
 
 
 
 
 
 
 
 

ABSTRACT 
 

Experimental Investigation of Leading Edge Jet Impingement with Varying Jet 
Geometries and Inlet Supply Conditions for Turbine Cooling Applications 

 
C. Neil Jordan, M.S.M.E. 

 
Mentor: Lesley M. Wright, Ph.D. 

 
 

Jet impingement is often employed within the leading edge of modern gas turbine 

airfoils to combat the extreme heat loads incurred within this region. This experimental 

investigation employs a transient liquid crystal technique to obtain detailed Nusselt 

number distributions on a concave, cylindrical surface that models the leading edge of a 

turbine blade.  The effect of hole shape, varying edge conditions at the jet orifice, as well 

as varying inlet crossflow conditions are investigated.  Cylindrical and racetrack shaped 

jets with three inlet and exit conditions are investigated for each jet shape: a square edge, 

a partially filleted edge, and a fully filleted edge.  Results show that racetrack shaped jets 

generally provide enhanced heat transfer when compared to the cylindrical holes.  

However, engine designers should be cautious when introducing edge fillets and inlet 

crossflow, as these modifications generally degrade the heat transfer from the leading 

edge target surface. 



Page bearing signatures is kept on file in the Graduate School. 

Experimental Investigation of Leading Edge Jet Impingement with Varying Jet 
Geometries and Inlet Supply Conditions for Turbine Cooling Applications 

 
by 
 

C. Neil Jordan, B.S.M.E. 
 

A Thesis 
 

Approved by the Department of Mechanical Engineering 
 

___________________________________ 
William Jordan, Ph.D., Chairperson 

 
Submitted to the Graduate Faculty of 

Baylor University in Partial Fulfillment of the  
Requirements for the Degree 

of 
Master of Science in Mechanical Engineering 

 
 

 
Approved by the Thesis Committee 

 
___________________________________ 

Lesley M. Wright, Ph.D., Chairperson 
 

___________________________________ 
Kenneth W. Van Treuren, D.Phil. 

 
___________________________________ 

Michael Thompson, Ph.D.  
 

___________________________________ 
Daniel C. Crites, M.S.M.E. 

 
 
 
 
 

Accepted by the Graduate School 
May 2012 

 
___________________________________ 

J. Larry Lyon, Ph.D., Dean 



 

Copyright © 2012 by C. Neil Jordan 
 

All rights reserved



iii 

 
 

TABLE OF CONTENTS 
 
 

LIST OF FIGURES .......................................................................................................... vii 

LIST OF TABLES .............................................................................................................. x 

NOMENCLATURE .......................................................................................................... xi 

ACKNOWLEDGMENTS ................................................................................................ xv 

DEDICATION ................................................................................................................. xvi 

CHAPTER ONE ................................................................................................................. 1 

Introduction ................................................................................................................... 1 

Jet Impingement Background ................................................................................. 1 

Characteristics of an Impinging Jet ......................................................................... 2 

Gas Turbines and Impingement .............................................................................. 6 

Statement of Problem ............................................................................................ 11 

Aims and Objectives ............................................................................................. 12 

CHAPTER TWO .............................................................................................................. 13 

Literature Review........................................................................................................ 13 

Flat Plate Impingement ......................................................................................... 14 

Curved Surface Impingement ............................................................................... 17 

Jet Reynolds Number ...................................................................................... 19 

Jet-to-Target Surface Spacing ......................................................................... 20 

Jet-to-Jet Spacing ............................................................................................ 21 

Jet-to-Target Surface Curvature ...................................................................... 21 

Other Aspects of Impingement ............................................................................. 22 



iv 

Shaped Jets ...................................................................................................... 22 

Jets with Varying Edge Conditions................................................................. 26 

Pressure Losses ............................................................................................... 27 

Supply Flow Considerations ........................................................................... 29 

CHAPTER THREE .......................................................................................................... 32 

Thermochromic Liquid Crystals ................................................................................. 32 

Thermochromic Liquid Crystals for Heat Transfer Measurements ...................... 34 

Single Color Capturing Techniques ................................................................ 34 

Hue, Saturation, and Intensity Based Techniques .......................................... 37 

Liquid Crystal Concerns ....................................................................................... 40 

Liquid Crystals and Jet Impingement ................................................................... 41 

CHAPTER FOUR ............................................................................................................. 44 

Experimental Technique ............................................................................................. 44 

The Semi-Infinite Solid Method ........................................................................... 45 

Frictional Losses ............................................................................................. 54 

Uncertainty Analysis ............................................................................................. 55 

CHAPTER FIVE .............................................................................................................. 57 

Experimental Facility .................................................................................................. 57 

Overview of Experimental Apparatus .................................................................. 57 

Flow Measurements ........................................................................................ 58 

Pipe Heater and Three-Way Valve ................................................................. 61 

Test Section ..................................................................................................... 61 

Jet Geometries ................................................................................................. 63 



v 

Data Acquisition ............................................................................................. 68 

CHAPTER SIX ................................................................................................................. 72 

Results ......................................................................................................................... 72 

Heat Transfer Characteristics – No Radial Bypass ............................................... 72 

Cylindrical Jets................................................................................................ 73 

Racetrack Shaped Jets ..................................................................................... 76 

Jet Geometry Comparisons ............................................................................. 79 

Heat Transfer Characteristics – With Radial Bypass ............................................ 87 

Cylindrical Jets................................................................................................ 88 

Racetrack Shaped Jets ..................................................................................... 91 

Jet Geometry Comparison............................................................................... 94 

Pressure Losses ..................................................................................................... 99 

No Radial Bypass ............................................................................................ 99 

With Radial Bypass Flow ............................................................................. 101 

CHAPTER SEVEN ........................................................................................................ 103 

Conclusions and Recommendations ......................................................................... 103 

Summary of Experimental Investigation ............................................................ 103 

Future Recommendations ................................................................................... 105 

APPENDIX A ................................................................................................................. 108 

Jet Plate Drawings..................................................................................................... 108 

APPENDIX B ................................................................................................................. 117 

Matlab TLC Calibration Code .................................................................................. 117 

 



vi 

APPENDIX C ................................................................................................................. 122 

Matlab Detailed Heat Transfer Coefficient Calculator ............................................. 122 

APPENDIX D ................................................................................................................. 127 

Uncertainty Calculations ........................................................................................... 127 

APPENDIX E ................................................................................................................. 132 

Thermochromic Liquid Crystals and the Non-Dimensional Temperature Ratio ...... 132 

APPENDIX F.................................................................................................................. 137 

Image Scaling............................................................................................................ 137 

REFERENCES ............................................................................................................... 141 

 
  



vii 

 
 

LIST OF FIGURES 
 
 

Figure 1.1: Flow regimes of an impinging jet [2]. .............................................................. 2 

Figure 1.2: Representation of fluid and thermal boundary layer growth. ........................... 4 

Figure 1.3: Nusselt number distributions for varying jet-to-target surface spacings [1]. ... 5 

Figure 1.4: ALF502 turbofan developed by Honeywell (courtesy of Honeywell). ............ 7 

Figure 1.5: The effect of RIT on turbine power output [3]. ................................................ 8 

Figure 1.6: Typical external and internal cooling schemes for a turbine blade [4]. ........... 9 

Figure 1.7: Heat load distribution on a turbine blade [4]. ................................................. 11 

Figure 2.1: Cross-sectional view of NGV [3]. .................................................................. 14 

Figure 2.2: Dramatization of inline and staggered impingement arrays [1]. .................... 15 

Figure 2.3: Effect of crossflow formed by spent impingement air [4]. ............................ 17 

Figure 2.4: Top view of impingement facility used by Chupp et al. [6]........................... 18 

Figure 2.5: Leading edge model employed by Riahi and Tapia [17]. .............................. 24 

Figure 2.6: Sharp edge, elliptical jet employed by Lee and Lee [18]. .............................. 25 

Figure 2.7: Square and chamfered edge jets employed by Brignoni and Garimella [21]. 26 

Figure 2.8: Vena contracta visualization. ......................................................................... 27 

Figure 2.9: Typical internal cooling scheme for a turbine blade [4]. ............................... 29 

Figure 3.1: RGB calibration curve. ................................................................................... 36 

Figure 3.2: Maximum intensity calibration curve............................................................. 38 

Figure 3.3: Temperature as a function of liquid crystal hue (R32C1). ............................. 39 

Figure 4.1: Transient temperature profiles in a semi-infinite solid [1]. ............................ 45 

Figure 4.2: Discretized temperature profile. ..................................................................... 48 



viii 

Figure 4.3: Non-dimensional temperature ratio vs. time. ................................................. 53 

Figure 5.1: Overview of the experimental facility. ........................................................... 58 

Figure 5.2: Overview of leading edge test section. ........................................................... 62 

Figure 5.3: Cross-sectional view of leading edge test section. ......................................... 62 

Figure 5.4: Geometrical details of jet plates. .................................................................... 66 
 
Figure 5.5: Pressure tap locations. .................................................................................... 67 

Figure 5.6: Sample pressure distribution: ReJet = 13600. ................................................. 68 

Figure 5.7: a) Schematic of camera locations and b) Nusselt numbers obtained  
from the two cameras. ........................................................................................... 71 

 
Figure 6.1: Detailed Nusselt number distributions for cylindrical jets without radial 

bypass. ................................................................................................................... 74 
 
Figure 6.2: Conceptual view of flow conditions for varying edges. ................................. 76 

Figure 6.3: Detailed Nusselt number distributions for racetrack shaped jets without  
radial bypass.......................................................................................................... 77 

 
Figure 6.4: Centerline Nusselt number distributions – no radial bypass. ......................... 80 

Figure 6.5: Laterally averaged Nusselt number distributions – no radial bypass. ............ 83 

Figure 6.6: Average stagnation region Nusselt numbers compared to Chupp et al. [6]. .. 84 
 
Figure 6.7: Overall average Nusselt number – no radial bypass. ..................................... 86 

Figure 6.8: Detailed Nusselt number distributions for cylindrical jets  
with radial bypass and ReJet = 13600 .................................................................... 89 

 
Figure 6.9: Detailed Nusselt number distributions for cylindrical jets  

with radial bypass and ReJet = 27200. ................................................................... 92 
 
Figure 6.10: Detailed Nusselt number distributions for racetrack shaped jets  

with radial bypass and ReJet = 11500. ................................................................... 93 
 
Figure 6.11: Detailed Nusselt number distributions for racetrack shaped jets  

with radial bypass and ReJet = 23000. ................................................................... 95 
 
Figure 6.12: Laterally averaged Nusselt number distributions. ........................................ 96 



ix 

Figure 6.13: Overall average Nusselt numbers. ................................................................ 98 

Figure 6.14: Discharge coefficients – no radial bypass. ................................................. 100 

Figure 6.15: Discharge coefficients. ............................................................................... 101 

Figure D.1: Sample detailed uncertainty distribution. .................................................... 131 

Figure D.2: Beta vs. theta curve employed for uncertainty calculation. ......................... 131 

Figure E.1: Nusselt number distributions for varying heater temperatures  
and R32C1 TLC .................................................................................................. 134 

 
Figure E.2: Wall temperature and corresponding non-dimensional temperature ratio. .. 135 

Figure E.3: Nusselt number distributions for varying heater temperatures  
and R35C1 TLC. ................................................................................................. 136 

 
Figure F.1: Scaling grid on target surface. ...................................................................... 138 

Figure F.2: Representation of the grid placed on the target surface. .............................. 139 

Figure F.3: Scaling polynomial and grid points. ............................................................. 140 

  



x 

 
 

LIST OF TABLES 
 
 

Table 3.1: Impingement studies employing TLC. ............................................................ 42 

Table 5.1: Cylindrical shaped jet impingement cases ....................................................... 64 

Table 5.2: Racetrack shaped jet impingement cases ......................................................... 65 

  



xi 

 
 

NOMENCLATURE 
 
 

A  cross-sectional area 

Ac,Duct  cross-sectional area of supply duct 

C  cylindrical 

CCD  charged coupled device 

CD  discharge coefficient 

D  diameter of cylindrical target surface, jet diameter 

D2  diameter of orifice plate 

d  diameter of a cylindrical impinging jet  

dH,Duct  hydraulic diameter of supply duct 

dH,Jet  hydraulic diameter of an impinging jet 

FF  full fillet 

G  specific gravity 

HSI  hue, saturation, and intensity 

h  heat transfer coefficient 

hfp  flat plate heat transfer coefficient 

j  counter variable 

K  loss coefficient  

ks  thermal conductivity of a solid  

kf  thermal conductivity of a fluid 

L  characteristic length 

impingem   total mass flow rate used for impingement 



xii 

plysupm   total mass flow rate initially supplied to test section 

NGV  nozzle guide vane 

Nu  Nusselt number 

Nu¯¯   laterally averaged Nusselt numbers in x-direction 

Nuo  overall, area averaged Nusselt number 

NuStag  stagnation strip, area averaged Nusselt number 

P  perimeter 

PDuct  perimeter of supply duct 

Po  total pressure 

Po,in  total pressure at supply duct inlet 

Po,no bypass local total pressure without radial bypass 

Po,bypass  local total pressure with radial bypass 

PS  pressure side 

Ps  local static pressure 

P1  static pressure upstream of orifice meter 

PF  partial fillet 

qnet  net heat flux into a surface 

Re  Reynolds number 

ReDuct  duct Reynolds number 

ReJet  jet Reynolds number 

ReJet,C  cylindrical jet Reynolds number 

ReJet,RT  racetrack shaped jet Reynolds number 

Ri  inner radius of cylinder  



xiii 

Ro  outer radius of cylinder 

RGB  red, green, and blue 

RIT  rotor inlet temperature 

RT  racetrack 

r  fillet radius 

S  square edge 

SS  suction side 

s  spacing between jets, arc length 

TLC  thermochromic liquid crystals 

TBC  thermal barrier coating 

T  temperature 

Taw  adiabatic wall temperature  

TH  heater temperature 

Ti  initial temperature 

TJet  jet temperature 

Tref  reference temperature driving heat transfer 

Tw  wall temperature 

T∞  ambient or free-stream fluid temperature 

T1  temperature upstream of orifice meter 

t  time 

V  velocity 

VDuct  duct velocity 

VIdeal  ideal jet velocity 



xiv 

VJet  jet velocity 

V∞  free-stream velocity 

w  mass flow rate 

X  radial direction from center of single impinging jet 

x  streamwise direction, pixel number 

Y  expansion factor 

y  supercompressibility factor, spanwise direction 

z  normal distance from the jet plate to the target surface, material thickness 

α  thermal diffusivity of a solid 

β  diameter ratio 

ΔP  pressure drop across orifice meter 

ΔPeff  effective pressure drop 

ΔT∞  change in ambient or reference temperature 

ΔTJet  change in jet temperature 

η  impingement effectiveness 

ρ  density of a fluid 

θ  non-dimensional temperature ratio, angle between spanwise grid points 

τ  time step change 

μ  dynamic viscosity of a fluid 

 

  



xv 

 
 

ACKNOWLEDGMENTS 
 
 

 My time in graduate school has been a rollercoaster ride of exciting and 

challenging opportunities.  I count it an honor to have had the opportunity to study under 

the phenomenal professors that Baylor University has to offer.  However, the completion 

of my graduate studies would not have been possible without the constant encouragement 

and words of wisdom provided from a number of people.  

 I am forever grateful for the countless hours my advisor, Dr. Lesley Wright, has 

spent in guiding me through my graduate studies.  I am always impressed by her 

knowledge and passion for her work.  I pray that she will continue to inspire students for 

many years to come.  I would also like to thank Mr. Dan Crites of Honeywell Inc.; this 

project would not have been possible without the generous funding provided by 

Honeywell and the continual input provided by Mr. Crites. 

 Additionally, I am grateful to my other friends and colleagues who have spent 

time in “The 107” with me every day.  I would especially like to thank Mr. Ashley Orr 

for his jovial attitude and help whenever I had projects where I was not sure where to 

begin.  I will never forget the friendships I have made with the other graduate students 

throughout my time at Baylor.  I will always cherish the fun times that I have had with 

the likes of Tim Burdett, Lance Case, Evan Martin, Jimmy Becker, Alex Ramirez, and 

Cash Elston. 

   



xvi 

 
 

DEDICATION 
 
 
 
 
 
 
 

To my family, I would not have been able to finish without the constant encouragement 
and steadfast love you have provided me

 
 
  



1 

 
 

CHAPTER ONE 
 

Introduction 
 
 

Jet Impingement Background 
 

 The favorable heat transfer characteristics associated with impinging jets lend 

themselves to a variety of industrial heating, cooling, and drying applications.  These 

applications include glass tempering, electronics cooling, the annealing of metals, textile 

and paper drying, the deicing of aircraft wings, and the cooling of heated components in 

gas turbine engines [1].  Depending on the application, jet impingement generally utilizes 

an array of multiple fluid jets impinging on a target surface to achieve significantly 

enhanced convective heating, cooling, or drying characteristics.  Such enhanced cooling 

characteristics are especially relevant to gas turbine engine applications where the 

temperature of the gases flowing through the engine can exceed 3000°F.  However, such 

large enhancement comes at the cost of significant pressure drops incurred as the jet 

leaves the nozzle and impinges on the target surface; thus, impingement must be 

employed carefully to ensure the survival of the turbine engine’s blades and vanes. 

 This thesis outlines the heat transfer and pressure loss characteristics of an inline 

array of jets impinging within a model of the leading edge of a gas turbine blade.  

Therefore, this chapter presents a brief outline of the characteristics of impinging jets and 

discusses their applications for gas turbine engine cooling applications.  The chapeter 

concludes with a brief discussion of the aims and objectives of this investigation. 
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Characteristics of an Impinging Jet 
 

 For impingement cooling within gas turbine engines, a relatively cool, turbulent 

stream of air is expelled through a discrete orifice; from here it travels through quiescent 

ambient air and stagnates on the hot target surface.  Generally, an impinging jet is divided 

into three regions: the free jet region, the stagnation region, and the wall jet region; 

Figure 1.1 presents the structure of an impinging jet.  

 

 

Figure 1.1: Flow regimes of an impinging jet [2]. 
 
 

The free jet region consists of the area directly after the gas exits the jet orifice 

where the jet is unaffected by the target surface; the behavior of the jet within this region 

is similar to what one would expect from an unconfined, ‘free’ jet.  Within the free jet 

region, exists the potential core; in the potential core, a uniform velocity profile exists 

that is unaffected by interactions with the quiescent ambient air.  The potential core 

diminishes with increasing distance from the exit of the jet orifice.  Generally, the 

potential core is fully diminished within four to six jet diameters of the exit [2].  The 

d

VJet
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degradation of the potential core is a result of momentum exchange with the relatively 

stagnant ambient air and, for turbulent jets, the growth of a shear layer around the jet.  

Outside of the potential core, the momentum loss to the ambient environment causes the 

boundary of the free jet to spread radially; this, in turn, contracts the potential core until 

the distance from the jet plate is large enough that the potential core fully dissipates.  

Similarly, the formation of a shear layer between the jet boundary and the ambient air 

induces significant mixing between the two fluids.  Turbulent mixing induced by the 

shear layer aids in the diminishment of the potential core.  Once the potential core is 

dissipated, the mixing with the stagnant ambient fluid causes the jet to continue to spread 

and further diminish the jet velocity with increased distance from the exit. 

The stagnation region consists of the area where the free jet decelerates 

perpendicular to the target surface, and then rapidly accelerates radially outward from the 

center of the jet, parallel to the target surface.  The rapid acceleration of the flow induces 

thin boundary layers on the target surface.  A fluid boundary layer is formed when 

viscous fluid particles make contact with a stationary surface.  The particles in contact 

with the surface assume zero velocity (represented by a no-slip boundary condition).  

Moving perpendicularly away from the surface, the stationary particles force the 

adjoining fluid particles to slow until the distance from the plate is large enough that the 

reduced velocity of the particles is negligible.  This distance is termed the boundary layer 

height.  A similar thermal boundary layer is formed when there is a temperature 

difference between the fluid and the surface.  Figure 1.2 presents a representation of the 

fluid and thermal boundary layers.  Thin thermal boundary layers have a relatively short 

length for the fluid temperature to change from the wall to the mainstream temperature; 
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as a result, the slope of the temperature gradient at the surface is very steep.  When such 

sharp temperature gradients exist at the surface, there is relatively high heat transfer.  

Additionally, as the boundary layer grows thicker, the temperature gradient at the surface 

reduces and the heat transfer from the wall to the fluid decreases.   

 

  

Figure 1.2: Representation of fluid and thermal boundary layer growth. 
 
 

As the fluid accelerates from a zero velocity within the stagnation region, a thin 

thermal boundary layer is produced on the target surface.  This promotes very high heat 

transfer within the stagnation region.  Two heat transfer trends are observed depending on 

whether or not the relative jet-to-target surface spacing lends itself to the existence of the 

potential core as the air stagnates on the target surface.  Figure 1.3 presents the Nusselt 

number (a non-dimensional heat transfer parameter further discussed in chapter four) 

trends for flat plate impingement with varying jet – to – target surface distances.  If the 

relative jet – to – target surface spacing (z/d) is greater than the length of the potential 

core, the Nusselt number distribution on the target surface is relatively bell shaped, where 

the highest Nusselt numbers occur in the center of the jet and decrease monotonically 

away from the center.  However, for shorter jet – to – target surface spacings, there exists 

a secondary Nusselt number peak; this is attributed to the transition from a laminar to 

V∞,T∞

V∞

U∞

Boundary 
Layer

V = 0

x

y

T∞

T = Tw
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turbulent boundary layer as the fluid accelerates out of the stagnation region on the target 

surface. 

 

 

Figure 1.3: Nusselt number distributions for varying jet-to-target surface spacings [1]. 
 
 
 The wall jet is formed as the flow accelerates out of the stagnation region and 

then decelerates as it entrains the stagnant ambient air away from the stagnation region 

(similar to the free jet region).  As the flow decelerates away from the stagnation region, 

the gradual increase in the boundary layer thickness causes a drop in the Nusselt numbers 

on the target surface.  Most jet impingement configurations employ arrays of multiple jets 

that exhibit similar flow regimes.  The interaction of adjoining wall jet regions can 

introduce secondary areas of increased heat transfer on the target surface.  For arrays of 

jets, the amount of heat transfer enhancement on the target surface is largely a function of 

how the spent impingement air (gas that has impinged and is entrained within the 

confined impingement cavity) is vented from the target surface.  The Nusselt numbers are 

degraded if a significant amount of spent air is entrained near the target surface; 

additionally, the spent air can create crossflows along the target surface which deflect the 

jet and further decrease the overall heat transfer. 

 The magnitude of the Nusselt numbers on the target surface is a function of the 

Reynolds number of the flow being expelled from the jet.  The Reynolds number is a 
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non-dimensional flow parameter that characterizes the fluid boundary layer to a 

characteristic length of the surface in contact with the fluid.  It is commonly defined as 

the ratio of the inertial forces to the viscous forces within the fluid; the Reynolds number 

is defined as follows: 

 

VL

Re  (1.1) 

where ρ is the density of the flow, V is the mainstream velocity of the air, L is the 

characteristic length, and μ is the dynamic viscosity of the air.  For jet impingement, the 

jet Reynolds number is used to characterize the heat transfer on the surface: 

 


 dVJet
Jet Re  (1.2) 

where VJet is the velocity of the jet, and d is the diameter of the cylindrical jet.  As the jet 

Reynolds number increases, the magnitude of the Nusselt numbers on the target surface 

also increase. 

 
Gas Turbines and Impingement 

 
 Gas turbine engines are used for a variety of applications throughout the world.  

They are most commonly used for large and small scale power generation and aircraft 

propulsion; however, gas turbines are also employed to power ships, trains and tanks.  

The engines run on the Brayton thermodynamic cycle and are generally comprised of 

three main components: the compressor, the combustor, and the turbine.  Figure 1.4 

presents a cutaway of a gas turbine engine.  The compressor draws in ambient air and 

compresses it through multiple stages.  The high pressure air then enters the combustor 

where fuel is added and ignited to increase the temperature of the gases as they enter the 

turbine.  The air then flows through the turbine stage where energy is extracted from the 
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high temperature, high pressure air by means of a series of stationary turbine vanes and 

rotating turbine blades.  This energy is then used to provide power or propulsion. 

 

 

Figure 1.4: ALF502 turbofan developed by Honeywell (courtesy of Honeywell). 
 

As a result of such wide use, it is ideal to extract the maximum possible amount 

of power from the mainstream gasses.  One method for increasing the power output of the 

engine is to increase the temperature of the gases entering the turbine; this temperature is 

termed the rotor inlet temperature (RIT).  Figure 1.5 presents the ideal specific power 

available from a gas turbine engine as the RIT increases; while the ideal performance can 

never be realized due to active cooling and manufacturing tolerances, significant power 

increases are afforded with increased RIT.  However, increased RIT subjects the turbine 

blades and vanes to high temperature gases which may exceed the melting temperature of 

the turbine blade material.  In modern turbine engines, the RIT can exceed 3000°F 

(1922K); while the melting point of a turbine blade is generally accepted to be between 

2000°F (1366K) and 2600°F (1700K).  It is commonly accepted that a blade operating 

merely 50°F higher than its operating limit can reduce the blade life by half.  

Compressor

Combustor

Turbine
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Consequently, effective cooling schemes are required to sustain the turbine airfoils 

throughout the life of the engine. 

 

 

Figure 1.5: The effect of RIT on turbine power output [3]. 
 

Actively cooled gas turbine blades and vanes are hollow airfoils where a fraction 

of the relatively cool, high pressure air from the compressor bypasses the combustor and 

is routed through the inner channels of the turbine blade.  Heat is removed from the inner 

walls of the hot blade through convective heat transfer.  In some cases, 20 to 30% of the 

air entering the engine is siphoned from the compressor and used as coolant for the 

turbine airfoils.  Bleeding coolant air from the compressor reduces the amount of mass 

flowing through the turbine stage; as a result there is less energy to remove from the 

mainstream gasses.  Thus, a significant portion of the work produced from the turbine is 

required to power the compressor and bleed the coolant air; this work is then lost and 

cannot be used for thrust or power production.  Therefore, efficient cooling methods are 

required to ensure the highest amount of cooling with the least amount of coolant.  
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Han et al. [3] provides an overview of different internal and external turbine blade 

cooling methods developed to accommodate the continuously increasing rotor inlet 

temperatures.  Figure 1.6 illustrates the different internal and external cooling techniques 

employed to cool turbine airfoils.   

 

 

Figure 1.6: Typical external and internal cooling schemes for a turbine blade [4]. 
 
 
External cooling techniques, such as the application of thermal barrier coatings (TBC) 

and film cooling, create a layer of resistance to protect the metallic airfoil from the hot 

mainstream gas.  A low thermal conductivity ceramic TBC is coated on the outside of the 

turbine blade to impede the flow of heat into the blade walls.  Ceramics can withstand 

higher temperatures than the alloys which are used to manufacture the turbine airfoils; 

however, the material is very brittle, and the use of TBC is limited to thin coatings along 

the external surface of the blade.  Similarly, film cooling acts to create a layer of thermal 

resistance by having the coolant within the blade exit through discrete holes along the 
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external surfaces of the airfoil.  The coolant then forms a relatively cool barrier between 

the hot mainstream gas and the airfoil surface.  Care must be taken with the film cooling 

as the expulsion of coolant into the mainstream can significantly drop the temperature of 

the working fluid; this results in a decreased amount of power that can be extracted with 

the turbine. 

Internal cooling techniques rely on relatively cool air that is extracted from the 

compressor of the engine and passed through the internal channels of the turbine airfoil.  

Through convective heat transfer, the internal cooling air removes heat from the walls of 

the airfoils.  Near the trailing edge of the blades – where structural integrity is an issue – 

pin fin cooling is implemented to increase cooling and maintain the strength of the 

turbine airfoil.  In the mid-chord section of the blade, rib turbulators are implemented 

within the serpentine channels to periodically trip the coolant boundary layer and enhance 

the heat transfer through the channel.  Sometimes, especially on the first stage vane 

where the hot combustion gases first enter the turbine, impingement is employed rather 

than the flow through the serpentine channels.  Here the coolant is forced through 

perforated partitions within the airfoil to form the jets which impinge on the interior 

walls.  Relative to channel cooling, impingement provides enhanced cooling potential, 

but again, this comes at the cost of increased pressure losses.   

Finally, as shown in Figure 1.7, the hot mainstream gases stagnating on the 

leading edge of the airfoil induce larger heating loads than the rest of the blade.  Thus, jet 

impingement, arguably the most aggressive form of cooling, is often employed within the 

leading edge of the turbine blade.  For leading edge impingement, coolant air is supplied 

through a channel much like one would see in the mid-chord.  However, one of the walls 
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of the channels is perforated with a row of impingement holes; the air is forced through 

the holes to form a jet which impinges within the leading edge of the turbine blade.   

 

 

Figure 1.7: Heat load distribution on a turbine blade [4]. 
 
 

Statement of Problem 
 

In the field of impingement, modern turbine designs often implement intricately 

shaped jets that possess heat transfer characteristics that may not be comparable to what 

is observed with the cylindrical jets employed in the majority of literature.  Additionally, 

for leading edge impingement, the coolant is forced to turn 90° as it flows through the jet 

plate, and a significant orthogonal velocity component is present at the inlet of the jet.  

The bulk of impingement literature utilizes supply conditions and jet shapes that are not 

indicative of modern leading edge impingement configurations.   Little work has been 

done to realize the potential advantages (or disadvantages) of varying hole geometries 

and varying the inlet flow characteristics of the jet.  As a result it is necessary to produce 

RotationRotationRotationRotation

Combustion 
Gases
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impingement data that is relevant to conditions observed within the leading edge of 

modern turbine blades.  It is evident that extensive and accurate research is required to 

ensure the success of more complex cooling schemes.  

 
Aims and Objectives 

 
 The following thesis aims to present the heat transfer and pressure loss 

characteristics associated with varying shaped jets impinging on the leading edge of a 

turbine blade.  A newly designed test section has been developed to implement varying 

jet geometries and flow conditions that are indicative of what would be seen in a modern 

actively cooled turbine blade.  In an attempt to better model the geometrical and flow 

characteristics within a turbine blade, the purposes of this study are twofold.  The primary 

objective is to identify the heat transfer and pressure loss characteristics associated with 

cylindrical (C) and racetrack (RT) shaped jet geometries with edge conditions that more 

appropriately model the geometries observed in a turbine blade.  The secondary objective 

involves the investigation of how the heat transfer and pressure loss characteristics are 

further enhanced (or degraded) with the introduction of increased orthogonal crossflow 

velocity at the inlet of the jet for a given mass flow rate. 
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CHAPTER TWO 
 

Literature Review 
 
 

The techniques employed for cooling gas turbine airfoils are constantly evolving.  

Every year, a number of cooling advances are made, and it is vital to stay up-to-date with 

the novel cooling methods being developed.  As mentioned in the previous chapter, a 

number of cooling methods are employed within the various regions of a gas turbine 

blade.  Han et al. [3] presents a comprehensive review of the cooling schemes employed 

within turbine airfoils.  This chapter, however, presents a review of the relevant literature 

pertaining to impinging jets and their applications within gas turbine blades and vanes. 

The primary discussion of this chapter involves the characteristics of jets 

impinging on curved surfaces that model the leading edge of a turbine blade.  Such 

curvature increases the complexity of experimentation; consequently, the majority of 

impingement studies have been performed on a flat plate.  Therefore, to form a baseline 

for comparison, the chapter is organized to first present the specific heat transfer trends 

involved with impingement on a flat plate.  The flat plate discussion is followed with a 

presentation of how these trends change with the addition of a highly curved target 

surface.  Additionally, the majority of leading edge impingement studies employ circular 

jet geometries and coolant supply flow conditions that are not necessarily indicative of 

what is generally seen within a turbine blade.  Therefore, a detailed discussion of the heat 

transfer and pressure loss characteristics associated with varying jet geometries, and 

supply flow conditions is included. 
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Flat Plate Impingement 
 

Flat plate impingement studies are relevant to regions within the turbine airfoil 

where the target surface possesses a relatively large radius of curvature.  One example of 

a target surface with a large radius of curvature is the mid-chord region of the first stage 

nozzle guide vane (NGV).  A cross-sectional view of a NGV is presented in Figure 2.1.  

The hot combustion gases leaving the combustor first encounter the nozzle guide vane.  

As a result, the NGV experiences the most extreme heating loads, and, impingement is 

used throughout the vane to combat the intense temperatures.  Experimentalists will often 

approximate the mid-chord impingement regions as flat plates.   

 

  

Figure 2.1: Cross-sectional view of NGV [3]. 
 

Within the NGV, the areas where flat plate impingement characteristics are often 

approximated cover a significant portion of the airfoil.  Thus, cooling designs often 

employ arrays of jets which impinge on the target surface.  The arrays of jets are oriented 

in either staggered or inline configurations (see Figure 2.2).  Inline configurations employ 

jets that are aligned with each other in both the streamwise (parallel to the supply flow) 

and spanwise (perpendicular to supply flow) directions.  Staggered arrays resemble a 

honeycomb pattern, where the jets are aligned in one direction but offset in the other.  A 

Mid‐Chord Region
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brief discussion of the heat transfer characteristics observed from varying arrays of jets 

impinging on a flat plate follows. 

 

  

Figure 2.2: Dramatization of inline and staggered impingement arrays [1]. 
 

Details of flat plate impingement heat transfer characteristics are presented in 

multiple comprehensive reviews of impingement literature [2, 3, and 5].  For flat plate 

impingement, the Nusselt numbers are dependent upon a number of parameters: the jet 

Reynolds number (ReJet), the relative jet – to – target surface spacing (z / d), the relative 

jet – to – jet spacing (s / d), and the amount of crossflow present near the target surface.  

Generally the parameters affecting impingement heat transfer are referenced to the 

diameter, d, of the jet.  For arrays of jets, as the jet Reynolds number increases, the heat 

transfer coefficients also increase; the maximum heat transfer coefficients form in the 

stagnation region of the jet and decrease at locations radially outward of the stagnation 

region.  As well, changes in the jet – to – target surface spacing have little effect on heat 

transfer until the spacing is large enough (z / d > 6) that the lower velocities incurred by a 

diminished potential core cause the heat transfer coefficients to drop.   

For arrays of jets, decreases in jet – to – jet spacing provide increases in the 

overall heat transfer afforded by impingement; however, such increases are a result of 

Inline Array Staggered Array
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more jets impinging in the same area, not necessarily higher stagnation point Nusselt 

numbers.  Additionally, jets that are closer together, have significantly more jet – to – jet 

interaction.  On the target surface, where the jets interact with one another, a local area of 

flow acceleration is observed as the jet – to – jet interaction forms a fountain flowing 

perpendicularly away from the target surface.  The thin boundary layers incurred by such 

local acceleration increases the heat transfer coefficients on the target surface.  Therefore, 

over an equivalent area, the average Nusselt number on the surface is increased.  Care 

must be taken with decreasing the jet – to – jet spacing.  Decreased spacing may provide 

significant increases in heat transfer; however, this requires more jets, and therefore, 

more coolant to be supplied to the NGV.  Additionally, for relatively small jet – to – jet 

spacing, the spent impingement can hinder the heat transfer observed from adjacent jets. 

The effect of spent impingement air becomes a significant matter of concern with 

large arrays of jets and small jet – to – jet spacing.  Within the airfoil, the spent coolant is 

confined between the exit of the jet’s orifice and the target surface; as result, the coolant 

is forced to exit at the hub, the tip or the trailing edge of the turbine blade.  As the spent 

air from multiple jets combines, crossflow forms within the channel.  The crossflow 

formed within the array deflects downstream impinging jets and can significantly hinder 

the heat transfer observed on the target surface as the size of the stagnation region is 

reduced.  Figure 2.3 presents the deflection of the jets when crossflow is introduced.  

Depending on the configuration, the observed heat transfer trends and crossflow effects 

can vary significantly.  Inline arrays of jets help to diminish the negative effects of 

crossflow; they form channels in which the spent air can flow out of the blade with 

minimal disruption of adjoining jets.  
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Figure 2.3: Effect of crossflow formed by spent impingement air [4]. 
 
 

Curved Surface Impingement 
 

With the general trends of jet impingement on a flat plate established, it is 

necessary to know how these trends are altered for impingement on the leading edge of a 

turbine blade.  In contrast to the flat mid-chord regions of the airfoils, the leading edge of 

the turbine blade is considerably curved.  Additionally, the leading edge will often 

employ a singular row of impinging jets rather than a large array of jets.  With regard to 

arrays of jets, similar heat transfer trends are observed with the jet Reynolds number, the 

jet – to – jet spacing, and the jet – to – target surface spacing.  However, with the addition 

of film cooling on the leading edge and a reduced number of impingement holes (relative 

to the large arrays in the mid-chord), the effect of crossflow on the target surface is of 

minimal importance.  As well, the addition of the curved surface can noticeably change 

the heat transfer trends observed on the target surface. 

In pioneering work by Chupp et al. [6] in 1969, a single row of circular jets 

impinged on a curved surface.  The authors employed a steady state technique to obtain 

an average heat transfer coefficient within a cylindrical leading edge of a model of a 

turbine blade.  An overview of the experimental setup is provided in Figure 2.4.  The 

authors correlated their results and concluded the target surface Nusselt numbers were 

affected by four factors: the jet Reynolds number, the jet – to – target surface spacing, the 

Target Surface Spent Air Cross-Flow

Jet Plate
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jet – to – jet spacing, as well as the jet – to – target surface curvature (D/d).  The 

correlation presented by Chupp et al. [6] provides the average Nusselt number (NuStag) 

along a stagnation strip centered about the apex of the cylinder.  The correlation is as 

follows: 
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for 3000 ≤ ReJet ≤ 15000, 4 ≤ s/d ≤ 16, 1 ≤ z/d ≤ 10, and 1.5 ≤ D/d ≤ 16.  As a testament 

to the work of Chupp et al. [6], this correlation is commonly used today for leading edge 

impingement turbine blade designs.  The following presents a discussion of the varying 

parameter’s effects on leading edge impingement heat transfer.  

 

  

Figure 2.4: Top view of impingement facility used by Chupp et al. [6]. 
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Jet Reynolds Number 
 

Equation 2.1 indicates that the Nusselt numbers are proportional to the jet 

Reynolds number raised to the power of 0.7.  The Reynolds number raised to the power 

of 0.7 is a commonly seen occurrence in turbulent heat transfer and fluid measurements.  

For traditional heat transfer investigations, the Nusselt numbers on the target surface 

generally follow a Reynolds number power ranging between 0.7 and 0.8 when the flow is 

known to be fully turbulent.  In contrast, for laminar flows, the Nusselt numbers are 

proportional to the Reynolds number raised to the power of 0.5.  Thus, the Chupp et al. 

[6] correlation illustrates that the flow over most of the target surface is turbulent.   

While it is accepted that the Nusselt numbers increase with increasing Reynolds 

number, there is some disagreement concerning the appropriate Reynolds number 

exponent.  Fénot et al. [7] observed an exponent for the average Nusselt number of 0.72.  

Hrycrak [8] argues that for 2 < z/d < 8, the curvature of the target surface and the 

relatively close spacing allows for minimal room for the wall jet to develop away from 

the jet.  This, in turn, reduces the Reynolds number exponent to 0.63.  Lee et al. [9] 

correlated stagnation region Nusselt numbers that correspond to a jet Reynolds number 

exponent that varies depending on whether or not the jet – to – target surface spacing 

lends itself to the existence of the potential core when the jet impinges on the target 

surface.  The exponents are approximately 0.46 within and 0.56 outside of the potential 

core.  Recall that the flow within the potential core can be considered inviscid and, 

therefore, laminar.  Within the investigation of Lee et al. [9], great care was taken to 

ensure the jets were fully developed as they exited the jet orifice.  As a result, it is likely 

that the fully developed jet possessed a significantly larger laminar area within the 
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stagnation region.  As a result, the Nusselt numbers within the stagnation region more 

closely follow traditional laminar behavior. 

 
Jet-to-Target Surface Spacing 
 

The Chupp et al. [6] correlation implies that the average stagnation Nusselt 

number continuously increases with decreasing jet – to – target surface spacing; other 

studies refute this trend as they reveal maximum stagnation region Nusselt numbers do 

not change significantly at decreased jet –  to – target surface spacing.  Lee et al. [9] 

observed stagnation region Nusselt numbers which peak near z/d = 6; however, at 

decreased distances there is minimal variation in the Nusselt numbers.  As well, Martin 

[10] observed minimal changes in the Nusselt numbers below z/d = 4.   

Recall that the potential core still exists within the jet at jet – to – target surface 

spacing below z/d = 4 – 6.  With a jet – to – target surface spacing that lends itself to the 

existence of the potential core when the jet impinges, the velocity of the jet does not 

change significantly, and as a result, the associated heat transfer does not change at 

decreased spacing.  However, for the previously mentioned studies, above z/d = 6, the 

stagnation region Nusselt numbers begin to drop significantly.  Such drops are attributed 

to the diminished potential core, where the jet velocity decreases with increased distance 

from the surface.  In contrast, Metzger et al. [11], similar to what is observed by Chupp et 

al. [6], reported that the peak Nusselt numbers occur within one diameter of the exit of 

the jet; as the jet – to – target surface spacing increased the Nusselt numbers dropped.  
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Jet-to-Jet Spacing 
 

Chupp et al. [6] and Fénot et al. [7] drew similar conclusions for changes in the jet 

– to – jet spacing, where decreases in the spacing result in higher overall heat transfer. 

Increases in the overall heat transfer are commonly a result of increased jet – to – jet 

interaction, and not increased stagnation region heat transfer coefficients.  As mentioned 

previously, this is a result of more jets impinging within an equivalent area and more jet – 

to – jet interaction.  In contrast, Tabakoff and Clevenger [12] observed the highest heat 

transfer for a relatively large jet – to – jet spacing (s/d = 8.8) and a small jet – to – target 

surface spacing (z/d = 1).  Such reversal in trends is an effect of the small jet – to – target 

surface spacing where such small spacing does not provide room for the spent air to be 

removed from the impingement cavity; as a result, there is significantly decreased heat 

transfer. 

 
Jet-to-Target Surface Curvature 
 

Finally, the addition of the curved target surface further changes the local heat 

transfer characteristics.  From the Chupp et al. [6] correlation, it can be inferred that 

increasing the relative target surface curvature will lead to slight increases in the heat 

transfer.  This is an effect of reduced entrainment of the spent impingement air after it 

impinges.  Bunker and Metzger [13] observed the heat transfer trends for varying 

amounts of leading edge sharpness; the leading edge was varied from a half cylinder to a 

sharp point.  At decreased target surface curvature (corresponding to a sharper point), the 

authors observed drops in the stagnation region heat transfer within the apex of the curve 

and secondary regions of increased heat transfer on the sides of the target surface.  The 

addition of the sharp edge also increased the associated jet – to – target surface spacing 
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(z/d = 12 – 42).  Thus, from this investigation alone, it is difficult to fully quantify the 

effects of leading edge sharpness as it has been established that increasing the jet – to – 

target surface spacing also decreases heat transfer.  However, Fénot et al. [7] observed 

similar trends for a surface with a small radius of curvature.  The authors attributed such 

decreases to stagnant pockets of entrained coolant existing within the apex; the entrained 

coolant prevents the jet from fully stagnating on the target surface.  

 
Other Aspects of Impingement 

 
The previous sections presented the fundamental trends associated with square 

edged, circular jets impinging on either a flat or curved target surface for gas turbine 

applications.  Modern cooling designs and casting limitations often lend themselves to 

jets that are not circular and have varying edge conditions.  As a result, it is important to 

have a complete understanding of the cooling characteristics associated with varying jet 

geometries.  However, there are limited resources involving gas turbine related 

impingement with varying jet geometries.  As a result, the proceeding section includes a 

brief discussion of leading edge impingement studies with varying jet geometries; it is 

then supplemented with other applications where impingement cooling with varying jet 

geometries is desirable.  This section is then concluded with a description of the changing 

pressure loss characteristics associated varying jet geometries and inlet flow conditions.   

 
Shaped Jets 
 

An alternative to discrete circular impinging jets is a continuous slot jet.  The slot 

jet ideally provides a continuous flow of coolant impinging on the target surface.  The 

slot jet Nusselt number gradients on the inner wall would be constant in the streamwise 
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direction of the supply air, and, relative to discrete impinging jets, the temperature 

gradients within the turbine blade walls would be less severe.  However, a number of 

drawbacks to the slot jet are evident.  To supply adequate and uniform cooling, the slot 

jet requires significantly more coolant than its discrete counterpart.  Additionally, the 

casting of a continuous slot is difficult and significantly degrades the overall integrity of 

the turbine blade.  Moreover, Bunker and Metzger [13] and Tabakoff and Clevenger [12] 

have demonstrated that the overall heat transfer afforded by discrete jets outperforms that 

of a continuous slot jet.  Relative to a continuous slot jet, discrete jets have more 

turbulent, three-dimensional flow which is not observed with a continuous slot; these 

characteristics lend discrete jets to higher Nusselt numbers.  As a result, slot jets are not 

often employed within the leading edge of a turbine blade.   

A shape of recent interest is the racetrack shaped jet; the racetrack shaped jet is an 

attempt to attain the uniform heat transfer observed with a slot jet and the improved 

performance provided by discrete impinging jets.  Taslim et al. [14-16] has compared 

multiple racetrack shaped and cylindrical jets impinging on smooth and roughened 

leading edge models.  Racetrack shaped jets generally outperform their cylindrical 

counterparts.  Moreover, the addition of a roughened leading edge model (roughened 

with conical elements or rib turbulators) is observed to provide further increases in the 

heat transfer observed on the leading edge.  The cross-sectional area of the jet varied 

significantly between the cylindrical and the racetrack shaped jets; as a result, 

significantly more coolant was required to maintain equivalent jet Reynolds numbers.  

Riahi and Tapia [17] numerically investigated a realistic leading edge model with 

racetrack shaped impinging jets and showerhead film cooling holes (Figure 2.5).  To 
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consider casting limitations, the racetrack holes were modeled with fillets around both the 

inlet and the outlet of the jets.   

 

  

Figure 2.5: Leading edge model employed by Riahi and Tapia [17]. 
 

The authors conclude that there is a significantly reduced turbulence intensity afforded by 

filleted holes.  The turbulence intensity can be thought of as the level of unsteadiness 

associated with a given flow; increased unsteadiness generally leads to heat transfer 

enhancement.  Thus, the decreased turbulence intensity noticeably reduces the Nusselt 

numbers on the target surface.  However, as the spent air approaches a film cooling hole, 

the fluid accelerates and provides local areas of heat transfer enhancement near the 

ejection holes. 

Moving from leading edge impingement studies to other investigations employing 

shaped jets, Lee and Lee [18] observed the effects of varying nozzle aspect ratio for a 

sharp edge, elliptic jet impinging on a flat plate (Figure 2.6).  Here, the magnitude of the 

Nusselt numbers is very dependent upon the jet aspect ratio and the jet – to – target 

Filleted 
Edge
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surface spacing; relative to circular jets, sharp edge, elliptical jets possess significantly 

increased turbulence intensity. Thus, the increased turbulence intensity leads to increased 

heat transfer.  Lee et al. [19] observed the effects of varying the jet – to – target surface 

spacing for an elliptic jet impinging on a flat plate.  Similar trends are observed from 

previous impingement investigations.  The magnitude of the stagnation region Nusselt 

numbers did not vary significantly until the distance was greater than the length of the 

potential core (z/d = 4 – 6).  Furthermore, for a constant Reynolds number, the stagnation 

region Nusselt numbers of the elliptic jets were observed to be approximately 10% higher 

than that of a cylindrical jet. 

 

  

Figure 2.6: Sharp edge, elliptical jet employed by Lee and Lee [18]. 
 

Gulati et al. [20] studied the effect of circular, square and rectangular nozzle 

shapes with square edges.  When the jet – to – target surface was short enough that the 

potential core impinged on the target surface, the elongated rectangular jets were 

observed to produce ten percent higher Nusselt numbers when compared to circular or 

square jets at equivalent jet Reynolds numbers.  Additionally, the stagnation region of the 

rectangular jets was noticeably wider than the round or square jets.  However, at longer 
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jet – to – target surface spacings (z/d > 4), the peak Nusselt numbers did not vary 

significantly between jet shapes.  Outside of the potential core, the turbulence intensity is 

not expected to vary significantly with jet shape, and as a result, the heat transfer on the 

target surface does not change. 

 
Jets with Varying Edge Conditions 
 

Brignoni and Garimella [21] investigated the effect of varying degrees of inlet 

chamfering on circular impinging jets (Figure 2.7).  Narrow chamfering was seen to 

decrease the pressure drop across the jet length through the loss of the vena contracta 

formed within the hole, but this decrease in pressure drop results in lower velocity jets 

which decrease the heat transfer coefficients observed on the surface.  The vena contracta 

is a phenomenon incurred when flow is suddenly forced through an orifice.  As the flow 

approaches an orifice, it separates along the edges and produces a diminished effective 

flow area for the jet.  Thus, the addition of a chamfer or fillet at the inlet of a jet allows 

the flow to more easily stay attached to the surface as it flows through the jet orifice; as a 

result, there are significantly less losses incurred through the orifice.  Figure 2.8 presents 

a visualization of the vena contracta effect as it flows through a short orifice.  

 

  

Figure 2.7: Square and chamfered edge jets employed by Brignoni and Garimella [21]. 
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Figure 2.8: Vena contracta visualization. 
 
 
For a circular water jet impinging on a flat plate, Royne and Dey [22] observed 

the highest Nusselt numbers for sharp edged holes and the lowest Nusselt numbers for 

chamfered holes.  Whelan and Robinson [23] investigated the effect of circular water jets 

with square, rounded, and chamfered edges; the heat transfer coefficients obtained for a 

confined jet revealed that the jets with rounded edges produced lower heat transfer 

coefficients than a hole with either chamfered or square edges.  In addition to the 

diminished effects of the vena contracta, the rounded edges are thought to cause an early 

diminishment of the potential core; this results in lower jet velocities and lower heat 

transfer enhancement on the target surface.  

 
Pressure Losses 
 

The addition of chamfered and rounded edges requires understanding of the 

pressure losses associated with varying nozzle shapes.  The following presents a 

discussion of the discharge coefficients observed with varying jet geometries.  The 

discharge coefficient is further discussed in Chapter four; it provides a measure for the 
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losses incurred as the air flows through a jet orifice.  The discharge coefficient varies 

between zero and one; a discharge coefficient of one implies that the flow is isentropic 

and no losses exist, while lower discharge coefficients imply losses.   

Florschuetz et al. [24] observed minimal changes with Reynolds number in the 

magnitude of the discharge coefficients obtained for cylindrical holes.  Gulati et al. [19] 

observed similar behavior in the losses incurred by circular, square and rectangular 

nozzles.  However the authors employed the use of a loss coefficient which is inversely 

proportional to the discharge coefficient.  Rectangular nozzles were observed to have the 

highest loss coefficients; thus, relative to circular holes, the discharge coefficients of the 

higher aspect ratio rectangular holes would be lower.  Callaghan and Bowden [25] 

investigated the losses associated with circular, square, and elliptical orifices; the authors 

observed slight increases in the discharge coefficients as the jet Reynolds number 

increased.  The authors observed the highest losses (i.e. the lowest discharge coefficients) 

with the elliptical jets. 

Hay and Spencer [26] investigated the discharge coefficients for radiused and 

chamfered inlets; the authors observed favorable increases in the discharge coefficients 

with the addition of an inlet chamfer or radius.  Similarly, Dittmann et al. [27] observed 

that increases in the relative fillet radius or chamfer width at the inlet of the nozzle bring 

the discharge coefficients closer to unity.  Increased discharge coefficients are also likely 

an effect of a decreased vena contracta phenomenon within the hole, as reduced 

separation reduces losses.  Attention should be brought to the fact that the increases in the 

discharge coefficients afforded by the addition of an inlet chamfer or radius, is offset by 

the decreased heat transfer associated with modifying the nozzle inlets with chamfers or 
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fillets.  Impingement designers face a delicate balance between choosing cooling schemes 

with minimal losses and cooling schemes with superior heat transfer enhancement.  

 
Supply Flow Considerations 
 

Figure 2.9 presents a conceptual schematic of the coolant flow conditions 

observed within a hollow turbine airfoil [4].  Attention should be brought to the leading 

edge, where the impingement supply air moves radially outward (from the hub to the tip 

of the blade) and is forced to turn 90° as it flows through a jet orifice.  Often, there is a 

substantial fluid velocity component oriented perpendicular to the jet as it enters the jet 

orifice.  The increased coolant velocity (termed inlet crossflow) is an artifact of the flow 

accelerating as it flows through the contraction at the inlet of the supply channel and the 

fact that a portion of the air is ejected through the tip of the blade for tip cap cooling.   

 

  

Figure 2.9: Typical internal cooling scheme for a turbine blade [4]. 
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In contrast, impingement studies often utilize an upstream plenum to uniformly 

distribute 100% of the mass flow to all jets within the impingement array.  The use of an 

upstream plenum eases experimentation; however, such plenum conditions do not exist 

within a turbine blade.  Taslim et al. [14 – 16] has compared varying inlet and exit flow 

conditions with leading edge impingement.  Small variations in the overall heat transfer 

are observed with varying supply flow conditions; however, all of the supply air was used 

for impingement and the effect of large inlet crossflows was not investigated.  Hay et al. 

[28] mentions that such inlet crossflows can significantly change the heat transfer 

characteristics on the blade.  However, little work has been done to investigate such 

effects on heat transfer.  Thus, as the basic trends for the discharge coefficients have been 

established, it is important to consider how varying inlet cross flow conditions change the 

discharge coefficients associated with flows through an orifice. 

Dittrich and Graves [29] observed the discharge coefficients for circular holes 

where the supply flow is perpendicular to the jet.  The authors conclude that the discharge 

coefficients are most affected by the perpendicular flow velocity at the inlet of the orifice. 

Similarly, Rohde et al. [30] observed the discharge coefficients for perpendicular and 

inclined orifices.  The discharge coefficients drop dramatically with appreciable increases 

in the inlet crossflow Mach numbers.  Similar to flows with minimal inlet crossflow, 

increasing the amount of filleting at the inlet of the orifice brings the discharge 

coefficients closer to unity.  Hay et al. [28] attributed the forced turning of the flow from 

the supply duct 90° into the circular orifice to large drops in the discharge coefficients as 

the inlet crossflow Mach numbers increase.  Tillman and Jen [31] characterized the 

complex velocity distributions and the associated turning of the flow as it entered the jet 
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nozzle with an effective pressure drop.  Here the authors observed similar drops in 

discharge coefficients with increased inlet crossflow.  Strakey and Talley [32] observed 

similar trends with increasing crossflow Mach numbers for rocket applications; the 

authors provided an analytical model for the determination of the discharge coefficients. 

As well, Werth et al. [33] observed similar trends for flows bypassing orifices in round 

tubes. 

 It is evident that little work has been done to investigate the effects of varying jet 

geometries and inlet flow conditions for impingement within the leading edge of a gas 

turbine blade.  To fully characterize the heat transfer and pressure losses associated with 

more realistic leading edge flow and geometrical conditions, this investigation employs 

shaped jets, with varying inlet crossflow conditions.  Cylindrical and racetrack shaped 

jets with square edges, partially filleted edges, and fully filleted edges are used to better 

understand the benefits of employing shaped jets within the leading edge of a gas turbine 

airfoil.  Additionally, a transient technique employing thermochromic liquid crystals is 

used to obtain detailed heat transfer measurements on a cylindrical target surface.  As a 

result, the following chapter presents a brief review of thermochromic liquid crystals and 

their applications to experimental heat transfer tests.  
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CHAPTER THREE 
 

Thermochromic Liquid Crystals 
 
 

Liquid crystals (more specifically, thermotropic liquid crystals) were first 

observed in the latter part of the 19th century; they are so named because, within a given 

range of temperatures, they undergo a phase change where they possess the properties of 

both a crystalline solid and an isotropic liquid [34].  Two classes of liquid crystals exist, 

lyotropic and thermotropic; lyotropic liquid crystals undergo a phase change in the 

presence of a solvent, while the phase change undergone by thermotropic liquid crystals 

occurs within a given range temperatures.  The comprehensive literature reviews of 

Stephen and Straley [35] as well as Brown and Shaw [36] present the details of the 

chemistry and physics driving the properties of liquid crystals as they undergo their 

respective phase changes; however, the following discussion presents the characteristics 

of thermotropic liquid crystals and their application to heat transfer experiments. 

Generally, as thermotropic liquid crystals are heated through their phase change 

temperatures, the visible colors observed from the liquid crystals change dramatically; 

these liquid crystals are therefore termed, thermochromic.  Thermochromic liquid crystals 

(TLC) are of particular interest to experimentalists; as the liquid crystals are heated 

through their given phase change temperatures, the ‘color’ of the light reflected from the 

surface goes through the visible color spectrum (red-orange-yellow-green-blue-violet).  

Cooler temperatures correspond to the red and orange color spectrum and hotter 

temperatures correspond to blue or violet; outside of the transition temperatures, the 

liquid crystals appear to be clear.  The transition temperatures of the liquid crystals are 
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both selectable and repeatable; TLC is generally formulated to change colors over a fixed 

narrow (0.5 - 2°C) or wide (5 - 25°C) temperature bandwidth [37].  TLC is designated by 

terms that describe their characteristics (i.e. R25C15).  The general naming convention 

begins with the letter R to denote the color red.  The letter is followed by a number and 

letter designating the temperature at which the TLC begins to transition to the red value 

and the temperature’s corresponding unit. The final number designates the temperature 

band in which all of the TLC’s visible colors are displayed.  Thus, a TLC designated 

R25C15 would show the onset of red at a temperature of 25°C, and would posses visible 

colors until the TLC temperature had increased 15°C to 40°C.  As a result, 

experimentalists can choose liquid crystals which change colors at temperatures 

conducive to varying experimental setups and heating conditions. 

Thermochromic liquid crystals have been used since the middle of the 20th 

century to qualitatively characterize the temperature gradients of hot and cold regions on 

a surface; Cooper et al. [37] provides a review of the early work employing TLC.  Not 

until recent decades, with improved computational power, image capturing techniques, 

and micro-encapsulation techniques, have quantitative, detailed heat transfer 

measurements been possible with TLC.  Depending on the amount of light exposure and 

contaminants within the TLC, the lifespan of liquid crystals can be on the order of 

minutes.  The process of micro-encapsulating has significantly enhanced the lifespan and 

durability of TLC [37].  Encapsulating the TLC into a clear micrometer sized shell 

protects TLC from outside contaminants and ultraviolet light and significantly increases 

the life and functionality of the material.  Painting encapsulated TLC on a surface 

essentially places thousands of temperature measurement devices on the surface; this 
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provides a means to repeatedly obtain detailed temperature distributions as the surface is 

heated (or cooled) [38].   

Additionally, the introduction of high resolution recording capabilities provides a 

wealth of raw temperature data from images of the TLC.  As a result, increased 

computational resources have provided the ability to calculate detailed heat transfer 

measurements at every pixel on the surface.  As result, a number of methods to calibrate 

and employ liquid crystals to heat transfer experiments have been developed.  The 

following presents a discussion of the different techniques developed to obtain heat 

transfer coefficient distributions with thermochromic liquid crystals.   

 
Thermochromic Liquid Crystals for Heat Transfer Measurements 

 
Multiple steady state and transient techniques have been developed with both 

narrow and wide band TLC; as a result, the application of liquid crystals has been 

employed for a variety of industrial heat transfer applications.  The following includes a 

brief discussion of the development of the various steady state techniques (yellow band 

tracking and hue based) and transient techniques (single color capturing and hue/intensity 

based) along with the researchers that initially employed them. 

 
Single Color Capturing Techniques 

 
The earliest method to calibrate TLC and obtain heat transfer coefficient 

distributions is a steady state, narrow band tracking technique.  For this technique, the 

temperature corresponding to the onset of a given band (generally yellow) is obtained 

from a steady state calibration; generally a TLC coated copper plate is heated and the 

plate temperature at the maximum yellow band value is recorded.  The yellow band is 
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generally used because it is visually the brightest of the colors and the yellow transition 

temperature can be known with little uncertainty; however, Cooper et al. [37] and 

Goldstein and Franchett [39] have used other color bands (i.e. red or blue) to calculate 

heat transfer coefficients.  From here, a test section is coated with liquid crystals, the 

surface is heated, and Newton’s law of cooling is employed to calculate heat transfer 

coefficients on the surface in question.  Newton’s law of cooling is expressed as: 

 refw

net

TT

q
h


       (3.1) 

 
where h is the convective heat transfer coefficient, qnet is the net heat flux to the surface 

coated with TLC, Tw is the transition temperature of the liquid crystals, and Tref is the 

reference temperature for the fluid in contact with the surface.  Cooper et al. [37] 

employed this technique with eight bands of liquid crystals to obtain heat transfer 

coefficients for flow around a cylinder from a single test.  Hippensteele et al. [40, 41] and 

Baughn [42] employed a similar yellow band tracking technique with a single band of 

liquid crystals for turbulent flow around an airfoil cascade.  Here, observation of the 

yellow band’s location was recorded at varying levels of heat flux.  Similar techniques 

were used by Goldstein and Franchette [39], as well as Huber and Viskanta [43]; 

however, the authors employed optical bandpass filters to capture the onset of the visible 

colors (other than yellow). 

 The introduction of charge coupled device (CCD) cameras has allowed 

experimentalists to observe the visible color from the liquid crystals as a combination of 

the red, green and blue (RGB) levels from the TLC coated surface.  The ability to break 

an image into three components allows experimentalists to capture a single color and 

better determine what temperature corresponds to a maximum color value.  Figure 3.1 
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represents an RGB representation of a calibration curve for a single, R32C1, narrowband 

liquid crystal.  For consistency with industrial standards, the RGB components are 

referenced to 255.  Note that the green curve is relatively narrow and possesses a 

maximum peak in color value.   

 

  

Figure 3.1: RGB calibration curve. 
 
 

Often, experimentalists will choose the temperature at the peak of the green curve as the 

transition temperature of the TLC.  Thus, the maximum green level is obtained at every 

pixel of interest, and steady state methods similar to the yellow band tracking technique 

can be employed to more accurately calculate heat transfer coefficients.   

More accurate wall temperature measurements not only enhance the functionality 

of the TLC; they also open the door for transient single color capturing techniques.  For 

transient, single color capturing techniques, the green level on the surface is recorded 

throughout the duration of a transient test, and, at each pixel, the time at which a 

maximum green level occurs is employed to calculate the convective heat transfer 
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coefficient.  The heat transfer coefficients are traditionally calculated from the solution to 

the transient heat conduction equation: 
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where Tw is the TLC transition temperature attained from a calibration, Ti is the initial 

temperature of the material, Tref is the driving fluid temperature, h is the heat transfer 

coefficient, α and ks are material properties, and t is the time it takes for the TLC to 

transition.  Further details of transient tests are presented in chapter four.  Van Treuren et 

al. [44] as well as Facchini and Surace [45] have employed a single color capturing 

technique to determine heat transfer coefficients from an array of impinging jets. 

 
Hue, Saturation, and Intensity Based Techniques 

 
 The red, green, and blue values obtained from the liquid crystals can be converted 

to equivalent values of hue, saturation, and intensity (HSI).  The hue, saturation, and 

intensity are directly related to the levels of red, green, and blue in the image; where the 

hue corresponds to the visible color observed from the liquid crystals, the saturation is 

ambiguously likened to how full or washed out a given hue is, and the intensity is akin to 

the brightness of an image.  Relative to the single color capturing techniques, calculation 

of the hue and intensity values provides experimentalists with more color information 

over the entire visible spectrum.  Camci et al. [46, 47] introduced the methodology for 

converting an RGB image to an HSI image.  As well, Ireland and Jones [48] have 

presented a review of HSI techniques for convective heat transfer and surface shear stress 

measurements employing thermochromic liquid crystals.   
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Two methods are generally employed with HSI techniques.  First, the intensity of 

the image varies with the color observed from the image; the maximum intensity ideally 

corresponds to the maximum green value of the image.  Similar to the transient single 

color capturing techniques where the maximum green level is obtained at a given pixel, 

experimentalists will use the maximum intensity at a given pixel to calculate heat transfer 

coefficients.  The RGB color observed from liquid crystals is highly dependent upon 

viewing angle, employing the maximum intensity (as opposed to the maximum green 

level in Figure 3.1) reduces the dependence of the viewing angle of the liquid crystals.  

Figure 3.2 illustrates an intensity distribution obtained from a calibration of narrow band 

liquid crystals.   

  

  

Figure 3.2: Maximum intensity calibration curve. 
 

Ekkad and Han [49] have employed maximum intensity techniques to calculate 

detailed heat transfer coefficient distributions for turbine blade cooling applications.  

Talib et al. [50] presents a method for employing the intensities of three bands to reduce 
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the uncertainty in heat transfer coefficient measurements.  Similarly, Ireland and Jones 

[48] illustrated the use of liquid crystal intensities for transient heat transfer experiments.  

The second method employed with HSI techniques is a hue technique to obtain 

detailed heat transfer measurements.  Again, the hue represents the visible color observed 

from the liquid crystals; as a result, each hue value corresponds to a set temperature.  A 

sample distribution of the liquid crystal hue over a range of wall temperatures is 

presented in Figure 3.3.  The combination of wide band liquid crystals and the hue 

capturing technique allow the determination of multiple temperatures, as opposed to 

previous techniques where only one liquid crystal temperature is obtained. Wide band 

liquid crystals are generally employed to determine detailed wall temperature 

distributions over a significant range of temperatures; however, multiple narrow bands 

can also be employed to obtain an accurate wall temperature distribution.   

 

  

Figure 3.3: Temperature as a function of liquid crystal hue (R32C1). 
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Camci et al. [47] employed the hues of three narrow band liquid crystals to obtain 

detailed wall temperature distributions for a transient heat transfer experiment.  Wilson et 

al. [51] and Licu et al. [52] employed wide band liquid crystals to obtain detailed wall 

temperature distributions at different times throughout a transient experiment.  Facchini 

and Surace [45] also employed a hue capturing, steady state technique with wide band 

liquid crystals to determine detailed heat transfer coefficient distributions from a row of 

impinging jets.   

 
Liquid Crystal Concerns 

 
It is important to understand the nuances involved with the varying TLC 

techniques.  For instance, the hue or RGB color value observed from the liquid crystals is 

highly dependent upon the lighting and viewing angle of the camera to the liquid crystal; 

as a result, great care must be taken to accurately calibrate the liquid crystals.  Anderson 

and Baughn [53] present a detailed discussion of illumination effects on the observed hue 

of the liquid crystals.  In an attempt to present a more detailed understanding of the 

observed hue of the liquid crystals, the authors presented a theoretical model to predict 

the hue attained from various illumination sources.  To remove any TLC lighting or 

viewing angle effects, Sabatino et al. [54] introduced a point-wise calibration method for 

wideband liquid crystals.  The authors concluded that their calibration method 

successfully reduces any viewing angle discrepancies.   

Great care must be taken when handling liquid crystals.  Ireland and Jones [48] 

describe some of the complexities of thermochromic liquid crystals.  The authors stress 

the fact that TLC can be damaged when they come into contact with varying oils or 

solvents.  Similarly, TLC can be damaged when heated far above the upper limit of its 
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transition temperature or when ultraviolet light shines on the surface for extended periods 

of time.  When TLC comes into contact with extreme heat loads or foreign contaminates, 

the visible properties can change, and one should be careful to protect TLC during use. 

Additionally, each measurement technique has specific drawbacks which must be 

considered.  For instance, the yellow band tracking technique is highly sensitive to the 

human observer; it is often desirable to employ filters to ensure the same color is 

consistently observed.  Similar problems are encountered when attempting to use a single 

color capturing technique for the blue color.  Rather than possessing a sharp peak, the 

blue color has a rather broad plateau; thus, it is difficult to have confidence in the 

temperature that corresponds to the maximum blue. 

When employing the transient maximum intensity, HSI technique, the 

experimentalist must be aware that two peak intensities may occur: one peak 

corresponding to the maximum green and the second peak corresponding to the 

maximum blue.  As a result, it is difficult to employ this HSI technique and have large 

confidence in the calculated transition times of the liquid crystals.  Similar problems 

occur when employing hue based techniques.  The steep slope associated with blue 

colored hue values (refer to Figure 3.3) implies that small changes hue have relatively 

large changes in temperature.  Such a steep slope introduces significant uncertainty in 

temperatures at the upper end of the TLC transition temperature.   

 
Liquid Crystals and Jet Impingement 

 
Thermochromic liquid crystals are particularly well suited for impingement 

applications; therefore, a brief summary illustrating the TLC techniques employed for 

varying impingement investigations is presented in Table 3.1.  After examination of the 
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Table 3.1: Impingement studies employing TLC 

Authors Technique Year 
Experimental 

Setup 

Goldstein and Franchett [39] 
Steady State 

Band Tracking 
1988 

Flat Plate w/ 
Oblique Jet 

Huber and Viskanta [43] 
Steady State 

Band Tracking 
1994 

Flat Plate w/ 
Multiple Jet Array 

Lee et al. [19] 
Steady State 

Band Tracking 
1994 

Flat Plate w/ 
Elliptic Jet 

Van Treuren et al. [44] 
Transient 

Single Color Capturing 
1994 

Flat Plate w/ 
Multiple Jet Array 

Huang et al. [55] 
Transient 

Single Color Capturing 
1997 

Flat Plate w/ 
Multiple Jet Array 

Dempsey [38] 
Transient 

Maximum Intensity 
1997 

Curved Plate w/ 
Single Jet 

Lee et al. [9] 
Steady State 

Single Color Capturing 
1999 

Curved Plate w/  
Single Jet 

Lee and Lee [18] 
Steady State 

Single Color Capturing 
2000 

Flat Plate w/ 
Elliptic Jet 

Ekkad and Han [18] 
Transient 

Single Color Capturing 
2000 

Flat Plate w/ 
Multiple Jet Array 

Chambers et al. [56] 
Transient 

Single Color Capturing 
2005 

Flat Plate w/ 
Multiple Jet Array 

Facchini and Surace [45] 

1. Steady State 
Hue Capturing - Wide 

Band 
2. Transient  

Single Color Capturing - 
Narrow Band 

2006 
Flat Plate w/ 

Multiple Jet Array 

Esposito et al. [57] 
Transient 

Hue Capturing - Wide 
Band 

2006 
Flat Plate w/ 

Multiple Jet Array 

Lee et al. [58] 
Transient 

Single Color Capturing 
2007 

Curved Plate w/  
Single Jet 
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multiple TLC heat transfer techniques, a transient single color capturing technique to 

calculate heat transfer coefficients on a curved, leading edge model of a gas turbine blade 

was selected.  Further discussion of the techniques employed to calculate the heat transfer 

coefficients for this investigation is provided in chapter four. 
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CHAPTER FOUR 
 

Experimental Technique 
 
 

All convective heat transfer experiments rely on a temperature difference 

occurring between a moving fluid and a solid.  The convective heat transfer coefficient, 

h, is a proportionality constant which relates the heat conduction through the solid surface 

to the energy lost (or gained) through the movement of the fluid. There are two 

approaches to heat transfer experiments: the steady state approach (independent of time) 

and the transient approach (dependent of time).  Steady state approaches rely on 

Newton’s law of cooling to calculate the heat transfer coefficient.  Steady state tests 

typically utilize resistive heaters to raise the temperature of the surface in contact with the 

fluid.  A relatively cool fluid passes over the heated surface, and a steady state 

temperature difference is achieved between the surface and the fluid.  Transient 

approaches rely on solutions to ordinary or partial differential equations.  Transient 

experiments generally employ a heated fluid and a relatively cool solid which is thrust 

into contact with the heated fluid to initiate the test.  The changes in the surface 

temperature and the fluid temperature are recorded as a function of time, and the heat 

transfer coefficients on the surface are calculated.  Martin [10] provides a brief overview 

of the nuances involved with different techniques.  

This chapter outlines the methodology for running a transient test with 

thermochromic liquid crystals (TLC).  As discussed in the previous chapter, detailed heat 

transfer coefficient distributions are obtained on a cylindrical surface using a traditional, 

single color capturing, transient liquid crystal technique.  For the single color capturing 
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technique, the time to reach a given surface temperature (liquid crystal color value) is 

recorded at each pixel on the surface.  This technique relies on the solution to the 

transient heat conduction equation through a semi-infinite solid; thus, the general theory 

involving the transient semi-infinite solid method for the calculation of heat transfer 

coefficients is discussed.  Additionally, no heat transfer test is complete without 

observation of pressure penalties incurred by a given geometry.  Thus, the discussion is 

supplemented with a brief overview of the calculation of the discharge coefficients 

associated with flow through a row of impinging jets. 

 
The Semi-Infinite Solid Method 

 
 The semi-infinite solid method is a popular method for calculating convective 

heat transfer coefficients; it relies on the assumption that the solid extends to infinity in 

all directions but one (only one surface is exposed to the bulk movement of a fluid).  

Ideally, a step change in the temperature of the fluid at the surface initiates one-

dimensional conduction through the solid.  Thus, the thermal wave formed in the material 

cannot propagate through the semi-infinite length, and, far away from the surface, the 

solid’s temperature remains unchanged.  Figure 4.1 presents a conceptual view of the 

temperature profiles formed after the initiation of a test. 

 

  

Figure 4.1: Transient temperature profiles in a semi-infinite solid [1]. 
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While a true semi-infinite solid may not physically exist; it is possible to select 

materials which allow this assumption to be valid for finite lengths of time.  The one 

dimensional semi-infinite solid assumption is valid as long as the thermal wave does not 

propagate through the thickness of the material.  As a result, experimentalists choose 

materials with relatively large thicknesses and low thermal conductivities to ensure that 

the thermal wave is not ‘felt’ on the back side of the material.  Schultz and Jones [59] 

developed a guideline for selecting material thickness which does not allow heat 

conduction to propagate through the thickness of the material; it is expressed as: 

tz 4  (4.1) 

where z is the thickness of the material, α is the material’s thermal diffusivity, and t is the 

length of the test.  Similarly, the selection of materials with low thermal conductivities 

ensures the heat conduction is one-dimensional and lateral heat conduction (temperature 

movement in directions parallel to the surface in contact with the fluid) is negligible for 

the duration of the test. 

 Determining the heat transfer coefficients on the target surface begins with the 

one dimensional, transient heat conduction equation assuming constant material 

properties and no heating within the material: 

t

T

z

T
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(4.2) 

 
Two boundary conditions and one initial condition (the semi-infinite solid assumption, a 

purely convective boundary at the surface (z = 0), and a uniform initial temperature) are 

required for the solution to Equation (4.2): 
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where Ti is the uniform initial temperature of the material, T∞ is the driving fluid 

temperature and ks is the material thermal conductivity.  Employing the method of 

separation of variables, the general solution to the heat conduction equation with the 

prescribed boundary conditions is obtained: 
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where z is the distance into the material and T(z,t) is the temperature of the material at a 

given location and time.  Narrowband, encapsulated TLC is applied to the surface (z = 0); 

as a result, the wall temperature of the solid exposed to the convective boundary is known 

from the transition times of the liquid crystals on the surface and the solution from 

Equation (4.4) can be simplified: 
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where Tw is the TLC transition temperature attained from a calibration. Equation (4.5) is 

dependent upon a step change in the temperature of the fluid flowing over the surface. 

The current experimental facility does not allow for such a change, and as a result, the 

temperature history of the fluid must be taken into account.  Duhamel’s theorem of 

superposition is employed to approximate the temperature history of the fluid as a series 

of steps taken throughout the test.  As shown in Figure 4.2, the measured mainstream 
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Figure 4.2: Discretized temperature profile. 
 

temperature has been discretized into individual step changes. These discrete steps must 

be taken into account to properly calculate the resulting convective heat transfer 

coefficients on the surface.  Thus, Equation (4.5) is modified as shown: 
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For impingement investigations, measurement of the driving fluid temperature for 

heat transfer, T∞, brings out debate concerning which temperature should be used as the 

reference temperature.  The majority of impingement studies simply use the jet 

temperature, TJet, as the reference temperature; however, a number of studies employ the 

adiabatic wall temperature, Taw, as what governs the heat transfer on the target surface.  

The adiabatic wall temperature is derived from high speed, isothermal flows; where the 

air near the surface is heated due to the large momentum loss across the thin boundary 

layer and the high skin friction near the surface.  This results in slight increases in the 
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local temperature of the air near the surface.  For impingement, the adiabatic wall 

temperature is introduced to take into account the jet’s interactions with spent 

impingement air as well as the local acceleration of the wall jet as it leaves the stagnation 

region.  The adiabatic wall temperature cannot be measured directly, and usually, the 

impingement effectiveness, η, is employed to relate the adiabatic wall temperature to the 

jet temperature and a secondary driving temperature.  The impingement effectiveness is 

usually defined as: 

refJet

refaw

TT

TT




      (4.7) 

 
where Tref is the secondary driving temperature.  The impingement effectiveness and the 

heat transfer coefficient are constant unknowns; thus a system of two equations and two 

unknowns are required to calculate the impingement effectiveness and the heat transfer 

coefficient.  Solving Equation (4.7) for the adiabatic wall temperature and substituting it 

as the driving temperature for heat transfer into Equation (4.5) yields one equation with 

two unknowns; as a result, a second test is often run at varying temperatures to yield a 

second equation to calculate both unknowns. The simultaneous equations are as follows: 
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     (4.8) 

 
where the subscripts 1 and 2 represent the first and second test, respectively.  Similarly, a 

single test could be run with multiple bands liquid crystals on the target surface; here the 

jet, reference, and initial temperatures would not vary but the wall temperature, Tw, and 

the time required for liquid crystal transition varies.  Investigations where a step change 
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in the driving temperatures is not possible would incorporate Duhamel’s Theorem of 

Superposition as well.  

As mentioned previously, a secondary reference temperature is required for the 

application of the impingement effectiveness.  For impingement studies the secondary 

temperature is often taken to be the initial crossflow temperature of the impingement 

array [60]. Van Treuren et al. [44] employed an impingement investigation where the 

temperature of the jet plate was maintained throughout the course of a test, this 

temperature was used as the secondary temperature.  Similarly, Florschuetz [60] and 

Goldstein [61] have employed the impingement effectiveness to calculate recovery 

temperatures for arrays of jets in crossflow.  However, for investigations where there is 

no well defined secondary temperature, the choice of Tref becomes relatively arbitrary, 

and corrections must be made for the target surface Nusselt numbers and jet Reynolds 

numbers after the adiabatic wall temperature is calculated.  Such corrections make it 

difficult to implement the impingement effectiveness into industrial applications.   

For the current investigation, the design of the test section lends itself to minimal 

interactions between the jets and the spent impingement air; as a result, there is no well-

defined location to measure a secondary driving temperature.  Thus, the jet temperature at 

the inlet of the jet is employed as the driving temperature for heat transfer, and the use of 

the impingement effectiveness is not employed.  Equation (4.6) is modified to incorporate 

the jet temperature, TJet, as follows: 
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The only unknown in Equation (4.9) is the convective heat transfer coefficient, h. 

The time, t, to reach the wall temperature (TLC transition temperature) is determined 

from videos taken with cameras positioned above the test section. The jet temperature is 

also recorded at the same frequency as the camera’s frame-rate; thus, the change in jet 

temperature, TJet, as well as the time step change,  are also known.  Detailed heat 

transfer coefficient distributions are obtained by iteratively solving Equation (4.9) for the 

heat transfer coefficient at each pixel on the surface. The detailed convective heat transfer 

coefficient distributions are then non-dimensionalized to form detailed Nusselt number 

distributions with Equation (4.10). 
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JetH
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hd
Nu ,   (4.10) 

 
In Equation (4.10), dH,Jet is the hydraulic diameter of the jet and kf is the thermal 

conductivity of the impingement air.  The Nusselt number compares the level of 

convective heat transfer occurring between a solid and moving fluid to what would be 

observed from a stationary fluid.  Nusselt numbers equal to unity indicate that the heat 

transfer mode at the surface is pure conduction and the fluid at the surface is stagnant.  

While Nusselt numbers greater than one are indicative of the amount of heat transfer 

enhancement obtained through the motion of the fluid at the surface. 

It is important to recognize that the Cartesian solution (Equation (4.9)) is obtained 

for convection on a flat plate setup, while the current experimental facility involves 

convection on a cylinder. The work of Buttsworth and Jones [62] suggests that the 

change in heat transfer coefficients when using a flat plate solution on a cylinder is 

dependent upon the ratio of the material thermal conductivity to the diameter of the 

cylinder.  The expected change in the heat transfer coefficient is as follows: 
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where hfp is the heat transfer coefficient obtained with the Cartesian solution and D is the 

diameter of the target surface.  For the current experimental facility, the combination of 

the low material thermal conductivity, the target surface curvature, and the relatively high 

heat transfer coefficients obtained with impingement suggests that the calculated flat 

plate heat transfer coefficients will not change by more than 2% when applied to a 

cylindrical surface; as a result, no correction has been applied to the current experimental 

results.  More details of the experimental facility are presented in chapter five. 

 For a given jet Reynolds number, the Nusselt numbers obtained on the target 

surface should be constant regardless of the temperature of the jet.  However, for the 

transient liquid crystal technique, the transition time in the stagnation region can occur 

near the beginning of the test, and small changes in the temperature of the impingement 

air can lead to large inconsistencies in the calculated stagnation region Nusselt numbers.  

To remedy this problem, it is important to look at the non-dimensional temperature ratio, 

θ.  The non-dimensional temperature ratio is essentially the left hand side of Equation 

(4.5); it is defined as: 
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Throughout the course of a test, the non-dimensional temperature ratio has two sections: 

an initial section where θ has a very steep slope and relatively low magnitudes, and a 

secondary section where the slope of temperature ratio curve drops and the magnitudes 

approach unity.  Figure 4.3 presents a theoretical non-dimensional temperature ratio 

distribution.  Large variations in the calculated Nusselt numbers can occur when the 
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transition temperatures of the TLC are low enough that the transition times occur on the 

steep initial section of the curve and small variations in time can lead to significant 

changes in θ.  Preliminary testing illustrated that choosing TLC with transition 

temperatures that permit the temperature ratio to be larger than 0.75 yields Nusselt 

numbers that are invariant to the jet temperature.  It should be noted that increases in the 

temperature ratio can also be achieved through decreasing the jet temperature.  However, 

relative to employing liquid crystal with a higher transition temperature, decreasing the 

jet temperature leads to marginal gains in θ.  As well, significantly decreasing the jet 

temperature increases the transition times of the liquid crystals and care must be taken to 

ensure that the test duration is short enough to ensure that the semi-infinite solid 

assumptions are not violated.  A detailed discussion of θ is presented in Appendix E. 

 

  

Figure 4.3: Non-dimensional temperature ratio vs. time. 
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Frictional Losses 
 
 As mentioned in chapter one, this investigation employs jets with varying shapes, 

edge conditions, and inlet flow conditions.  As a result, the frictional losses associated 

with the varying shapes and flow conditions must be investigated to fully comprehend the 

impingement characteristics of the jets.  Equation (4.13) is employed to determine the 

discharge coefficients.  Discharge coefficients provide industry with methods to compare 

the losses associated with non-ideal flow through an orifice. 

Ideal

Jet
D V

V
C                   (4.13) 

The jet velocity, VJet, is calculated from conservation of mass between what enters the 

test section and the amount of air supplied to the impinging jet array. VIdeal is simply the 

jet velocity expected from an inviscid flow theory solution based on an effective pressure 

drop; it is defined as:  

 
 41
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V            (4.14) 

where ρ is the density of the air flowing through the jet orifice, β is the diameter ratio of 

the supply tube to the orifice and ΔPeff – Equation (4.15) – is the pressure drop driving the 

fluid flow through the orifice. Similar to Tillman and Jen [31], an effective driving 

pressure drop is employed to take into account the duct velocity changes associated with 

the addition of large inlet crossflow velocities. 

   bypassobypassnoosinoeff PPPPP ,,, 
         

(4.15) 

In Equation (4.15), Po,in is the total pressure at the inlet of the test section, Ps is the 

static pressure downstream of the jet, Po,no bypass  is the local total pressure with minimal 

inlet crossflow velocities and Po,bypass is the local total pressure with inlet crossflow.  The 
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addition of high inlet crossflow velocities makes it difficult to predict the cross-section 

velocity profiles through the supply duct, thus, it may not be effective to use the local 

pressure drop at the jet to determine the discharge coefficients.  As a result, the difference 

between the total pressure at the inlet of the supply duct and the static pressure at the 

outlet of the jet (Po,in – Ps) is employed as the primary driving pressure drop.  However, 

this pressure drop is then referenced to an equivalent case with minimal crossflow (Po,no 

bypass – Po, bypass) to take into account any local pressure losses (or gains) incurred with the 

addition of crossflow at the inlet of the jet.  For experimental cases without large inlet 

crossflow velocities, ΔPeff is simply the difference between the total pressure at the inlet 

of the supply duct and the static pressure at the outlet of the jet. 

 
Uncertainty Analysis 

 
For the transient experiment, the calculated uncertainty in the heat transfer 

coefficient is dominated by the time and wall temperature measurements.  In regions of 

very high heat transfer (the stagnation region) the time to reach the maximum green value 

occurs fast, relative to the rest of the test; as a result, the regions of highest heat transfer 

have the largest uncertainty.  Images are captured and the jet temperatures are recorded at 

30 Hz to ensure accurate measurements of the liquid crystal transition times and jet 

temperature histories.  Similarly, in regions of high heat transfer, small changes in the 

wall temperature can lead to relatively large changes in the calculated heat transfer 

coefficients.   

Recall that the heat transfer coefficient cannot explicitly be determined from 

Equation (4.9); as a result, the transient uncertainty method of Camci et al [47] is coupled 

with the traditional uncertainty method of Kline and McClintok [63].  Camci et al [47] 
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employed high order regression analysis to obtain an expression for the heat transfer 

coefficient as a function of the non-dimensional temperature ratio, θ.  This function is 

employed to do a traditional uncertainty analysis.  The mean experimental uncertainty in 

Nusselt number on the cylindrical surface for the benchmark cylindrical, square edge 

hole is approximately 6.5% and 8.2% for the lowest and highest Reynolds numbers, 

respectively.  Furthermore, the uncertainty in the peak Nusselt numbers on the target 

surface is generally below 20%.  Sample matlab script for the calculation of uncertainty 

is provided in Appendix D. 

The uncertainty for the discharge coefficient is highly dependent upon the 

pressures measured within the test section.  For low Reynolds number cases, the 

measured pressures are often on the order of the accuracy of the pressure scanner; as a 

result, the uncertainty for low Reynolds number cases can exceed 30%.  However, for the 

baseline, square edge cylindrical holes, the calculated uncertainty for the discharge 

coefficient is 6.5% for the highest Reynolds number case (ReDuct = 30000).   
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CHAPTER FIVE 
 

Experimental Facility 
 
 

Overview of Experimental Apparatus 
 

The current experimental impingement facility was designed to model cooling 

passages similar to those found in modern, actively cooled, turbine airfoils.  The test 

section boasts the ability to employ radial bypass flows; this models cooling passages 

where significant crossflow is present at the inlet of the jet and the entirety of the supply 

air is not used for impingement.  The experimental setup possesses the ability to obtain 

detailed Nusselt number distributions on a curved target surface, which models the 

leading edge of a turbine blade.  Detailed Nusselt number distributions provide engine 

designers with knowledge of the locations where the peaks and valleys in the magnitudes 

of the Nusselt numbers occur.  As a result, turbine designers can possess a more 

comprehensive understanding of the heat transfer trends observed within the leading edge 

region.  In a blade cooling scheme, relatively cool air is passed through the hollow 

channels of the hot turbine blade; however, this facility employs hot jets blowing on a 

relatively cool surface.  Nevertheless, the negligible buoyancy effects present in this 

setup yield heat transfer results that are applicable to a turbine blade. 

 The test section is designed to characterize the heat transfer trends observed from 

varying jet geometries and inlet flow conditions at the jet orifice.  Figure 5.1 presents an 

overview of the experimental facility.  The current facility consists of an air compressor, 

two sharp edge orifice flow meters, an inline pipe heater, a three-way diverter valve, the 

plexiglass test section, an inline blower, two color charged couple device (CCD) cameras, 
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three fluorescent lights, and a data acquisition system.  Compressed air is supplied to the 

facility by a compressor located in the basement of the building.  Before entering the first 

orifice meter, the supply air is passed through two moisture separators and a regulator.  

The moisture separators remove any humidity present in the supply air, and the regulator 

controls the pressure upstream of the first orifice plate. 

 

  

Figure 5.1: Overview of the experimental facility (dimensions in cm). 
 
 

Flow Measurements 
 

 Two orifice flow meters are employed for this investigation: one upstream and 

one downstream of the test section.  The orifice plate positioned before the test section 

serves as a means to measure the total mass flow rate into the facility.  Radial bypass 

flow is introduced to induce large crossflow velocities at the inlet of a jet.  Consequently, 

the second orifice meter serves as a means to measure the amount of air that flows 

through the test section but is not used for impingement; employing the law of 

conservation of mass ensures that the proper amount of mass is used for impingement.  

Tests with no radial bypass serve as a benchmark for comparison to cases with equivalent 
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jet mass flow rates.  Therefore, tests with no radial bypass do not employ the second 

orifice flow meter, and all of the supply air is used for impingement. The following 

presents a discussion of the techniques employed to measure the mass flow rates into and 

out of the system. 

Thirty inch sections of two inch nominal diameter cast iron pipe are placed 

immediately before and after each orifice plate to ensure that the flow is fully developed 

as it enters the orifice and properly expanded as it leaves the orifice.  From here, utilizing 

an ASME square-edged orifice with flange taps manufactured by Daniel Measurement 

and Control, the mass flow rate into the system, w, can accurately be measured with the 

expression developed by Leary and Tsai [64].  The expression is given as: 

PGy
T

P
KYDw 










1

12
21145.0         (5.1) 

where D2 is the diameter of the orifice plate in inches (1 inch), K is the discharge 

coefficient (0.62), Y is the expansion factor (0.98), P1 is the absolute static pressure 

upstream of the orifice in inches of mercury, T1 is the temperature at the inlet of the 

orifice in degrees Rankine, G is the specific gravity of the gas, y is the 

supercompressibility factor (1.0), and ΔP is the pressure drop across the orifice in inches 

of water. The upstream pressure is measured using Ashcroft dial gauges, and the pressure 

drop across the manometers is measured with Dwyer oil manometers with a resolution of 

0.01 inches of water resolution for pressure drops below one inch and 0.1 inches of water 

for pressure drops above one inch of water.  The one inch diameter orifices are selected 

to provide reasonable pressure drops for all Reynolds numbers tested. 
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 For consistency, the mass flow rate into the system is governed by the Reynolds 

number at the inlet of the supply duct, ReDuct.  The duct Reynolds number is given as: 


 DuctHDuct

Duct

dV ,Re       (5.2) 

where ρ is the density of the air entering the test section, VDuct is the inlet velocity of the 

flow in the supply duct, dH,Duct is the hydraulic diameter of the duct, and μ is the dynamic 

viscosity of the supply air.  The hydraulic diameter, dH,Duct, is defined as: 

Duct

Ductc
DuctH P

A
d ,

,

4
             (5.3) 

where Ac,Duct is the area of the flow through the supply duct, and PDuct is the perimeter of 

the supply duct. Therefore, for a given supply duct inlet Reynolds number, the required 

mass flow rate into the experimental setup is determined.   

With the total mass flow rate into the system known, the mass flow rate – and the 

jet Reynolds number, ReJet – through each jet can be determined.  For a given geometry, 

the benchmark jet Reynolds numbers are conserved with the addition of radial bypass; 

therefore, to ensure that the jet’s mass flow rate is maintained, similar methods are 

employed with the second orifice meter to determine the amount of mass that must be 

bypassed.  A variable transformer is employed to power the inline blower and vary the 

amount of mass bypassing the impingement cavity.  Equation 5.1 is then used to verify 

that the upstream static pressure and the pressure drop across the orifice are providing the 

proper bypass mass flow rates. 
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Pipe Heater and Three-Way Valve 
 
 After exiting the upstream orifice meter, the air enters a pipe heater controlled by 

a second variable transformer.  The pipe heater serves as a means to heat the air when 

running a test; however, the air leaving the heater must reach a constant temperature 

before a test can begin.  The three-way valve is employed to exhaust the air away from 

test section until a constant temperature is reached.  For a given test, the temperature of 

the air is varied to achieve optimum liquid crystal transition times.  Once a constant 

temperature is reached, the air is diverted to the test section and a test begins. 

 
Test Section 
 

Figures 5.2 and 5.3 present an overview of the test section.  Aside from the target 

surface within the impingement cavity, all walls of the test section are fabricated from 

1.25 cm thick plexiglass.  The test section consists of a 5.08 cm square, smooth entry and 

supply duct of constant cross-sectional area.  The entry duct serves as a means to 

condition the flow as it enters the test section, but the length of the entrance section does 

not allow the flow to be considered fully developed.  In other words, the entrance section 

is not long enough to fully dampen the effects of the flow entering the test section.  

Again, the test section is designed to have flow conditions that are indicative of flows 

through an actual turbine blade, and the turbine’s impingement supply flow will, not be 

fully developed. 

The supply duct is made up of three solid walls, and a jet plate placed on the top 

of the test section.  The jet plate consists of a row five jets arranged in the streamwise 

direction of the flow through the supply duct. The end of the supply duct is attached to 

the second, downstream orifice flow meter; this allows the metering of the bypass flow 
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Figure 5.2: Overview of leading edge test section. 
 
 

 

Figure 5.3: Cross-sectional view of leading edge test section (dimensions in cm). 
 

 
which is not used for impingement.  As the air leaves the supply duct, the portion of air 

that is used for impingement must turn 90° as it flows through each jet and into the 

impingement cavity.  The impingement cavity consists of an optically clear acrylic half 

cylinder of diameter, D = 5.08cm and wall thickness 0.635 cm, and two ejection plates.  

Each ejection plate helps to remove all of the spent impingement air and mitigate any 

cross flow effects within the impingement cavity. 
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The mass flow rate into the test section is varied to achieve the desired inlet 

crossflow conditions and jet Reynolds numbers.  The mass flow rate is varied to achieve 

initial supply duct Reynolds (ReDuct) numbers of 10000, 20000 and 30000 based on the 

duct hydraulic diameter of 5.08 cm.  Two hole shapes are considered for this 

investigation: cylindrical and racetrack shaped holes.  For each hole shape, the jet 

hydraulic diameter (dH,Jet = 0.953 cm) and the mass flow rate supplied to the row of jets is 

conserved.  However, due to the variation in the cross-sectional area of the jets, the jet 

Reynolds number (ReJet) varies between the two jet arrays.  Jet Reynolds numbers of 

13600, 27200, and 40700 are investigated for the cylindrical holes and Reynolds numbers 

of 11500, 23000, and 34600 are investigated for the racetrack holes.  The addition of 

radial bypass makes it impossible to maintain the highest jet Reynolds numbers; as a 

result, the jet Reynolds number for cases with radial bypass flow are maintained at 13600 

and 27200 for the cylindrical holes and 11500 and 23000 for the racetrack shaped holes.  

Tables 5.1 and 5.2 present outlines of the jet geometries and flow inlet considerations for 

this study. 

 
Jet Geometries 
 

This investigation studies two hole shapes (cylindrical and racetrack) as well as 

three inlet and exit conditions for each shape: a square edge, a partially filleted edge 

(r/dH,Jet = 0.25), and a fully filleted edge (r/dH,Jet = 0.667).  The majority of impingement 

studies implement a square edge hole geometry; however, modern turbine blade casting 

techniques cannot adequately yield a square edge hole.  The addition of the filleted edges 

presents more relevant comparisons to real turbine blade designs.  Geometrical details of 

the cylindrical and racetrack shaped geometries are presented in Figures 5.4a and 5.4b, 
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Table 5.1: Cylindrical shaped jet impingement cases 

Test ReDuct ReJet 
supply

impinge

m

m




 Edge 

C1 10000 13600 1 Square 

C2 20000 27200 1 Square 

C3 30000 40700 1 Square 

C4 10000 13600 1 Partial Fillet 

C5 20000 27200 1 Partial Fillet 

C6 30000 40700 1 Partial Fillet 

C7 10000 13600 1 Full Fillet 

C8 20000 27200 1 Full Fillet 

C9 30000 40700 1 Full Fillet 

C10 20000 13600 0.50 Square 

C11 30000 13600 0.33 Square 

C12 30000 27200 0.66 Square 

C13 20000 13600 0.50 Partial Fillet 

C14 30000 13600 0.33 Partial Fillet 

C15 30000 27200 0.66 Partial Fillet 

C16 20000 13600 0.50 Full Fillet 

C17 30000 13600 0.33 Full Fillet 

C18 30000 27200 0.66 Full Fillet 
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Table 5.2: Racetrack shaped jet impingement cases 

Test ReDuct ReJet 
supply

impinge

m

m




 Edge 

RT1 10000 11500 1 Square 

RT2 20000 23000 1 Square 

RT3 30000 34600 1 Square 

RT4 10000 11500 1 Partial Fillet 

RT5 20000 23000 1 Partial Fillet 

RT6 30000 34600 1 Partial Fillet 

RT7 10000 11500 1 Full Fillet 

RT8 20000 23000 1 Full Fillet 

RT9 30000 34600 1 Full Fillet 

RT10 20000 11500 0.50 Square 

RT11 30000 11500 0.33 Square 

RT12 30000 23000 0.66 Square 

RT13 20000 11500 0.50 Partial Fillet 

RT14 30000 11500 0.33 Partial Fillet 

RT15 30000 23000 0.66 Partial Fillet 

RT16 20000 11500 0.50 Full Fillet 

RT17 30000 11500 0.33 Full Fillet 

RT18 30000 23000 0.66 Full Fillet 
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respectively.  The hydraulic diameter of the jet remains constant (dH,Jet = 0.953 cm) for 

each hole shape; thus the relative spacing (s/dH,Jet) of the jets is maintained at 8, the jet – 

to – target surface spacing (z/dH,Jet) is maintained at 4, the jet – to – target surface 

curvature (D/dH,Jet) is maintained at 5.33, and the relative jet length (t/dH,Jet) is maintained 

at 1.33.  The relatively large jet – to – jet spacing is chosen so minimal jet – to – jet 

interactions are present within the impingement cavity; as well, the jet – to – target 

surface distance is selected to ensure that the potential core of the jet is impinging on the 

target surface. 

 

 

Figure 5.4: Geometrical details of jet plates with a) cylindrical holes and b) racetrack 
shaped holes (dimensions in cm). 
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pressure probe is placed near the outlet of the entrance section to measure the total 

pressure in the duct prior to any loss of mass due to impingement.  In addition, static 

pressure taps are placed near the inlet and outlet of each of the jets in the array.  The 

static pressure taps at the inlet of the jets are not used in this investigation.  Figure 5.5 

presents the locations of the pressure taps within the test section.  The pressures within 

the test section are measured with a one psid pressure scanner from Scanivalve 

Corporation.  

 

  

Figure 5.5: Pressure tap locations. 
 

Figure 5.6 presents pressure measurements indicative of a given test; where Po is 
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supply duct and the static pressure at the outlet of the jet is relatively constant.  As a 

result, only heat transfer results within one geometrical period (-4 ≤ x/dH,Jet ≤ 4, -2 ≤ 

y/dH,Jet ≤ 2) of the centermost jet are presented for this investigation, and the mass flow 

rate through each jet is taken to be one fifth of the total mass flow into the system for the 

benchmark, no radial bypass, tests.  Note that, for a given jet Reynolds number, the 

pressure at the inlet of the test section increases with increasing amounts of radial bypass.  

This is expected as the velocity of the flow increases significantly as the inlet mass flow 

rate increases with the addition of radial bypass. These pressure measurements are the 

basis for the determination of the jet’s discharge coefficients. 

 

  

Figure 5.6: Sample pressure distribution: ReJet = 13600. 
 
 

Data Acquisition 
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coefficient distributions on the target surface.  Thirty gauge, T-type thermocouples are 

placed at the inlet of each jet; and the measured temperature at the inlet of the centermost 

jet is used as the driving temperature for heat transfer.  The minimal size and accuracy of 

the T-type thermocouples makes them well suited for accurate temperature measurements 

with minimal flow disturbances at the inlet of the jet.  National Instruments data 

acquisition hardware is utilized to record the jet temperatures throughout the course of a 

test. 

The wall temperature measurement is obtained from the calibration of the liquid 

crystals as discussed in chapter three.  For all cases, narrowband liquid crystals from 

LCR-Hallcrest are applied to the target surface; however, the type of liquid crystals 

varied between tests with or without radial bypass.  No bypass cases employ R35C1 TLC 

while bypass cases employ R38C1 TLC; for a given jet Reynolds number, the addition of 

radial bypass flow significantly increases the jet temperatures, and, as a result, the 

temperature ratio, θ, decreases significantly.  Thus, TLC with increased transition 

temperatures is employed to ensure that the temperature ratio at the time of transition is 

above 0.75.  Multiple tests were completed at varying heater temperatures to ensure that 

the Nusselt numbers obtained with the two liquid crystal bands are consistent.  For the 

current paint and lighting conditions, the transition temperatures are generally 35.4°C and 

38.1°C for the R35C1 and R38C1 TLC, respectively.  Over time, the transition 

temperature of the liquid crystals can shift slightly.  As a result, it is important to 

intermittently re-run calibrations to ensure that the transition temperature has not changed 

significantly; as well, the target surface is generally cleaned and coated with new TLC at 

least once per month. 
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The transition time measurements are obtained from two Sony XCDSX90CR 

color CCD cameras positioned approximately 12 inches from the target surface – one is 

positioned directly above the test section and one is as a 45° degree angle to the test 

section.  Recall that the hue observed by the liquid crystals is highly dependent upon the 

viewing angle of the camera recording the color change.  The measurements from the 

angled camera ensure that the time measurements obtained from the transition of the 

narrow band liquid crystals is constant at varying circumferential locations.  Prior to a 

test, a grid is placed over the target surface, and an image of the grid is obtained with 

each camera.  The grid allows for proper scaling of the results obtained from each 

camera.  

Figure 5.7 presents the position of the cameras and a calculated Nusselt number 

distribution representative of a given test.  The top of the distribution represents results 

obtained from the camera directly above the test section while the lower half represents 

the Nusselt numbers obtained from the angled camera.  Symmetry is observed about the 

centerline (y/dJet = 0); thus the results are combined for better visual comparison of the 

results.  The differences between the calculated Nusselt numbers on the target surface are 

below four percent; however, at locations close to the boundaries of the camera’s lenses, 

the differences increase slightly.  As a result, the heat transfer results obtained for this 

investigation are only those obtained with the camera positioned above the test section. 



71 

 

Figure 5.7: a) Schematic of camera locations and b) Nusselt numbers obtained from the 
two cameras. 
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CHAPTER SIX 
 

Results 
 
 

This chapter presents the experimental results obtained with the leading edge 

impingement facility.  A discussion of the changes in heat transfer and pressure loss 

characteristics at varying Reynolds numbers, jet shapes, edge conditions at the inlet and 

exit of the orifice, and inlet crossflow conditions is included.  The heat transfer trends are 

first described for the cases with minimal inlet crossflow velocity at the jet (i.e. no radial 

bypass).  The discussion is followed with a description of the Nusselt numbers obtained 

when radial bypass is introduced.  Detailed Nusselt number distributions, centerline 

distributions, laterally averaged Nusselt number distributions and area averages are 

presented for one geometrical period of the centermost jet (-4 ≤ x / dH,Jet ≤ 4).  The heat 

transfer results are followed with a discussion of the pressure losses associated with the 

varying jet geometries and radial bypass conditions. 

 
Heat Transfer Characteristics – No Radial Bypass 

 
The cases with no radial bypass provide a baseline for comparison of the trends 

associated with large inlet cross flow.  In addition, the cases with no radial bypass can be 

validated against the established study of Chupp et al. [6].  This section is divided into 

separate discussions of the heat transfer trends obtained with cylindrical holes and the 

racetrack holes.  The cooling performance of each jet geometry is then compared using 

centerline Nusselt number distributions, laterally averaged Nusselt Number distributions, 

and area averaged Nusselt number distributions. 
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Cylindrical Jets 
 

Figure 6.1 presents the detailed Nusselt number distributions for each of the 

cylindrical jet geometries.  Moving from left to right, each column represents an increase 

in the jet Reynolds number.  Note that the Nusselt number scale increases with increasing 

jet Reynolds number.  The first row represents the entire detailed Nusselt number 

distribution for the square edge cylindrical holes.  The square, cylindrical holes serve as a 

baseline for comparison to other geometries and to the Chupp et al. [6] correlation 

(Equation 2.1).  Symmetry is observed about the streamwise centerline (y/dH,Jet = 0).  

Thus, for ease of comparison, the second and third rows consist of composite detailed 

distributions where the top half of a given distribution represents the Nusselt numbers 

obtained from a square edge jet, while the bottom half presents the Nusselt numbers for 

either the partially filleted or the fully filleted holes at a given Reynolds number.  The 

designation in the bottom left hand corner corresponds to the tests presented in Table 5.1.  

The solid enclosed circle in the center of a given distribution represents the minimum 

geometrical area of the jet, while the dashed line represents the edge of a fillet.  The areas 

of white evident in the first column on Figure 6.1 are areas where the liquid crystals did 

not reach a maximum green value; as a result, no heat transfer coefficients are calculated 

in these areas.   

It is evident by the varying scales that the magnitude of the Nusselt numbers 

increase with increasing Reynolds number.  However, with the square edge holes, for all 

Reynolds numbers studied, the stagnation region is offset downstream of the true 

geometrical center of the jet.  This is likely an effect of the radial component of the fluid 

velocity of the flow through the duct.  As the air approaches a jet and is forced to turn



 

 
 

Figure 6.1: Detailed Nusselt number distributions for cylindrical jets without radial bypass and a square edge (top), a partially filleted 
edge (center), and a fully filleted edge (bottom). 
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90°, the square edge causes the air to separate along the upstream edge of the jet, and a 

vena contracta is formed within the jet.  The radial component of the velocity flowing 

through the supply duct induces a larger separation region on the upstream side of the jet 

causing it to be slightly offset, downstream from the true center.   

For the partially filleted holes, the stagnation region moves closer to the true 

geometrical center of the holes.  The addition of a partial fillet mitigates the separation 

along the upstream edge of the hole.  Now, as the supply air through the duct approaches 

a hole, the partial fillet allows the air to more easily stay attached to the wall as it flows 

through the jet plate.  The thickness of the jet plate, therefore, allows the air to become 

better oriented in the perpendicular direction of the target surface.  As a result, the 

stagnation region of the jet is less offset in the supply duct flow direction.   

Moving to the fully filleted holes, the stagnation region Nusselt numbers are 

always lower than the jet’s square edge counterpart.  Here, the combination of the full 

fillet and the negated effects of the vena contracta are the probable causes of such 

decreases in the local stagnation point Nusselt numbers.  Recall from chapter two that the 

vena contracta causes a reduction in the effective flow area of the jet; such a reduction 

forces the average velocity of the jets to increase, which, in turn enhances heat transfer.  

The full fillet negates any separation formed at the inlet of the jet and a minimal vena 

contracta forms within the jet’s orifice.  Therefore, for the fully filleted holes, the 

effective flow area increases, and this provides lower velocity jets impinging on the target 

surface.  Figure 6.2 presents a visualization of the flows formed for different edge 

conditions.  The slower jets should decrease the heat transfer observed on the target 

surface, this trend is true for all Reynolds numbers.  As well, similar to the work of Riahi 
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Figure 6.2: Conceptual view of flow conditions for varying edges. 
 

and Tapia [17], the reduced jet velocity, afforded by the addition of a fillet reduces the 

turbulence intensity of the jet, which degrades heat transfer on the target surface.   

Additionally, the cross-sectional area of the fully filleted holes is continually 

changing as the flow moves through the jet orifice.  Therefore, the hole provides 

essentially no thickness for the jet to become oriented perpendicular to the target surface 

after it turns to leave the supply duct.  As a result, the jet maintains a significant 

component of the radial velocity of the supply duct flow, and the peak Nusselt numbers 

form downstream of the geometrical center.  The combination of the lack of constant 

cross-sectional area and the jet’s radial component of the flow leaving the jet plate 

increases the jet – to – target surface spacing and decreases the length of the potential 

core of the jet.  These effects result in the significant drops in the Nusselt numbers 

observed for the fully filleted circular holes. 

 
Racetrack Shaped Jets 
 

Similar conclusions are drawn for the Nusselt number distributions of the 

racetrack shaped holes presented in Figure 6.3.  Similar to Figure 6.1, the effects of 

changing edge conditions are observed on different rows, while the effect of increasing 
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Figure 6.3: Detailed Nusselt number distributions for racetrack shaped jets without radial bypass and a square edge (top), a partially 
filleted edge (center), and a fully filleted edge (bottom). 
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Reynolds number is observed moving from left to right; however, the first row of Figure 

6.3 allows one to directly compare the baseline, square edge, circular hole (the top half of 

the first row) to the square edge racetrack shaped hole (the bottom half of the first row).  

Recall that the mass flow rate into the supply duct and the hydraulic diameter of the jets 

are conserved for both geometries; however, the areas of the jets change slightly between 

the cylindrical and racetrack shaped holes.  As a result, the racetrack jets’ Reynolds 

numbers are lower than that of the cylindrical holes.  Again, the racetrack shaped holes 

generally provide similar trends as that of their cylindrical counterparts, but a number of 

differences are observed. 

The square edge, racetrack shaped holes, provide a significantly higher stagnation 

point Nusselt number that is shifted further to the left than that of the square edge circular 

holes.  The elongated racetrack geometry lends itself to a larger separation region along 

the upstream edge of the racetrack shaped holes.  Thus, the separation within the jet plate 

causes the potential core of the jet to form downstream of the geometrical center.  This 

results in a stronger vena contracta effect which allows the jet to have significantly 

increased velocity, turbulence, and, therefore, noticeably higher heat transfer on the target 

surface.   

Moving to the partially filleted jets, attention should be brought to the shape of 

the stagnation region.  Here, the shape of the stagnation region is centered around the 

geometrical center of the jet, and the shape is similar to the geometrical shape of the hole; 

this is further evidence of the decreased separation with the addition of partial fillets at 

the inlet and outlet of the jet.  The addition of the partial fillets, combined with the larger 

flow areas (afforded from the geometry and the reduction in the vena contracta effect), 
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reduces the magnitudes of the stagnation Nusselt numbers (compared to square edge 

jets).  However, the partially filleted, racetrack shape jets, appear to provide a larger area 

of increased Nusselt numbers.  Such an increase in area can potentially reduce thermal 

strains induced in the turbine blades by reducing large temperature gradients observed 

away from the stagnation point of a jet.   

The fully filleted racetrack shaped jets have the same behavior as their cylindrical 

counterparts.  The shape of the stagnation region is closer to that of the square edge holes, 

the stagnation region is shifted away from the geometrical center of the jet, and the 

magnitude of the Nusselt numbers decreases significantly over what is observed from a 

square edge hole at an equivalent Reynolds number.  Again, this is likely a result of an 

increased effective jet – to – target surface spacing caused by the full fillet and the radial 

velocity of the flow through the supply duct. 

 
Jet Geometry Comparisons 

 
Comparison of the stagnation point Nusselt numbers from the centerline (y/dH,Jet = 

0) distributions in Figure 6.4 presents fascinating trends related to the peak Nusselt 

numbers, and the vena contracta phenomenon.  Each column represents a different supply 

duct Reynolds number.  To highlight the differences in the calculated Nusselt numbers, 

the scale varies for each flow rate.  Racetrack shaped data points are presented with open 

face markers while the cylindrical jets’ makers are filled.  The following is a comparison 

of the trends associated with the varying jet geometries. 

At the lowest Reynolds number case (ReDuct = 10000), the partially filleted 

circular jet outperforms the square edge circular hole.  While the peak Nusselt numbers 

for the intermediate cases are approximately equal, and, at the highest Reynolds number



 

 
 

Figure 6.4: Centerline Nusselt number distributions – no radial bypass. 
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(ReDuct = 30000), are higher than those of the partial fillet case.  At higher duct Reynolds 

numbers, the increased momentum within the duct flow increases the vena contracta 

effect within the square edged jets; therefore, the effective flow area of the jet decreases 

with increasing flow rate.  This results in increased peak Nusselt numbers relative to a 

partially filleted, cylindrical hole where the vena contracta phenomena is not as evident.   

The drop in the Nusselt numbers obtained with a fully filleted, cylindrical jet is 

most evident for a duct Reynolds number of 30000 where there is nearly a 30% drop in 

the stagnation point Nusselt number when compared to that of a cylindrical, square edge 

hole.  To reiterate, for fully filleted jets, the reduction in the stagnation region Nusselt 

numbers is a result of the increased effective jet – to – target surface spacing and early 

diminishment of the potential core. 

Similar trends are observed for the racetrack shaped holes; however, the peak 

Nusselt numbers always occur with the square edge holes, and the drop in the stagnation 

point Nusselt numbers (from a square edge to a full fillet) can be as large as 45% for a 

duct Reynolds number of 30000.  Differences between the cylindrical and the racetrack 

hole Nusselt numbers are most evident in comparisons of the sharp edged holes where the 

vena contracta forming within the jet has a significant effect on the heat transfer.  Note 

that the square edge, racetrack shaped hole provides a stagnation point Nusselt number 

that is approximately 20% higher than its cylindrical counterpart.   However, these 

differences drop with the addition of partial and full fillets.   

For all cases, the partially filleted, racetrack shaped holes, provide stagnation 

point Nusselt numbers that are comparable to their cylindrical counterparts; however, it is 

evident that the racetrack shaped holes have a slightly wider area of increased Nusselt 
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numbers.  The fully filleted jets generally present little to no enhancement when 

comparing the racetrack and cylindrically shaped holes.  In fact, there is little 

enhancement in stagnation region heat transfer between duct Reynolds numbers of 20000 

and 30000 for either of the fully filleted cases.  It is possible that, for fully filleted jets, 

the stagnation point Nusselt number may converge to approximately 175 with increasing 

Reynolds numbers. 

Figure 6.5 presents a comparison of the laterally averaged Nusselt numbers in the 

x-direction (the Nusselt numbers are averaged over -2 ≤ y/dH,Jet ≤ 2).  A laterally 

averaged Nusselt number comparison allows engine designers to have an approximation 

of the heat transfer at varying locations along the span of the turbine blade.  Here more 

differences are observed between the multiple jet geometries.  Again, the square edge, 

racetrack shaped jet presents the highest laterally averaged Nusselt numbers.  However, 

at the highest Reynolds numbers, the addition of the fillets significantly degrades the 

resulting Nusselt numbers within the stagnation region (-0.25 ≤ y/dH,Jet ≤ 0.25) of the 

racetrack shaped holes relative to cylindrical holes.  When comparing lateral averages, 

the cylindrical, partially filleted jets have slightly higher stagnation region Nusselt 

numbers than the corresponding racetrack shaped holes.  However, outside of the 

stagnation region, the partially filleted, racetrack shaped jets provide larger Nusselt 

numbers relative to an equivalent cylindrical hole.   

A shift occurs in the magnitudes of the fully filleted, laterally averaged, racetrack 

Nusselt numbers relative to the cylindrical jets.  At the lowest duct Reynolds number, the 

full fillet racetrack holes outperform the cylindrical holes; however, at the highest duct 

Reynolds number, the fully filleted, cylindrical holes outperform the equivalent racetrack 



 

 
 

Figure 6.5: Laterally averaged Nusselt number distributions – no radial bypass.
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holes.  This is likely an effect of lower jet velocities for the racetrack shaped holes.  At 

high Reynolds numbers, there is minimal separation within the full fillet, racetrack 

shaped jets; thus, the effective flow area significantly increases, inducing degraded jet 

velocity.  The lower velocity jets combined with the increased effective jet – to – target 

surface distance seen with the fully filleted holes induces lower velocities approaching 

the impingement surface which would produce decreased heat transfer coefficients as one 

moves away from the stagnation region.  As with the centerline distributions, for the fully 

filleted holes, there is little to no increase in the magnitudes of the laterally averaged 

Nusselt numbers as duct Reynolds numbers increase from 20000 to 30000.   

A comparison of the stagnation strip Nusselt numbers, NuStag, to those predicted 

from Equation 2.1 over an equivalent area  (-0.53 ≤ y/dH,Jet ≤ 0.53, -4 ≤ x/dH,Jet ≤ 4) as 

reported by Chupp et al. [6], in Figure 6.6, reveals that the baseline, square edge, 

cylindrical holes are generally within 15% of the correlation.  The black line represents 

 

 
 

Figure 6.6: Average stagnation region Nusselt numbers compared to Chupp et al. [6] – no 
radial bypass. 
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the correlation presented by Chupp et al. [6].  Such close agreement to the correlation 

provides confidence in the current investigation and serves as validation for the baseline 

geometry.  However, once the impingement geometry varies from one similar to Chupp 

et al. [6], it is difficult to rely on the correlation for accurate assessment of leading edge 

Nusselt numbers.  Recall that Equation 2.1 was developed for square edge, circular jets.  

For comparison to the racetrack shaped jets, the hydraulic diameter of the jet is employed 

in the correlation.  The correlation is modified as follows: 
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Figure 6.6 reveals that for varying jet geometries, the employment of the jet 

hydraulic diameter as the main geometrical factor for the correlation of the stagnation 

strip Nusselt numbers may not be ideal.  It is probable that the edge condition along the 

jet’s orifice or a shape factor for the varying jet shapes should also be employed to 

accurately correlate the data.  For all Reynolds numbers, the square edge, racetrack 

shaped holes also follow a jet Reynolds number power of 0.7.  However, the stagnation 

strip Nusselt numbers afforded by the square edge, racetrack shaped holes are generally 

significantly higher than what is expected from the correlation or attained from the square 

edge, cylindrical holes.  

Comparison of the stagnation strip Nusselt numbers for filleted holes reveals the 

same trends as observed from the discussions of the centerline and laterally averaged 

distributions.  Here, the changes in heat transfer are perhaps more evident.  Again, the 

partially filleted holes generally yield the highest heat transfer for the cylindrical jets, and 

the square edge racetrack shaped holes generally provide the highest heat transfer for the 
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racetrack shaped jets.  For the partially filleted cases, the racetrack shaped jets 

outperform the cylindrical jets at equivalent mass flow rates.  Additionally, the negative 

heat transfer effects associated with the addition of a fully filleted jet orifice is easily 

observed in this figure; where the fully filleted Nusselt numbers are approximately 20% 

lower than their square edge, and partially filleted counter parts. 

Figure 6.7 reveals the overall average Nusselt number (averaged over the entire 

region of interest: -2 ≤ y/dH,Jet ≤ 2, -4 ≤ x/dH,Jet ≤ 4) produces the same trend as the 

stagnation averaged Nusselt number presented in Figure 6.6.  However, larger areas of 

lower Nusselt numbers bring the magnitudes down.  The overall Nusselt number is 

relevant, as it provides engine designers with appropriate approximations of the Nusselt 

numbers obtained within a single jet period on the leading edge of a turbine blade.  While 

for a given mass flow rate, the racetrack shaped jets outperform their cylindrical 

counterparts, it is evident that the addition of the partial or full fillet to either a racetrack 

 

 

Figure 6.7: Overall average Nusselt number – no radial bypass. 
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or a cylindrical hole does little to effect the overall heat transfer until the jet Reynolds 

number exceeds 30000.  Above this jet Reynolds number threshold, the addition of a full 

fillet adversely affects the total heat transfer and the overall Nusselt numbers drop 

dramatically.  For all of the current geometries and Reynolds numbers, the partially 

filleted holes provide superior heat transfer enhancement than that of a fully filleted hole.  

Any reduction in the amount of filleting for turbine designs which incorporate filleted jets 

would lend themselves to increases in the airfoils’ cooling performance. 

 
Heat Transfer Characteristics – With Radial Bypass 

 
 The addition of radial bypass helps to model the flow characteristics at the inlet of 

the jet to those similar to what would be observed in a modern turbine blade.  Moving 

into the discussion of the radial bypass cases, it is important to take note of the heat 

transfer trends associated with the no radial bypass cases.  Recall that the fully filleted 

orifices significantly degrade the Nusselt numbers on the target surface, the highest heat 

transfer for racetrack shaped jets is generally afforded from the square edge holes, the 

highest heat transfer from the cylindrical jets is generally afforded by the partially filleted 

holes, and the square edge, racetrack shaped jets provide the highest heat transfer of all 

cases considered.  For the bypass cases, the baseline inlet duct Reynolds numbers are 

maintained at 20000 and 30000; however, a portion of the flow “bypasses” the 

impingement cavity to maintain the jet Reynolds numbers observed from the cases 

without radial bypass flow.  The discussion of the heat transfer trends is supplemented 

with comparisons of detailed Nusselt number distributions, laterally averaged Nusselt 

number distributions, and the overall average Nusselt number distributions. 
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Cylindrical Jets 
 

Figure 6.8 presents the cylindrical jets’ composite detailed Nusselt number 

distributions obtained on the target surface for a jet Reynolds number of 13600.  The top 

half represents the detailed Nusselt number distributions obtained with no radial bypass 

flow (as previously shown in Figure 6.1).  Each column represents a different edge 

condition (square, partial, or full fillet); while each row represents a different level of 

radial bypass.  Each row (ReDuct = 20000 and 30000, respectively) represents the addition 

of different amounts of radial bypass flow to induce significant inlet crossflow effects at 

the jet inlet. 

Comparison of the Nusselt numbers obtained with the square edge holes reveals 

significant drops in the stagnation region Nusselt numbers when any form of inlet 

crossflow is present.  Additionally, the shape of the stagnation region shifts significantly 

from what was observed in cases without radial bypass.  The addition of increased radial 

velocity component at the inlet of the jet orifice produces a more kidney bean shaped 

stagnation region.  Increased radial velocity induces stronger separation along the 

upstream edge of the jet; which induces strong vorticies within the jet.  These vorticies 

have a strong interaction with the entrained spent air within the impingement cavity.  

Such interaction with the spent air causes an early diminishment of the potential core of 

the jet, which, in turn, significantly degrades the heat transfer on the target surface. 

The partially filleted cylindrical jet orifices’ stagnation region Nusselt number 

magnitudes have increased slightly (relative to the square edge orifices); however, 

increasing the amount of radial bypass is still observed to degrade the stagnation region 

Nusselt numbers (relative to an equivalent Reynolds number without bypass).  The 



 

 
 
 
 
 

 

Figure 6.8: Detailed Nusselt number distributions for cylindrical jets with radial bypass and ReJet = 13600: top – ReDuct = 20000; 
bottom – ReDuct = 30000. 
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addition of the partial fillet helps to mitigate the separation along the upstream edge of 

the jet.  Thus, the reduction in the separation along the upstream edge degrades the 

strength of the vorticies formed within the jet.  As a result, the potential core remains 

intact over a longer distance and slightly higher Nusselt numbers (relative to square edge 

orifices) are obtained on the target surface.  Attention should be brought to case C14 (the 

partially filleted, highest inlet crossflow case); note that the stagnation region is offset 

approximately 0.5 jet diameters downstream of the true center.  The partially filleted 

holes act to reduce the separation on the leading edge of the hole; however, the addition 

of the fillets effectively reduces the length of constant cross sectional area (the jet 

thickness).  As a result, the distance to orient the jet perpendicular to the target surface is 

reduced, and, when large perpendicular inlet velocities are present, the jet maintains a 

significant component of the velocity through the supply duct.  This causes the jet to be 

offset of the true geometrical center, and increases the relative jet – to – target surface 

spacing.  As a result, the stagnation region Nusselt numbers drop with increased inlet 

crossflow velocities. 

Similar trends are observed for the full fillet cases; increasing amounts of radial 

bypass flow are observed to drop the Nusselt numbers on the target surface.  However, 

for all cases, the magnitude of the Nusselt numbers drop dramatically, relative to square 

or partially filleted edges.  Again, this is likely an effect of the reduced jet thickness 

incurred by the addition of a fully filleted jet.  There is essentially no length of constant 

cross-sectional area; as a result, the jet maintains a significant velocity component in the 

direction of the flow through the supply duct.  This results in longer effective jet – to – 

target surface spacing, decreased stagnation region Nusselt numbers, and stagnation 
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regions offset of the true geometrical center (for large amounts of inlet crossflow).  

Additionally, minimal amounts of separation are expected along the edges of the fully 

filleted holes; this results in larger effective flow areas within the jet.  As a result, the 

fully filleted jets will possess lower velocities and, therefore, lower Nusselt numbers. 

Figure 6.9 presents the composite detailed Nusselt number distributions for the 

cylindrical jets at a Reynolds number of 27200.  As expected, the Nusselt numbers on the 

target surface have increased with the corresponding increase in jet Reynolds number.  

The trends for each edge and inlet flow condition are comparable to those observed from 

the jet Reynolds number of 13600.  The addition of radial bypass flow always drops the 

stagnation region Nusselt numbers, and for filleted jets, shifts the stagnation region 

significantly downstream of the true center.  Relative to square edge, cylindrical orifices, 

the partially filleted jets produce marginal increases in the peak Nusselt numbers.  

However, the larger jet – to – target surface distance and lower jet velocities afforded by 

the addition of a full fillet noticeably degrades the Nusselt numbers on the target surface. 

 
Racetrack Shaped Jets 

 
Figure 6.10 presents the racetrack shaped jets’ composite detailed Nusselt number 

distributions obtained on the target surface for a jet Reynolds number of 11500.  Again, 

the top half of a given distribution represents the detailed Nusselt number distributions 

obtained with no radial bypass flow.  Each column represents a different edge condition, 

and each row represents a different level of radial bypass.  

Similar to the cylindrical jets, the addition of radial bypass flow degrades the heat 

transfer on the target surface.  As with no bypass cases, the addition of any form of 

filleting also degrades the Nusselt numbers obtained on the target surface (as opposed to



 

 
 
 
 
 
 
 
 
 

 

Figure 6.9: Detailed Nusselt number distributions for cylindrical jets with radial bypass and ReJet = 27200. 
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Figure 6.10: Detailed Nusselt number distributions for racetrack shaped jets with radial bypass and ReJet = 11500: top – ReDuct = 
20000; bottom – ReDuct = 30000. 
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cylindrical jets where the partially filleted jets afford marginal increases in heat transfer).  

Also, the upstream separation and stronger vortices formed within the jets with the 

addition of radial bypass do not allow the partially filleted jets to maintain the racetrack 

shape as was observed for cases without bypass flow.   

As observed with the fully filleted cylindrical jets, the fully filleted racetrack 

shaped jets also have tremendous decreases in the stagnation region Nusselt numbers 

when high inlet crossflow velocity is present.  Therefore, the more elongated fully filleted 

jets have a significant inlet crossflow velocity component which results in decreased 

stagnation region Nusselt numbers that are significantly offset downstream of the true 

center of the jet.   

Figure 6.11 presents the composite detailed Nusselt number distributions for the 

racetrack shaped jets at a Reynolds number of 23000.  The expected trend of decreased 

Nusselt numbers with the addition of radial bypass is observed.  However, it is evident 

that as the ratio of the impingement mass flow rate to the mass flow rate into the duct 

approaches unity, the magnitude of the Nusselt numbers approaches that of a case with 

no radial bypass.  This is most easily observed in the stagnation regions of the square 

edge and partially filleted edge cases, where the magnitudes of the stagnation region 

Nusselt numbers approach that of a case with no inlet crossflow.  As well, for the 

partially filleted jet, the stagnation region maintains the shape of the racetrack shaped jet. 

 
Jet Geometry Comparison 

 
Figure 6.12 presents a comparison of the laterally averaged Nusselt numbers in 

the x-direction.  Each column represents a varying edge condition; while the top row 

represents jet Reynolds numbers of 13600 and 11500 and the bottom row represents 



 

 
 
 
 
 
 
 
 
 

 

Figure 6.11: Detailed Nusselt number distributions for racetrack shaped jets with radial bypass and ReJet = 23000.
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Figure 6.12: Laterally averaged Nusselt number distributions. 
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27200 and 23000 for the cylindrical and racetrack shaped jets, respectively.  For both 

square edge geometries, the addition of inlet crossflow drops the laterally averaged 

stagnation region Nusselt numbers by approximately 20%.  Regardless of the degraded 

stagnation region Nusselt numbers, relative to an equivalent no bypass case, the same 

trends are observed with the addition of a filleted edge.  The partially filleted cylindrical 

holes yield slight increases in the laterally averaged Nusselt numbers.  This is likely an 

effect of the decreased strength of the secondary flows formed on the inside of the jets 

with the addition of a fillet; thus, the decreased interaction with the spent impingement 

air yields higher Nusselt numbers on the target surface.  However, this trend is not 

observed with the racetrack shaped jets where the addition of a filleted edge always 

reduces the heat transfer on the target surface.   

For instances with high inlet crossflow, the large component of velocity through 

the supply duct, combined with the decreased jet length afforded by the addition of fillets 

at the inlet and the outlet of the hole, shifts the jet away from the true geometrical center, 

and decreases the peak Nusselt numbers on the surface.  These effects are amplified for 

the fully filleted holes, where significantly larger drops in the peak, laterally averaged 

Nusselt numbers (relative to a no bypass case) are obtained with high inlet crossflows.  It 

should be noted that for all cases with any degree of filleting at the edge or radial bypass, 

the peak, laterally averaged Nusselt numbers for the cylindrical holes are larger than that 

of the racetrack holes.  Therefore, in cases where a fillet is required it is preferable to 

employ a cylindrical rather than a racetrack shaped jet orifice.  

Figure 6.13 reveals the overall Nusselt numbers for every test in this 

investigation.  The square edge, cylindrical cases without radial bypass compared 

favorably to the traditionally accepted Chupp et al. [6] correlation; thus, only the overall 
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Nusselt numbers are utilized for further comparison.  Here it is evident how the addition 

of radial bypass to induce high crossflows at the inlet of the jet orifice decreases the 

overall heat transfer on the target surface.  Comparison of the low Reynolds number 

cases reveals that the larger inlet crossflows induce lower overall heat transfer on the 

target surface.  The complex secondary flows induced within the jet when large amounts 

of inlet crossflow are present increase the amount of mixing with the entrained spent air; 

this results in decreases in the overall heat transfer observed on the target surface.  Once 

more, the partially filleted holes generally perform the best for a set amount of bypass 

flow.  While the addition of a full fillet significantly degrades the overall heat transfer 

observed on the target surface.  For large fillet designs, it appears that any reduction in 

the amount of filleting can significantly enhance the heat transfer within the leading edge 

region of a turbine blade.  Additionally, as the ratio of the supplied mass flow rate to the 

total impingement mass flow rate approaches unity (i.e. a reduction in the amount of 

bypass), the overall Nusselt numbers increase and approach that of a no bypass case. 

 

 

Figure 6.13: Overall average Nusselt numbers. 
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Pressure Losses 
 

 With the heat transfer trends established, it is important to observe the pressure 

loss characteristics associated with varying jet geometries and radial bypass conditions.  

As a result, the following discussion is divided into two sections: a discussion of the 

discharge coefficients obtained with no radial bypass and a comparison of the discharge 

coefficients associated with the addition of radial bypass flow.  Recall that discharge 

coefficients approaching unity implies minimal losses associated with the flow through 

the orifice, while lower magnitude discharge coefficients imply considerable losses. 

 
No Radial Bypass 
 

Recall from chapter five that the pressure measurements within the test section do 

not vary significantly in the streamwise direction of the supply duct or the impingement 

cavity; thus, discharge coefficients are assumed to be constant for each jet, and, therefore, 

are only presented for the center jet.  Figure 6.14 presents the calculated discharge 

coefficients for a given jet shape; the baseline square edge, cylindrical geometry 

compares well to the discharge coefficients presented by Florschuetz et al. [24].  

Generally, the measured discharge coefficients are higher for the cylindrical holes; 

therefore, the lower heat transfer afforded by the square edge cylindrical holes (relative to 

the racetrack shaped holes) is offset by the increased discharge coefficients observed with 

varying edge effects.  Likewise, the higher heat transfer afforded with the racetrack holes 

comes at the cost of lower discharge coefficients.  

Similar to the work of Florschuetz et al. [24], for a given jet geometry, the 

discharge coefficients are relatively invariant over the Reynolds numbers investigated.  

The cylindrical hole’s discharge coefficients increase with increasing fillet radius, while
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Figure 6.14: Discharge coefficients – no radial bypass. 
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With Radial Bypass Flow 
 
Figure 6.15 presents all of the discharge coefficients calculated from the present 

study.  The magnitude of the discharge coefficients are driven by two competing effects: 

the amount of filleting around the edges of the jet and the amount of crossflow at the inlet 

of the jet.  As expected from the cylindrical cases without radial bypass flow, the 

cylindrical discharge coefficients increase with increased fillet sizes at the edge of the jet.  

However, at a given bypass condition and Reynolds number, the discharge coefficients of 

the racetrack shaped holes do not vary significantly.  As well, the racetrack jets’ 

discharge coefficients are generally lower than their cylindrical counterparts.  Thus, from 

the discussion of the cases without radial bypass flow, it is likely that one would expect 

jets with lower discharge coefficients to have increased heat transfer; however, this is not 

the case.   

 

 

Figure 6.15: Discharge coefficients. 
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the heat transfer on the target surface is also significantly degraded with the addition of 

inlet crossflow.  This is an effect of the increased velocity of the flow through the duct; 

the addition of radial bypass negates the plenum effect observed with the no bypass 

cases.  As a result, strong vorticies are likely formed within the jet; these secondary flows 

increase the amount of mixing with the entrained spent air which slows the jet and leads 

to early diminishment of the potential core and significantly degrades heat transfer on the 

target surface.  As the amount of radial bypass decreases, the discharge coefficients (and 

the Nusselt numbers on the target surface) approach that of a no radial bypass case.  

Thus, for large fillet designs, decreasing the amount of filleting and the inlet crossflow 

velocity of the flow entering an impingement array would lead to enhanced cooling 

performance of the jets. 
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CHAPTER SEVEN 
 

Conclusions and Recommendations 
 
 

Summary of Experimental Investigation 
 

This investigation observed how the heat transfer and pressure loss characteristics 

of a jet impinging on a model of the leading edge of a turbine blade change with varying 

jet geometries and inlet flow conditions.  The study employed a transient, single color 

capturing, thermochromic liquid crystal technique to obtain detailed Nusselt number 

distributions on a curved target surface.  To better model the casting effects of the turbine 

blade, the cylindrical and racetrack shaped jets were manufactured with varying amounts 

of filleting at the edges of the jet orifice.  Square edge orifices provided the baseline for 

comparison to jets with partially and fully filleted edges.  Additionally, radial bypass was 

introduced to attain high inlet crossflow velocities at the inlet of the jet.  This chapter 

presents the conclusions drawn from the current investigation. 

The square edge, racetrack holes provide the highest stagnation region Nusselt 

numbers for a given jet mass flow rate.  However, for filleted jets, the partially filleted, 

cylindrical jets generally have higher stagnation region Nusselt numbers than partially 

filleted racetrack shaped jets.  Although the stagnation point Nusselt number of the 

partially filleted, racetrack shaped jet is reduced compared to the cylindrical jet, the 

racetrack shaped jet provides more lateral spread of the jet and thus, enhanced heat 

transfer over an increased area. With the exception of the partially filleted cylindrical jets, 

the addition of a filleted jet orifice reduces the heat transfer on the target surface.  Any 

reduction in the degree of filleting for impingement designs which incorporate fully 
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filleted jets would lend themselves to increases in cooling performance.  At high 

Reynolds numbers, the addition of large fillets can significantly hinder the amount of heat 

transfer seen on the target surface.  Relative to a square edge, the stagnation region 

Nusselt numbers drop by as much as 45% with the full fillets.  The decreased stagnation 

region Nusselt numbers are attributed to mitigated separation along the upstream edge of 

the jet which results in slower jet velocities and lower turbulence intensities. 

For all cases, the addition of crossflow degrades the target surface Nusselt 

numbers.  Generally, increasing the inlet crossflow velocities further degrades the 

impingement heat transfer.  Increased crossflow velocity induces vortices within the jet 

which cause an early diminishment of the potential core and more mixing with spent 

impingement air.  Such secondary flows decrease the heat transfer on the target surface.  

Significant drops in the stagnation region heat transfer are observed for fully filleted jets 

and high radial bypass cases.  Additionally the minimal jet length associated with the 

fully filleted jets does little to orient the jets perpendicular to the target surface; thus, the 

stagnation region shifts downstream of the geometrical center.  As the ratio of the total 

impingement mass flow rate to the supply duct mass flow approaches unity, the 

degradation of the target surface Nusselt numbers diminish. 

For cases without radial bypass, the discharge coefficients for the cylindrical 

holes increase with increasing degrees of filleting while the coefficients for the racetrack 

shaped holes remain relatively constant with varying fillet sizes and jet Reynolds 

numbers.  The discharge coefficients for cases without radial bypass are relatively 

invariant to Reynolds number.  However, with the addition of bypass flow, more losses 

are incurred as the flow turns and is forced though the orifice; thus, the discharge 
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coefficients drop significantly.  Reducing the amount of bypass enhances heat transfer 

and the associated discharge coefficients of the jet. 

 
Future Recommendations 

 
The current investigation characterized the overall heat transfer and pressure loss 

trends associated with varying jet geometries.  The baseline square edge, cylindrical jets’ 

Nusselt numbers compare well to the Chupp et al. [6] correlation and the discharge 

coefficients compare well to literature.  However, once the geometry or flow conditions 

vary significantly from that employed by Chupp et al. [6] the stagnation strip Nusselt 

numbers and the associated discharge coefficients change significantly.  With this in 

mind, it would be ideal to provide a method to correlate the Nusselt numbers and 

discharge coefficients into such a form that takes into account varying jet shapes, edge 

conditions, and amounts of inlet crossflow.  It would be very interesting and helpful to 

design engineers to develop a simple correlation that takes into account the varying 

geometrical and flow considerations.  The correlations would be of the form: 
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       (7.1) 

 
 Additionally, optimization studies are required to fully investigate the benefits or 

hindrances afforded by varying edge and jet shapes.  The slight increases in heat transfer 

afforded by the partially filleted cylindrical jets and the significant increases in stagnation 

region heat transfer afforded by the square edge, racetrack shaped jets, leads one to 

believe there is potentially an optimum jet shape or edge condition.  Further 

investigations may attempt to optimize the racetrack shape, edge condition, spacing and 
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relative size of the jets.  As well, it was observed that the Nusselt numbers increase with 

decreased inlet crossflow velocities.  While modern turbine blades will generally have 

some form of radial bypass flow for tip cap film cooling, studies investigating how to 

mitigate the negative effects of bypass flow could lead to further leading edge cooling 

enhancement. 

The detailed Nusselt number distributions obtained in this investigation also will 

allow for the verification of results obtained for varying computational fluid dynamics 

(CFD) solvers.  Currently it is difficult to accurately model the flow domains inside of an 

actual turbine blade and vane.  Experimental results obtained from more realistic engine 

conditions will help to validate CFD models which directly mirror what is observed 

within modern turbine airfoils.  Accurate and realistic CFD studies may provide further 

insight into the heat transfer characteristics of impinging jets; thus, future experimental 

investigations should supplement the experimental results with those obtained from a 

validated CFD model. 

.  
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APPENDIX A 
 

Jet Plate Drawings 
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APPENDIX B 
 

Matlab TLC Calibration Code 
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%********************************************************************** 
%*                                                                       
%*    IMAGE / VIDEO ANALSIS FOR TRANSIENT LIQUID CRYSTAL TESTING         
%*                                                                       
%* This file reads individual frames from an .AVI video, and stores raw   
%* image information for each frame.  In this case both RGB and HSV      
%* information is stored.                                                
%*         
% Gas Turbine Heat Transfer 
% Department of Mechanical Engineering 
% Baylor University 
% Lesley Wright, Assistant Professor 
%* 
%**********************************************************************
** 
clear all       % clear all variables stored in current workspace 
close all       % close all open windows 
clc             % clear the command window 
tic             % start internal timer 
  
% Open the desired movie file recorded during the calibration. 
cal_vid = mmreader('calibrate.avi'); 
  
% From the video properties, read the total number of frames for the 
video 
nFrames = cal_vid.NumberOfFrames; 
  
% Other variables stored for any video file (non-inclusive list) 
% Duration -- total length of the file in seconds 
% FrameRate -- frame rate of the video in frames per second 
% Height -- height of the video frame in pixels 
% Width -- width of the video frame in pixels 
  
  
  
% Define the region of interest (from calibrator) 
X0 = 344;                % <<<<<<<<<<<<-------------- Change as needed 
Y0 = 103;                % <<<<<<<<<<<<-------------- Change as needed 
X1  = 475;               % <<<<<<<<<<<<-------------- Change as needed 
Y1  = 486;               % <<<<<<<<<<<<-------------- Change as needed 
  
W = X1 - X0 + 1; 
H = Y1 - Y0 + 1; 
  
% Define the file containing the calibration temperatures  
% (corresponding to the .avi file) 
T = load('calibrate_Temp_File.txt'); 
temp = T(:,1:2); 
temp = temp'; 
avg_temp = mean(temp);  
avg_temp = avg_temp';%°C 
  
% Define a file to output the calibration data 
ofile = strcat( 'Calibration_Data.dat'); 
fid = fopen(ofile,'w');  
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% Add a header to the calibration output file 
fprintf(fid, ' R32C1 Calibration Data \n  April 2011 \n\n'); 
  
% --------------------------------------------------------------------- 
% --------------------------------------------------------------------- 
% --------------------------------------------------------------------- 
% Pre-allocate arrays of stored calibration data.  One data point for  
% each calibration temperature will be obtained 
% Sum arrays -- every pixel within the region of interest will be  
% summed, and the sum will be divided by the total number of pixels to  
% give an average 
sumhue = zeros(length(avg_temp), 1); 
sumint = zeros(length(avg_temp), 1); 
sumgrn = zeros(length(avg_temp), 1); 
sumred = zeros(length(avg_temp), 1); 
sumblue = zeros(length(avg_temp), 1); 
  
% Average arrays 
avehue = zeros(length(avg_temp), 1); 
aveint = zeros(length(avg_temp), 1); 
avegrn = zeros(length(avg_temp), 1); 
avered = zeros(length(avg_temp), 1); 
aveblue = zeros(length(avg_temp), 1); 
  
% Calculate and average R,G,B and H,S,I for the region of interest of 
every 
% frame within the video. 
for i = 1 : nFrames 
     
    % Read a single frame of the video.  The specified frame number in  
    % this case is the counter, i. 
    x = read(cal_vid, i);    % Store the image (color) data 
        
    % Convert RGB data to HSV data 
    y = rgb2hsv(x); 
     
    % Convert RGB data to a double precision variable 
    x = double(x); 
     
    % Convert from relative (0-1) values to true (0-255) values for hue  
    % and intensity 
    hue = y(:,:,1)* 255; 
    inten = y(:,:,3) * 255; 
     
    % Store green magnitude for each pixel 
    grn = x(:,:,2); 
     
    % Store red magnitude for each pixel 
    red = x(:,:,1); 
     
    % Store blue magnitude for each pixel 
    blue = x(:,:,3); 
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    % Sum the individual red, green, blue, and hue, intensity values 
    % at every pixel within the area of interest. 
    for  ii = Y0:Y1 
        for jj = X0:X1 
            sumhue(i) = sumhue(i) + hue(ii,jj); 
            sumint(i) = sumint(i) + inten(ii,jj); 
            sumgrn(i) = sumgrn(i) + grn(ii,jj); 
            sumred(i) = sumred(i) + red(ii,jj); 
            sumblue(i) = sumblue(i) + blue(ii,jj); 
        end 
    end 
     
    % Calculate the average red, green, blue, and hue, intensity values 
    % for the region of interest for specific image 
    avehue(i) = sumhue(i) / (H*W); 
    aveint(i) = sumint(i) / (H*W); 
    avegrn(i) = sumgrn(i) / (H*W); 
    avered(i) = sumred(i) / (H*W); 
    aveblue(i) = sumblue(i) / (H*W); 
     
    % Display every 100th value in the command window to provide a  
    % status of the data reduction 
    if(~ mod(i,100)) 
        fprintf('%i %6.3f  %6.3f  %6.3f  %6.3f \n', i, avehue(i),... 
            aveint(i), avegrn(i), avg_temp(i)); 
    end 
     
end 
  
% From the green array, determine at which frame the maximum value of  
% green occurs. 
event_g = find(avegrn == max(avegrn)); 
  
% From the intensity array, determine at which frame the maximum value  
% of intensity occurs. 
event_int = find(aveint == max(aveint)); 
  
% Determine the hue corresponding to the green and intensity events. 
eventg_hue = avehue(event_g); 
eventint_hue = avehue(event_int); 
  
% Determine the intensity corresponding to the green and intensity  
% events. 
eventg_int = aveint(event_g); 
eventint_int = aveint(event_int); 
  
% Determine the green corresponding to the green and intensity events. 
eventg_grn = avegrn(event_g); 
eventint_grn = avegrn(event_int); 
  
% Determine the temperature corresponding to the green and intensity  
% events. 
eventg_temp = avg_temp(event_g); 
eventint_temp = avg_temp(event_int); 
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% Determine the maximum red value and the frame where the maximum  
% occurs (along with the temperature at this frame). 
event_red = find(avered == max(avered)); 
eventr_red = avered(event_red); 
eventred_temp = avg_temp(event_red); 
  
% Determine the maximum blue value and the frame where the maximum  
% occurs (along with the temperature at this frame). 
event_blue = find(aveblue == max(aveblue)); 
eventb_blue = aveblue(event_blue); 
eventblue_temp = avg_temp(event_blue); 
  
% Output a summary of the calibration data to the output file  
% identified at the top of the program. 
fprintf(fid, 'Frame of Maximum Green: %i \n', event_g); 
fprintf(fid, 'Frame of Maximum Intensity:   %i \n\n', event_int); 
fprintf(fid, 'Hue at Green Event:  %0.3f \n', eventg_hue); 
fprintf(fid, 'Hue at Intensity Event:  %0.3f \n\n', eventint_hue); 
fprintf(fid, 'Intensity at Green Event:  %0.3f \n', eventg_int); 
fprintf(fid, 'Intensity at Intensity Event:  %0.3f \n\n',eventint_int); 
fprintf(fid, 'Green at Green Event:  %0.3f \n', eventg_grn); 
fprintf(fid, 'Green at Intensity Event:  %0.3f \n\n', eventint_grn); 
fprintf(fid, 'Temperature at Green Event:  %0.3f \n', eventg_temp); 
fprintf(fid, 'Temperature at Intensity Event:  %0.3f \n\n',... 
     eventint_temp); 
 
fprintf(fid, '\n\n'); 
fprintf(fid, 'Frame of Maximum Red: %i \n', event_red); 
fprintf(fid, 'Red at Red Event:  %0.3f \n', eventr_red); 
fprintf(fid, 'Temperature at Red Event:  %0.3f \n', eventred_temp); 
fprintf(fid, '\n\n'); 
  
fprintf(fid, 'Frame of Maximum Green: %i \n', event_g); 
fprintf(fid, 'Green at Green Event:  %0.3f \n', eventg_grn); 
fprintf(fid, 'Temperature at Green Event:  %0.3f \n', eventg_temp); 
fprintf(fid, '\n\n'); 
  
fprintf(fid, 'Frame of Maximum Blue: %i \n', event_blue); 
fprintf(fid, 'Blue at Blue Event:  %0.3f \n', eventb_blue); 
fprintf(fid, 'Temperature at Blue Event:  %0.3f \n', eventblue_temp); 
fprintf(fid, '\n\n'); 
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APPENDIX C 
 

Matlab Detailed Heat Transfer Coefficient Calculator 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%  
% Detailed Heat Transfer Coefficient Calculator  
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This script file reads in a temperature file and a data file 
% containing the time of liquid crystal transition at every pixel on  
% the surface. From there, it uses the solution to the 1-D heat  
% conduction equation modified with Duhamel’s superposition theorem to  
% calculate heat transfer and Nusselt numbers at every pixel on the  
% surface. The program employs the secant method to determine heat  
% transfer coefficients 
% 
% Written by: Neil Jordan & Lesley Wright 
% Date: August 3 2011 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Clear all of the variables, and begin the computer clock 
clear all 
clc 
tic 
  
% Define the frame rate and the time step to be employed with Duhamel's 
% superposition theorem 
  
framerate = 30; 
  
dtime = 1/framerate; 
  
% Define the material properties 
  
a = 8.4804e-8;      % thermal diffusivity of plate 
k = 0.173;         % thermal conductivity of plate 
  
% Define the transition temperature of the Liquid crystals and read in  
% the jet temperature file.  From there determine the initial temp and  
% jet temperature 
  
T_1 = 35.4; % TLC transition temperature 
  
Tjet1 = load('10000_13600_190_Temp_File.txt'); % Raw Jet Temperatures -  
                                               %    txt file 
  
Ti_1 = mean(Tjet1(1,1:13)); % Initial Temperature 
  
Tjet_1 = Tjet1(:,4); % Center Jet Temperature 
  
LHS_1 = T_1 - Ti_1; % left hand side of solution to heat conduction  
                    % eqn. 
  
% Load the raw time file which contains the frame at which the liquid 
% crystals transition at. 
  
load('frame 2.mat'); % raw frame data - matlab file  
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frame1 = frame2; 
  
frame1 = medfilt2(frame1);  % filter the raw frame numbers to remove 
                            % noise 
  
% The following places the raw frame data into an array.  This allows  
% for parallel programming which significantly decreases the  
% computation time required to calculate the heat transfer coefficients 
% at each pixel 
  
b = size(frame1); % size of the raw image 
l = b(1)*b(2); % number of pixels 
NX = b(2);  % number of pixels in the x direction 
NY = b(1);  % number of pixels in the y direction 
  
frame_1 = zeros(l,1); 
  
count = 0; 
  
for jj = 1:NY 
    for ii = 1:NX 
        count = count + 1; 
        frame_1(count) = frame1(jj,ii); 
    end 
end 
  
t_1 = (frame_1-1)/framerate; % determine the transition times 
  
% pre-allocate the data matrices and arrays 
  
h_matrix = zeros(NY,NX); 
Nu_matrix = zeros(NY,NX); 
h = zeros(l,1); 
Nu = zeros(l,1); 
  
% define the  stopping criterion for the secant method calculation 
err_stop = 10^(-5); 
max_iter= 100; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Begin Secant method calculation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
matlabpool(7) 
parfor i = 1 : l 
     
    % Initial Guess to Start the Secant Method Iteration 
    hl = 70;     %W/m2K 
    hh = 72;   %W/m2K 
     
    iter = 0; 
     
    m = frame_1(i); 
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    % Check to ensure that the pixel is not noise and calculate the HTC 
     
    if m > 0; 
     
    % Find right hand side of the equation based on initial guess 
     
    sumhl = 0; 
    sumhh = 0; 
     
    % Application of Duhamel's superposition 
    for j = 2 : m 
        thetal = hl/k*(a*(t_1(i)-(j-1)*dtime))^0.5; 
        thetah = hh/k*(a*(t_1(i)-(j-1)*dtime))^0.5; 
        fl = (1 - exp(thetal^2)*erfc(thetal))*(Tjet_1(j)-Tjet_1(j-1)); 
        fh = (1 - exp(thetah^2)*erfc(thetah))*(Tjet_1(j)-Tjet_1(j-1)); 
        sumhl = sumhl + fl; 
        sumhh = sumhh + fh; 
    end 
     
    fhl = sumhl - LHS_1; 
    fhh = sumhh - LHS_1; 
     
    % Determine air thermal conductivity based on jet temperature at  
    % time of transition 
     
    Tf = 1.8*Tjet_1(m) + 32.2; 
    k1 =  -7.8539*10^(-16)*(Tf)^4 + 6.3467*10^(-12)*(Tf)^3 - 1.4846*... 
        10^(-8)*(Tf)^2+2.9573*10^(-5)*Tf+.012936; 
    k1 = k1 / 0.57782;     %Convert to W/m*K 
  
    % Check if Either Initial Guess is the Root if not, iterate to  
    % find h 
    if abs(fhl) <= err_stop 
        h(i) = hl; 
        Nu(i) = hl*0.375*.0254/k1; 
    elseif abs(fhh) <= err_stop 
        h(i) = hh; 
        Nu(i) = hh*0.375*.0254/k1; 
    else 
        error_approx = 100; 
        iter = 1; 
        hrold = hl; 
        while ((iter < max_iter) && (error_approx > err_stop)) 
                 
            %Secant Method Calculation 
            hr = hh - ((fhh)*(hl - hh))/((fhl)-(fhh)); 
                 
            sumhr = 0; 
                 
            for j = 2:m 
                thetar = hr/k*(a*(t_1(i)-(j-1)*dtime))^0.5; 
                fr = (1 - exp(thetar^2)*erfc(thetar))*... 
                    (Tjet_1(j)-Tjet_1(j-1)); 
                sumhr = sumhr + fr; 
            end 
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            error_approx = abs((hr-hrold)/hr); 
                 
            % If approximate error is less than the stopping 
            % criteria give the new root as the actual root 
            if (error_approx <= err_stop || iter > max_iter) 
                h(i) = hr; % heat transfer coefficient 
                Nu(i) = hr*0.375*.0254/k1; % Nusselt Number 
            else 
                % Update the variables before continuing through 
                % the loop again 
                hrold = hr; 
                hl = hh; 
                hh = hr; 
                fhl = fhh; 
                fhh = sumhr - LHS_1; 
            end 
                 
            % Continue through the loop until the approximate error is  
            % less than the stopping criteria or until the maximum  
            % number of iterations have been met 
        end 
         
    end 
    else 
        h(i) = 0; % heat transfer coefficient 
        Nu(i) = 0; % Nusselt Number 
    end 
     
end 
 
matlabpool close 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Place the heat transfer coefficients and Nusselt numbers back into a 
% matrix, save them as a matlab file, and create a plot of the Nusselt 
% numbers to ensure appropriate trends and magnitudes 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
count = 0; 
  
for j = 1 : NY 
    for i = 1 : NX 
        count = count+1; 
        h_matrix(j,i) = h(count); 
        Nu_matrix(j,i) = Nu(count); 
    end 
end 
  
save('Nu_matrix') %Save Nu matrix 
save('h_matrix') %Save heat transfer coefficient matrix 
  
%Create a figure 
figure  
imagesc(Nu_matrix) 
  
toc 
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APPENDIX D 
 

Uncertainty Calculations 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%  
% Detailed Heat Transfer Coefficient Uncertainty Calculator 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This script file reads in the temperature file and a data file  
% containing the calculated heat transfer coefficients at every pixel  
% within the region of interest.  It employs the combined methods of  
% Kline and McClintok [64] as well as Camci et al [46] to determine the 
overall  
% uncertainty. 
% 
% Camci et al. [46] employed methods to curve fit a non-dimensional 
% combination of the heat transfer coefficient, beta, and the non- 
% dimensional temperature ratio, theta. This allows one to have an  
% explicit function of the heat transfer coefficient where a more  
% traditional uncertainty method can be performed 
% 
% Written by: Neil Jordan 
% Date: August 3 2011 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Clear the variables 
clear all 
  
% Load the heat transfer coefficients file, and the Temperature file. 
load('h_matrix.mat'); % heat transfer coefficient matrix file 
  
Tb = load('10000_13600_190_Temp_File.txt'); % Temperature File 
  
framerate = 30; % define the framerate,  
t = (frame2-1)/framerate; % Calculate Transition times  
                          % (frame number included in h_matrix) 
                           
% Define the material properties 
a = 0.84804e-7;      % thermal diffusivity of plate 
k = 0.173;           % thermal conductivity of plate 
  
% Define the relevant Temperatures from the 1-D heat conduction  
% equation solution and calculate the temperature ratio, theta 
  
Tw = 35.54; % TLC transition temperature 
  
Ti = mean(Tb(1,1:10)); % Initial Temperature 
  
Tjet = Tb(:,4); % Jet Temperature 
  
theta_array = (Tw - Ti)./(Tjet-Ti); % non- dimensional temp. ratio 
  
% Initialize the matrices for calculations 
X = size(h_matrix); 
  
x_length = X(2); % number of pixels in x direction 
y_length = X(1); % number of pixels in y direction 
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beta = zeros(y_length,x_length); % pre- allocate beta array 
  
theta = zeros(y_length,x_length); % pre- allocate theta array 
  
Tjet1 = zeros(y_length,x_length); % pre- allocate jet temp array 
  
% Determine the beta, theta, and Tjet matrices 
for i = 1:y_length 
    for j = 1:x_length       
        if frame2(i,j) > 0 
            beta(i,j) = h_matrix(i,j)*((a*t(i,j))^.5)/k; % beta 
            theta(i,j) = theta_array(frame2(i,j)); % theta 
            Tjet1(i,j) = Tjet(frame2(i,j)); %jet temp at TLC transition 
        end 
    end 
end 
  
% Search the image for the max and min beat values to calculate the  
% curve fit for uncertainty. 
 
beta_min = 1000; 
beta_max = 0; 
 
for i = 1:y_length 
    for j = 1:x_length 
        if i >= 225 && i <= 325 && j > 1 && j < x_length; 
            % an area averaged beta is used to reduce errors due to  
            % noise 
            beta_avg = (beta(i-1,j)+beta(i+1,j)+beta(i,j-1)... 
                 +beta(i,j+1)+beta(i-1,j+1)+beta(i-1,j-1)... 
                 +beta(i+1,j+1)+beta(i+1,j-1))/8; 
            diff = abs(beta(i,j) - beta_avg)/((beta(i,j) + ... 
                 beta_avg)/2)*100; 
            if beta(i,j) > beta_max && diff < 10 
                beta_max = beta(i,j); % max beta 
            elseif beta(i,j) < beta_min && diff < 10 
                beta_min = beta(i,j); % min beta 
            end 
        end 
    end 
end 
  
% increase the bounds on beta to ensure that all values are included 
beta_min = beta_min/2; 
  
beta_max = beta_max*2; 
  
% Based off of max and min beta values, calculate the associated theta 
% values.  These values are used for the curve fit 
beta2 = linspace(beta_min,beta_max,500); 
  
theta2 = 1 - exp(beta2.^2).*erfc(beta2); 
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% perform a 6th order curve fit to obtain a well conditioned curve 
A = polyfit(theta2,beta2,6); 
  
% Now that an equation is obtained for the heat transfer coefficient,  
% the required derivatives for the method of Kline and McClintok is  
% employed. 
  
% Derivative with respect to time 
dhdt = -(a*k./(2*(a*t).^(1.5))).*polyval(A,theta); 
  
% For derivatives with respect to jet or wall temperatures the terms  
% Tdj or Tdw are used to make the code look more appealing. 
  
Tdj = (Ti - Tjet1); % Difference between jet and initial temp 
  
Tdw = (Ti - Tw); % Difference TLC transition temp and initial temp 
  
% Derivative with respect to TLC transition temp 
dhdTw = -(k./(a*t).^0.5).*(A(6)./Tdj + 2*A(5)*Tdw./Tdj.^2 + ... 
    3*A(4)*Tdw^2./Tdj.^3 + 4*A(3)*Tdw^3./Tdj.^4 + 5*A(2)*Tdw^4./Tdj.^5  
    +6*A(1)*Tdw^5./Tdj.^6); 
  
% Derivative with respect to initial temperature 
dhdTi = (k./(a*t).^0.5).*(A(6)./Tdj + 2*A(5)*Tdw./Tdj.^2 + ... 
    3*A(4)*Tdw^2./Tdj.^3 + 4*A(3)*Tdw^3./Tdj.^4 + 5*A(2)*Tdw^4./Tdj.^5  
    + 6*A(1)*Tdw^5./Tdj.^6 - 2*A(5)*Tdw^2./Tdj.^3 -3*A(4)*Tdw^3./Tdj.^4   
    - 4*A(3)*Tdw^4./Tdj.^5 - 5*A(2)*Tdw^5./Tdj.^6 -6*A(1)*Tdw^6./Tdj.^7  
    - A(6)*Tdw./Tdj.^2); 
  
% Derivative with respect to bulk fluid temperature 
dhdTb = (k./(a*t).^0.5).*(2*A(5)*Tdw^2./Tdj.^3 + 3*A(4)*Tdw^3./Tdj.^4 +  
    4*A(3)*Tdw^4./Tdj.^5 + 5*A(2)*Tdw^5./Tdj.^6 + 6*A(1)*Tdw^6./Tdj.^7  
    + A(6)*Tdw./Tdj.^2); 
  
% The material and fluid properties are not expected to induce  
% significant uncertainty, and therefore their associated derivative  
% are not included. 
  
% Determine the Uncertainty in heat transfer Coefficient 
err = ((dhdt*.01667).^2 + (dhdTw*.5).^2 + (dhdTi*.5).^2 + 
    (dhdTb*.5).^2).^(0.5); 
     
err_percent = err./h_matrix*100; % Percent error 
     
 
 
% As a result of some noise around the boundaries of the image, a few 
% pixels introduce imaginary error values.  These values are now  
% removed 
 
  
err_percent = real(err_percent); 
     
nan_err = isnan(err_percent); 
inf_err = isinf(err_percent); 
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for i = 1:y_length 
    for j = 1:x_length 
        if nan_err(i,j) == 1 || inf_err(i,j) == 1 
            err_percent(i,j) = 0; 
        end 
    end 
end 
  
% plot a detailed distribution of the uncertainty in heat transfer 
% coefficient and output to the screen the mean overall uncertainty 
  
imagesc(err_percent) 
mean_err_percent = mean(mean(err_percent)) 
 

 

 
Figure D.1: Sample detailed uncertainty distribution. 

 
 

 
 Figure D.2: Beta vs. theta curve employed for uncertainty calculation. 
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APPENDIX E 
 

Thermochromic Liquid Crystals and the Non-Dimensional Temperature Ratio 
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 The proper selection of narrow-band liquid crystals is paramount to ensuring 

repeatable Nusselt number distributions on the target surface.  Recall the non-

dimensional temperature ratio, θ, from chapter four.  For the current experimental 

investigation, it was observed that θ values above 0.75 yielded repeatable Nusselt number 

results that lie on the secondary section of the θ(t) curve presented in Figure 4.3.  A 

significant amount of work and effort went into the determination of which TLC 

transition temperature would yield appropriate temperature ratios.  This section presents a 

brief overview of the selection of proper thermochromic liquid crystals. 

 Initially, R32C1 TLC was employed to obtain detailed Nusselt number 

distributions on the target surface.  Multiple tests were run in an effort to ensure that the 

Nusselt numbers on the target surface were insensitive to heating conditions.  However, it 

was observed that, for a given Reynolds number, relatively small changes (on the order of 

5 – 10%) in the heater’s outlet temperature, TH, would produce 20 – 30% differences in 

the calculated stagnation region Nusselt numbers.  Figure E.1 presents the Nusselt 

numbers obtained for the same Reynolds number (ReJet = 27200), with two different 

heater temperatures and R32C1 TLC. 

In an effort to reduce such differences, observation of the non-dimensional 

temperature ratio as it changed throughout the course of a test, brought forth the 

realization that, for the current experimental setup, the transition times for the TLC 

within the stagnation region fell within the initial section of the θ(t) curve presented in 

Figure 4.3.  The initial section of the curve has a very steep slope; it was thought that the 

steep slope observed within the initial section of the curve magnified any measurement 

uncertainties during the calculation of the Nusselt numbers.  A hypothesis was presented 

stating that if the transition times could be adjusted to allow for temperature ratios that 
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fell on the secondary section of the curve (possessing a less severe slope), the variation in 

the stagnation region Nusselt numbers may decrease.   

 

  

Figure E.1: Nusselt number distributions for varying heater temperatures and R32C1 
TLC. 

 

Selecting TLC that transition at higher temperatures was observed to be the most 

effective way to increase the non-dimensional temperature ratio.  However increasing the 
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had to be taken to ensure that the transition times did not violate the semi-infinite solid 

assumption presented in chapter four.  For a given heater temperature, one can solve 

Equation (4.4) for the wall temperature, Tw(z,t), at a given thickness through the material.  

This presented that transition times less than20 seconds would generally satisfy the semi-
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not change significantly until this time threshold). Thus, for a given test, it became ideal 

to have transition times of approximately ten seconds, and temperature ratios above 0.75.   

To determine the ideal liquid crystal transition temperature, wide-band TLC 

(R25C15) was sprayed onto the target surface and heated at varying heater temperatures.  

Observation of the target surface temperature and its associated non-dimensional 

temperature ratio values led to selection of a proper narrowband liquid crystal.  Figure 

E.2 presents representative wall temperature and temperature ratio distributions obtained 

with the wide-band liquid crystals at varying heater temperatures.  The red circle 

represents, a location where the temperature ratio is ideal and the time to transition is 

within the time limit prescribed by the semi-infinite solid assumption.  Thus, for cases 

without radial bypass R35C1 was the choice TLC.  However for cases with radial bypass, 

the increased energy and momentum within the bypass flow led to increased jet 

temperatures.  The higher jet temperatures led to decreased transition times and therefore 

a significantly decreased stagnation region theta value at the time of transition.  To 

combat this effect, R38C1 TLC was employed for cases with radial bypass flow.   

 

 

Figure E.2: Wall temperature and corresponding non-dimensional temperature ratio. 
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Figure E.3 presents detailed and centerline Nusselt number distributions for a 

given test with the same jet Reynolds number (ReJet = 40700) at varying heater 

temperatures and the new TLC.  Employing the new narrow band liquid crystals for a 

given test led to results that were repeatable, regardless of heater temperature.  

Afterwards, varying tests were randomly repeated at different heater temperatures to 

ensure that the results were repeatable for different jet geometries and flow conditions.  

Thus it is evident that the choice of narrow-band TLC for a transient heat transfer 

experiment is vital when short transition times are required to satisfy the assumptions set 

forth for the experiment. 

 

 

Figure E.3: Nusselt number distributions for varying heater temperatures and R35C1 
TLC. 
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APPENDIX F 
 

Image Scaling 
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 The images obtained from the transient experiments are two-dimensional and 

must be scaled to properly observe the heat transfer trends on the three-dimensional 

target surface (half cylinder).  To scale the two-dimensional images a grid is placed on 

the exterior of the target surface (Figure F.1).  The points on the grid provide the basis for 

determination of the streamwise and spanwise distances from the center of the jet.  The 

grid is square and each point is spaced 0.2 inches from an adjoining grid point.  

 

  

Figure F.1: Scaling grid on target surface. 
 

 The spanwise angle between each grid point is determined from the grid spacing 

(the arc length) with Equation (F.1): 

oR

s
  (F.1) 

where s is the arc length (0.2 inches), θ is the angle between each point, and Ro is the 

outer radius of the cylinder.  With the angle between each grid location determined, the 

spanwise location of each grid point is determined from basic trigonometric identities.  

Figure F.2 presents a cross-sectional view of the cylinder with the grid on top of it. 
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Figure F.2: Representation of the grid placed on the target surface. 
 
 

Now, assuming that the image plane is not significantly distorted as light travels 

through the clear cylinder and is reflected from the TLC coated inner wall; the y/dJet 

locations of the grid points can be assumed constant for both the inner and outer walls.  

Therefore, after zeroing the spanwise pixel locations to correspond to the top-most grid 

point, a polynomial regression, Equation (F.2), is employed to determine the non-

dimensional spanwise location of each pixel on the surface, where x is the pixel location 

of on the image.  Figure F.3 presents the polynomial fit equation and the associated grid 

points employed for the regression. 
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Additionally, the non-dimensional height (z/dJet) is determined by employing the 

equation of a circle (assuming that the spanwise locations are constant for both the inner 

and outer walls of the cylinder): 
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Figure F.3: Scaling polynomial and grid points. 
 

where zo is the normal distance from the center plane of the cylinder to the outer surface 
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