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To increase the core power of gas turbine engines, the combustion temperature is 

elevated above the metallurgical limits of the internal components.   As a consequence, 

active cooling schemes are required to prevent the blades from melting.  In this study, a 

numerical investigation of leading edge impingement cooling was performed.  The 

effects of jet Reynolds number, jet-to-target surface spacing, jet-to-jet spacing, target 

surface curvature, and jet aspect ratio on the target surface Nusselt numbers were 

quantified.  In all cases, the jets were equally spaced and had fully filleted edges.  The 

numerical results were utilized to develop an empirical correlation for the surface average 

Nusselt number.  The correlation enables engine designers to accurately predict the heat 

flux on the blade wall, as well as identify the optimal leading edge geometry to minimize 

the amount of cooling air required; thus, increasing the thermal efficiency of the gas 

turbine engine.   
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CHAPTER ONE 
 

Introduction 
 
 

The Demand for Efficient Energy Sources 
 

The world is facing an unprecedented energy challenge: populations are 

expanding, economies are growing, and fuel is becoming increasingly difficult to obtain.  

The United States Energy Information Administration (EIA) projects that energy 

consumption will grow by an average annual rate of 0.3 percent through the year 

2035 [1], corresponding to a staggering twenty million barrels of petroleum consumed 

per day in the US alone by 2035.  Meeting the future demand will require scientists and 

engineers to unlock new energy resources and improve the efficiency of existing ones.  

Promising technologies, such as solar and wind power, are beginning to emerge; 

however, their intermittence and inability to generate reliable, large-scale power are 

weaknesses.  On the other hand, existing sources, such as nuclear power, coal, and fossil 

fuels, are progressively being restricted as they come at a heavy cost to the environment.  

One thing is for certain: our planet faces an urgent need for long term sources of power.  

Developing energy sources that are efficient, sustainable, and inexpensive is essential for 

securing economic and environmental stability.    

 
Gas Turbine Engines 

 
Gas turbine engines play a vital role in the world economy.  They are efficient, 

reliable power producing machines, used in a variety of applications; they can directly 

drive an electrical generator for land based power generation or be coupled to a steam 
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turbine to create a high-efficiency combined cycle facility.  Gas turbines are also 

recognized as one of the cleanest sources of large scale electricity generation [2], and 

they are becoming increasingly popular for electricity generation in the United States as 

they are primarily fueled by natural gas.  Additionally, gas turbine engines have been 

used for aircraft propulsion for decades.  The Department of Transportation estimated 

that in 2012, U.S. airline companies consumed 9.5 billion gallons of fuel in domestic 

travel and 14.9 billion gallons total (domestic and international) [3].  Furthermore, air 

travel is estimated to account for between 2 – 5 percent of global greenhouse gas 

emissions [4].  Improving the efficiency of gas turbine engines by even one percent can 

save a tremendous amount of fuel as well as reduce the amount of damaging pollutants 

released to the environment.   

 
Technology Description 

 
Gas turbine engines operate on the thermodynamic cycle known as the Brayton 

cycle.  In the Brayton cycle, power is produced in a three step process: (1) ambient air is 

drawn into the engine’s compressor, where it is pressurized (consequently elevating its 

temperature as well), (2) then the air travels to the combustion chamber, where fuel is 

added and ignited at constant pressure (increasing the temperature and energy in the air 

tremendously), (3) the air then rapidly expands back to atmospheric pressure through a 

series of turbine stages.  The rotational motion of the turbine creates shaft power that is 

then used to drive an external electric generator as well as power the engine’s compressor 

(keeping the process going).  In aircraft applications, the exhaust gases are accelerated 

out the end of the engine through a nozzle, creating thrust.  Figure 1.1 shows a cutaway 

of a gas turbine engine with the three main components of the Brayton cycle labeled [5].   
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Figure 1.1: ALF502 turbofan gas turbine engine [5]. 
 

One key to an engine’s power output is the temperature at which it operates.  The 

power produced by a gas turbine engine is proportional to the temperature of the air 

entering the turbine stage, known as the turbine rotor inlet temperature (RIT).  Figure 1.2 

shows how the specific core power production of a gas turbine engine as a function of the 

RIT [6].  As shown, modern engines operate at extremely high temperatures.  In fact, the 

gas flowing through advanced military aircraft can exceed 4000°F (2478K) [5].  

However, the metal turbine blades inside the engine can only withstand temperatures as 

hot as ≈ 2000 – 2500°F (1366 – 1700K) before melting [5].  Therefore, it is crucial that 

turbine blades and vanes are cooled so they can survive these extreme conditions.  In 

advanced engines, cooling air is extracted from the compressor and circulated through the 

inside of turbine blades to drop the blade temperatures to safe levels.  However, bleeding  
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Figure 1.2: Variation of specific core power with turbine rotor inlet temperature [6]. 

 

air from the compressor reduces the overall thermal efficiency of the engine, so it is vital 

that the amount of air used for cooling is minimized.       

Turbine airfoil cooling has been in existence since the World War II era.  

Figure 1.3 shows the history of blade cooling technology and the variation of entry 

temperatures achievable with technology advances.  Today, engines employ many 

techniques to protect and cool the blades.  A ceramic thermal barrier coating (TBC) is 

applied to the external surface of the blade to shield the metal from the hot mainstream 

gas.  Ceramics can withstand extremely hot temperatures without melting; however, their 

brittleness limits their application in engines (fractures could lead to catastrophic failure 

of the engine) [5].  A thin coat of TBC significantly impedes the transfer of heat to the 

metal blade walls.   
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Figure 1.3: Variation of turbine RIT with turbine blade cooling technology [6]. 

 

In addition, both internal and external cooling schemes are employed to remove 

heat from the blade walls.  Inside the airfoil, coolant is circulated through small, 

serpentine passages.  This “coolant” is actually extremely hot (approximately 1200°F) as 

it comes from the high pressure compressor of the engine; however, it is relatively cool 

compared to the blade walls.  Figure 1.4 shows a typical cooling scheme of a modern 

turbine blade [6].  Ribs and dimples are used internally along the walls in order to 

increase turbulent mixing of the fluid.  Turbulent flows can extract more energy from 

walls and lead to higher “heat transfer” (i.e. increased cooling potential) [6].  Turbulent 

eddies can whisk heat from the walls to the center of the cooling channel, where it can be 

removed from the airfoil more efficiently.  Often pin fin arrays are utilized in the trailing 
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edge of the blade because they provide structural support to this thin section as well as 

promote turbulent mixing.  In the leading edge of the blade, where heat loads on the blade 

are the highest, jets of coolant air are shot directly at the internal surface of the walls.  

This cooling technique is known as jet impingement, and is considered the most 

aggressive form of cooling used in gas turbine blades.  It can result in extremely high 

heat transfer, and is the focus of this thesis.  Additionally, “film cooling” protects the 

outer surfaces of the turbine blade.  After flowing through the internal passages of the 

blade, the coolant exits the blade through discrete holes in the blade walls.  This creates a 

thin layer of coolant that acts as a protective envelope around the blade and creates a 

buffer region between the hot mainstream gas and the blade surface.   

 

 
Figure 1.4: Turbine blade cooling design [7]. 
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Jet Impingement Cooling 
 

 Jet impingement is used to cool many of the hottest components in the gas turbine 

engine, such as combustor can walls, nozzle guide vanes, the turbine case, as well as the 

leading edge of turbine blades.  It is an extremely effective cooling technique, capable of 

providing cooling rates three times higher than internal flows that are parallel to the 

cooled surface (for a given mass flow rate) [7].  The ability to cool these components 

allows higher combustion temperatures to be achieved: resulting in improved power 

output.  However, designing an impingement cooling scheme is a very complicated 

process.   

Figure 1.5 shows a detailed schematic of an impinging jet.  The flow field of an 

impinging jet consists of four regions:   

1. The free jet region – The region directly downstream of the nozzle is referred to 
as the free jet.  After exiting the orifice, the jet of air is expelled into an 
unconfined, “free,” environment.  Interaction with the surrounding, stagnant air 
creates a shear force that progressively slows and widens the jet’s velocity profile 
as it moves away from the nozzle.  Air in the near vicinity of the jet is carried 
along by the high momentum of the jet; this physical process is known as 
entrainment.  The end of the free jet occurs when the air approaches the surface 
(where the air begins to decelerate and is no longer unconstrained).  
 

2. The potential core – Within the free jet is the potential core region.  As the fluid 
exits the jet orifice, it initially has an inviscid velocity profile that is 
approximately equal in magnitude to the nozzle exit velocity.  Shear forces, 
developed from interaction with the surrounding air, initiate the growth of a chain 
of turbulent eddies (i.e. swirling pockets of fluid) that steadily grow in size as the 
jet moves away from the nozzle.  These eddies define what is known as the “shear 
layer,” and their growth eventually diminishes the potential core.  The definition 
for the end of the potential core is the distance where the velocity falls below 95 
percent of its initial value [8].  Studies have shown that the potential core’s length 
is affected by many parameters (e.g. turbulence intensity, nozzle geometry, and 
cross-flow) but is typically found to be 4 – 6 nozzle diameters in length [6].  Once 
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the potential core degrades, the jet becomes fully turbulent and continued mixing 
with the ambient environment causes the jet to slow down and expand further.    
 

3. The stagnation region – The area where the jet first makes contact with the wall is 
known as the stagnation region.  The coolant velocity is forced to rapidly 
decelerate because of the presence of the wall, corresponding to a rise in static 
pressure.  Additionally, very thin thermal and viscous boundary layers (a 
boundary layer will be discussed in detail in the next section) are observed in the 
stagnation region.  Thin boundary layers correlate to higher heat transfer rates; as 
a result, the highest heat transfer (cooling rate) on the wall are measured in the 
stagnation region.    
 

4. The wall jet region – After impinging, the flow is forced to accelerate rapidly 
away from the stagnation point in all directions along the surface of the wall; this 
region is known as the wall jet.  As shown in Figure 1.5, flow in the wall jet 
region resembles flow over a flat plate.  The velocity of the air is constrained by 
the no-slip condition at the wall and high shear forces from the stagnant air in the 
ambient environment.  Thin boundary layers and high heat transfer are observed 
in this region due to the high acceleration.  In most instances, flow in the wall jet 
is fully turbulent; however, if the target surface is within range of the potential 
core, it can initially be laminar.  Transition from laminar to turbulent flow often 
leads to a secondary spike in heat transfer outside of the stagnation region.   
 

              
Figure 1.5: Detailed diagram of a single impinging jet [9].    
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Impingement Cooling Analysis  
 

The fundamental responsibility of a turbine blade designer is to prevent the 

premature failure of the blade (e.g. failure from melting); however, bleeding cooling air 

from the compressor reduces the overall thermal efficiency of the engine. Therefore, 

airfoil designs must use the cooling air as efficiently as possible.  The effectiveness of an 

impingement cooling design can be quantified by measuring the magnitude of the heat 

transfer coefficient on the target surface.  The heat transfer coefficient is a proportionality 

coefficient that corresponds to the level of convective heat transfer between a solid (i.e. 

the blade wall) and a fluid (i.e. cooling air), and is defined as:       

refw

w

TT

q
h




                                                       (1.1) 

where wq   is the wall heat flux, Tw is the temperature of the wall, Tref is a reference 

temperature (i.e. the temperature of the air entering the jet orifice), and h is the 

convective heat transfer coefficient.  Higher heat transfer coefficients correspond to 

increased heat removal from the blade surface, and therefore more efficient cooling.   The 

dimensionless form of the heat transfer coefficient is the Nusselt number, defined as: 

k

hd
Nu                                                             (1.2) 

where h is the heat transfer coefficient, k is the thermal conductivity of the air, and d is 

the characteristic length of the system (typically the diameter of the jet in impingement 

cooling applications).  In general, non-dimensionalization of variables is advantageous in 

fluid mechanics research, as it makes it possible to scale the results.  For instance, 

impinging jet studies are typically non-dimensionalized because it is very difficult to 

recreate the extreme temperatures of gas turbine engines in a laboratory setting.  In 
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addition, scaling up the dimensions of an impingement device allows researchers to 

investigate the jets in more detail.  The Nusselt number is, essentially, a unitless, scaled 

heat transfer coefficient.  It physically represents the ratio of convective to conductive 

heat transfer across a boundary (e.g. blade wall).  A Nusselt number with a value close to 

one indicates that conduction and convection are on the same order of magnitude; this 

occurs when the fluid is stagnant or nearly motionless.  Larger Nusselt numbers 

correspond to situations where heat transfer is enhanced due to fluid motion (i.e. active 

convection).  If the Nusselt number from an impinging jet in the laboratory is equal to 

that of a jet inside a gas turbine engine, then the two are said to be non-dimensionally 

equivalent, from a heat transfer standpoint.  Therefore, from this point forward, heat 

transfer will be discussed in terms of the Nusselt number.    

Decades of research have established that the Nusselt number for an impinging jet 

is highly dependent on the velocity and flow rate of the coolant.  The Reynolds number is 

a non-dimensional flow parameter, and it is defined as follows:  


Vd

Re                                                          (1.3) 

where ρ is the density of the fluid (e.g. coolant air), V is the velocity, µ is the dynamic 

viscosity, and d is the characteristic length of the apparatus (e.g. diameter of the 

impinging jet).  The Reynolds number is often described as a ratio of inertial forces to 

viscous forces of the fluid; however, in the study of heat transfer, it can be thought of as a 

ratio between the thickness of the “boundary layer” and the characteristic length of the 

apparatus.  Figure 1.6 shows the velocity and temperature profile of the wall jet region of 

an impinging jet with the boundary layer shown in blue.  A boundary layer exists as a 
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Figure 1.6: Conceptual representation of fluid and thermal boundary layer growth. 

 

result of viscous particles coming into contact with the stationary surface.  Friction 

between the particles and the surface slows the motion of the fluid in the vicinity near the 

wall (particles in direct contact are assumed to have zero velocity), thus creating a 

velocity gradient at the wall.  The distance between the wall and the height at which the 

fluid reaches the free-stream velocity is termed the boundary layer [10].  In a turbulent 

flow, such as the wall jet, a thin, laminar region exists immediately next to the wall; this 

is termed the viscous sublayer.  The viscous sublayer develops because the fluid velocity 

and turbulent eddies are constrained in magnitude and size, as the fluid approaches the 

wall.  Furthermore, a similar thermal boundary develops when there is a temperature 

difference between the fluid and the wall.  Steep temperature gradients near the wall lead 

to high heat transfer.  As mentioned previously, higher jet Reynolds numbers correlate to 

thinner boundary layers and steeper thermal gradients near the surface; a direct 

consequence of this is that the Nusselt number from an impinging jet increases 

proportionally with the jet Reynolds number (this will be discussed in more detail in 

Chapter Three).  
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Impingement Cooling Design 
 

Engine designers often have flexibility to change the geometry of the impinging 

jet system.  Adjusting the geometry can significantly affect the angle, velocity, and 

turbulence intensity of the air when it impacts the surface, thus affecting the rate of heat 

transfer.   A set of common, non-dimensional geometric parameters are typically used to 

compare impinging jet designs:   

1. z/d – jet-to-target surface spacing 

2. s/d – jet-to-jet spacing 

3. D/d – target surface curvature  

The jet diameter, d, is considered the characteristic length of an impingement device and 

therefore used as the reference length for the other non-dimensionalized parameters.  

Previous research has established many of the heat transfer trends associated with these 

parameters.  For instance, the Nusselt number can be increased by (a) decreasing the jet-

to-jet spacing, (b) decreasing the jet-to-target surface distance, and (c) increasing the 

target surface curvature [5-7, 9-11].  Other variables such as inlet flow conditions, 

turbulence intensity, and target surface roughness also play an integral role in designing 

an impingement cooling scheme.  Tremendous advances have been made in the field of 

impingement heat transfer, but there is still a lot of work to be done.    

 
Statement of Problem 

 
 The world is facing an unprecedented energy challenge.  Increasing the efficiency 

of gas turbine engines can significantly improve our energy economy and reduce 

greenhouse gas emissions.  One way to improve the efficiency is to optimize the cooling 

of the leading edge region of the turbine blades.  This would reduce the amount of air 
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bled from the compressor while increasing the operating temperature of the engine.  In 

order to optimize cooling configurations, engine designers must have knowledge of the 

heat transfer profile on the leading edge.  However, this is not an easy task.  Impinging jet 

arrays and flow conditions inside engine blades are very complex.  Subtle changes in the 

geometric parameters and flow conditions can significantly change the cooling rates on 

the blade surface.   

 
Aims and Objectives 

 
 The purpose of this study is to improve the engine designer’s ability to predict 

leading edge heat transfer.  As mentioned previously, the manner in which the jet strikes 

the surface can significantly affect the rate of heat transfer.  Many of the trends associated 

with impingement geometry (e.g. jet-to-target surface spacing (z/d) and jet-to-jet spacing 

(s/d)) have been studied; however, their combined effects are not well understood.  The 

primary objective of this study is to utilize numerical modeling software to expand on the 

previous experimental work and provide increased insight into the mechanisms governing 

impingement heat transfer.  The ultimate goal is to identify an optimum leading edge 

design so that the coolant required can be minimized and the power developed by the gas 

turbine engine can be maximized.   
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CHAPTER TWO 
 

Introduction to Computational Fluid Dynamics 
 
 

Experimental and theoretical methods have historically been the primary modes 

for studying gas turbine engines and jet impingement cooling.  Today, engine designers 

employ a new technique, known as computational fluid dynamics (CFD), to analyze 

cooling designs.  CFD is a branch of fluid mechanics that utilizes numerical methods to 

solve the governing equations of fluid motion and energy transport.  Essentially, CFD 

provides an environment to conduct virtual experiments similar to those that are 

traditionally performed in wind tunnels.  Supercomputers and CFD software packages, 

like STAR-CCM+ by CD-Adapco, make it possible to simulate realistic phenomena, 

such as cooling, combustion, and multiphase flow relatively quickly.  In the present 

study, CFD is utilized to analyze and optimize impingement cooling designs in gas 

turbine engine blades.  This chapter provides an introduction to CFD theory and outlines 

the basic process for developing an accurate CFD model.   

 
CFD Design Advantages 

 
Computational fluid dynamics offers many advantages when it comes to 

designing components that involve fluid motion and heat transfer.  Several of these 

advantages include:     

1. Cost effective design – Most aerodynamic work (e.g. designing the frame of a 
bicycle), requires prototyping and wind tunnel testing.  However, wind tunnel 
testing is expensive from both a time and money standpoint.  Utilizing CFD to 
analyze designs is a great way to reduce the time spent in the laboratory, while 
still gathering accurate data.  Additionally, CFD simulations can be used to vet 
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preliminary designs so that when it is time to test in a wind tunnel, potentially 
successful designs have already been identified.  
 

2. Increased insight into the mechanisms influencing heat transfer and fluid flow – 
Experimental facilities such as wind tunnels, are effective at obtaining global 
information such as lift, drag, and detailed surface distributions (e.g. heat transfer 
coefficient distributions).  However, flow field measurements are much more 
difficult to obtain.  In a CFD solution, each flow variable (e.g. velocity, pressure, 
and temperature) is calculated at every node in the domain: providing the link to 
the processes that produce surface distributions.  Also, three and two-dimensional 
visualization is available at no extra cost.  These features make it possible to 
understand why certain designs are better than others, rather than blindly 
accepting the results.     
 

3. Efficient parametric analysis and design optimization – Running hundreds of 
physical experiments in a wind-tunnel is impractical from both a time and money 
standpoint.  However, supercomputers combined with accurate, validated CFD 
models can be utilized to parametrically analyze designs much more efficiently.  
Additionally, CFD can be utilized to test designs over a wider range of parameters 
than could be tested in a wind tunnel (e.g. Reynolds number, turbulence intensity, 
and surface roughness).  Alternative designs can then be developed for improved 
performance in these conditions.  This makes it possible to optimize the geometry 
of designs for specific outputs efficiently.   
 

These advantages can significantly improve the quality of the product, reduce the number 

of prototypes built, and decrease the time to market.  However, performing a CFD 

simulation is not an easy task.  In order to obtain accurate results, the computational 

model must be able to accurately predict all of the features that govern fluid motion and 

heat transfer (e.g. turbulence, near-wall velocity profiles, etc.).  This requires developing 

an appropriate numerical grid, applying the correct boundary conditions to the domain, 

and selecting the best turbulence model and numerical solver to perform the calculations.  

In the next sections, the governing equations for heat transfer and fluid motion will be 

introduced, as well as the CFD approach to solving them.   
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Governing Equations of Fluid Mechanics and Heat Transfer 
 

The foundation for all CFD problems are the Navier-Stokes equations: the 

governing equations of fluid motion.  For a three-dimensional flow in the (x,y,z), (u,v,w) 

Cartesian coordinate system, the four governing equations are written [12]:   
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where ρ is the fluid (e.g. coolant air) density, µ is the dynamic viscosity, g is the 

gravitational acceleration, and u, v, and w are the x, y, and z components of velocity, 

respectively.  Equation 2.1 is the continuity equation and establishes mass conservation, 

and Equations 2.2 - 2.4 describe the transport of linear momentum.  When combined, 

these equations provide a complete mathematical description of the velocity and pressure 

for a moving fluid.  Unfortunately, they are extremely difficult to solve.  In each equation 

the velocity components, u, v, and w, are coupled, time dependant quantities; this means 

that one variable cannot be solved without knowing the others.  Also, the equations are 

non-linear (e.g. the product of u with ∂u/∂x is a nonlinear term).  Therefore, the principal 

of superposition cannot be used to find a solution.  Furthermore, the above equations 

were derived by assuming that the fluid is incompressible with constant viscosity 

(i.e. ρ, µ ≈ constant).   These are reasonable assumptions if the Mach number of the fluid 



17 

is small (i.e. Maair < 0.3) and the temperature gradients in the fluid are not large enough 

to change the fluid viscosity.  Allowing these quantities to vary in time and space adds 

additional terms to the continuity and momentum equations.  Furthermore, the transport 

equations are second-order partial differential equations (e.g. the viscous terms in the 

momentum equation, µ∂2u/∂x2, are second order).  All these factors make the 

Navier-Stokes equations difficult to solve.    

In cooling applications, the temperature distribution of the fluid is also critical.  

Once the velocity components are calculated in the Navier-Stokes equations, they can be 

substituted into the energy equation to determine the temperature field [13]:  
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where T is the temperature of the fluid within the thermal boundary layer (e.g. coolant 

air), cP is the specific heat of the fluid, ρ is the fluid density, and k is the thermal 

conductivity of the fluid.  Equation 2.5 was developed by assuming that the thermal 

conductivity of the fluid is constant, viscous dissipation is negligible, and there is no 

internal heat generation.  These are valid assumptions for most convection problems 

(where the fluid is not extremely viscous) [13].   

In summary, the Navier-Stokes and energy equations are very complex and 

interconnected partial differential equations.   In order to solve for the flow variables, all 

five equations (Equations 2.1 – 2.5) need to be solved simultaneously, and for most 

practical flow scenarios, analytical solutions do not exist [12].  With this said, advanced 

numerical techniques can approximate the solutions with a technique known as finite 

volume discretization.  In the next section, a discussion of how the Navier-Stokes 

equations are solved with CFD is presented.   



18 

Finite Volume Discretization 
 

The solution to the governing equations can be approximated with a mathematical 

technique known as the finite volume method.  In this method, the computational domain 

is discretized into small control volumes, corresponding to “cells” in CFD software 

packages.  Then, the integral form of the Navier-Stokes and Energy equations is applied 

to each control volume.  This results in a set of linear algebraic equations, with the 

number of unknowns corresponding to the number of cells.  The equations are then 

solved with a numerical solving technique.  Several solver options include: first-order 

upwind, second-order upwind, and central-differencing schemes.  Refer to Tannehill et 

al. [14] for a comprehensive discussion of solvers.   

The discretization process introduces error in CFD simulations, because the true 

solution can only be obtained if the discrete elements are infinitely small.  As a 

consequence, the quality and distribution of the volume “mesh” (i.e. body of cells) 

directly affects the accuracy and efficiency of the solution.  In general, decreasing the 

size of each volume element will increase the accuracy of the solution; however, high 

mesh density increases the computational time required to obtain the solution.  

Developing a mesh that captures all of the characteristics of the flow is an art; the mesh 

must be sufficiently dense in regions with high gradients (e.g. near the wall), because 

fully resolving the boundary layer is critical to any heat transfer analysis.  However, low 

mesh density is affordable in many areas, such as the freestream.  The mesh development 

process often consumes a tremendous amount of time.  Even after an adequate mesh has 

been developed, many challenges remain to accurately capture the characteristics of a 

flow, especially a turbulent flow.   
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Introduction to the Reynolds Averaged Navier-Stokes Equations 
 

 The greatest challenge facing the field of CFD is simulating turbulent flow.  

When a fluid becomes turbulent, small, spinning, three-dimensional vortices develop in 

the flow.  These are known as turbulent eddies, and they cause the fluid motion to be 

unpredictable.  In order to capture this behavior directly with the Navier-Stokes 

equations, the discrete elements in the computational domain need to be significantly 

smaller than the individual eddies.  This is often impractical from a time and computer 

memory standpoint.  To counter this, versions of the Navier-Stokes equations that 

represent the time averaged affect of turbulence have been developed.  They are known 

as the Reynolds averaged Navier-Stokes (RANS) equations, and are shown below in 

Equations 2.6 – 2.9 [13].   The energy equation is also time averaged and shown in 

Equation 2.10:   
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where α is the thermal diffusivity of the fluid (e.g. coolant air), µ is the dynamic viscosity 

of the fluid, and ρ is the fluid density.  The bars on top of the terms in the equation 
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represent time-averaged quantities.  The RANS equations are essentially the same as the 

original Navier-Stokes equations; however, there is an additional term in each momentum 

transport equation as a result of the time-averaging.  These terms are known as Reynolds 

stresses, and they account for the additional shear stress in turbulent flow as a result of 

turbulent mixing.  The Reynolds stresses are shown in matrix form in Equation 2.11, this 

matrix is known as the Reynolds-stress tensor.     
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The primary challenge in obtaining a numerical solution to RANS equations is 

modeling the Reynolds stress tensor.  Due to the additional Reynolds stress terms, the 

number of unknowns in the RANS equations is greater than the number of equations.  

This is referred to as the “turbulence closure problem.”  In order to “close” the system of 

equations, assumptions must be made to relate these quantities to the mean flow 

variables.  This process is known as turbulence modeling. 

 
Introduction to Turbulence Modeling 

 
The purpose of turbulence modeling is to approximate the unknown variables in 

the Reynolds stress tensor: providing closure to the RANS equations.  This is 

accomplished mathematically by creating constitutive relations between the apparent 

shear stresses, flow variables (e.g. velocity gradients), and boundary conditions [14].  

Turbulence modeling approaches can be broadly classified as algebraic, one-equation, 

two-equation, and second-moment, based on the number of additional transport equations 

created to close the Reynolds stress tensor.  Today, two equation models are most widely 
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used for solving engineering applications.  These models employ two additional 

equations beyond the RANS equations (known as transport equations) to approximate the 

Reynolds stress variables.  Some of the most common two equation models used in heat 

transfer analysis are the k-ε, k-ω, and V2F models.  These are available in all commercial 

CFD software packages, and will be discussed in the following sections. 

 
The k-ε Turbulence Model 

 
The “k-ε” eddy-viscosity model is the most widely used two-equation model and 

is considered the standard for many engineering industries (including the turbomachinery 

industry) [8].  It utilizes the Boussinesq hypothesis to calculate the Reynolds stresses as a 

function of velocity gradients, and solves two transport equations for the turbulent kinetic 

energy, k, and the turbulence dissipation rate, ε [14].  In general, the k-ε model provides a 

good compromise between robustness, computational cost, and accuracy [8].  The 

fundamental concern of the k-ε model is that it relies heavily on experimentally 

determined constants and wall functions.  Selection of the wrong wall function or 

inappropriate boundary conditions can lead to erroneous flow calculations.  

Consequently, it does not perform well in regions with large pressure gradients and strain 

rates (e.g. stagnation regions) [8].  The k-ε model is widely acknowledged for producing 

huge levels of turbulence in these regions, causing the heat transfer results to be over-

predicted [8, 16].  Over the last forty years, many variations and improvements to the 

standard k-ε model have been proposed.  The models proposed by Jones and Launder 

[17], Launder and Sharma [18], and Lam and Bremhorst [19] are among the most 

common and are referred to as low Reynolds number, k-ε models.  These models modify 



22 

the standard k-ε model for lower turbulence and account for effects such as buoyancy and 

streamline curvature more effectively.    

 
The k-ω Turbulence Model 

 
The k-ω turbulence model is another common two-equation model, frequently 

used in the aerospace industry.  The turbulent transport equations solved with this model 

are the turbulent kinetic energy, k, and the specific dissipation rate, ω.  In general, the 

performance differences between the k-ω and k-ε models are subtle [8]; however, the k-ω 

model is known to perform better in the boundary layer and in regions with adverse 

pressure gradients (deceleration and/or flow separation) [20].  One key advantage of the 

k-ω model over the k-ε model is that it does not require wall functions to account for near 

wall damping effects.  Because of this simplification, the k-ω model is regarded as 

superior to the k-ε model in the viscous sublayer [20].  A disadvantage of the k-ω model 

is that it is extremely sensitive to the omega values in the free-stream, and it does not 

correctly predict the asymptotic behavior of turbulence as it approaches the wall [21].    

 
The V2F Turbulence Model 

 
The V2F turbulence model, also known as the normal velocity relaxation model, 

was developed specifically to address the impinging jet problem.  This model is capable 

of capturing near-wall turbulence levels more accurately than the other models, which is 

critical for the accurate prediction of heat transfer [8].  The V2F expands on the standard 

k-ε model by introducing two additional equations: the normal stress function and the 

elliptic function that are solved in conjunction with the k and ε equations [16].  However, 

unlike the k-ε model, the turbulent eddy viscosity is calculated from the turbulent stress 
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normal to the streamlines [8].  This method provides the correct scaling for turbulent 

transport near the surface so that excessive amounts of turbulence are not predicted in 

areas of high strain rate (e.g. stagnation regions) [16].  One of the most important aspects 

of the V2F is that it does not rely on the use of experimentally determined values to 

predict the flow within the boundary layer: a source of error of the standard k-ε model.  

As a result, the V2F model is valid through the fluid without application of wall functions 

or specially designed boundary conditions, a great advantage from a simplicity 

standpoint.  Numerous investigations have shown the V2F to be superior to other RANS 

solvers in comparison to experimental results.  These studies will be discussed in the 

following chapter.     

 
Summary 

 
The process for developing a CFD model that is capable of producing accurate 

results is extensive and requires expertise.  First, a numerical grid must be developed that 

is small enough to capture all of the flow characteristics that govern heat transfer and 

fluid motion (e.g. turbulent eddies).  Then the correct boundary conditions on the domain 

must be applied to reflect realistic conditions.  Lastly, the best turbulence model for the 

specific flow condition must be utilized to solve the RANS equations.  It is widely known 

that different models have strengths and weaknesses.  As a consequence, turbulent CFD 

solutions are only as good as the turbulence model applied.  The model formulation 

process for the present investigation is discussed in detail in Chapter Four.  In the next 

chapter, a comprehensive discussion of previous research investigations on leading edge 

impingement (experimental and numerical) as well as heat transfer trends will be 
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presented.  The second half of the chapter specifically focuses on impingement studies 

performed with computational fluid dynamics. 
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CHAPTER THREE 
 

Literature Review 
 
 

Turbine blade cooling has been in existence since the World War II era.  Since 

then, cooling designs have become continually more complex and exotic to meet the 

ever-increasing demand for engine efficiency.  Today, researchers employ experimental 

and numerical techniques to improve previous designs and analyze the complex cooling 

flows inside blade passages.  This chapter presents a review of the available research 

pertaining to jet impingement cooling; the most aggressive form of cooling used in gas 

turbine engines.     

Jet impingement cooling is commonly used in the nozzle guide vane (NGV) and 

the leading edge region of turbine blades, where the heat load from the hot combustion 

gases is most severe.  Decades of research have established many of the common trends 

governing jet impingement cooling.  For instance, heat transfer from an impinging jet can 

be increased by: (a) increasing the jet Reynolds number (ReJet), (b) decreasing the jet-to-

jet spacing (s/d), and (c) decreasing the jet-to-target surface distance (z/d) [5-7, 9-11].  In 

the following sections, these trends, as well as other important characteristics of 

impinging jets, will be discussed in detail.   

 
Flat Plate Impingement 

 
The majority of jet impingement studies in open literature investigate a circular jet 

impinging orthogonally on a flat surface.  The results from these studies are directly 

applicable to the mid-chord region of NGV, but are also fundamentally useful for all  
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Figure 3.1: Cross-sectional view of the NGV [22]. 

 

impingement design work.  A cross-sectional view of a NGV is provided in Figure 3.1, 

and due to the large radius of curvature in the mid-chord, flat plates approximate this 

region well [22].  The NGV is directly downstream of the combustion chamber, and in 

order to combat the high heat load on its surface, designers typically employ arrays or 

matrices of jets (as opposed to a single jet) to cool the mid-chord region.  Extensive 

research has shown that the spacing and geometry of the jets significantly affects the rate 

of heat transfer rate on the surface.  In general, closer jet-to-jet spacing (s/d) increases 

heat transfer due to increased coolant coverage; however, this also requires more coolant 

from compressor.  Florschuetz et al. [22] investigated arrays of round jets and found that 

spent coolant can influence the heat transfer profile on the target surface.  The results 

showed that cross-flow can build up and deflect jets so that they no longer impinge on the 

target surface orthogonally as they were intended.  Goldstein and Behbahani [23] 

demonstrated that high velocity jets can penetrate through cross-flow and therefore 

mitigate its effects.  Kercher and Tabakoff [24] found that increasing the jet-to-jet 

spacing (s/d) and jet-to-target surface spacing (z/d) allows the spent air to diffuse, and 

therefore, reduce the affect of cross-flow.  Researchers have shown that cross-flow has 

the potential to enhance heat transfer.  Florschuetz et al. [25, 26] demonstrated that jets 

arranged in an inline pattern create a channel effect that funnels the spent air between 
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rows on its way out of the channel.  As a result, the average heat transfer on the target 

surface is enhanced when cross-flow is present.  Additionally, the walls of turbine vanes 

and blades are commonly perforated with film holes, which can affect cooling flows.  

Ekkad et al. [27] demonstrated that film cooling extraction weakens cross-flow effects, 

but also reduced the maximum Nusselt number on the target surface compared to a no-

extraction baseline case.  Hollworth and Dagan [28] investigated film cooling extraction 

on a flat plate through inclined film holes.  A staggered arrangement of film holes 

removed the spent air more efficiently than an inline pattern and enhanced heat transfer.   

The jet-to-target surface distance (z/d) is also an important parameter in 

impingement cooling design.  Viskanta et al. [29] found that heat transfer from a single 

jet impinging on a flat plate increases when jet-to-target surface spacing decreased from 

z/d = 6 to z/d = 0.1.  Schlunder and Gnielinski [30] found that the maximum Nusselt 

numbers in the stagnation region occur when jet-to-jet spacing is approximately z/d ≈ 7.5.  

Goldstein et al. [31] reported that the highest average Nusselt numbers occurred when the 

jet-to-target surface spacing was slightly larger than the length of the potential core.  

Consequently, the length of the potential core relative to the jet-to-target spacing is a 

critical design consideration. In order to determine the length of the potential core, 

Yokobori et al. [32] performed a flow visualization study of a round jet.  Toroidal 

vortices in the shear layer penetrated the central axis of the jet at z/d ≈ 4.  Additional 

research confirms that the potential core is between 4 – 6 nozzle diameters in length [6]. 

Flat plate impingement has established many of the fundamental trends in 

impingement cooling.  However, the primary focus of this thesis is on leading edge 

impingement, and therefore the effect of target surface curvature must be considered.   
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Curved Surface Impingement Trends 
 

In contrast to the mid-chord region, the leading edge of a turbine blade is highly 

curved. Target surface curvature affects the structure of the free jet, potential core, and 

wall jet regions, as the heat transfer distribution on the target surface.  Additionally, due 

to the narrow volume in the leading edge, turbine blade designers typically employ a 

single row of impinging jets (rather than a matrix) to cool the surface.  As a consequence, 

the heat transfer and flow characteristics in the leading edge are very different from the 

mid-chord region, and require separate analysis.   

In 1969, Chupp et al. [33] performed a parametric study on leading edge jet 

impingement.  The testing facility consisted of a hypodermic needle with a single row of 

round jets impinging on a concave surface.  Platinum strips were arranged around the 

target surface in order to record spanwise surface average heat transfer coefficients.  The 

authors demonstrated that the average Nusselt is dependent on the jet-to-jet spacing (s/d), 

jet-to-target surface spacing (z/d), target surface curvature (D/d), and jet Reynolds 

number (ReJet).   
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Two best-fit correlations for the surface averaged Nusselt number were developed from 

the experimental results, shown in Equations 3.2 and 3.3. 
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Equation 3.2 estimates the average Nusselt numbers in the stagnation region (+/- 11.5°), 

and Equation 3.3 estimates the average Nusselt numbers for a wider circumferential 

region (+/- 45°) on the target surface.  The authors reported that these correlations are 

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

a testament to their work, the correlations developed in the Chupp et al. [33] study are 

still used in leading edge impingement design today.  However, since the publication of 

these correlations, researchers have studied the previously mentioned jet parameters in 

greater detail, as well as identified secondary parameters (e.g. jet orifice shape) that 

influence impingement heat transfer.  The following sections present a in depth 

discussion of this research.   

 
Jet Reynolds Number 

 
As mentioned earlier, the Nusselt number highly dependent on the Reynolds 

number of the jet [5-7, 9-11].  The dependence can be represented with a power function 

relationship: NuReJet
n, where n is influenced by the turbulence level of the air-jet and 

jet-to-target spacing (z/d).  Turbulent flow theory suggests that the exponent should range 

from 0.7 and 0.8 [10].  In contrast to turbulent jets, n ≈ 0.5 for laminar jet flows.  

Therefore, in designs where the potential core impinges (i.e. small jet-to-target surface 

spacing) the Nusselt number may be proportional to a smaller exponent.  Chupp et al. 

[33] experimentally measured n = 0.7, as indicated by the correlation equations 

(Equations 3.2 and 3.3).  Fénot et al. [34] employed a thin foil technique and infrared 

thermography to also investigate the value of n.  Through least squares analysis, the 

authors found that a value of 0.65 fits the data in the stagnation region.  Lee et al. [35] 

found that for small jet-to-target spacing (2 ≤ z/d ≤ 6) the stagnation point Nusselt 
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number was proportional to NuReJet
0.5.  However, for large jet-to-target spacing (6 < 

z/d ≤ 10) the trend slightly changed, and the Nusselt number was proportional to Nu

ReJet
0.56.  A Nusselt number correlation that accounts for the changing exponent with 

changing jet-to-target spacing has yet to be published in open literature.  

 
Jet-to-Target Spacing 

 
 The Chupp et al. [33] correlations indicate that the stagnation Nusselt number 

continually increases with decreasing jet-to-target spacing (down to z/d = 1); however, 

due to the potential core affect, the z/d trend is complex and the Chupp et al. [33] 

correlations may oversimplify the effect.  Research by Metzger et al. [36] indicates that 

when jet-to-target surface spacing is small, and the potential core impinges, the rate of 

heat transfer approaches an asymptote.  Metzger et al. [36] reported that for a row of 

impinging jets, the mean Nusselt number does not change significantly in the range of 

z/d = 1 – 3.  Additionally, when the potential core impinges a transition from laminar to 

turbulent flow in the wall-jet region can occur, resulting in a second spike in heat transfer 

outside of the stagnation region.  Fénot et al. [34] observed secondary spikes in the 

Nusselt number approximately one jet-diameter away from the stagnation region for 

z/d = 2 and 5 at ReJet = 23000.  The results of Metzger et al. [36] and Fénot et al. [34] 

demonstrate that it is desirable, from an average heat transfer standpoint, to have the 

potential core impinge on the target surface.  However, Lee et al. [35] observed that the 

maximum stagnation Nusselt number (as opposed the average Nusselt number) occurs 

when the target surface is just out of the range of the potential core (i.e. z/d = 6-8).  Due 

to the high importance of the potential core, detailed studies have been performed to 

investigate its length.  Cornaro et al. [37] utilized a smoke wire flow technique to 
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visualize a round jet impinging on a curved surface.  The authors observed that the length 

of the potential core is dependent on the target surface curvature.  For instance, high 

leading edge curvature induces stronger entrainment and reduces the length of the 

potential core.  Other research has found that parameters such as turbulence intensity, 

orifice roughness, and orifice shape also influence its length.    

 
Jet-to-Target Surface Curvature 

 
The leading edge of a turbine blade can vary in shape and curvature.  In equation 

3.3, Chupp et al. [33] indicated that the average Nusselt number on the target surface 

increases continually with decreasing target surface curvature (larger radius of curvature).  

More recently, Hrycak [38] investigated the effect of target surface curvature on a row of 

round jets impinging on a heated surface, and also showed that the average Nusselt 

number on the target surface increased as curvature increased (high curvature = smaller 

radius of curvature).  In addition, Hrycak [38] showed that the effect of curvature 

decreased with higher jet Reynolds numbers.  Fénot et al. [34] observed that local Nusselt 

numbers around the stagnation region increased slightly with increasing curvature, yet the 

average Nusselt number decreased due to confinement.  Lee et al. [35] varied the degree 

of curvature (D/d = 0.034 – 0.09) on a hemispherically concave surface, and also 

observed heat transfer enhancement at the stagnation point and wall jet for increased 

target surface curvature.  Lee et al. [35] attributed the enhancement to thinning of the 

boundary layer due to higher rates of acceleration with increasing curvature.  Cornaro et 

al. [37] demonstrated that jet vortex structures in the shear layer occur more rapidly with 

increasing curvature, leading to quicker degradation of the potential core.  Bunker and 

Metzger [39] performed an investigation on leading edge sharpness (see the test 
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Figure 3.2: Leading edge sharpness experimental apparatus [39]. 

 

apparatus in Figure 3.2).  Coolant was provided to a single line of equally spaced, round 

orifices.  The nozzle was located in a fixed position, and the location of the curved target 

surface was changed (target surface diameter was held constant).  A transient test 

technique with temperature-indicating paint was utilized to obtain detailed, two-

dimensional surface Nusselt numbers distributions.  A sharper nose yielded a more 

uniform Nusselt number distribution and less thermal stress on the target surface.     

 
Jet-to-Jet Spacing 

 
Decreasing the jet-to-jet spacing (s/d) can provide better coolant coverage on the 

target surface and, consequently, reduce the thermal stresses between the jets.  However, 

closer jet-to-jet spacing also requires higher coolant mass flow rate (i.e. more jets will be 
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required to cover the same span of target surface).  In equations 3.2 and 3.3, Chupp et al. 

[33] indicates that surface average Nusselt numbers continually increase with decreasing 

jet-to-jet spacing (s/d).  Tabakoff and Clevenger [40] investigated jets with jet-to-target 

spacing z/d = 1 and jet-to-jet spacing from s/d = 2.5-8.8.  For small jet-to-jet spacing, the 

authors measured local peaks in heat transfer between the jets due to up-wash.  Metzger 

et al. [36] investigated a single line of impinging jets with varying jet-to-jet spacing 

(s/d = 1.67, 3.33, and 6.67) and varying jet-to-target spacing (z/d). For all jet-to-jet 

spacing configurations, maximum heat transfer occurred when z = d.   

Research has indicated that the method for removing spent air after impingement 

affects the jet-to-jet spacing trend.  Typically, modern turbine blades employ large 

amounts of film cooling extraction in the leading edge; this is commonly referred to as 

showerhead film cooling.  After impingement the air flows through rows of holes on the 

target surface to the exterior of the blade.  This reduces jet deflection from cross-flow and 

the extracted coolant creates a protective buffer layer on the exterior surface of the blade.  

Bunker and Metzger [39, 41] investigated a row of circular jets (s/d = 3.33 and 4.67) with 

varying cooling extraction rates through two lines of film holes.  Compared to the 

baseline no extraction case, the authors found that the presence of film cooling increased 

the spanwise average Nusselt numbers.  Results also showed that the alignment of the 

impinging jets with the position of the film holes affects the rate of heat transfer.  The 

highest heat transfer was obtained when film holes were in-line with the jet orifices.   

 
High Temperature Impingement 

 
Recently, Martin et al. [5, 42, 43] expanded on the work of Chupp et al. [33] by 

experimentally investigating leading edge impingement with large temperature 
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differences.  The temperature difference between the jet and the target surface (ΔT) was 

60°F and 400°F.  The effect of jet Reynolds number (ReJet), jet-to-target surface spacing 

(z/d), jet-to-jet spacing (s/d), and target surface curvature (D/d) were also investigated.  

The heat transfer on the target surface was obtained experimentally with a modified 

lumped capacitance technique.   Large temperature differences yielded dramatically 

different heat transfer coefficients; however, it was determined that large temperature 

differences have negligible effect on Nusselt number distributions.  Figure 3.3 shows the 

Martin et al. [5] experimental results with the Chupp et al. [33] correlation prediction of 

the Nusselt number.  As shown in the figure, the temperature difference does not change 

the average stagnation Nusselt number.  Additionally, the work of Martin et al. [5] 

demonstrated that extrapolation of the Chupp et al. [33] correlation is valid (shown on the 

figure in dashed lines).  This result strengthened the Chupp et al. [33] correlation by 

confirming that it is applicable for any jet-to-target surface temperature difference; an 

important conclusion for engine designers who regularly deal with extremely high 

temperatures.   

 
Effect of Jet Orifice Shape 

 
The vast majority of impingement studies in open literature (e.g. Chupp et al. 

[33]) have investigated circular jets; however, there is evidence that other jet shapes may 

enhance heat transfer.  Taslim et al. [44, 45] performed a series of studies to investigate 

the effect of racetrack shaped jets impinging on a roughened leading-edge wall with film 

cooling holes.  A traditional steady state technique was used to measure the rate of heat 

transfer from circular and racetrack-shaped jets with an aspect ratio of approximately 3:1.  

Results showed that for a given jet Reynolds number, the racetrack jets produced higher  
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Figure 3.3: Nusselt number dependence on Reynolds number from high temperature jets 
(Chupp et al. [33] correlation results are plotted as lines) [5]. 
 

heat transfer rates than circular jets.  The velocity of the circular jets was approximately 

twelve percent higher, but the racetrack orifice provided a higher mass flow rate and 

better coverage on the target surface.  It should be noted the mass flow rate through the 

racetrack shaped jets was approximately double that of the circular jets in order to match 

jet Reynolds numbers.  Lee and Lee [46] observed that the aspect ratio of an elliptical jet 

influences heat transfer.  Relative to circular jets, elliptical jets significantly increase 
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turbulence intensity and the average target surface heat transfer.  Gulati et al. [47] 

observed that compared to circular and square jets, rectangular jets produce ten percent 

higher heat transfer.   

Recall that the Chupp et al. [33] correlation was developed for circular, square 

edge jets.  Due to casting limitations, square edge jets are not realistic in gas turbine 

blades; filleted edges are more likely. Riahi and Tapia [48] numerically investigated 

racetrack shaped jets with filleted edges.  The filleted edges reduced turbulence intensity 

in the jet and as a result the Nusselt numbers on the target surface decreased.  Brignoni 

and Garimella [49] investigated circular jets with varying degrees of chamfering.  Narrow 

chamfering decreased the pressure drop across the jet as well as heat transfer on the target 

surface.  Recently, a transient liquid crystal technique was used by Jordan et al. [10, 

50 - 52] to experimentally measure heat transfer coefficients of circular and racetrack 

shaped jets on a concave target surface.  In addition to hole-shape, the effect of entrance 

condition and jet contouring (e.g. fillet radius) were explored.  For all cases, the relative 

jet-to-jet spacing (s/d), jet-to-target surface spacing (z/d), and target surface curvature 

(D/d) were maintained at 8, 4, and 5.33, respectively.  The jet Reynolds number varied 

between 11500 and 40700.   The racetrack shaped holes consistently outperformed the 

cylindrical shaped holes (for a set mass flow rate), and a smaller fillet radius enhanced 

heat transfer.  Square edge holes provide the highest stagnation heat transfer coefficients; 

however, they incurred the largest frictional losses.  Figure 3.4 shows the stagnation 

Nusselt numbers in comparison to the Chupp et al. [33] correlation prediction.  The 

cylindrical jet results match the Chupp et al. [33] correlation well, but notice the racetrack 

jets provide enhanced heat transfer.   
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Figure 3.4: Nusselt number dependence on jet Reynolds number (the Chupp et al. [33] 
correlation is plotted with a dashed line for comparison) [10]. 

 

Summary 
 
 As demonstrated in the previous sections, many parameters affect the magnitude 

and distribution of the Nusselt number from an impinging jet.  In general, decreasing jet-

to-jet spacing (s/d) and jet-to-target surface spacing (z/d), as well as increasing the jet 

Reynolds number (ReJet) and the relative target surface curvature (D/d) are ways to 

increase the heat transfer from the target surface.  However, incorporating all of these 

effects into an impingement design is very challenging.   As mentioned in the 

Introduction chapter, one of the primary objectives of this study is to use CFD to develop 

a design correlation for the mean Nusselt number on the leading edge, taking into account 

all of the parameters that govern impingement heat transfer.  Several empirical design 
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correlations have already been published in open literature; however, none of them 

incorporate all of the governing impingement parameters (e.g. jet orifice shape) and they 

have all been developed for square edge jets.  Table 3.1 shows a summary of well known 

impingement design correlations, and the parameter ranges they cover.        

In the following sections, previous research on impinging jets performed with 

CFD will be presented.  Numerical modeling of impinging jets holds a lot of promise for 

quantifying the affects of various parameters quickly and inexpensively (which could 

lead to efficient design optimization); however, predicting jet flow is recognized as one 

of the most difficult challenges in the CFD community [16].  This is attributed to the fact 

that the majority of turbulence models were developed for flow parallel to surfaces (i.e. 

not for impingement) and the boundary conditions are not well posed.  The computational 

literature review will identify methods that have successfully (and unsuccessfully) 

predicted impingement heat transfer and provide a strong foundation for the present 

investigation.      

 
Table 3.1: Summary of impingement design correlations [8] 

 

Author Provides Surface Nozzle Type Parameter Ranges 

Goldstein and 
Behbahani [23] 

Nuavg Flat 
Single round 

nozzle 
35200 ≤ ReJet ≤ 120500 

z/dh,Jet = 6, 12 

Florschuetz et al. 
[25] 

Nuavg Flat 
Inline array of 
round nozzles 

2500 ≤ ReJet ≤ 70000 
1 ≤ z/dh,Jet ≤ 3 

Martin et al. [11] Nuavg Flat 
Inline array of slot 

nozzles 
1500 ≤ ReJet ≤ 40000 

1 ≤ z/(2B) ≤ 40 

Chupp et al. [33] Nuavg Concave
Inline Array of 
round nozzles 

3000 ≤ ReJet ≤ 15000 
1 ≤ z/dh,Jet ≤ 10 
4 ≤ s/dh,Jet ≤ 16 

1.5 ≤ D/dh,Jet ≤ 16 
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  CFD Prediction of Impinging Jets 
 

The complex features of impinging jets (e.g. stagnation, turbulence in the shear 

layer, and high acceleration in the wall jet) are extremely difficult to model in CFD 

simulations.  The primary challenge in predicting heat transfer comes from modeling the 

turbulent interaction with the wall [8].  Engine designers and researchers have utilized 

many two-equation turbulence models (e.g. k-ε, k-ω, V2F) to predict impinging jets with 

varying accuracy and precision.  Many of these studies showed a large difference 

between experimental and computational heat transfer results, especially in the stagnation 

region.  A review of two-equation turbulence models ability to predict impingement heat 

transfer and the flow field on an impinging jet presented below.   

 
The k-ε Model 

 
In general, the k-ε model is known for producing poor results for impingement 

heat transfer simulations.  According to an impingement review by Zuckerman et al. [8], 

the model does not predict separation and entrainment in the jet orifice accurately, and it 

regularly over-predicts the turbulent kinetic energy in the stagnation region. 

Craft et al. [53] investigated several forms of the k-ε turbulence model and analyzed their 

ability to accurately predict heat transfer.  A circular, fully developed jet (ReJet = 23000 

and 70000) impinging on a flat surface was investigated in each case.  The various k-ε 

models consistently over-predicted the Nusselt number compared to experimental results, 

sometimes by more than 100% in the stagnation region.  From a design perspective, this 

is troubling because over-prediction of the Nusselt number is worse than under-

prediction; it leads engine designers to believe that their jets are more effective at cooling 

than they are in reality.  Heyerichs and Pollard [54] investigated slot jets (i.e. rectangular 
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jets) with eight variants to the standard k-ε model (three different wall functions and five 

different wall damping functions).  For a flat plate with z/d = 2.6, the authors 

demonstrated Nusselt number errors ranging from -21.5 to +50%.  According to a 

numerical impingement review by Zuckerman et al. [8], these high errors are typical of 

the k-ε model.   

 
The k-ω Model 

 
 The k-ω model is known for producing accurate results in the wall jet region (both 

in the viscous sublayer and logarithmic region), but poor results in the free jet region.  

According to Zuckerman et al. [8], Nusselt number errors of up to 30% compared to 

experimental values are expected.  In a comparative study, Heyerichs and Pollard [54] 

demonstrated that the k-ω model can significantly outperform the k-ε model in 

impingement convective heat transfer prediction.  Two variants to the k-ω model were 

investigated (e.g. low-Re k-ω and Wilcox k-ω).  The Wilcox k-ω was found to produce 

the most accurate results (geometry: flat plate, z/d = 2.6); although, the model still over-

predicted the Nusselt number by 18% and did not accurately capture secondary peaks in 

the wall jet region.  In addition, the k-ω model converged to the solution at a higher rate 

than the k-ε model.  Martin et al. [5] employed the k-ω SST model in ANSYS CFX 12.0 

to investigate impingement onto a half cylinder with large temperature differences (∆T = 

60°F, 1000°F). The effect of jet Reynolds number (ReJet = 5000 – 25000), jet-to-target 

spacing (z/d = 2 – 8.5), jet-to-jet spacing (s/d = 2 – 8), and target surface curvature (D/d = 

3.6 and 5.5) were also investigated.  The y+ values on the target surface were generally 

between below 5.  Relatively accurate surface Nusselt numbers were attained, with an 

average error of 11% compared to experimental data.   
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The V2F Model 
 

In 1999, Behnia et al. [16] performed a parametric study of an impinging jet on a 

flat plate with the V2F and k-ε turbulence models.  Both the jet Reynolds number 

(ReJet = 10000 – 70000) and the jet-to-target surface spacing (z/d = 1 – 14) were varied.  

All computations were performed with a finite difference code developed by Rogers and 

Kwak [55].  Non-uniform, orthogonal, cylindrical grids with refinement near the wall 

were used.  The first grid point was at y+ = 1 or less.  The numerical results demonstrated 

that the V2F model predicted the Nusselt number accurately compared to experimental 

results (see Figure 3.5), whereas, it was highly over-predicted by the k-ε model.  The 

primary reason for the k-ε error was unrealistic prediction of turbulence in the stagnation 

region (see Figure 3.6).   Additionally, the authors found that the V2F model predicts the 

Nusselt number to vary with Re0.77, which is in good agreement with previous 

experimental research [29].  The authors concluded that the V2F model is superior to the 

k-ε model for impinging jet simulations.  Taslim and Bethka [56] and Elebiary and 

Taslim [57] performed investigations in FLUENT and STAR-CD using the V2F and k-ε 

turbulence models.  A wide range of parameters (e.g. target surface roughness, orifice 

shape, and film cooling rate) were investigated.  Numerical results were obtained from 

three-dimensional, unstructured meshes with approximately one million hexahedral 

elements.  The max y+ values on the target surface were between 4.5 and 20.  The best 

results were generated using the V2F turbulence model.  The agreement between the 

numerical and experimental results was reasonable with an average difference ranging 

from -8% to -20%.  Furthermore, Ibrahim et al. [58] investigated impingement on 

multiple surfaces (i.e. flat, concave, and convex) with the standard k-ε, k-ω, and V2F  
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Figure 3.5: Simulated Nusselt number distribution for the impinging jet on the flat plate 
z/d = 6 and Re = 23000 (the shaded zone is the band of experimental data sets) [16]. 
 

 

 
Figure 3.6: Shaded contours of turbulent kinetic energy for the impinging jet on the flat 
plate at z/d = 2 and Re = 23000 [16]. 
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turbulence models.  The commercial code FLUENT was utilized to perform the 

simulations, and a wide range of parameters (ReJet = 3000 – 23000 and z/d = 2 – 14) was 

tested.  The V2F produced the most accurate results compared to experimental results for 

all cases.   

 
Summary 

 
 Jet impingement has been studied both experimentally and numerically.  CFD has 

the potential to be an efficient and low cost method for improving impingement designs; 

however, numerical models that are capable of accurately predicting convective heat 

transfer must be developed first.  Table 3.2 shows a summary of previous numerical work 

performed, and the general performance of common models.  As demonstrated in the 

previous section, the V2F model is the most accurate two-equation turbulence model at 

predicting heat transfer.  Consequently, the present investigation utilizes this model to 

analyze leading edge impingement.   

 
Specific Objectives 

 
Using commercially available CFD code, an accurate numerical model can be 

implemented to investigate leading edge impingement.  The specific objectives of this 

study are to:  

1. Develop a leading edge model to predict the heat transfer coefficients from an 
impinging jet.  Validate the model by comparing the numerical predictions to the 
experimental results of Jordan [10] and Chupp et al. [33]. 
 

2. Perform a parametric study to investigate the effects of jet Reynolds number, jet-
to-target surface spacing, jet-to-jet spacing, relative target surface curvature, and 
jet aspect ratio on target surface Nusselt number. 
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3. Develop a new, empirical correlation for the surface average Nusselt number that 
expands on the work of Chupp et al. [33] by incorporating the effect of jet aspect 
ratio (AR) and fully filleted jets.   

 
4. Utilize the correlation to identify the optimal impingement geometry for leading 

edge heat transfer and perform a sensitivity analysis on the governing parameters. 
 
 

Table 3.2: Comparison of turbulence models for impinging jet simulations  
(adapted from [8]) 

 

Model 
Computational 

Cost 
Heat Transfer Prediction Publications 

Standard k-ε Low 
Poor: 

Nu error > 100% 

Behnia et al. [16] 
Craft et al. [53],  

Heyerichs and Pollard [54] 

k-ω Low-moderate 
Poor-fair: 

Nu error > 10 – 30% 
Heyerichs and Pollard [54], 

Ibrahim et al. [58] 

Realizable k-ε 
and other k-ε 

variations 
Low 

Poor-fair: 
Nu error > 30% 

Heyerichs and Pollard [54] 

k-ω SST Low-moderate 
Good: 

Nu error ~ 20 – 40% 
Martin et al. [53] 

V2F Moderate 
Excellent: 

Nu error ~ 2 – 30% 

Medic and Durbin [60], 
Durbin et al. [61], 
Behnia et al. [16], 
Ibrahim et al. [58] 
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CHAPTER FOUR 
 

Numerical Formulations 
 
 

 This chapter outlines the computational model developed to investigate leading 

edge jet impingement.  The study consisted of 118 test cases.  Four geometric parameters 

were independently varied and analyzed: jet-to-target surface spacing (z/d), jet-to-jet 

spacing (s/d), jet aspect ratio (AR), and target surface curvature (D/d).  The effect of jet 

Reynolds number (ReJet) was also considered.  The model geometry was based on the 

experimental apparatus used by Jordan [10].  Meshing and simulations were performed in 

the commercial CFD software package STAR-CCM+, by CD-Adapco, Inc.  The mesh 

contained primarily unstructured, polyhedral elements with high resolution near the target 

surface and through the jets.  Grid independent solutions were achieved with a mesh of 

approximately one million elements.  The RANS equations were solved with a steady 

simulation and the V2F turbulence model.  The model was validated by comparing the 

numerical results to the experimental results published in Jordan [10].  The model was 

then utilized to expand the experimental results to larger geometry ranges and flow 

conditions as well as gain insight into the driving mechanisms of impingement heat 

transfer.  The following topics will be discussed in detail below: model geometry, mesh 

generation, boundary conditions, turbulence model and solver, and model validation.   

 
Model Geometry 

 
The geometry for the current investigation represents the fluid domain of a 

modern leading edge cooling passage.  Figure 4.1 shows a diagram of a typical gas
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turbine blade with the leading edge supply duct and impingement cavity shaded [7].  

Figure 4.2 illustrates an overview of the computational model with the corresponding 

regions shaded in the same colors and labeled.  The specific dimensions for the baseline 

geometry were derived the experimental test apparatus used in Jordan [10].  The Jordan 

[10] facility was originally designed to be similar to the experimental setup of 

Chupp et al. [33]; therefore, the numerical results from the baseline geometry can be 

directly compared to experimental findings of Jordan [10] and Chupp et al. [33] for 

model validation.   

In every CFD simulation, the dimensions of the supply duct were exactly the 

same as the experimental apparatus.  However, the dimensions for the jet-to-jet spacing 

(s), jet-to-target surface spacing (z), and target surface curvature (D) (shown in red in 

Figure 4.2) varied from case-to-case.  Additionally, the cross-sectional area and aspect 

ratio of the orifices varied from case-to-case.  Two jet orifice shapes were considered in 

this investigation: cylindrical and racetrack.  Figure 4.3 qualitatively shows the difference 

between these two shapes.  The aspect ratio of a jet (AR) is defined as the length of the 

long axis (LA) to the length of the short axis (SA).  Circular jets have an aspect ratio of 

1:1, as their long axis and short axis lengths are equal.  Racetrack jets, by definition, 

always have an aspect ratio greater than one.  The range of jet aspect ratios investigated is 

1:1 – 8:1.   

 

 
Figure 4.1: Description of circular and racetrack shaped jets. 
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Figure 4.2: Gas turbine blade, left, with cross section, right (green supply channel and 
gold impingement cavity) [7]. 

 

 
Figure 4.3: Overview of computational model (units in cm). 
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Air enters the leading edge model through a cylindrical port, and then travels 

through a smooth, square, supply duct of height 5.08 cm.  The supply duct dampens some 

of the turbulent behavior of the air, but is not long enough to create fully developed flow.  

The air then turns 90 degrees and accelerates through 1.27 cm long, fully filleted orifices 

into the impingement cavity.  The sudden change of area through the orifices creates 

discrete, high velocity jets that impinge on the target surface.   Figure 4.4 shows a sample 

jet configuration.  The impingement cavity is bound by a half cylinder target surface of 

diameter, D, three walls, and fourteen ejection ports (seven on each side).  The ejection 

ports quickly remove the spent air and reduce cross flow effects in the impingement 

cavity.  The location of the ejection ports was the same with respect to the downstream 

edge of the jet orifice for all simulations.   

In this study, the size of the leading edge model is larger than the coolant channel 

in an actual engine blade, so the results must be non-dimensionalized to be meaningful 

for engine designers.  As mentioned in Chapter One, the diameter, d, of the jet has 

historically been classified as the characteristic length of an impingement device and used 

as the reference length for the non-dimensionalized parameters.  However, in the present 

study, both circular and non-circular (i.e. racetrack) shaped jets were investigated.  In 

fluid dynamics, it is common practice to use the hydraulic diameter, dh, for flows through 

non-circular passageways.  Therefore, the hydraulic diameter is employed as the 

reference length, in the present study.  The hydraulic diameter of a jet is defined as: 

Jet

Jet,c
Jet,h P

A
d

4
                                                       (4.1) 

where Ac,Jet is the cross sectional area of the jet and PJet is the perimeter of the jet.   
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Figure 4.4: Example jet configuration (units in cm). 

 

The ranges of non-dimensional parameters studied in this investigation are: 

3 ≤ z/dh,Jet ≤ 12, 3 ≤ s/dh,Jet ≤ 16, 3 ≤ D/dh,Jet ≤ 8, and 1 ≤ AR ≤ 8.  All of these ranges go 

above and below values that are typically expected in modern engine blades.  The 

individual test cases performed can be seen in Tables 4.1 – 4.3.  A wide variety of 

geometry combinations were simulated in order to fully characterize the leading edge 

impingement heat transfer trends.   

 
Numerical Grid 

 
The mesh development process for this investigation was extensive and thorough.  

It is well known that the quality of the mesh directly affects the accuracy and efficiency 

of the solution.  The mesh must be sufficiently dense in areas with high gradients in order 

to capture flow characteristics, such as turbulence, correctly.  However, extremely dense 

meshes require significant computational time to solve.  In general, as the size of the 

elements decreases, the numerical solution will approach the exact solution.  At some 

point, however, the mesh can become sufficiently fine that reducing it further will not 

affect the results.  This is known as grid convergence and corresponds to grid  
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Table 4.1: Constant Area Jets (Test Matrix 1) 
 

AR Ac,Jet dh,Jet s/dh,Jet z/dh,Jet D/dh,Jet ReDuct 

1:1 0.710 cm2 0.953 cm 8.0 4.0 5.3 10000, 20000, 30000

2:1 0.710 cm2 0.876 cm 8.7 4.3 5.8 10000, 20000, 30000

3:1 0.710 cm2 0.787 cm 9.7 4.8 6.4 10000, 20000, 30000

4:1 0.710 cm2 0.716 cm 10.6 5.3 7.1 10000, 20000, 30000

 
 

Table 4.2: Constant Hydraulic Diameter Jets (Test Matrix 2) 
 

AR Ac,Jet dh,Jet s/dh,Jet z/dh,Jet D/dh,Jet ReDuct 

1:1 0.710 cm2 0.953 cm 8 3, 4, 8, 12 5.3 10000, 20000, 30000

1:1 0.710 cm2 0.953 cm 3, 4, 16 4 5.3 10000, 20000, 30000

1.5:1 0.774 cm2 0.953 cm 3 4 5.3 10000, 20000, 30000

2:1 0.839 cm2 0.953 cm 8 3, 4, 8, 12 5.3 10000, 20000, 30000

2:1 0.839 cm2 0.953 cm 3, 4, 16 4 5.3 10000, 20000, 30000

3:1 1.03 cm2 0.953 cm 8 3, 4, 8, 12 5.3 10000, 20000, 30000

3:1 1.03 cm2 0.953 cm 4, 16 4 5.3 10000, 20000, 30000

4:1 1.23 cm2 0.953 cm 8 3, 4, 8, 12 5.3 10000, 20000, 30000

4:1 1.23 cm2 0.953 cm 4, 16 4 5.3 10000, 20000, 30000

6:1 1.68 cm2 0.953 cm 8 4 5.3 10000, 20000, 30000

8:1 2.13 cm2 0.953 cm 8 4 5.3 10000, 20000, 30000

 

Table 4.3: Variable Area and Hydraulic Diameter Jets (Test Matrix 3) 
 

AR Ac,Jet dh,Jet s/dh,Jet z/dh,Jet D/dh,Jet ReDuct 

1:1 2.25 cm2 1.69 cm 8 4 3 10000, 20000, 30000 

1:1 0.316 cm2 0.635 cm 8 4 8 10000, 20000, 30000 

4:1 3.95cm2 1.69 cm 8 4 3 10000, 20000, 30000 

4:1 0.555 cm2 0.635 cm 8 4 8 10000, 20000, 30000 
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independent results.  Grid independence is critical to any numerical study, and was one of 

the first priorities in validating the present numerical model.   

The commercially available CFD code, STAR-CCM+, was utilized to discretize 

the fluid domain into finite elements.  A variety of meshes ranging in size (100k – 5000k 

elements) and distribution (e.g. highly refined supply channel, structured elements in the 

supply channel and impingement cavity, solution refined meshes) were considered.  

Ultimately, grid independent solutions were achieved at a cell count of approximately 

one million elements (the exact number of elements depended on the specific geometry 

of the case).  A labeled diagram of the mesh and boundary conditions is provided in 

Figure 4.5.  The grid contained both structured and unstructured polyhedral elements.  

Polyhedral meshes offer a combination of speed, control and accuracy in CFD solutions 

[15].  Additionally, they have shown to produce more accurate results than tetrahedral or 

hexahedral mesh with the same number of elements [59].  Furthermore, polyhedrals make 

it easier to mesh complex geometric features; cells can be joined, split, or modified more 

freely. In the jet regions and near the target surface, volumetric controls were used to 

increase mesh density and align the elements to the flow direction (i.e. structure the 

elements).  Orienting the faces of the cells orthogonal to the flow direction is 

advantageous because it allows diffusive fluxes along the control volume faces to be 

computed more accurately.  Prism layers were used both on the target surface and inside 

the jet orifices in order to fully resolve the viscous sublayer.  Prisms are low aspect ratio, 

brick like elements used to increase the mesh density in the boundary layer.  They also 

improve the accuracy of the flow solution by orienting the cells orthogonal to the flow in 

areas with high velocity gradients (e.g. stagnation regions).  Ten prism layers were used 
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Figure 4.5: Numerical grid and boundary conditions. 

 

on the target surface.  The cell size near the target was reduced by refining the surface 

mesh to ten percent of the base size (base = 0.508 cm).  The maximum, minimum, and 

average cell sizes are 0.77 cm3, 4.54e-13 cm3, and 0.003 cm3 respectively (total volume ≈ 

2300 cm3).  Approximately 30 cells span the width of a single jet.  The maximum and 

minimum skewness angles were 83.9° and 1.11°, respectively.   

Grid independency was performed at the highest inlet Reynolds number 

(ReDuct = 30000).  Centerline Nusselt number distributions are shown in Figure 4.6, 

confirming that the results from the one million-element mesh are sufficient.  Great 

consideration was also given to the target surface y+ values, to ensure that the mesh 

resolved the viscous sublayer.  The average maximum y+ on the target surface for all 

cases was 2.7.  A sample y+ distribution on the target surface is shown in Figure 4.7.  

The figure represents a Reynolds number of ReDuct = 30000 (ReJet = 34600); this flow 

condition corresponds to the maximum jet Reynolds number, and the condition where 

grid independency was performed.  The y+ distribution is centered on the third (center) 

impinging jet.  At this elevated jet Reynolds number, the y+ values in the stagnation 

region are less than three.   
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Figure 4.6: Centerline Nusselt number comparisons for various mesh sizes  
(ReDuct = 30000, ReJet = 34600, z/dh,Jet = 4, s/dh,Jet = 8, D/dh,Jet = 5.3, AR = 2:1). 

 

 
Figure 4.7: Target surface y+ distribution for the highest jet Reynolds number 
(ReDuct = 30000, ReJet = 34600, z/dh,Jet = 4, s/dh,Jet = 8, D/dh,Jet = 5.3, AR = 2:1). 
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Boundary Conditions 
 

Boundary conditions were applied to the model to replicate the conditions of the 

physical experiment performed by Jordan [10].  A mass flow inlet was applied at the 

upstream boundary allowing the desired mass flow and temperature of the inlet air to be 

set.  The mass flow rate ranged from 0.0102 – 0.0305 kg/s.  The inlet air temperature was 

316.5K for all cases.  The outlets were modeled as pressure outlets, where the boundary 

gauge pressure was specified as 0.0 Pa.  A Dirichlet boundary condition (wall 

temperatures held constant at 294.3K) was specified on all of the surfaces.  A no slip 

condition was also placed on the surfaces.  Figure 4.5 illustrates the boundary conditions 

with the numerical grid (see page 52).   

 
Turbulence Model Selection and Validation 

 
The Reynolds-averaged Navier-Stokes equations were solved in STAR-CCM+ 

using a steady simulation.  Similar to the mesh development process, the turbulence 

model selection process was detailed and extensive.  Simulations were run with many of 

turbulence models, including: the k-ε (standard, V2F, two-layer, and realizable) and k-ω 

(standard, SST, and Wilcox) models.  The results were compared to the experimental 

results by Jordan [10] for multiple Reynolds numbers.  Figure 4.8 shows the laterally 

averaged Nusselt number, Nu , of three turbulence models with the experimental results 

[10] for ReJet = 11500 and 23000.  The lateral average is a spanwise average of the 

detailed Nusselt number distribution on the target surface.  As shown in the figure, the 

V2F model produced the most accurate flow and heat transfer results for the 

impingement simulations, and the standard k-ε model significantly over-predicted heat 

transfer on the target surface.  This was consistent with the other studies in literature (see 
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Zuckerman et al. [8]).  Therefore, the V2F turbulence model with all y+ wall treatment 

and the Durbin Scale Limiter realizability was chosen for the simulation of all cases.  As 

mentioned previously, this model offers improved prediction of turbulent kinetic energy 

production in the jet, and is recognized in open literature as the preferred turbulence 

model for the impinging jet problem [8, 16, 60, 61].  As shown in Figure 4.8, the results 

from the present model match the experimental Nusselt number averages incredibly well 

for two different jet Reynolds numbers.  Such close agreement in surface average Nusselt 

numbers gives confidence that the numerical model is capturing the flow and energy 

transport accurately.   

 

 
Figure 4.8: Experimental [10] and numerical comparison of the laterally averaged Nusselt 
number distributions for two flow conditions (ReJet = 11500, and 2300) and three 
turbulence models (Standard k-ε, k-ω SST, and V2F). 

 

The transport equations for the V2F turbulence model are shown in equations 

4.2 – 4.15 [16] on the next page.  In the equations, the standard k-ε type notation is used, 

and capital “D” is the material derivate.  Additionally, the values for the constants used in 

the V2F model are given in Table 4.4.  
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Table 4.4: V2F k-ε Model Coefficients [15] 
 

Variable Value

Cµ 0.19 

α 0.6 

Cε1 1.4 

Cε2 1.9 

σε 1.3 

C1 1.4 

C2 0.3 

Cη 70.0 

CL 0.23 

 

The flow and energy equations were solved in a segregated manner.  The linkage 

between the equations was achieved with a predictor-corrector and the SIMPLE 

algorithm [15].  Convection terms (viscous and energy) were calculated with a second-

order upwind scheme.  The velocity, pressure, segregated energy, and elliptic k-ε 

turbulence values were solved with the algebraic multigrid (AMG) Linear Solver and 

under-relaxation factors of 0.7 and 0.3 for the velocity and pressure, respectively.   

In all simulations air was modeled as an ideal gas.  The specific heat of air was 

calculated with an eighth order polynomial developed from the physical properties table 

in Incropera et al. [62].  Dynamic viscosity and thermal conductivity were calculated 

from Sutherland’s Law.  These equations were ultimately incorporated into the RANS 

equations to account for temperature effects in the fluid.  Now, with the inlet mass flow 

rate specified, boundary conditions defined, and numerical solver selected, it is possible 

to perform a heat transfer analysis. 
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Heat Transfer Analysis 
 

 For the given numerical model, the duct Reynolds number was calculated with 

Equation 4.16:   

 
InletDuct,c

Duct,hInlet
Duct A

dm
Re




                                                    (4.16) 

where ṁInlet is the mass flow rate specified at the inlet, µInlet is the dynamic viscosity of 

the air at the inlet (air = 316.5K), dh,Duct is the hydraulic diameter of the square supply 

channel, and Ac,Duct is the cross-sectional area of supply duct.  The mass flow rate through 

each jet was calculated in STAR-CCM+ by creating a threshold derived part through the 

center of the jet and generating a “mass flow report.”  The jet Reynolds number can be 

calculated with Equation 4.17: 

3,,

,3,Re
JetJetc

JethJet
Jet A

dm




                                                     (4.17) 

where ṁJet,3 is the mass flow rate of air through the threshold in the center of jet 3 (see 

Figure 4.9), µJet,3 is the dynamic viscosity of air at the reference probe, dh,Jet is the 

hydraulic diameter of the jet, and Ac,Jet is the cross-sectional area of the jet at the center 

(minimum).  The inlet mass flow rate ranged from 0.0102 – 0.0307 kg/s, resulting in 

corresponding, single-jet mass flow rates of 0.00204 – 0.0063 kg/s and jet Reynolds 

numbers of approximately 10000 – 70000 (aspect ratio dependent).  The mass flow rate 

through each jet was monitored in every simulation; and it was determined that the mass 

flow distribution through the five jets was almost perfectly uniform for every flow rate 

and geometry investigated.   

The objective of the current study was to obtain Nusselt number distributions on 

the curved target surface for a variety of flow rates and leading edge geometries.   
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Figure 4.9: The baseline leading edge channel geometry with the thresholds and reference 
locations used in the present heat transfer analysis labeled. 
 

Therefore, it is necessary to obtain the quantities (jet temperatures and wall heat flux) that 

are needed to calculate the heat transfer coefficient distributions.  For the current model, 

the heat transfer coefficients on the target surface are calculated with Equation 4.18: 

wallJet TT

q
h





3,

                                                      (4.18) 

where the boundary conduction heat flux, q  , is calculated from the energy equation in 

STAR-CCM+ (Equation 2.10), TJet,3 is the temperature with the reference probe at the 

inlet of the jet (see Figure 4.9), and TWall is the temperature of the target surface (always = 

294.3K).  The Nusselt numbers can be calculated with Equation 4.19: 

k

hd
Nu Jeth ,                                                         (4.19) 

where h is the heat transfer coefficient calculated in Equation 4.18,  and k is the thermal 

conductivity of air at the reference probe.  For the purpose of this investigation, the heat 

transfer analysis was focused only on the target surface above Jet 3 (shown in red in 

Figure 4.9).  Jet 3 experiences jet-to-jet interaction from both sides and therefore is an 
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appropriate selection.  Two interrogation regions on the target surface were investigated, 

the stagnation strip (SS) and the full period (FP).  The stagnation strip covers an area that 

is one period wide (7.62 cm in the x-direction for the baseline test case) and spans 11.5° 

in each direction from the stagnation line.  This region replicates the interrogation region 

used by Chupp et al. [33] and Jordan [10].  The full period covers an area that is one 

period wide and spans 90° in each direction from the stagnation line.  A threshold was 

created in STAR-CCM+ in order to obtain the stagnation strip and full period surface 

average Nusselt numbers.   

 
Summary 

 
A numerical model was developed in STAR-CCM+ to perform a sensitivity study 

on leading edge jet impingement parameters (i.e. ReJet, z/dh,Jet, s/dh,Jet, D/d,Jet, and AR).  

The baseline geometry for the investigation represents the fluid domain of the 

experimental apparatus used by Jordan [10].  For all cases, the computational domain 

contained approximately one million cells.    Both non-uniform and structured polyhedral 

elements were utilized; with high resolution near the solid boundaries and through the 

jets.  The RANS equations were solved with the V2F turbulence model, and all 

computations were performed with the AMG linear solver.  For all cases, the first grid 

point was at y+ ≈ 5 or less.  The model was validated by comparing the heat transfer 

results directly to the experimental results of Jordan [10] and Chupp et al. [33].  In the 

next chapter, the results of the parametric investigation will be critically discussed. 
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CHAPTER FIVE 
 

Results 
 
 

This chapter presents the results from the leading edge impingement study.  The 

investigation consisted of 118 numerical simulations (see Appendix C for the test case 

geometry details).  The geometry of z/dh,Jet = 4, s/dh,Jet = 8, D/dh,Jet = 5.3, AR = 2:1 was 

selected as the baseline geometry for this investigation due to its importance in the Jordan 

[10] experimental investigation.   Throughout the chapter the baseline geometry is used 

as a reference to quantify the affect of varying the primary geometric parameters 

(e.g. jet-to-target surface spacing (z/dh,Jet) and jet-to-jet spacing (s/dh,Jet)) on impingement 

heat transfer.  Detailed Nusselt number distributions and surface average Nusselt number 

values are presented to illustrate the heat transfer trends associated with these parameters.  

Additionally, contour and vector distributions of the flow field are shown to provide 

insight into why the heat transfer changes when the geometry is modified.   

 
Mass Flow Distribution 

 
Impingement heat transfer is strongly influenced by the velocity of the air in the 

impinging jet and the flow field in the leading edge region.  Therefore, before analyzing 

heat transfer trends, it is necessary to investigate the mass flow rate distribution through 

the jets.  The mass flow rate through each jet was monitored in every simulation, and it 

was determined that the distribution through the five jets was almost perfectly uniform 

for every geometry investigated.  Table 5.1 shows the mass flow rate through each jet for 

six, representative test cases.  The maximum difference between the measured value and   
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Table 5.1: Representative Mass Flow Rate Distribution  
(s/dh,Jet = 8, z/dh,Jet = 4, D/dh,Jet = 5.3) 

 

AR 
ṁDuct 
(kg/s) 

ṁJet,1 
(kg/s) 

ṁJet,2 

(kg/s) 
ṁJet,3 
(kg/s) 

ṁJet,4 

(kg/s) 
ṁJet,5 

(kg/s) 
Max Deviation from 
uniform distribution 

1:1 0.0102 0.0021 0.0020 0.0021 0.0020 0.0020 2.9% 

1:1 0.0205 0.0041 0.0041 0.0042 0.0041 0.0040 2.4% 

1:1 0.0307 0.0062 0.0061 0.0062 0.0061 0.0061 1.0% 

4:1 0.0102 0.0020 0.0021 0.0020 0.0020 0.0021 2.9% 

4:1 0.0205 0.0042 0.0041 0.0040 0.0041 0.0041 2.4% 

4:1 0.0307 0.0063 0.0062 0.0061 0.0060 0.0061 2.6% 

 

a perfectly even flow distribution is less than 3% (shown in the far right column).  

Therefore, the heat transfer results from one jet period are representative of any jet in the 

array.  Thus, all results in this chapter are presented for the centermost jet (spanning one 

geometric period in the streamwise direction) in the leading edge model.  Figure 5.1 

shows the flow-path of the air through the baseline geometry.  Twenty streamlines, 

colored by the velocity magnitude, are shown to demonstrate how the air travels through 

the supply channel and the five jet orifices.   

 

 
Figure 5.1: Streamlines colored by the velocity magnitude in the leading edge model 
(ReDuct = 10000, ReJet = 11500, s/dh,Jet = 8, z/dh,Jet = 4, D/dh,Jet = 5.3). 
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Effect of Jet Reynolds Number 
 

As mentioned in Chapter One, the jet Reynolds number (ReJet) is a non-

dimensional flow parameter that is directly related to the momentum of air exiting the jet 

orifice.  In the present investigation, the jet Reynolds number is varied from 

approximately 10000 – 70000 by adjusting the mass flow rate at the inlet of the supply 

duct.  The influence of the Reynolds number on impingement heat transfer is well 

established [6, 7, 11].  Increasing the jet Reynolds number increases the momentum of 

the jet – higher momentum jets create thinner viscous and thermal boundary layers in the 

stagnation and wall jet regions; this steepens the temperature gradient near the target 

surface and increase heat transfer.  Furthermore, higher velocity jets also promote 

elevated turbulence intensity near the target surface which enhances heat transfer 

(through turbulent mixing).   

Figure 5.2 illustrates the effect of the jet Reynolds number on target surface heat 

transfer in the present investigation.  In the figure, three dimensional views of the surface 

above the centermost jet (jet 3) are presented.  Detailed Nusselt number distributions on 

the target surface are shown for three jet Reynolds numbers (ReJet = 11500, 23000, 

34600).  Additionally, the “full period average Nusselt number” (NuFP) is displayed on 

the surface in white text, where the definition of NuFP is the surface average of the 

detailed Nusselt number distribution over one geometric period of the target surface.  

This value is a quantifiable measure of the total heat transfer from an impinging jet and is 

useful for engine designers.  As illustrated in the figure, increasing the jet Reynolds 

number leads to higher local Nusselt numbers as well as average Nusselt numbers.  For 

instance, the highest jet Reynolds number, case (c), yields the highest Nusselt number 
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Figure 5.2: Detailed Nusselt number distributions for varying jet Reynolds numbers (geometry: z/dh,Jet = 4, s/dh,Jet = 8,  
D/dh,Jet = 5.3, AR = 2:1). 
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magnitudes in the stagnation region.  In addition, increasing the jet Reynolds number 

from 11500 in case (a) to 23000 in case (b) nearly doubles the full period average Nusselt 

number (NuFP). 

Figure 5.3 also illustrates the relationship between the jet Reynolds number and 

the Nusselt number.  The full period average Nusselt number (NuFP) is plotted as a 

function of jet Reynolds number (ReJet) and jet-to-jet spacing (s/dh,Jet).  It is evident from 

the figure that increasing the jet Reynolds number leads to a steady increase of NuFP.   

The figure also reveals that the jet-to-jet spacing (s/dh,Jet) affects the rate at which the 

Nusselt number increases: closer jet-to-jet spacing yields a more steep increase in Nusselt 

number.  This effect is attributed to increased turbulent mixing in the impingement 

cavity, and will be discussed in detail in the next section.      

 

 
Figure 5.3: Full period average Nusselt numbers for varying jet Reynolds numbers and 
jet-to-jet spacing (geometry: z/dh,Jet = 4, D/dh,Jet = 5.3, AR = 2:1). 
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Effect of Jet-to-Jet Spacing 
 

The effect of jet-to-jet spacing (s/dh,Jet) on impingement heat transfer is 

demonstrated in Figure 5.4.   The figure shows three dimensional views of the Detailed 

Nusselt number distribution on the target surface above the centermost jet for two jet-to-

jet spacings (i.e. s/dh,Jet = 8 (a) and s/dh,Jet = 4 (b)).  Additionally, the full period average 

Nusselt number (NuFP) is shown on the surface in white text.  In order to provide the 

linkage between the heat transfer distribution and the geometry, detailed distributions of 

the vorticity magnitude are shown of the air in the channel, where vorticity, w


, is equal 

to the curl of the velocity field, v

, as described in Equation 5.1. 

vw


                                                         (5.1) 

The vorticity magnitude is the scalar absolute value of the vorticity, and it has units 1/s.  

Furthermore, velocity vectors are shown in the foreground of these figures in order to 

demonstrate the magnitude and direction of the flow.  Together, these values effectively 

illustrate jet-to-jet interaction and the level of turbulent mixing in the channel.  In each 

case, the subfigure spans 16 jet diameters in the x-direction.  As illustrated in the figure, 

smaller jet-to-jet spacing increases the number of jets in impinging on a span of the target 

surface; as a result, the mass flow rate in this region of the impingement cavity is 

increased.  Consequently the velocity of the air between the jets is greater for smaller jet-

to-jet spacing.  Looking at the cross-sectional views of the channel, the velocity between 

the jets is stagnant in case (a), as indicated by the small length of the velocity vectors.  

However, in case (b) the velocity is much larger (nearly half the jet velocity).  The higher 

air velocity in the impingement cavity for decreased jet-to-jet spacing leads to thinner 
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boundary layers and higher turbulence intensity in the wall jet: thus resulting in higher 

thus heat transfer. 

The proximity of the jets affects also significantly affects the boundary layer 

development in the wall jet region.  For instance, the close jet-to-jet spacing in case (b) 

restricts the growth of the boundary layer in the streamwise direction (x/dh,Jet); the air 

from the neighboring jets collides with the wall jet and disrupts the boundary layer before 

it has time to grow large.  As mentioned in Chapter One, thin thermal boundary layers 

correspond to high rates of heat transfer.  Therefore, close jet-to-jet spacing increases 

heat transfer in the streamwise direction by limiting boundary layer growth.  

Additionally, due to the confinement in the streamwise direction, the jets naturally 

expand more in the circumferential direction.  Expansion in the circumferential direction 

(y/dh,Jet) induces circumferential flow, which is analogous to flow over a concave surface.  

Mayle et al. [63] found that flow over concave walls in the circumferential direction 

induces Taylor-Görtler instabilities in the boundary layer.  These vortices provoke early 

transition to turbulent flow.  Consequently, closer jet-to-jet spacing restricts the growth of 

the boundary layer and produces greater instability in the wall jet.  These effects are 

illustrated with the detailed Nusselt number distributions on the target surface.  For the 

s/dh,Jet = 4 case, the stagnation and wall jet Nusselt numbers are elevated above those of 

the s/dh,Jet = 8 case.  Additionally, the stagnation region is expanded in the y direction as a 

result of increased circumferential flow.  Furthermore, there is significantly less low heat 

transfer area (blue) to bring down the full period average (NuFP) in the s/dh,Jet = 4 case.  

As a result, both the average and local Nusselt numbers are increased with smaller jet-to-

jet spacing.   
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Figure 5.4: The effect of jet-to-jet spacing (ReJet = 23000, z/dh,Jet = 4, D/dh,Jet = 5.3, and AR = 2:1). 
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Effect of Jet-to-Target Surface Spacing 
 

The effect of jet-to-target surface spacing (z/dh,Jet) is demonstrated in Figure 5.5 

with the numerical prediction of the vorticity magnitude in the leading edge channel and 

the detailed Nusselt number distribution on the target surface.  In Figure 5.5 a jet-to-

target surface spacing of z/dh,Jet = 4 and z/dh,Jet = 8 are shown in subfigures (a) and (b), 

respectively.  All other parameters remain constant between the two cases (ReJet = 23000, 

s/dh,Jet = 8, and D/dh,Jet = 5.3), and one geometric period in the streamwise direction is 

displayed.   

Impingement heat transfer is dependent on both the velocity of the air and the 

turbulent mixing on the target surface.  On the bottom of subfigures 5.5(a) and 5.5(b), the 

vorticity magnitude distributions in the centerline of the channel are displayed for the 

center jet (jet 3).  As mentioned previously, vorticity represents the frequency in which 

turbulent eddies are spinning, and thus reveals the level of turbulence in the flow field.  In 

both cases (a) and (b), the air exiting the orifice has high velocity (ReJet = 23000) and 

high turbulence intensity in the shear layer, as shown.  However, as the jet moves further 

away from the orifices, the turbulent eddies in the shear layer progressively lose energy 

to the entrained air surrounding the jet, and the vorticity magnitude degrades.  When the 

target surface is sufficiently close to the exit of the jet (as is the case with subfigure (a)), 

the jet impinges with high vorticity in the shear layer: resulting in high turbulent mixing 

in the stagnation and wall jet regions.  However, larger jet-to-target surface spacing (as 

shown in case (b)) provides more time for turbulence and velocity of the air to degrade.  

As a result, the jet strikes the target surface with less momentum and turbulence intensity: 

leading to lower heat transfer on the target surface.   
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Figure 5.5: The effect of jet-to-target spacing (ReJet = 23000, s/dh,Jet = 8, D/dh,Jet = 5.3, 
and AR = 2:1). 
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The detailed Nusselt number predictions on the target surface (displayed directly 

above the vorticity plots in Figure 5.5) illustrate the effect of jet-to-target surface spacing.  

As shown, both the full period Nusselt number, NuFP, and the local Nusselt number 

magnitudes are reduced with larger jet-to-target surface spacing.  Additionally, there is 

less high heat transfer coverage for larger jet-to-target surface spacing.  The degraded 

heat transfer is a direct result of the decreased momentum in the jet and lower turbulence 

intensity on the target surface.      

Figure 5.6 also illustrates the effect of jet-to-target surface spacing on average 

Nusselt numbers.  As mentioned in Chapters One and Three, the Nusselt number on the 

target surface is highly dependent on the potential core.  If the target surface is within the 

range of the potential core (z/dh,Jet = 4 – 6 [6]) the fluid velocity is nearly equal to the jet 

velocity at the exit of the orifice; consequently the jet will strike the surface with 

maximum momentum and the heat transfer magnitude is insensitive to  further z/dh,Jet 

reduction.  This trend is evident for the z/dh,Jet = 3 and 4 cases.  In these cases, the full 

period average Nusselt numbers are approximately equal over a wide range of jet 

Reynolds numbers.  However, for the larger jet-to-target spacing case (z/dh,Jet = 8), where 

the potential core is no longer impinging, heat transfer is significantly lower. 

 
Effect of Target Surface Curvature 

 
The effect of target surface curvature (D/dh,Jet) is demonstrated in Figure 5.7 with 

the numerical prediction of the Nusselt number on the target surface.  In the figure, the 

relative target surface curvature is decreased from left to right (Subfigure 5.6(b) 

represents the baseline test geometry (D/dh,Jet = 5.3)).  For each case, the jet Reynolds 

number, jet-to-jet spacing, and jet-to-target spacing are held constant (ReJet ≈ 40000,  
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Figure 5.6: Full period average Nusselt numbers for varying jet Reynolds numbers and 
jet-to-target spacing (geometry: s/dh,Jet = 8, D/dh,Jet = 5.3, AR = 2:1). 

 

s/dh,Jet = 8, and z/dh,Jet = 4).  In the present study, the D/dh,Jet ratio is adjusted by changing 

the diameter of the jet while holding the diameter of the target surface constant.  As 

shown in the figure, increasing the diameter of the jet orifice relative to the target surface 

diameter leads to higher heat transfer.  Additionally, as D/dh,Jet decreases, the shape of the 

stagnation region changes.  For small D/dh,Jet values (where the jet diameter is large), the 

jet makes contact with the target surface before the apex.  Figure 5.8 illustrates this 

phenomenon with a conceptual sketch.  Consequently, a kidney bean Nusselt number 

profile is exhibited on the target surface, where the highest Nusselt number magnitudes 

are outside the center of the stagnation region.  Furthermore, the Nusselt number in the 

wall jet is affected by the sharpness of the target surface curvature.  For high target 

surface curvature (e.g. D/dh,Jet = 3.0), the spent air must dramatically change direction 

after impinging, and accelerate along the wall at a sharper angle in the circumferential
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Figure 5.7: The effect of relative target surface curvature on Nusselt number (ReJet ≈ 40000, s/dh,Jet = 8, z/dh,Jet = 4, AR = 1:1). 
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Figure 5.8: Conceptual sketch of the jet making contact with the target surface for high 
and low target surface curvature (D/dh,Jet).  
 

direction.  As a result, stronger Taylor-Görtler vortices are induced in the wall jet region: 

leading to higher heat transfer.  Additionally, a relatively larger orifice diameter increases 

the stagnation region coverage on the target surface.  The D/dh,Jet trend is also apparent in 

Figure 5.9, where the full period average Nusselt number (NuFP) is shown as a function of 

jet Reynolds number (ReJet) for three D/dh,Jet geometries.  The figure clearly shows that 

the rate that the Nusselt increases with respect to jet Reynolds number is significantly 

higher for higher target surface curvature (lower D/dh,Jet values), as a result of the 

previously mentioned effects.   

 
Effect of Jet Aspect Ratio (AR) 

 
The structure of an impinging jet is significantly affected by the aspect ratio of the 

jet orifice.  Figure 5.10 displays the aspect ratio effect on the velocity profile of a jet.  In 

subfigure (a), the jet is circular and has an aspect ratio of AR = 1:1, and in subfigure (b) 

the jet is racetrack shaped with an aspect ratio AR = 4:1.  For both cases the jet-to-jet 

spacing, jet-to-target surface spacing, and relative target surface curvature are held 

constant (s/dh,jet = 8, z/dh,jet = 4, and D/dh,jet = 4).  Five slices at constant z/dh,Jet 
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Figure 5.9: The effect of target surface curvature on full period average Nusselt numbers 
(geometry: s/dh,Jet = 8, z/dh,Jet = 4, AR = 1:1). 
 

have been made through each jet (z/dh,Jet = -0.67, 0, 1, 2, and 3), and the normalized 

velocity distributions are shown on each slice.  The normalized velocity is defined as the 

local velocity magnitude divided by the maximum velocity magnitude in the jet, V/Vmax, 

where Vmax is typically observed in the center of the jet at z/dh,Jet = -0.67 (the minimum 

diameter of the fully filleted jet).  Displaying the normalized velocity as opposed to 

directly comparing velocity magnitudes is useful when comparing jets of different aspect 

ratios.  This is due to the fact that increasing the aspect ratio of the jet, while maintaining 

a constant hydraulic diameter, changes the cross-sectional area of the jet.  As a 

consequence, jets with equivalent mass flow rates (and jet Reynolds numbers) but 

different aspect ratios have different exit velocities; therefore, the normalized velocity is 

necessary for comparison.  As shown in the figure, the velocity of the air in both (a) and 

(b) is nearly uniform and equal to the maximum velocity uniform in the center of the jet 
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orifice (z/dh,Jet = -0.67) for both cases.  However, as the air leaves the fully filleted orifice, 

the effects of entrainment are immediately observable.  Strong shear forces around the 

periphery of the jet induce a steep velocity gradient.  Additionally, fluid in the near 

vicinity is pulled along with the jet as a result of its high momentum.  Consequently, the 

velocity profile is widened and the air velocity decreases in the periphery of the jet.  

However, at the axial center of the jet (inside the shear layer), the air remains unaffected 

by entrainment and the velocity of the jet is approximately equal to the exit velocity (i.e. 

V/Vmax ≈ 1).  This region is referred to as the potential core.  As shown in the figure, the 

shear layer grows inward uniformly at all z/dh,Jet locations for the circular jet, due to 

equally distributed shear forces around the jet.  As a result, the jet has an axisymmetric 

profile.  On the other hand, racetrack shaped jets have a two-dimensional flow profile and 

the shear forces act on the outer edges of the jet unequally from the x and y directions.  

Consequently, the potential core diminishes more rapidly in the y-direction than that of a 

circular jet, as shown in subfigure (b).  For both cases (a) and (b), the shear layer 

eventually diminishes the potential core; this is symbolized by the absence of dark red 

contours (V/Vmax = 1).  However, as shown with the z/dh,Jet = 3 isosurface, the potential 

core breaks down approximately one diameter further away from the exit of the orifice 

for the circular jet (AR = 1:1) than the AR = 4:1 geometry.   

Figure 5.11 shows the normalized velocity profile of each jet in the y-direction for 

three z/dh,Jet locations (z/dh,Jet = 1, 2, and 3).  Initially, both profiles are approximately 

equal (the AR = 4:1 case is slightly more narrow because the short axis is more narrow 

than the diameter of the circular jet) and the potential core is intact at a distance 

z/dh,Jet = 1.  However, at z/dh,Jet = 2, the peak velocity of the AR = 4:1 jet has already
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Figure 5.10: The effect of jet aspect ratio on the potential core length (s/dh,Jet = 8, z/dh,Jet = 4, D/dh,Jet = 5.3, ReJet = 11500). 
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dropped to approximately 85 percent of its exit velocity; symbolizing a diminishing 

potential core.  The profile for the AR = 4:1 case is also wider than the circular jets, 

which is counterintuitive because the racetrack jet was initially narrower in this direction.  

At z/dh,Jet = 3, the velocity of the  AR = 4:1 jet has dropped to sixty percent of its original 

value and is considerably wider than the circular jet.  This indicates that the racetrack 

shaped jet is transferring more momentum to the surrounding air and as a result more 

slow moving air is being entrained.    

The flow effects have a pronounced impact on the Nusselt number distribution on 

the target surface.  Due to the two-dimensional profile of the racetrack shaped jets, the 

length of the potential core is limited by the width of the short axis.  Consequently, the 

potential core of a racetrack shaped jet will always diminish in a shorter distance than a 

circular jet of equal hydraulic diameter.  However, as demonstrated in Figures 5.10 and 

5.11, the velocity profile of a racetrack shaped jet expands outward more quickly than a 

circular jet.  Therefore, racetrack shaped jets may impact the target surface with less 

velocity but covering a larger surface area (depending on the jet-to-target distance 

(z/dh,Jet).  Therefore, the aspect ratio of the jet relative to the jet-to-target spacing is a very 

important design consideration.  If the jet-to-target spacing is sufficiently close, racetrack 

shaped jets have the potential to increase target surface heat transfer due to the expanded 

coverage and increased momentum from entrained air.  For large jet-to-target spacings, 

the potential core will diminish before the surface and the decrease in velocity will result  

in significantly lower heat transfer than a circular jet.  Utilizing the largest aspect ratio jet 

that still allows the potential core to reach the surface will result in the highest heat 

transfer.   
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Figure 5.11: Normalized velocity profile at three z/dh,Jet locations for a circular 
(AR = 1:1) and racetrack (AR = 4:1) shaped jets (s/dh,Jet = 8, z/dh,Jet = 4, D/dh,Jet = 5.3, 
ReJet = 11500).  
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Figure 5.12 also demonstrates the effect of increasing the jet aspect ratio.  The full 

period Nusselt number (NuFP) is shown as a function of jet Reynolds number (ReJet) and 

jet aspect ratio (AR).  For each aspect ratio, the hydraulic diameter, the jet-to-target 

spacing, and jet-to-jet spacing of the channel were held constant (dh,Jet = 0.9525 cm, 

z/dh,Jet = 4, and s/dh,Jet = 8).  As shown in the figure, increasing the jet aspect ratio appears 

to steadily increase the Nusselt number.  However, this is an artifact of the definition of 

the jet Reynolds number (Equation 4.17).  Because the jet Reynolds number is based on 

the hydraulic diameter of the jet, larger aspect ratios require more mass flow rate to 

achieve the corresponding jet Reynolds number of a smaller aspect ratio.  The black, 

dashed lines connect data points of equal mass flow rate.  For this geometry (z/dh,Jet = 4 

and D/dh,Jet = 5.3), the general trend is decreased heat transfer with increasing aspect ratio 

(for a constant mass flow rate).  However, as mentioned before, for sufficiently small jet-

to-target spacings, larger aspect ratios can potentially enhance heat transfer.   

 

 
Figure 5.12: Effect of jet aspect ratio on full period average Nusselt numbers  
(geometry: s/dh,Jet = 8, z/dh,Jet = 4, D/dh,Jet = 5.3). 
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Summary 
 

 A summary of the 118 simulations from this investigation is shown in Figure 

5.13.  In the figure, the full period Nusselt number (NuFP) is shown as a function of jet 

Reynolds number (ReJet) for a wide array of leading edge geometries.  The aspect ratio is 

varied from AR = 1:1 – 8:1, jet-to-jet spacing is varied from s/dh,Jet = 3 – 16, jet-to-target 

surface spacing is varied from z/dh,Jet = 3 – 12, and target surface curvature is varied from 

D/dh,Jet = 3 – 8.  As demonstrated by the spread of data in the figure, heat transfer is not 

solely governed by the Reynolds number of the jet.  The geometry of the leading edge 

can significantly increase or decrease the Nusselt number.  CFD has provided insight into 

why these parameters affect heat transfer.  The next step in the present investigation is to 

quantify these effects.   The ultimate objective is to develop a design correlation that 

accurately predicts the Nusselt number for a wide range of flow conditions and leading 

edge geometric parameters.  The Baylor Correlation is introduced and discussed in detail 

in the next chapter.    

 

 
Figure 5.13: Full period average Nusselt numbers vs jet Reynolds number. 
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CHAPTER SIX 
 

The Baylor Correlation 
 
 

In this chapter, a dimensionless correlation for the full period average Nusselt 

number is presented.  The correlation provides a rapid and inexpensive method for engine 

designers to predict heat transfer coefficients over a wide range of possible design 

configurations.  Additionally, the correlation can be used to identify the optimum heat 

transfer design as well as provide design flexibility for targeted heat transfer rates.   

 
The Demand for a New Impingement Design Correlation 

 
In order to predict the blade temperature, the designer of a gas turbine blade must 

know the heat flux through the blade wall.  As discussed in Chapter One, the heat transfer 

coefficient is proportional to the heat flux. 

refw
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Therefore, with knowledge of the heat transfer coefficient or the Nusselt number, blade 

designers can calculate the heat flux and predict blade wall temperatures.  Recall the 

work of Chupp et al. [33].  The authors concluded that the Nusselt number from 

impinging jets was dependant on the jet Reynolds number and four geometric parameters, 

as shown in Equation 6.2. 
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A correlation was developed for the surface average Nusselt number for square edge, 

circular jets was developed (as shown in Equation 6.3). 
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This correlation predicts heat transfer over a wide range of jet Reyonlds numbers and 

flow conditions, and is widely used in the turbomachinery industry today.  However, 

since the work of Chupp et al. [33], Jordan [10] and others [44-52] have established that 

the jet shape and contouring also impacts impingement heat transfer.   

To evaluate the ability of the Chupp et al. [33] correlation to predict the Nusselt 

number from jets with varying aspect ratios, equation 6.3 is modified to incorporate the 

hydraulic diameter.  The jet diameter, d, is replaced by the jet hydraulic diameter, dh,Jet, 

and the new equation is shown below.  
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Figure 6.1 shows a scatter plot of the 118 test cases from the present investigation (with 

varying jet shape and fully filleted jets); the magnitude of NuSS predicted by STAR-

CCM+ is shown on the y axis, and the magnitude of NuSS predicted by Equation 6.4 is 

shown on the x axis.  This type of plot is commonly used to evaluate the precision of a 

correlation.  Perfect agreement between the data and the correlation’s prediction would 

result in the data lining up along a 45° line (i.e. x = y), shown with the solid black line in 

Figure 6.1.  Deviation from the 45° line indicates that the correlation does not accurately 

represent the data, or the data is sensitive to a parameter not included in the correlation.  

As shown by the figure, the spread of data (greater than 25%) reveals that the 

employment of the Chupp et al. [33] correlation for predicting the Nusselt number of 

fully filleted jets with varying aspect ratio is not ideal.   
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Figure 6.1: Stagnation strip average Nusselt number prediction comparison. 

 

With that said, the pioneering work of Chupp et al. [33] demonstrated that the 

Nusselt number from an impinging jet can be described by a power function of the form:  

m
JetFP ANu Re                                                     (6.5) 

where A and m are referred to as the leading coefficient and exponent, respectively, and 

their magnitudes are a dependant on the geometry of the jet.  For instance, in Equation 

6.3, the leading coefficient is equal to: 
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and the exponent equals 0.7.  Chupp et al. [33] revealed that adjusting the values of A and 

m can account for the changes in the Nusselt number with geometry.     

The present study seeks to develop a new correlation for the Nusselt number of a 

fully filleted jet that accounts for the parameters investigated in the Chupp et al. [33] 

study (i.e. z/d, s/d, D/d, and ReJet), as well as varying jet aspect ratio.  Figure 6.2 shows  
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Figure 6.2: Full period average Nusselt number vs jet Reynolds number. 

 

NuFP as a function of jet Reynolds number for all 118 cases investigated in this study.  A 

best-fit curve in the form of Equation 6.5 is drawn through the center of the data.  As 

expected, the curve captures the general trend of the average Nusselt number.  However, 

the spread of data about the curve confirms that jet aspect ratio can significantly affect 

the Nusselt number on the target surface.  If the effects of geometry can be quantified 

with the leading coefficient, A, and exponent, m, then a new correlation can be developed 

that is applicable to modern engine designers than that Chupp et al. [33] correlation.    

 
Development of the Baylor Correlation 

 
In order to develop a new correlation for the Nusselt number, the trends 

associated with the primary geometric parameters must be established.  Figure 6.3 

illustrates the first step in the correlation development process.  The figure shows the 

relationship between the full period average Nusselt number (NuFP) and the jet Reynolds  
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Figure 6.3: Full period average Nusselt numbers for varying jet Reynolds numbers and 
jet-to-jet spacing (geometry: z/dh,Jet = 4, D/dh,Jet = 5.3, AR = 4:1). 
 

number (ReJet) for multiple jet-to-target spacings (s/dh,Jet).  Three best-fit curves in the 

form of Equation 6.5 are displayed with the data.  As shown, when the geometry of the 

impingement device is fixed, and only the jet Reynolds number is varied, an equation in 

the form of Equation 6.5 describes the full period average Nusselt number well (each 

geometry has a unique equation).  Due to intellectual property rights, the values of the 

constants that describe these specific cases cannot be shown.  Figure 6.3 and other similar 

figures were used to establish the trends associated with every geometric parameter.  

Once these trends were defined, empirical equations that describe the relationship 

between the geometry and the leading coefficient, A, and exponent, m, were developed.  

These new equations were then combined and substituted into Equation 6.5 in place of A 

and m, resulting in a single correlation that incorporates all of the geometric trends.  The 

full process for developing the correlation is discussed in detail in Appendix A.   
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Through the correlation process, it was determined that both the leading 

coefficient and exponent in Equation 6.5 are influenced by the impingement geometry. 
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The final correlation for the full period average Nusselt number (developed from the 

process described in Appendix A) is shown in Equation 6.8 below:  
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where ReJet is the jet Reynolds number, z/dh,Jet is the jet-to-target surface spacing, s/dh,Jet 

is the jet-to-jet spacing, D/dh,Jet is the relative target curvature, and LA/SA is the long axis 

of the jet divided by the short axis of the jet (the jet aspect ratio).  The equation has been 

rearranged from the form of Equation 6.5 to the form of Equation 6.9 in order to resemble 

the Chupp et al. [33] correlation. 

ANu m
JetFP  Re                                                    (6.9) 

To protect intellectual property, the values of the constants a – h will not be presented in 

this thesis.  In the complete form, this correlation accurately predicts the Nusselt number 

as a function of the governing parameters, and henceforth, will be referred to as the 

Baylor Correlation.  The correlation is valid for fully filleted jets with 0 ≤ ReJet ≤ 70000, 

3 ≤ z/dh,Jet ≤ 12, 3 ≤ s/dh,Jet ≤ 16, 3 ≤ D/dh,Jet ≤ 8, and 1:1 ≤ AR ≤ 8:1.  The absolute 

deviation of the correlation from the numerical data is 3.82%.  Figure 6.4 demonstrates 

the precision of the correlation.  Similar to Figure 6.1, a scatter plot of the 118 test cases  



88 

 
Figure 6.4: Baylor correlation vs CFD prediction of the average Nusselt number. 

 

in the present investigation (see Tables 4.1 – 4.3) is shown, with the magnitude of NuFP 

predicted by STAR-CCM+ on the y axis, and the magnitude of NuFP predicted by the 

Baylor Correlation on the x axis.  Again, perfect agreement between the data and the 

correlation’s prediction would result in the data lining up along a 45° line (i.e. x = y).  As 

shown by the figure, the coefficient of determination, R2, for the Baylor Correlation is 

0.992.  Additionally, the spread of data is less than 5 percent, revealing the precision of 

the correlation.  Recall that the Chupp et al. [33] correlation resulted in a spread of data 

greater than 25 percent.   

Although the constants a – h cannot be published, the form of the correlation still 

indicates how the geometry affects the Nusselt number.  In Equation 6.8, the jet-to-target 

surface spacing parameter appears three times: once in the exponent, m, and twice in the 

leading coefficient, A.  The terms in the exponent and in front of the exponential account 

for the slope variation in Nusselt number with respect to jet Reynolds number.  Inside the 
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exponential, the z/dh,Jet term is coupled with the aspect ratio to account for the aspect ratio 

affect on Nusselt number magnitude (as shown in Figure 5.12).  Together these terms 

account for decreasing surface heat transfer with increasing jet-to-target spacing (z/dh,Jet).  

Furthermore, the s/dh,Jet term appears only once in the leading coefficient of Equation 6.8.  

This term accounts for reduction in the Nusselt number with increasing jet-to-jet spacing.  

Furthermore, the overall effect of increasing the relative target surface curvature (D/dh,Jet) 

is captured with an exponentially decaying function acting on the leading coefficient, A.        

 
Advantages of the Correlation 

 
The Baylor Correlation is an extremely useful tool for engine designers.  The 

correlation can be used to predict the Nusselt number over a wide range of possible 

designs.  Additionally, the correlation makes it possible to perform a sensitivity analysis 

on the parameters.  In a sensitivity study, the variables of one specific parameter (e.g. 

aspect ratio) are perturbated, while holding the other parameters constant, in order to 

determine the effect of changing that variable slightly on the Nusselt number.  This is 

useful when optimizing a parameter for a specific design (e.g. what is the optimum aspect 

ratio when z/dh,Jet = 5.2,  s/dh,Jet = 7.6,  D/dh,Jet = 6.1 and ReJet = 17500?).   

The Baylor Correlation also makes it possible to directly compare jets with 

different aspect ratios.  As mentioned in Chapter Five, jets of varying aspect ratios have 

unequal cross-sectional areas, due to the definition of the hydraulic diameter.  Therefore, 

for a constant jet Reynolds number, the exit velocity of the jets will be unequal; making it 

difficult to compare the non-dimensional heat transfer trends.  The correlation can be 

used to compare jets of constant area (and unequal hydraulic diameter) quickly and 

efficiently.  For example, a MATLAB routine (see Appendix B) was developed to 
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illustrate this capability of the Baylor Correlation.  The mass flow rate was held constant 

(0.002 kg/s) for all cases; corresponding to a jet Reynolds number of 15000 for a circular 

(AR = 1:1) jet.  The thermal conductivity (k) and viscosity (µ) of the air were also 

constant.  Every geometric parameter in Equation 6.8 (i.e. z/dh,Jet, s/dh,Jet, D/dh,Jet, and AR) 

was independently varied and the Nusselt number was calculated with the Baylor 

Correlation.   Figure 6.5 shows the predicted Nusselt number over the range of 

parameters investigated.  The cube is distorted near the top, where the aspect ratios are 

high, because the hydraulic diameter (dh,Jet) decreases for increasing aspect ratio (when 

the cross-sectional area of the jet is held constant).  As a result, dimensional lengths lead 

to variable non-dimensional lengths.  On the cube, high Nusselt numbers are shown in 

red, and low Nusselt numbers are blue.  As can be seen in the figure, the general trend for 

decreasing jet-to-target surface spacing and jet-to-jet spacing is increased heat transfer, as 

expected; however, the aspect ratio trend is more complex.  

Figure 6.6 illustrates the aspect ratio trend very clearly.  Three slices of the cube 

(from Figure 6.5) at different jet-to-jet spacings (i.e. s/dh,Jet = 4, 6, and 8) are shown, and 

the Nusselt number distribution is plotted for varying combinations of aspect ratio and 

jet-to-target spacing.  The general trend when moving from slice (a) to slice (c), where 

jet-to-jet spacing is increased, is decreased heat transfer.  In all cases, high heat transfer is 

achieved for low z/dh,Jet and AR values.  However, close inspection of subfigure (a) 

reveals that for very low aspect ratios, there is a slight peak in the contour plot.  This is 

very exciting, because it indicates that an optimum aspect ratio exists for s/dh,Jet = 4.  

Optimums also exist at s/dh,Jet = 6 and s/dh,Jet = 8, as similar peaks can be seen in 

subfigures 6.6(b) and 6.6(c).     
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Figure 6.5: Full period average Nusselt number predicted by the Baylor Correlation over 
a wide range of possible geometric configurations. 
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Figure 6.6: Full period average Nusselt number predicted by the Baylor Correlation for 
constant jet-to-jet spacing. 

 

One of the greatest strengths of the Baylor correlation is that it provides flexibility 

for an engine designer.  For instance, if a designer knows that a specific Nusselt number 

is necessary to cool the leading edge, the correlation can identify many possible 

configurations capable of achieving that Nusselt number.  For instance, in Figure 6.7, 

three slices through the 4D cube (from Figure 6.5) are made at constant Nusselt numbers.  

These isosurfaces span the specific combinations of geometric parameters (i.e. z/dh,Jet, 

s/dh,Jet, and AR) capable of providing the desired cooling rate.  The orange slice 

corresponds to combinations that yield high Nusselt numbers, and the green and blue 

slices correspond to moderate and low Nusselt numbers, respectively.  Therefore, if a 

blade designer knows the exact rate of heat transfer needed in the leading edge, this 

figure can identify possible combinations that can achieve the in the leading edge.   
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Figure 6.7: Full period average Nusselt number predicted by the Baylor Correlation for 
constant Nusselt numbers (orange = high, green = moderate, blue = low). 
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Summary 
 

Over one hundred numerical simulations were performed to fully characterize the 

trends associated with the jet Reynolds number (ReJet), jet-to-target surface spacing 

(z/dh,Jet), jet-to-jet spacing (s/dh,Jet), relative target surface curvature (D/dh,Jet), and jet 

aspect ratio (AR).  The results obtained in this investigation agree with results previously 

published in open literature.  Similar to the Chupp et al. [33] correlation, the Baylor 

Correlation shows that as the jet Reynolds number increases, the Nusselt number 

increases to a power.  Additionally, the Baylor Correlation predicts increased heat 

transfer for decreasing jet-to-jet and jet-to-target surface spacing.  However, the Baylor 

Correlation is the first impingement correlation to quantify the affect of varying jet aspect 

ratio.  Furthermore, the correlation was developed for fully filleted jets, which is a 

realistic feature in engine blades due to manufacturing limitations.  With these 

advancements, the Baylor Correlation fits the numerical data with an average absolute 

deviation of 3.82%, compared to the Chupp et al. [33] correlation of over 9%.   
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CHAPTER SEVEN 
 

Conclusions and Recommendations 
 
 

Gas turbine engines play a vital role in the world energy economy.  They are 

efficient and reliable power producing machines, used in a variety of applications 

including aircraft propulsion and land-based electricity generation.  Increasing the 

efficiency of gas turbine engines can dramatically improve our energy economy and 

reduce greenhouse gas emissions.  One way to improve the power output is to elevate the 

temperature of the hot gas flowing through the turbine stages; however, in contemporary 

engines, the gas temperature already exceeds the metallurgical limits of the turbine 

blades.  Therefore, more effective cooling strategies need to be developed.  This could 

reduce the amount of air bleed from the compressor while maintaining safe operating 

temperatures in the engine.   

The leading edge region of gas turbine blades experiences some of the most 

severe heat loads in the engine.  Typically, an inline array of impinging jets is used to 

cool this region.  As a result, the convective heat transfer and flow conditions inside the 

leading edge are very complex.  In this study, a numerical investigation of the jet 

Reynolds number and leading edge geometric parameters was performed.  It was 

determined that subtle changes in the geometric parameters and flow conditions can 

significantly change the cooling rates on the blade surface.  A design correlation was 

ultimately developed that is capable of accurately predicting the average Nusselt number 

on the leading edge for a wide array of possible impingement designs.  This correlation 
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can help engine designers identify the optimal geometry, which will ultimately improve 

the efficiency and durability of gas turbine engines 

 
Summary of the Numerical Investigation 

 
A numerical model was developed and validated in the commercial CFD software 

STAR-CCM+, utilizing the V2F turbulence model.  The computational domain contained 

approximately one million cells in all simulations.  Both non-uniform and structured 

polyhedral elements were utilized, with high resolution near the solid boundaries and 

through the jets.  For all cases, the first grid point was at y+ ≈ 5 or less.  The numerical 

results matched the experimental heat transfer results of Jordan [10] and Chupp et al. [33] 

incredibly well over a wide range of jet Reynolds numbers.  Such close agreement gives 

confidence that the numerical model can capture the flow and energy transport 

accurately. 

Over one hundred numerical simulations were performed to fully characterize the 

trends associated with the jet Reynolds number (ReJet), jet-to-target surface spacing 

(z/dh,Jet), jet-to-jet spacing (s/dh,Jet), relative target surface curvature (D/dh,Jet), and jet 

aspect ratio (AR) in a leading edge impingement model.   In all cases, the jets were 

equally spaced and had fully filleted edges.  In general, the trends matched the 

established experimental trends [5-7, 9-11]; however, the CFD simulations provided 

added insight into the driving mechanisms that govern heat transfer.  The most interesting 

results were obtained for varying the aspect ratio of a racetrack shaped jet.  Due to the 

two-dimensional profile of the racetrack shaped jets, the length of the potential core is 

limited by the width of the short axis.  Consequently, the potential core of a racetrack 

shaped jet will always diminish in a shorter distance than a circular jet of equal hydraulic 
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diameter.  However, the velocity profile of a racetrack shaped jet expands outward more 

quickly than a circular jet.  Therefore, racetrack shaped jets may impact the target surface 

with less velocity but covering a larger surface area (depending on the jet-to-target 

distance (z/dh,Jet).  As a result, the aspect ratio of the jet relative to the jet-to-target 

spacing is a very important design consideration.  Racetrack shaped jets have the ability 

to enhance target surface heat transfer over that of circular jets – due to the expanded 

coverage – as long as the target surface is within range of the potential core.   

Furthermore, the numerical results were utilized to develop the Baylor Correlation 

(Equation 6.8); a dimensionless correlation for full period average Nusselt number from 

an impinging jet.   It was determined that the Nusselt number is depended on many 

parameters: 
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                                 (7.1)                              

The correlation was developed for fully filleted jets and is valid over a wide range of 

possible geometric configurations.  It expands on previous work by incorporating the jet 

aspect ratio for the first time.  A correlation for the Nusselt number makes it possible for 

engine designers to quickly and accurately predict turbine blade wall temperatures over a 

wide range of possible leading edge designs.  However, the correlation is not only 

valuable for its predictive capabilities; it also provides engine designers with flexibility in 

the design process.  The correlation can also help identify the optimal geometry to 

minimize the amount of coolant air required; thus maximizing the thermal efficiency of 

the gas turbine engine.  A sensitivity analysis was performed for a jet with constant area 
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and constant mass flow rate to demonstrate this advantage.  It was determined that an 

optimum jet aspect ratio exists for a specific impingement geometry. 

Future Recommendations 
 

To expand the scope of the current research, additional geometric and flow 

conditions should be investigated.  For instance, Jordan [10] demonstrated that the fillet 

radius (r/dh,Jet) can influence the heat transfer distribution and magnitude on the target 

surface.  Due to manufacturing limitations, the fillet size in jet orifices is very difficult to 

control.  Therefore, incorporating r/dh,Jet into the correlation would allow engine 

designers to more accurately predict the Nusselt number.  The Baylor Correlation is 

currently developed for fully filleted jets.   

Additionally, the numerical investigation should further explore the effects of 

bypass flow.  In the present investigation, all of the air entering the leading edge channel 

was used for impingement.  However, in a typical leading edge, a percentage of the 

coolant “bypasses” the jets and is used for tip cap cooling (the tip cap is the top surface of 

the turbine blade).  Jordan et al. [10, 51, 52] established that high cross-flow velocities at 

the inlet of a jet cause the jet to deflect.  This can affect the Nusselt number distribution 

on the target surface in several ways: (1) the stagnation region is no longer directly 

beneath the orifice, (2) the jet strikes the surface at an angle, and (3) the jet-to-target 

spacing (z/dh,Jet) effectively increases.  Previous experimental research has shown that 

these effects can dramatically reduce the target surface heat transfer.  Incorporating the 

bypass effect into the Baylor Correlation would further improve its predictive 

capabilities.   
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 Lastly, all of the research and impingement studies mentioned in this thesis were 

performed in stationary environments; however, turbine blades rotate faster than 10,000 

revolutions per minute (RPM).  Several studies [64 – 68] have indicated that the Nusselt 

number distribution and magnitude on the target surface changes with the onset of 

rotation.  The rotation induced Coriolis force has been observed to deflect the jet away 

from the stagnation region and toward the leading surface.  This effect must also be 

incorporated into the Baylor Correlation. 
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APPENDIX A 
 

Nusselt Number Correlation Process  
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This appendix describes the process to obtain the Baylor Correlation presented in 

Chapter Six. As mentioned in Chapter Six, it is widely accepted that the Nusselt number 

from an impinging jet is a power function of the jet Reynolds number in the form of 

Equation A.1:  

m
JetFP ANu Re                                                  (A.1) 

where “A” and “m” are referred to as the leading coefficient and the exponent, 

respectively.  As established by Chupp et al. [33], varying the values of A and m can 

capture the effects of varying the impingement geometry.  Figure A.1 shows NuFP as a 

function of jet Reynolds number for all 118 geometries investigated in this study. Three 

best-fit curves are plotted through the data.  The center, solid curve captures the overall 

trend of the data, and the other two curves reveal how varying the leading coefficient and 

exponent can affect the Nusselt number prediction.   

 
Figure A.1: The full period average Nusselt number vs jet Reynolds number for a wide 
range of possible geometric designs.   
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Quantifying the exact relationship between the leading coefficient, A, and 

exponent, m, for each geometric parameter (e.g. AR, z/dh,Jet) can lead to the derivation of 

a predictive correlation.  For example, the process to quantify this relationship for jet-to-

target spacing is detailed below, and consists of four main steps: 

1. Plot the full period average Nusselt number (predicted by STAR-CCM+) as a 

function of jet Reynolds number for a specific geometry (e.g. AR = 4:1, z/dh,Jet = 

4, s/dh,Jet = 8, D/dh,Jet = 5.3), and derive the best-fit equation of the form 

m
JetFP ReANu  .  Record the value of A and m. 

2. Plot the full period average Nusselt number for geometries with different jet-to-

target spacings (e.g. z/dh,Jet = 3 and  z/dh,Jet = 8), while holding all other 

parameters constant (i.e. AR = 2:1, s/dh,Jet = 8, D/dh,Jet = 5.3) to isolate the effect 

of changing z/dh,Jet.  Derive the best-fit equation of the form m
JetFP ANu Re  for 

each geometry and record the values of A and m.  

3. Plot the recorded values of A and m as a function of jet-to-target spacing (z/dh,Jet).  

Derive the best-fit equation for A and m as a function of z/dh,Jet.  These equations 

will be called “trend equations.”  This step is iterative; as will be shown later in 

this appendix.   

4. Substitute the trend equations (e.g. A = A(z/dh,Jet)) into equation A.1 in place of A 

and m.  This results in a partial correlation for the Nusselt number. 

After this four step process, we have an equation for NuFP that contains z/dh,Jet.  This new 

equation can be used to calculate the full period average Nusselt number from a jet with 

any given z/dh,Jet (within the range of data investigated) as long as the other geometric 

parameters are AR = 4:1, s/dh,Jet = 8, D/dh,Jet = 5.3 and any z/dh,Jet. 
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 To illustrate this example, Figure A.2 shows steps one and two.  On the top of 

Figure A.2, the full period average Nusselt number is plotted as a function of jet 

Reynolds number for z/dh,Jet = 4 (Step 1).  The best fit equation is shown with the data, 

and the specific values for A and m are designated with subscripts.  On the bottom of 

Figure A.2, the full period average Nusselt number is plotted as a function of jet 

Reynolds number for multiple jet-to-target spacings (Step 2).  All three equations have 

different values of A and m, as shown (subscripts denoting the z/dh,Jet value).   

 

 
Figure A.2: Full period average Nusselt number vs jet Reynolds number for multiple jet-
to-target spacings (AR = 4:1, s/dh,Jet = 8 and D/dh,Jet = 5.3). 
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The next step is to plot the recorded values of A and m as a function of jet-to-

target spacing (step 3).  Figure A.3 shows this process.  The top of Figure A.3 shows the 

exponents m3, m4, and m8 (from Figure A.2) plotted as a function of z/dh,Jet.  As shown, 

m slightly increases with increasing jet-to-target spacing, and the relationship can be 

described by a power function.  An iterative process was required to adjust the values of 

m and A slightly so that there was a steady change in m with z/dh,Jet and the equations 

still accurately predicted NuFP.  As a result, a new, trend equation for m was developed 

(Equation A.2) that can be used to predict m for any jet-to-target spacing.  

 

c

Jethd
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                                                              (A.2) 

Additionally, the leading coefficient A also varies with z/dh,Jet.  The bottom of Figure A.3 

shows the leading coefficients A3, A4, and A8 plotted as a function of z/dh,Jet.  As shown, 

A decreases with increasing jet-to-target spacing, and the relationship can be described 

by a power function.  A second trend equation for A was developed (Equation A.3) that 

can be used to predict A for any jet-to-target spacing. 
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Substituting these two, new, trend equations into Equation A.1 for A and m (step 4) 

yields Equation A.4.    
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Figure A.3: The relationship between the exponent, m, and the leading coefficient, A, 
with the jet-to-target spacing (z/dh,Jet). 
 

Equation A.4 can accurately predict the full period average Nusselt number for any given 

jet-to-jet spacing within the ranges of the data used to derive the correlation 

(3 ≤ z/dh,Jet ≤ 8) for an impingement geometry of  AR = 4:1, s/dh,Jet = 8, D/dh,Jet = 5.3.  

Figure A.4 demonstrates the precision of Equation A.4 (a partial correlation for the 

Nusselt number).  A scatter plot of 13 points representing test cases from the present 
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investigation that fit this criteria is shown; with the magnitude of NuFP predicted by 

STAR-CCM+ on the y axis, and the magnitude of NuFP predicted by the Baylor 

Correlation on the x axis.  Perfect agreement between the data and the prediction from 

Equation A.4 would result in the data lining up along a 45° line (i.e. x = y), shown with 

the solid black line in Figure A.4.  As shown by the figure, the spread of data is 

approximately 5%, revealing the precision of the correlation.   

 

 
Figure A.4: Full period average Nusselt number predicted by the correlation equation 
(Equation A.4) and STAR-CCM+. 
 

The process described above was preformed for jet-to-jet spacing (z/dh,Jet), jet-to-

jet spacing (s/dh,Jet), relative target surface curvature (D/dh,Jet), and jet aspect ratio (AR).  

It was determined that the Nusselt number depended on all of these parameters: 
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Furthermore, it was determined that the leading coefficient, A, was dependant all of the 

parameters: 
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and the exponent, m, was only dependant on the jet-to-target spacing. 
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Trend equations were developed that accurately represent the relationship of each 

parameter.  Ultimately, the process described in this appendix lead to the development of 

the Baylor correlation (Equation 6.7).   
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APPENDIX B 
 

MATLAB Design Routine  
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Title: Leading Edge Nusselt Number Predictor (FP Correlation)       % 
%                                                                     %      
% Created by: Cash Elston                                             %    
%                                                                     % 
% Date: September 12, 2012                                            %    
%                                                                     %    
% Description: The following mfile is a design tool.  It uses the     %       
%              Baylor Correlation to predict the FP Nusselt number    % 
%              for varying geometry                                   % 
%                                                                     %     
% Output: [z, s, AR, Nu]                                              %     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
clear all 
close all 
clc 
  
%% Initialize Vectors 
  
dim1 = 20;  % AR 
dim2 = 20;  % s/Dh 
dim3 = 20;  % z/Dh 
  
% Create open vectors and matrices  
w          = zeros(dim1,1); 
p          = zeros(dim1,1); 
Dh         = zeros(dim1,1); 
AR         = zeros(dim1,1); 
D_Dh       = zeros(dim1,1); 
s_Dh       = zeros(dim1,dim2,dim3); 
Rejet      = zeros(dim1,1); 
z_Dh       = zeros(dim1,dim2,dim3); 
Nu         = zeros(dim1,dim2,dim3); 
  
%% Contant Flow Conditions and Dimensional Geometry Specifications  
  
% Define Flow Conditions (Constant) 
mdot = 0.002;    % (kg/s) 
k    = 0.027;    % (W/m*K) 
mu   = 1.896e-5; % (kg/m*s) 
  
% Define Jet Area (Constant) 
Ac = 0.11*(.0254^2); % (m2) constant for all AR 
  
% Define Dimensional Geometry  
D = 2*.0254;                         % (m) constant 
s = linspace(1.125,3,dim2)'*.0254;   % (m) variable 
z = linspace(1.125,3,dim3)'*.0254;   % (m) variable 
  
% Generate Jet Geometry range (Array) 
SA_min = .17*.0254;                       % (m) minimum diameter of jet  
SA_max = .37425*.0254;                    % (m) maximum diameter of jet  
d      = (linspace(SA_max,SA_min,dim1))'; % (m) array of diameters->AR                 
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% Calculate Corresponding Jet Geometries (Arrays) 
w  = (Ac-((pi*d.^2)/4))./d; 
p  = 2.*w+pi.*d; 
Dh = (4*Ac)./p; 
AR = (w+d)./d; 
  
% Calculate Corresponding Nondimensional Geometry 
D_Dh = D./Dh; 
             
% Predicted Nu from varying z, s and AR 
row = 1; 
for h = 1:dim3 % z loop 
    for j = 1:dim2 % s loop 
        for i = 1:dim1 % AR loop 
             
            % Calculate Corresponding Geometry and Rejet for Corr. 
            s_Dh = s(j)/Dh(i,1); 
            z_Dh = z(h)/Dh(i,1); 
            Rejet = (Dh(i,1)*mdot)/(mu*Ac); 
             
            % Nusselt Number FP Correlation (dim1 x dim2 x dim3) 
            Nu(i,j,h) = (0.341919*(z_Dh^(-1.056))*(s_Dh^(-0.379))... 
                *exp(0.1436*z_Dh^(-0.423)*AR(i,1) - 
0.147*D_Dh(i,1)))... 
                *Rejet^(0.6717*z_Dh^0.1176); 
            
            plot4_dim_data(row,1) = z(h); 
            plot4_dim_data(row,2) = s(j); 
            plot4_dim_data(row,3) = AR(i); 
            plot4_dim_data(row,4) = Nu(i,j,h); 
             
            plot4_nondim_data(row,1) = z_Dh; 
            plot4_nondim_data(row,2) = s_Dh; 
            plot4_nondim_data(row,3) = AR(i); 
            plot4_nondim_data(row,4) = Nu(i,j,h); 
             
            row = row+1; 
        end 
    end 
end 
  
plot4_nondim_data_Dh11 = plot4_dim_data(:,1:2)/Dh(1,1); 
plot4_nondim_data_Dh11 = 
[plot4_nondim_data_Dh11,plot4_dim_data(:,3:4)]; 
  
save plot4_dim_data_FP.txt plot4_dim_data /ascii 
save plot4_nondim_data_Dh11_FP.txt plot4_nondim_data_Dh11 /ascii 
save plot4_nondim_data_FP.txt plot4_nondim_data /ascii 
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Test Case Geometry Details  
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Table C.1: Ejection slot geometry (units in cm) 

Geometry E1 E2 E3 E4 θ1 

(a), (b), (c) 1.27 0.640 2.54 0.64 104 

 

Table C.2: Leading edge channel geometry (units in cm) 

 

Geometry  
(type) 

 

LA SA dh,Jet Ac s z D C1 C2 C3 C4 C5 i1 i2 i3 i4 i5 i6 θ2 

1 (a) 0.953 0.953 0.953 0.713 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

2 (a) 0.953 0.953 0.953 0.713 7.62 7.62 5.08 2.54 1.27 40.6 59.7 5.08 19.1 5.08 0.476 - - - - 

3 (b) 0.953 0.953 0.953 0.713 7.62 2.86 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 2.54 1.59 - 36.9 

4 (a) 0.953 0.953 0.953 0.713 7.62 11.4 5.08 2.54 1.27 40.6 59.7 5.08 19.1 8.89 0.476 - - - - 

5 (a) 0.953 0.953 0.953 0.713 3.81 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

6 (a) 0.953 0.953 0.953 0.713 2.86 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

7 (c) 0.953 0.953 0.953 0.713 15.2 3.81 5.08 2.54 1.27 40.6 59.7 5.08 - 1.27 0.476 - - 22.9 - 

8 (b) 0.635 0.635 0.635 0.317 5.08 2.54 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.26 0.476 2.54 1.79 - 44.7 

9 (a) 1.69 1.69 1.69 2.25 13.5 6.77 5.08 2.54 1.27 40.6 61.0 5.08 20.32 4.23 0.476 - - - - 

10 (a) 1.15 0.767 0.953 0.757 2.86 3.81 5.08 2.54 1.27 40.6 59.7 5.08 38.1 1.27 0.476 - - - - 

11 (a) 1.37 0.686 0.953 0.840 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

12 (a) 1.37 0.686 0.953 0.840 7.62 7.62 5.08 2.54 1.27 40.6 59.7 5.08 19.1 5.08 0.476 - - - - 

13 (b) 1.37 0.686 0.953 0.840 7.62 2.86 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 2.54 1.59 - 36.9 

14 (a) 1.37 0.686 0.953 0.840 7.62 11.4 5.08 2.54 1.27 40.6 59.7 5.08 19.1 8.89 0.476 - - - - 

15 (a) 1.37 0.686 0.953 0.840 3.81 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

16 (a) 1.37 0.686 0.953 0.840 2.86 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 
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Table C.2 continued: Leading edge channel geometry (units in cm) 

 

Geometry  
(type) 

 

LA SA dh,Jet Ac s z D C1 C2 C3 C4 C5 i1 i2 i3 i4 i5 i6 θ2 

17 (c) 1.37 0.686 0.953 0.840 15.2 3.81 5.08 2.54 1.27 40.6 59.7 5.08 - 1.27 0.476 - - 22.9 - 

18 (a) 1.26 0.632 0.877 0.713 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

19 (a) 1.83 0.611 0.953 1.04 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

20 (a) 1.83 0.611 0.953 1.04 7.62 7.62 5.08 2.54 1.27 40.6 59.7 5.08 19.1 5.08 0.476 - - - - 

21 (b) 1.83 0.611 0.953 1.04 7.62 2.86 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 2.54 1.59 - 36.9 

22 (a) 1.83 0.611 0.953 1.04 7.62 11.4 5.08 2.54 1.27 40.6 59.7 5.08 19.1 8.89 0.476 - - - - 

23 (a) 1.83 0.611 0.953 1.04 3.81 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

24 (c) 1.83 0.611 0.953 1.04 15.2 3.81 5.08 2.54 1.27 40.6 59.7 5.08 - 1.27 0.476 - - 22.9 - 

25 (a) 1.52 0.506 0.789 0.713 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

26 (a) 2.30 0.575 0.953 1.25 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

27 (a) 2.30 0.575 0.953 1.25 7.62 7.62 5.08 2.54 1.27 40.6 59.7 5.08 19.1 5.08 0.476 - - - - 

28 (b) 2.30 0.575 0.953 1.25 7.62 2.86 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 2.54 1.59 - 36.9 

29 (a) 2.30 0.575 0.953 1.25 7.62 11.4 5.08 2.54 1.27 40.6 59.7 5.08 19.1 8.89 0.476 - - - - 

30 (a) 2.30 0.575 0.953 1.25 3.81 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

31 (c) 2.30 0.575 0.953 1.25 15.2 3.81 5.08 2.54 1.27 40.6 59.7 5.08 - 1.27 0.476 - - 22.9 - 

32 (b) 1.53 0.383 0.635 0.556 5.08 2.54 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.26 0.476 2.54 1.79 - 44.7 

33 (a) 1.74 0.434 0.719 0.713 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

34 (a) 4.09 1.02 1.69 3.96 13.5 6.77 5.08 2.54 1.27 40.6 61.0 5.08 20.32 4.23 0.476 - - - - 

35 (a) 3.24 0.541 0.953 1.69 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 

36 (a) 4.19 0.524 0.953 2.14 7.62 3.81 5.08 2.54 1.27 40.6 59.7 5.08 19.1 1.27 0.476 - - - - 
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