of the NGV blade mentioned which equaled 112.3 mm, is chosen as a length scale; the 

domain covers the area between a point one mid-span axial chord length upstream of the cylinder 

center, and a point two mid-span axial chord lengths downstream. The cylinder diameter is twice 

the size of the leading edge diameter of the NGV blade. Previous studies show that the leading 

edge diameter of a NGV blade is the dominant factor in creating horseshoe vortices 
[15]

. 

Therefore, we simplified our analysis and modeled the NGV blade as a circular cylinder. The 

width of the domain is 63 mm and 5.25 times the cylinder diameter, and the height of the domain 

is 18 mm and equal to the cylinder height. All domain dimensions were chosen as such because 

they are sufficiently large to accurately capture and model all flow phenomena. Furthermore, 

even though the domain is created based on the dimensions of a NGV blade, it can also very 
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effectively symbolize a circular pin fin. The height-to-diameter ratio of the cylinder is 1.5, which 

is a reasonable value for pin fins which are considered as heat transfer promoters 
[4,5]

. 

 

 

Figure 3.3 Certain dimensions of the baseline case, all of which also apply to the fence installed 

case 

 

 

Figure 3.4 Side view of the baseline case demonstrated in the x-z plane 



50 

 

3.4.2 Mesh Structure: Baseline Case 

 The flows which we are interested in contain large gradients at various locations, 

especially in the boundary layer and near the junction of the endwall and cylinder. In order to 

capture all the details of the flow and present an accurate representation of the conditions inside 

the domain, we have preferred to use a structured grid in our computations. 

 Due to the complexity of the flow inside the boundary layer and in the vicinity of the 

cylinder, the mesh inside and near these zones contain a high amount of cells. The resulting fine 

grid successfully shows the high amount of variations within these areas. 

 

 

Figure 3.5 The dense mesh structure near the cylinder and in the boundary layer 

 

 As we move towards the top of the domain, we place nodes with increasing distance. 

Since the flow in the freestream is uniform, decreasing the cell density within that zone is a 

reasonable way of saving computational time. Furthermore, the same principle is applied to the 

mesh as we move from the cylinder leading edge towards the inlet, and as we move from the 



51 

 

cylinder trailing edge towards the outlet. Since the flow gradually becomes fully developed as we 

move away from the cylinder, the decreased cell density does not affect the accuracy of the 

solution. 

 

Figure 3.6 The gradually decreasing mesh density near the top of and at the inlet of the domain 

 

Figure 3.7 The gradually decreasing mesh density as we move towards the outlet 

Flow direction 

Flow direction 
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3.4.3 Geometrical Setup: Fence Installed Case 

 The domain of the fence-installed case is the same as the baseline case except for the 

addition of a rectangular endwall fence. A rectangular fence is placed 24 mm upstream of the 

cylinder center in order to successfully alter the aerodynamic and thermal properties of the flow. 

This specific location was chosen due to its potential to achieve the goals we mentioned in 

previous chapters: The distance between the fence and the cylinder will serve to generate an 

increased roll-up, which will in turn generate an increase in heat transfer rates downstream of the 

cylinder, as well as an increase in total pressure levels downstream of the cylinder. The heat 

transfer enhancement will serve the cooling channel flow, while the rise in total pressure levels 

downstream of the cylinder will help the flow around the NGV. 

 

 

Figure 3.8 Three dimensional overview of the fence installed case 

 

 

 


