
 

 

 
 
 
 
 
 
 
 

ABSTRACT 
 

Experimental and Numerical Investigation of High Temperature 
Jet Impingement for Turbine Cooling Applications 

 
Evan L. Martin, M.S.M.E. 

 
Mentor: Lesley M. Wright, Ph.D. 

 
 

Modern gas turbine engines commonly operate at temperatures above the melting 

point of the turbine’s blades and vanes.  Internal and external cooling of the blades is 

required for sustained operation and prolonged engine life.  Jet impingement, an 

aggressive form of cooling, is typically used in the airfoil leading edge which is exposed 

to extreme heat loads.  A parametric study is used to experimentally and numerically 

investigate high temperature jet impingement in the blade leading edge.  The effects of jet 

Reynolds number (Rejet), jet-to-target surface spacing (ℓ/d), jet-to-jet spacing (s/d), jet-to-

target surface curvature (D/d), and jet temperature on stagnation Nusselt numbers are 

evaluated in a high temperature test apparatus.  The facility is validated against 

correlations developed in previous studies.  The experimental study is complimented with 

CFD simulations performed using commercially available software.  Nusselt number 

results show strong dependence on Reynolds number and geometry yet little or no 

dependence on jet temperature. 
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CHAPTER ONE 
 

Introduction 
 
 

Jet Impingement Background 
 

 Impinging jets are widely used in engineering applications due to their superior 

heat and mass transfer characteristics.  Some of these applications include the cooling of 

high power electronics, annealing of metals, drying of textiles and paper, deicing of 

aircraft wings, and cooling of turbine blades and vanes [1].  Jet impingement utilizes a 

single jet or an array of individual jets blowing on a target surface to attain improved 

cooling, heating, or drying.  The target surface is defined as the area of interest that is 

either heated, cooled, or dried by the impinging jets.  The heat transfer enhancement 

produced by jet impingement comes at a cost.  A large pressure drop is incurred as fluid 

is expelled from the jet and impinges on the target surface.  Thus, the jet fluid has 

significantly less momentum and energy after impingement has occurred.  This pressure 

loss becomes significant in gas turbine cooling applications where the coolant air 

circulating in the blades and vanes is bled from the compressor stage.  This thesis focuses 

on the use of a single inline array of circular impinging jets in high temperature 

conditions to effectively cool the leading edge of turbine blades and vanes.  An existing 

experimental facility along with a numerical study is validated against a Nusselt number 

correlation developed by Chupp et al. [2].  Flow, geometry, and temperature effects on 

the Nusselt number are illustrated through experimental and numerical results. 
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Characteristics of an Impinging Jet 

 
 In cooling applications, an impinging jet is a cool stream of air discharged from a 

circular hole or slot which travels through a quiescent environment and impinges on a 

hot, flat or curved target surface.  As shown in Figure 1.1, the structure of an impinging 

jet is composed of three regions: the free jet, the stagnation region, and the wall jet. 

 

 

Figure 1.1: Flow regime of an impinging jet [3]. 
 
 

 The free jet consists of the region directly after the coolant exits from the hole or 

slot and before the flow is affected by the target surface.  Within the free jet, there exists 

a region of undeveloped flow with a uniform velocity profile called the potential core.  

The potential core begins diminishing immediately after the jet exit due to a loss of 

momentum to the ambient and the growth of a shear layer around the jet.  This shear 

layer is inherently unstable and forms a recirculation zone adjacent to the target surface 

(not depicted in Figure 1.1).  The turbulence from this recirculation zone aids in heat 

transfer enhancement between impinging jets.  The potential core completely vanishes 
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approximately four to six jet diameters from the jet exit [3].  At this point, the jet is fully 

developed with a Gaussian velocity profile. 

 In the stagnation region, flow decelerates normal to the target surface, strikes the 

surface, and then accelerates outward from the center, parallel to the target surface.  The 

accelerating flow develops a thin boundary layer which promotes relatively high heat 

transfer in this area.  The highest heat transfer coefficients occur at the center of the jet 

and decrease outward from the center creating a bell-shaped Nusselt number distribution.  

For jet-to-target surface spacing, (ℓ/d), less than five [1], the Nusselt number distribution 

can be characterized by a maximum point that is offset from the stagnation point (Figure 

1.2).  As the potential core impinges on the target surface, a sudden transition from the 

stagnation region to the wall jet generates a high level of turbulence leading to the 

occurrence of an offset Nusselt number maximum. 

 

 

Figure 1.2: Nusselt number distributions for varying jet-to-target surface spacing [1]. 
 
 
 The wall jet develops as the accelerating stagnation flow interacts with the semi-

stagnant ambient air.  The developed wall jet has a strong transverse or radial flow 

direction and decelerates away from the stagnation flow region due to momentum 

transfer with the ambient (see Figure 1.1).  A thickening boundary layer causes a steady 

ℓ/d ≤ 5ℓ/d ≥ 5
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decrease in heat transfer rate with increasing distance from the center.  In multiple jet 

configurations, the collision of wall jets coupled with the recirculation zone mentioned 

earlier generates high-intensity circulation and improved heat transfer between jets. 

 
Applications in Gas Turbine Engines 

 
 Gas turbine engines literally ‘power’ the global economy and militaries around 

the world.  Gas turbines are crucial for power generation and provide the necessary 

propulsion for military and passenger aircraft, ships, and even tanks.  Gas turbines are 

comprised of three main components: a compressor, a combustor, and a turbine.  The 

compressor, powered by the turbine, draws in ambient air and compresses it to high 

pressures through multiple compression stages.  The hot, high pressure air enters the 

combustor where fuel is added and ignited generating even hotter combustion gases.  

Lastly, the turbine extracts energy from the compressed, high temperature gases by 

means of rotating and stationary airfoils (blades/vanes) to provide propulsion or power.  

A cutaway of a gas turbine engine with labeled components is provided in Figure 1.3. 

 

 

Figure 1.3: ALF502 turbofan developed by Honeywell (courtesy of Honeywell). 

Compressor

Combustor

Turbine
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 The design issues of turbines used for power generation and propulsion, 

especially aircraft propulsion, are quite different.  Land-based turbines do not have the 

weight and size restrictions that aircraft-based turbines must overcome.  Generally, the 

overall goal of any gas turbine designer is to increase thermal efficiency and power 

output.  Increasing the rotor inlet temperature (RIT) directly boosts both thermal 

efficiency and specific power as seen in Figure 1.4.  On the plot, the ideal performance 

curve indicates an overall turbine efficiency of 100 percent or a turbine with no leakage 

or cooling losses.  This ideal condition can never be realized as all modern engines leak 

due to finite tolerances and incorporate some form of turbine blade cooling.  However, 

Figure 1.5 demonstrates that the current RIT far surpass the melting temperature of vane 

and rotor materials.  The RIT in some engines is in excess of 3000°F (1922°K) while the 

blade material may melt at temperatures between 2000°F (1366°K) and 2600°F 

(1700°K).  Thus, the need for advanced blade materials and effective, efficient cooling is 

paramount. 

 

 

Figure 1.4: The effect of RIT on turbine power output [4]. 
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Figure 1.5: Advances in RIT and cooling schemes over recent years [4]. 
 
 

 A ceramic thermal barrier coating (TBC) is used on many turbine blades to 

augment protection from the extreme temperatures and extend blade life.  The blade is 

coated with a thin layer of ceramic to create a layer of protection between the metallic 

blade wall and combustion gases.  The ceramic coating is highly resistive which impedes 

the flow of heat into the blade.  In addition, ceramics can withstand higher temperatures 

than the metals currently used to make blades.  However, their low impact resistance and 

brittleness limit applications to thin coatings rather than a potential structural material for 

turbine blades. 

 Active cooling of turbine blades is achieved by routing a fraction of high pressure 

coolant from the compressor directly to the turbine stages.  This ‘coolant’ is, in fact, 

extremely hot but relatively cool compared to the RIT.  A typical coolant temperature is 

approximately 1200°F (922°K).  As advances in compressor technology are made, the 
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coolant temperature will increase due to higher compressor pressure ratios.  Figure 1.6 

shows the progress of increasing pressure ratio in gas turbine engines.  The overall 

pressure ratio indicates the relative pressure of the air exiting the compressor as 

compared to the inlet air.  A higher pressure ratio results in air entering the combustor at 

elevated temperatures and pressures.  This enhances thermal performance by reducing the 

amount of fuel needed by the combustor to heat the compressed air and allowing the 

turbine to extract more work from the high pressure air.  However, this requires 

significant active blade cooling to be performed with the increased temperature coolant.  

In addition, siphoning coolant from the compressor reduces thermal efficiency.  Since a 

fraction of the power produced by the turbine is utilized to power the compressor, 

drawing high pressure air from the compressor reduces the air flow through the turbine 

and results in less power produced by the turbine.  This results in the compressor 

requiring a larger fraction of overall power.  Therefore, to extend blade life, cooling 

techniques must be optimized to maintain the highest engine thermal efficiencies possible 

(i.e. high level of cooling potential with least amount of coolant). 

 

 
Figure 1.6: Recent improvement in compressor pressure ratio [4]. 
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 Turbine blade cooling is accomplished through internal and external cooling as 

illustrated in Figure 1.7.  Internal cooling involves passing coolant air through the inside 

of the blade to remove heat from the metal walls and structure.  In the midchord region, 

coolant flows through serpentine passages enhanced with ribs or, more recently, dimples.  

This promotes mixing in the coolant so that the maximum amount of heat can be 

extracted from the blade walls.  Jet impingement is sometimes employed in this area 

instead of serpentine passages.  Coolant from supply channels is forced through 

perforated partitions to impinge on the inner blade walls.   Impingement provides much 

higher cooling potential but incurs significant pressure losses as well.  Recently, 

serpentine passages have become more common due to a lower pressure penalty and 

improved heat transfer rates.  The trailing edge of a turbine blade is thin and requires 

structural support not offered by serpentine passages.  Small, cylindrical pins are often 

utilized in the trailing edge.  Pin fin cooling is a more aggressive form of cooling than 

serpentine channels and provides structure as the pins bridge the gap between the two 

blade walls.  However, pin fins incur a greater pressure drop than serpentine channels and 

require more material which adds overall weight to the turbine.  Thus, their use is 

primarily relegated to the trailing edge. 

 The leading edge of a turbine blade experiences extreme heat loads due to 

superheated combustion gases stagnating on the outer surface (Figure 1.8).  As a result, 

jet impingement, the most aggressive form of cooling, is desired in this section of the 

blade.  Similar to the midchord, coolant flows through a channel acting like a plenum, 

and the air is forced through holes in an inner wall to impinge on the inside of the leading 

edge.  Commonly, a single row of jets is used in the leading edge while arrays of multiple 

jets are employed in the midchord region. 
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Figure 1.7: Typical external and internal cooling schemes for a turbine blade [5]. 
 
 

 

Figure 1.8: Heat load distribution on a turbine blade [5]. 
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 As the coolant circulates within the blade, it is expelled through small holes 

located across the surface of the blade.  External cooling, or film cooling, envelops the 

blade in a thin film of coolant to provide a layer of protection from the hot combustion 

gases.  Film cooling, unlike internal cooling, is not intended to lower the temperature of 

the blade but to act as a protective barrier.  Film cooling holes can be located anywhere 

on the blade; from the leading edge to the trailing edge and the blade tip to the blade 

platform. 

 The purpose behind any blade cooling system is to induce temperatures within the 

blade structure that fall below the operating limit of the blade material.  A wall 

temperature simply 50°F higher than the operating limit can reduce the blade life by half 

[4].  Therefore, extensive research is needed in the area of turbine blade cooling. 

 
Statement of Problem 

 
 Jet impingement is a proven, aggressive form of cooling that is widely used in the 

leading edge of turbine blades and the midchord regions of turbine vanes.   The complex 

flow and heat transfer characteristics of impinging jets are further complicated by the 

small-scale, intricate layout of turbine blades.  In addition, the large temperature 

differences (between the coolant and blade walls) that turbine blades experience are 

sometimes beyond what is attainable in a research lab.  However, turbine designers desire 

simple, accurate correlations that allow for quick layout of efficient cooling schemes.  

Without this vital information, designers plan for the worst-case scenario.  This means 

adding extra impinging jets, increasing coolant flows, or decreasing the RIT, all of which 

lead to reduced engine performance.  In some cases, blades can be damaged or destroyed 

due to inaccurate use of available correlations.  Therefore, well-defined correlations that 
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can accurately predict heat transfer coefficient distributions beneath impinging jets are 

needed. 

 While extensive research has been performed in the area of jets impinging on a 

flat surface, significantly less research is available for jets impinging on curved surfaces.  

Flat plate impingement relates, typically, to the midchord region of a vane which can be 

approximated as flat.  On the other hand, the leading edge is curved and approximated as 

a half cylinder.  Impingement on curved surfaces presents different and more complex 

flow regimes than on flat surfaces.  Realistically, elevated temperature differences must 

be incorporated, which coupled with a curved surface, complicates testing and 

instrumentation.  Yet, the leading edge is a crucial region to cool due to the intense heat 

loads it endures.  In order to advance cooling technology, more research is needed that 

can better characterize leading edge impingement in high temperature environments. 

 
Aims and Objectives 

 
 Using a specially designed experimental rig, high temperature impingement in the 

leading edge can be investigated to update and expand the available research in this area.  

Moreover, a commercial computational fluid dynamics (CFD) code can be used to 

predict heat transfer coefficients in a leading edge model subject to conditions 

unattainable in a laboratory setting.  The purpose of this study is to: 

1. Identify the effects, if any, of elevated temperatures on heat transfer coefficients 

of jets impinging on a half cylinder. 

2. Explore and isolate the effects of Reynolds number based on jet temperature, 

Rejet, jet-to-target surface spacing (ℓ/d), jet-to-jet spacing (s/d), and jet-to-target 

surface diameter (D/d). 
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3. Illustrate the process of using a commercial CFD code to calculate heat transfer 

coefficients on the leading edge.  Lastly, compare those findings with 

experimental results and Chupp et al. [2]. 
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CHAPTER TWO 
 

Literature Review 
 
 

 The field of research regarding cooling schemes for gas turbine engines is a 

constantly evolving area of study and experimentation.  Turbine blade cooling has been 

in existence since the mainstream adoption of gas turbines as a means of propulsion and 

power generation in the post-World War II era.  The techniques for cooling turbine 

blades have continually become more efficient and complex to meet the ever-increasing 

demands for improved turbine efficiencies.  The work of countless researchers continues 

to be the driving force behind the development of new and improved cooling 

technologies to meet the needs of the gas turbine industry. 

 This chapter provides a review of the available research pertaining primarily to jet 

impingement on curved target surfaces.  The leading edge of a turbine blade is 

considerably curved requiring specific investigations to characterize the behavior of jets 

impinging on this type of surface.  However, the number of studies relating to 

impingement on curved surfaces, especially focusing on gas turbine applications, is 

limited.  The curvature of the target surface increases the complexity of experimentation 

which hinders the breadth of existing, curved surface impingement studies.  As 

mentioned previously, jet impingement is also used to cool the midchord region of 

turbine vanes.  The radius of curvature for the middle section of the blade is quite large 

allowing this region to be approximated as a flat plate.  Flat plates facilitate experimental 

instrumentation leading to more widespread characterization of jet impingement trends.  

As a result, a brief overview of flat plate impingement studies is provided to form a 
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foundation for the more complex area of jets impinging on a curved surface.  Following 

the discussion of flat plate impingement, investigations relating to leading edge 

impingement are discussed in detail. 

 
Flat Plate Impingement 

 
 In 2000, Han et al. [4] compiled a comprehensive review of research relating to 

gas turbine cooling technology.  The review covered the basic trends and advancements 

of internal and external cooling techniques.  This compilation forms the foundation of the 

brief overview of flat plate impingement presented in this section. 

 Jet impingement is commonly used in both the leading edge and midchord region 

of the non-rotating vanes of the first turbine stage.  The first stage nozzle guide vanes 

(NGV) experience the brunt of the heat load carried by the high temperature gases 

leaving the combustor.  An aggressive form of cooling by means of jet impingement is 

required throughout the inside of these NGV to maintain their structural integrity (Figure 

2.1).  As mentioned earlier, the midchord region has a large radius of curvature especially 

compared to the small diameter of the impinging jets.  Therefore, in experimentation, the 

midchord region is approximated as a flat plate.  Compared to the leading edge, the area 

of the midchord section of the vane is quite large.  Extensive arrays of impinging jets are 

used in this region to provide adequate cooling coverage.  These arrays are generally 

organized in an inline or staggered jet pattern.  Inline arrays contain jets that are aligned 

in both the streamwise (flow) and spanwise directions.  In staggered arrays, jets are offset 

in the streamwise direction but remain inline in the spanwise direction similar to a 

honeycomb pattern. 
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Figure 2.1: Cooling scheme in a first stage NGV [5]. 
 
 

 With these large arrays of jets, the influence of spent coolant becomes a primary 

concern.  In typical impingement cooling schemes, the jets are confined on three sides 

allowing only one direction for spent coolant to exit the array after impingement.  This 

confinement introduces the effect of crossflow.  Crossflow is due to spent impingement 

fluid from upstream jets interacting with downstream jets.  Crossflow is generally 

detrimental to jet impingement by deflecting downstream jets away from the target 

surface thereby reducing their cooling potential.  Florschuetz et al. [6] showed that inline 

jet arrays perform better than staggered arrays in the presence of crossflow.  The 

alignment of inline jets in the streamwise direction creates a ‘channel’ effect that funnels 

crossflow between rows of jets reducing the impact on downstream jets.  The offset 

nature of staggered arrays forces crossflow to negatively impact the heat transfer 

enhancement of downstream jets. 

 In addition, other parameters affect the heat transfer enhancement of impinging 

jets in the presence of crossflow.  An increase in the jet Reynolds number (Rejet) was 

shown by Goldstein and Behbahani [7] to augment the heat transfer on the target surface.  

The higher velocity of the jet provided better penetration of the crossflow.  Also, the 
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shear increase in the amount of coolant also contributed to the rise in overall heat 

removal.  Kercher and Tabakoff [8] investigated the effects of crossflow on multiple jet, 

flat plate impingement.  They determined that increasing the spacing between the jets and 

the target surface (ℓ/d) provided an increase in overall Nusselt number.  The increased 

space between the jet plate and target surface allowed for the crossflow to be diffused 

throughout a greater area reducing the impact on other jets.  This is the opposite effect 

that was seen for a single jet impinging on a flat plate.  Without the influence of 

crossflow, Viskanta [9] observed an enhancement in heat transfer by decreasing ℓ/d from 

6 to 0.1 between a single jet and flat target surface.  San and Lai [10] attempted to 

determine an optimum jet-to-jet spacing (s/d) for a staggered array of jets.  Their results 

indicated a strong dependence on ℓ/d.  At small ℓ/d, larger spacing between jets was 

found to provide better heat transfer.  Conversely, smaller s/d values proved more 

efficient with increased distance between the jet plate and target surface. 

 An area of impingement research with minimal prior investigation is jet 

impingement at elevated temperatures.  Experimentation is more difficult to implement at 

high temperatures with most studies incorporating temperature differences of less than 

60°F between the jet and target surface.  The temperature difference between the coolant 

and blade walls in modern turbine engines can be in excess of 1000°F.  Fénot et al. [11] 

investigated the effects of high injection temperature on a single jet impinging on a flat 

plate.  The temperature difference between the flat plate and jet was varied from 11°F to 

216°F.  An infrared camera measured the steady state temperature distribution on the 

backside of the flat impingement plate so that detailed Nusselt number distributions could 

be determined.  Employing the jet temperature as the reference temperature indicated a 

strong dependence of the Nusselt number distributions on the jet temperature.  By 
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replacing the jet temperature with the adiabatic wall temperature, the Nusselt number 

distributions were shown to collapse together and become insensitive to jet temperature.  

The adiabatic wall temperature was able to account for the effects of the entrainment of 

cool, ambient air in the jet stream.  An explanation of the adiabatic wall temperature its 

use as a fluid reference temperature in heat transfer calculations can be found in Chapter 

5. 

 Impingement on a flat surface has been studied for many decades, and only a 

small fraction of available references have been discussed here to summarize the general 

trends of impingement on a flat plate.  Since the current study investigates jet 

impingement in the leading edge region of a turbine blade, principal focus is given to jet 

impingement on curved surfaces in the following sections. 

 
Curved Surface Impingement and Basic Trends 

 
 In contrast to the michord region, the leading edge of turbine blades and vanes has 

a tight radius of curvature.  Frequently, the leading edge curvature is approximated as a 

half-cylinder in experimentation.  Due to hot combustion gases stagnating on the leading 

edge, most turbine blades and vanes require impingement cooling in this curved region.  

In addition, the leading edge is traditionally cooled with a single row of impinging jets.  

When compared to large arrays of jets impinging on a flat surface, the crossflow created 

by this single row of jets impinging on a curved surface is of secondary importance.  

Depending on the layout of the impingement scheme and the presence of film cooling 

ejection holes, the influence of crossflow in the leading edge can be almost nonexistent.  

The exit paths available to the spent coolant as well as the amount of coolant ejected for 

film cooling affect the level of crossflow in the leading edge.  As a result, the heat 
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transfer trends of impingement on a curved surface can be quite different from those of 

flat plate impingement. 

 In 1969, Chupp et al. [2] performed a fundamental, parametric study of a single 

row of round jets impinging on a scale model of the leading edge.  As a testament to the 

importance of this study, many modern engine designers still use the findings of Chupp et 

al. [2] to design impingement cooling schemes for the leading edge.  Consequently, the 

experimental setup of the present study is based on a scaled-up model of the apparatus 

used by Chupp et al. [2].  Their experimental setup was on the scale of an actual turbine 

blade and employed the base of a hypodermic needle and 0.002 inch brass shim stock to 

form the plenum and single row of impinging jets.  Heated platinum strips arranged 

around a half-cylinder target surface were employed to measure the average, steady state 

heat transfer coefficient for each strip.  An overview of the experimental setup is 

provided in Figure 2.2.  After varying the jet Reynolds number and several geometrical 

parameters, a correlation for the average Nusselt number was reported to be of the form: 
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where ℓ is the distance from the jets to the target surface, s is center-to-center distance 

between jets, D is the diameter of the target surface, and d is the diameter of the jet.  

After correlating the experimental data, the best-fit equation for the average Nusselt 

number along the stagnation strip (Nu) was expressed as: 
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for 3000 ≤ Rejet ≤ 15000, 4 ≤ s/d ≤ 16, 1 ≤ ℓ/d ≤ 10, and 1.5 ≤ D/d ≤ 16.  The effects these 

parameters have on curved surface impingement as reported by Chupp et al. [2] are 



 

19 

discussed and compared to the findings of other researchers.  Table 2.1 lists these studies 

and the general ranges of the parameters employed. 

 
Jet Reynolds Number 
 
 Based on the correlation provided by Chupp et al. [2], the average stagnation 

Nusselt number monotonically increases with Rejet raised to the 0.7 power.  This trend of 

the Nusselt number being proportional to Rejet raised to a power has been observed in 

numerous studies for both flat plate and curved surface impingement.  However, some 

researchers disagree about the value of the Reynolds number exponent for curved surface 

impingement.  Hrycak [12] studied a row of impinging jets on both a small-scale and 

large-scale semi-cylindrical target surface.  The smaller of the two configurations was on 

the scale of an actual turbine blade and provided average Nusselt numbers proportional to 

the jet Reynolds raised to the 0.7 power for ℓ/d = 13.3 and 26.7.  However, the larger 

configuration, scaled up ten times from the small configuration, yielded a Reynolds 

power of 0.63 for 2 < ℓ/d < 8.  Hrycak [12] attributed the variation in Reynolds power to 

constricted flow between the target surface and jet plate at low ℓ/d.  In stark contrast, Lee 

et al. [13] reported Reynolds powers of 0.46 (2 ≤ ℓ/d < 6) and 0.56 (ℓ/d ≥ 6) for the 

stagnation Nusselt number of a single, fully-developed jet impinging on a curved surface.  

In 2008, a row of fully-developed jets impinging on a half-cylinder was investigated by 

Fénot et al. [14] by means of an infrared camera.  For 2 ≤ ℓ/d < 5, the Reynolds powers 

for the stagnation Nusselt number and the average Nusselt number were determined to be 

0.69 and 0.72, respectively. 
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Figure 2.2: Top-view of experiment apparatus used by Chupp et al. [2]. 
 
 

Table 2.1: Summary of studies reporting basic concave surface impingement trends. 
 

Author(s) Setup Rejet ℓ/d s/d D/d 

Chupp et al. [2] 1 row 3000-15000 1-10 4-16 1.5-16 

Hrycak [12] 1 row 3000-30000 2-26.7 2-8 10-20 

Lee et al. [13] single 11000-50000 2-10 N/A 11.2-29.4 

Fénot et al. [14] 1 row 10000-20000 2, 5 4, 8 5-10 

Metzger et al. [15] 1 row 1000-55001 2-362 1.7-6.7 8.3 

Tabakoff and Clevenger [16] 1 row 4000-15000 1 2.5-8.8 Insufficient 
Data 

Bunker and Metzger [17] 1 row 6750-102001 12-422 3.3, 4.7 Insufficient 
Data 

Metzger et al. [18] 1 row 2000-60001 5-842 1.7-6.7 Insufficient 
Data 

1Reynolds number based on equivalent slot width, b, as opposed to the jet diameter, d 
2Jet-to-target surface spacing based on equivalent slot width, ℓ/b 
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Jet-to-Target Surface Spacing 
 
 For the range of ℓ/d studied, Chupp et al. [2] indicated that the average stagnation 

Nusselt number continually increased with decreasing distance between the jets and the 

target surface.  Metzger et al. [15] reported that the average heat transfer of a row of 

impinging jets peaked at approximately ℓ/d = 1.  Lee et al. [13] found that the local 

stagnation Nusselt number for a single round jet peaked at a considerably larger ℓ/d.  For 

Rejet = 11000 and 23000, the maximum stagnation Nusselt number was apparent at ℓ/d = 

6 with a slight reduction in the stagnation Nusselt number for smaller ℓ/d values.  The 

peak stagnation Nusselt number moved to ℓ/d = 8 for Rejet = 50000.  Yet, the maximum 

returned to ℓ/d = 6 for Rejet = 50000 after narrowing the target surface curvature to D/d = 

11.2.  The authors inferred that the occurrence of the maximum Nusselt number was 

related to the length of the potential core.  Higher jet Reynolds numbers and broader 

target surface curvature contributed to a lengthening of the potential core moving the 

maximum Nusselt number to a larger value of ℓ/d.  Lee et al. [13] also observed the 

incidence of a secondary Nusselt number peak offset from the stagnation point in the 

circumferential direction at ℓ/d = 2 and 4.  The secondary heat transfer spikes were 

especially apparent at Rejet = 50000.  These offset maxima were attributed to the potential 

core of the jet impinging on the target surface.  A sharp transition from a laminar to 

turbulent boundary layer on the target surface resulted in the sudden, localized increase in 

heat transfer.  Fénot et al. [14] observed similar local Nusselt number maxima for ℓ/d = 2 

and 5 at Rejet = 23000. 
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Jet-to-Jet Spacing 
 
 In Equation (2.2), the inverse of the jet-to-jet spacing term (s/d) appears twice 

indicating the importance of this parameter on the magnitude of the average stagnation 

Nusselt number.  The average stagnation Nusselt number increases proportional to d/s 

raised to the 0.8 power while the d/s term in the exponential serves to reduce the 

magnitude.  However, holding the diameter of the jet constant and decreasing the spacing 

between jets results in an increase in the average stagnation Nusselt number.  Using a 

steady state copper plate method, Tabakoff and Clevenger [16] varied the spacing of 

round jets from s/d = 2.5 to s/d = 8.8.  The jet-to-target surface spacing was fixed at ℓ/d = 

1.  The largest distance between the jets indicated the highest overall heat transfer for the 

small ℓ/d value.  Bunker and Metzger [17] measured local heat transfer distributions from 

a line of jets impinging on a target surface with varying degrees of sharpness.  The 

melting patterns of coatings sprayed on the surface provided local heat transfer 

coefficients.  For the half-cylinder target surface, jet-to-jet spacings of 3.33 and 4.67 were 

tested.  At s/d = 3.33, the number of jets was doubled while the area of each was halved 

as compared to s/d = 4.67.  The overall heat transfer was approximately the same for each 

s/d with s/d = 3.33 exhibiting locally higher heat transfer but more severe Nusselt number 

gradients.  Fénot et al. [14] observed an increase in overall heat transfer with decreasing 

jet spacing from s/d = 8 to s/d = 4.  At s/d = 4, heat transfer was locally enhanced 

between two jets due to a fountain effect caused by the collision of the two wall jets.  

This fountain effect was not apparent for s/d = 8 as the jets were too far apart for any 

intermediate enhancement to occur. 
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Jet-to-Target Surface Curvature 
 
 The effect of the relative target surface curvature is somewhat weaker than the 

effects of Rejet, ℓ/d, and s/d in the Chupp et al. [2] correlation.  The inverse of the jet-to-

target surface curvature term (D/d) appears in the exponential raised to the 0.4 power.  

From this, it can be inferred that increasing the diameter of the target surface curvature 

while holding the jet diameter constant serves to increase the average stagnation Nusselt 

number.  Diverging from the typical half-cylinder target surface, Bunker and Metzger 

[17] and Metzger et al. [18] studied the effects of progressive leading edge sharpness on 

impingement heat transfer.  The experimental setups of each investigation were near 

identical (Figure 2.3).  However, Bunker and Metzger [17] obtained local Nusselt number 

distributions compared to overall average Nusselt numbers reported by Metzger et al. 

[18].  The target surface was varied from a half-cylinder to a sharp point.  Due to this 

progressive sharpening process, the minimum ℓ/d increases for each configuration.  The 

heat transfer at the apex of the target surface was highest for the half-cylinder target 

surface for analogous values of ℓ/d at each leading edge shape.  With a sharpening of the 

target surface, the stagnation region of the jets was shifted to the sides of the target 

surface with a weaker, secondary stagnation region forming in the apex.  In contrast to 

Chupp et al. [2], Lee et al. [13] observed an increase in stagnation Nusselt number for 

decreasing target surface diameter.  This increase in stagnation Nusselt was credited to a 

thinning of the boundary layer and an increased generation of vortices due to the tighter 

target surface curvature.  Fénot et al. [14] claimed that decreasing the diameter of the 

target surface curvature only enhanced the heat transfer near the stagnation.  The authors 

also observed a local decrease in heat transfer along the apex of the curved target surface.  
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As a result of the curvature, a ‘dead fluid’ region existed in the apex preventing 

impinging jets from soundly impacting the target surface. 

 

Figure 2.3: Experimental setup of Bunker and Metzger [17]. 
 
 

Advanced Features in Curved Surface Impingement 
 

 The research presented in the previous section dealt with fundamental trends of 

round jets impinging on a smooth, curved target surface.  Yet, other characteristics of 

curved surface impingement have been studied in an attempt to explore the limits of 

impingement cooling on a curved surface.  Continuous slot jets and discrete slot-like jets 

have been considered as an alternative to round jets.  Specifically in gas turbine engines, 

the presence of film cooling ejection holes or added roughness on the target surface can 

alter heat transfer trends.  Moreover, the addition of multiple rows of impinging jets can 

reduce temperature gradients in the target surface by providing more uniform cooling on 

the surface.  These features all have the potential to improve impingement cooling 

schemes in the leading edge region of turbine blades and vanes. 
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Shaped Jets 
 
 Continuous slot jets provide an uninterrupted ‘wall’ of coolant that impinges 

along the target surface.  The apparent advantage of slot jets is the uniform heat transfer 

distributions that can potentially be obtained.  Discrete round jets are characterized by 

locally high levels of heat transfer surrounded by areas of lower heat transfer which can 

create harmful temperature gradients throughout the target surface.  Continuous slot jets 

impinging on a semi-cylindrical surface were thoroughly explored and described in 

studies performed by Gau and Chung [19], Yang et al. [20], and Choi et al. [21].  

However, several aspects of slot jets prevent their use as an effective method to cool the 

leading edge of a turbine blade.  Casting a continuous slot in the internal structure of a 

blade or vane severely weakens the overall integrity of the airfoil.  Moreover, Tabakoff 

and Clevenger [16] and Bunker and Metzger [17] showed that a row of round jets 

outperformed the heat transfer enhancement of a two-dimensional slot jet.  Bunker and 

Metzger [17] did indicate that more uniform heat transfer distributions could be obtained 

with a slot jet. 

 Racetrack-shaped jets attempt to bridge the gap between a continuous slot jet and 

a row of round jets.  Racetrack jets are discrete jets that are essentially elongated circular 

jets that have a profile similar to that of an oval racetrack.  Taslim et al. [22] compared 

racetrack jets to circular jets using a smooth cylindrical target surface.  For a given jet 

Reynolds number, the racetrack jets produced higher overall Nusselt numbers than the 

round jets.  To maintain a constant Reynolds number, the mass flow rate through the 

racetrack jets was almost twice that of the round jets.  As a result, the performance of the 

racetrack jets was attributed to the increased mass flow rate and an improved target 
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surface coverage.  For a given mass flow rate, the round jets slightly outperformed the 

racetrack jets.  In this case, the Reynolds number for the round jet was nearly twice that 

of the racetrack jet. 

 
Film Cooling Extraction and Roughness 
 
 Nearly all modern turbine blades and vanes employ film cooling on the leading 

edge.  The leading edge wall is perforated with numerous ejection holes and is commonly 

referred to as showerhead film cooling.  The effect of these effusion holes on 

impingement heat transfer is an applicable field of research.  Metzger and Bunker [23] 

investigated the effect of film cooling extraction on a row of impinging jets.  Using the 

apparatus shown in Figure 2.4, the authors demonstrated that film cooling extraction can 

increase local heat transfer coefficients by nearly 50%.  With effusion holes located along 

the nose of the target surface, Taslim and Khanicheh [24] reported similar enhancements 

in the overall heat transfer coefficient at the target surface apex. 

 

Figure 2.4: Location of film cooling extraction holes [23]. 
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 Taslim et al. [25] added various forms of roughness to a curved target surface 

beneath a row of circular jets.  Sandpaper roughness, conical bumps, and longitudinal ribs 

were investigated and compared to a smooth surface arrangement.  The best performance 

was attained utilizing the conical bumps with heat transfer enhancements of 

approximately 40% over the smooth surface.  The majority of the heat transfer 

enhancement was due to the increased surface area afforded by the conical protuberances 

(34% higher than the smooth surface).  The conical bumps only slightly enhanced heat 

transfer coefficients as compared to the unperturbed surface.  The longitudinal ribs 

actually provided greater heat transfer area than the conical bumps, but the impinging 

fluid did not make solid contact with all the available surface area reducing the ribs’ 

effectiveness.  In a similar study by Taslim et al. [26], horseshoe ribs and notched 

horseshoe ribs were added to the curved target surface.  The baseline smooth target 

surface exhibited higher heat transfer coefficients than either of the rib-roughened 

surfaces.  However, the notched horseshoe ribs supplied a higher overall rate of heat 

transfer due to the contribution of increased surface area. 

 The effects of film cooling extraction and roughness were combined in an 

investigation by Taslim et al. [27].  Small conical bumps (35% area increase) supplied 

higher heat transfer coefficients than distributions of larger conical bumps (35% area 

increase) and longitudinal ribs (47.3% area increase).  However, the main contribution of 

the roughness was to increase the available heat transfer area whereas the film cooling 

extraction served to increase the heat transfer coefficient.  Once again, the longitudinal 

ribs supplied the greatest addition to heat transfer area but actually produced lower heat 

transfer coefficients than the baseline (smooth) surface.  Furthermore, the authors noted 

that with asymmetric impingement (directly on a cone), the presence of effusion holes 
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actually ‘pulled’ the impingement fluid over the conical bumps and down to the surface 

further enhancing overall heat transfer. 

 
Multiple Rows of Jets 
 
 A large array of round jets in a leading edge impingement model was initially 

investigated by Tabakoff and Clevenger [16].  Compared to a slot jet and a row of round 

jets, the array of jets illustrated higher overall heat transfer performance at a given mass 

flow rate.  The slot jet and row of round jets produced locally higher Nusselt numbers 

along the stagnation line.  The array of jets demonstrated more uniform coverage and, as 

a result, improved heat transfer over the entire concave surface.  Kumar and Prasad [28] 

compared the performance of a row of round jets to five rows of round jets impinging on 

a concave target plate.  The mass flow rate was held constant between the single row and 

multiple rows of jets.  Therefore, the stagnation heat transfer was higher for the single 

row of jets but a higher pressure penalty was incurred.  The authors concluded that the 

five rows of jets outperformed the single row of jets with the combined effects of heat 

transfer enhancement and pressure penalty.  Li and Corder [29] numerically investigated 

two rows of impinging jets versus a single row of jets.  The dual rows indicated improved 

surface coverage and higher overall heat transfer at the expense of twice the mass flow 

rate of a single row of jets.  To validate the numerical study, the results of the single row 

of jets were compared to Chupp et al. [2].  The CFD simulation predicted Nusselt 

numbers approximately 10% higher than those extracted from the Chupp et al. [2] 

correlation. 
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CHAPTER THREE 
 

Theory 
 
 

 The following chapter discusses the general theory behind the experimental 

methods of the current high temperature study.  A comparison of steady state and 

transient experimental techniques will be made to introduce each approach and highlight 

differences between them.  A detailed, but generalized, development of two common 

transient techniques, the semi-infinite solid method and the lumped capacitance method, 

will ensue.  Finally, comparisons are drawn between the two transient methods with 

justifications for why the lumped capacitance method was adopted for this study.  A more 

detailed theory of the lumped capacitance method as it pertains directly to leading edge 

impingement is provided in the data reduction section of Chapter 5. 

 
Overview of Experimental Techniques 

 
 A variety of heat transfer problems are prevalent throughout the engineering 

community.  Many of these problems describe the interactions between a fluid and a solid 

where the dominant mode of heat transfer is convection.  Convection is caused by the 

diffusion of energy due to random molecular motion and the transport of energy due to 

bulk fluid movement.  However, a temperature difference must be present between the 

fluid and the surface of the solid for convection to occur.  Newton’s law of cooling 

describes the fundamental relationship between the surface heat flux (heat flow per unit 

area) and the fluid-to-solid temperature difference: 

 )( sTThq −=′′ ∞  (3.1) 
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where q” is the convective heat flux, h is the heat transfer coefficient (a proportionality 

parameter), T∞ is the bulk fluid temperature, and Ts is the surface temperature of the 

solid.  Usually, the heat transfer coefficient is the unknown an experimentalist tries to 

determine. 

 To find the heat transfer coefficient, either a steady state (independent of time) 

technique or a transient (time dependent) technique may be employed.  Some problems 

are more conducive to solve with a steady state solution while others are more readily 

solved using a transient model.  Frequently, though, steady state and transient techniques 

can be applied to the same heat transfer problem but each method presents unique 

challenges and advantages. 

 
The Steady State Approach 

 
 Steady state experimental techniques are the most fundamental and intuitive to 

implement.  A steady state test consists of heating a test surface by means of a heating 

element and monitoring the fluid and surface temperatures until an equilibrium state is 

achieved.  During this equilibrium state, all fluid and surface temperatures, along with the 

power readings from the heating element, are measured and recorded.  After performing a 

heat loss calibration, Equation (3.1) can be rewritten as: 
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where q”net is the net surface heat flux after accounting for heat losses from the heater.  A 

simple application of Equation (3.2) enables the determination of heat transfer 

coefficients.  Depending on the experimental setup, detailed, local, regional, or overall 

heat transfer coefficient distributions can be obtained. 
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 Various approaches exist to implement steady state testing.  In many setups, a 

thin, resistive element uses electricity to heat the exposed test surface from behind.  After 

a heat loss calibration, the power required by the heating element to maintain a desired 

surface temperature translates directly to the net surface heat flux.  The fluid temperature 

is commonly measured by a thermocouple.  A thermocouple is a junction of two 

dissimilar metals that produces a voltage potential proportional to the temperature of the 

junction.  They are small, unobtrusive, and reliable under a wide range of conditions.  

One technique to measure steady state heat transfer utilizes isolated copper plates backed 

by a heating element.  The temperature of each copper plate is then measured by an 

imbedded thermocouple creating a sparse temperature distribution of the surface.  Due to 

the high conductivity of the copper, the volume of each copper plate is considered to be 

the same temperature as the respective thermocouple reading.  Temperature responsive 

paints, like thermochromic liquid crystal (TLC) that visually change color based on the 

temperature of the paint, can provide more resolved surface temperature distributions 

than methods involving thermocouples. 

 Clearly, steady state testing is a simple, straightforward means to finding heat 

transfer coefficients.  However, there are drawbacks to this type of testing especially 

concerning high temperature studies.  A temperature difference is attained by heating the 

test surface with an electrically resistive heater.  To create large temperature differences, 

an increased level of power is required by the heater to maintain a constant surface 

temperature.  This can result in considerable heat losses that must be accounted for in the 

calculation of the heat transfer coefficient.  In addition, sustained high temperatures can 

damage the heater or test surface.  Resolved surface temperature measurements using 

temperature responsive paints are also not possible at high temperatures.  The operating 



 

32 

temperatures of these paints are low, and they can be easily damaged if the limits are not 

strictly followed.  Thermocouples can withstand high temperatures but provide less 

spatial resolution on the surface.  Due to power requirements and limitations in heater 

operating temperatures, steady state testing was rejected for use in the high temperature 

environment of the present study. 

 
The Transient Approach 

 
 A transient test, unlike a steady state experiment, is dependent on time.  The early 

stages of a steady state test are actually very similar to transient experimentation with 

several important exceptions.  Before a transient test begins, the fluid and test surface are 

independently maintained at respective constant temperatures.  This is to allow for an 

initial temperature difference to exist between the surface and fluid.  Contact between the 

surface and fluid is not made until the transient test begins.  At some initial time, the 

surface temperature distribution is recorded and, simultaneously, the surface is thrust into 

contact with the convective fluid.  The temperature changes of the surface and fluid are 

recorded with time until a predetermined end time is reached.  Usually, transient test 

times are short (less than two minutes) keeping heat losses to a minimum.  In addition, 

the fluid is typically heated instead of the test surface.  Thus, power readings are not 

required which leaves the time and fluid/surface temperatures the only experimental 

measurements needed to calculate heat transfer coefficients.  The resulting heat transfer 

coefficients are calculated as a function of time, but, ideally, they are time invariant.  

Earlier, the heat transfer coefficient was defined to be a proportionality constant that 

relates heat flux to a temperature difference.  The heat flux and temperature difference 

are a function of time but the heat transfer coefficient, by its definition, cannot be. 
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 As mentioned above, most transient experimental approaches involve heating the 

fluid instead of the test surface.  Pipe heaters or resistive meshes are common devices 

used to heat the fluid.  Due to many industrial processes requiring high temperature 

fluids, these types of heaters are readily available.  As in steady state tests, the fluid 

temperature is usually measured with thermocouples.  Considering surface temperature 

measurement, many parallels can be drawn between steady state and transient techniques.  

The copper plate method described earlier can be tailored to transient testing simply by 

removing the heating element behind the plates.  Thermal paints are also widely used in 

transient schemes to attain highly resolved surface temperature distributions.  Another 

method, in between the copper plate method and thermal paints, involves attaching 

thermocouples to the back side of a thin foil.  Each thermocouple measures a local 

temperature on the foil providing moderate surface temperature resolution.  The 

resolution is dependent on how closely the thermocouples are packed together.  In each 

of these setups, the test surface is backed by a low conductivity material to reduce heat 

losses and to maintain a critical assumption for the semi-infinite solid method discussed 

in the following section. 

 Transient techniques represent an increase in complexity over steady state 

methods.  Transient solutions arise from solving ordinary or partial differential equations 

to obtain analytical expressions that relate temperatures, material properties, and time to 

the heat transfer coefficient.  In some cases, the heat transfer coefficient cannot be 

determined explicitly and an iterative scheme must be employed.  However, high 

temperature experimentation is more readily implemented using transient schemes. 

 A key difference between steady state and transient testing lies in how the 

temperature difference between the surface and fluid is accomplished.  Steady state is 
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generally limited to using a heating element to heat the surface from behind.  The net heat 

flux in Equation (3.2) must be known and determined from the power supplied to the 

heaters.  In transient systems, the heat flux does not need to be measured permitting the 

fluid to be heated instead of the test surface.  Moreover, transient schemes render heat 

losses essentially negligible meaning large temperature differences are possible without 

significant penalty.  Shorter transient test times are sometimes used to ensure minimal 

heat losses at high temperatures.  With these short test times, the instrumented test 

surface is only briefly exposed to extreme conditions reducing the possibility of damage.  

However, current thermal paints still cannot survive high temperature transient testing.  

Thus, most high temperature instrumentation is relegated to thermocouples. 

 For the current high temperature study, a transient approach was selected for the 

determination of heat transfer coefficients.  A discussion of two transient heat transfer 

theories is presented in the following sections of this chapter.  Each method can be 

successfully implemented in experimentation to find heat transfer coefficients.  Initially, 

the semi-infinite solid method was employed in this study.  However, difficulties in the 

application of this theory forced a change in experimental technique and the adoption of 

the lumped capacitance method.  As a result, both methods will be discussed along with 

advantages and potential problems of each technique. 

 
The Semi-Infinite Solid Method 
 
 The semi-infinite solid method is a widely used transient technique to solve for 

heat transfer coefficients.  A semi-infinite solid (Figure 3.1) is one that, in theory, extends 

to infinity in all directions but one.  Thus, only one surface is available for analysis.  A 

temperature change at the surface initiates one-dimensional conduction through the solid.  
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Since the solid is semi-infinite, the thermal wave caused by the sudden temperature 

change never reaches the other ‘side’ of the solid.  This ideal situation is not feasible in 

practice but can still be applied to specific types of problems.  Consider a thick, ceramic 

tile found on the underbody space shuttle.  When suddenly exposed to extreme heat, the 

tile can be considered a semi-infinite solid for a short time as the thermal wave 

propagates through the material. 

 

 

Figure 3.1: Transient temperature profiles in a semi-infinite solid [1]. 
 
 

 For a semi-infinite solid analysis to be valid, the temperature change at one 

surface of the slab cannot be ‘felt’ by the opposite surface.  Once the temperature profile 

of the opposite surface is affected by the thermal wave, the semi-infinite solid analysis is 

no longer valid.  To achieve this condition, low thermal conductivity materials can be 

employed to slow the thermal wave or the overall test time can be shortened.  Schultz and 

Jones [30] developed a guideline for selecting an appropriate slab thickness which is 

expressed as: 
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 tz α4>  (3.3) 

where z is the slab thickness, α is the thermal diffusivity, and t is time.  In addition, 

conduction can only occur in one direction.  Depending on the conductivity of the slab, 

some lateral conduction may occur but is considered negligible for short test times.  At 

the boundary of the semi-infinite solid, a step change in temperature must occur.  Most 

experimental studies have difficulty obtaining a true step change in temperature.  To 

account for the lack of a true step change, Duhamel’s theorem of superposition can be 

applied to the semi-infinite solid method.  An account of this theorem is not included in 

the current study. 

 The development of the semi-infinite solid method begins with the one-

dimensional heat equation:  
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 (3.4) 

assuming constant material properties and no internal generation.  The partial differential 

equation can be solved using a separation of variables approach subject to the following 

initial condition and boundary conditions: 

 ( ) iTtxT == 0,  (3.5) 

 ( )( )tTTh
dx
dTk s

tx

−=− ∞
= ,0

 (3.6) 

 ( ) iTtxT =∞→ ,  (3.7) 

where Ti is the initial, uniform temperature throughout the slab and k is the thermal 

conductivity of the slab.  The resulting solution for the temperature distribution through 

the slab is as follows: 
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where T(x,t) is the temperature of the slab at a given location and time and x is the 

distance into the slab (shown in Figure 3.1).  Since the surface temperature of the slab is 

measured, the equation can be simplified to: 
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where 

 ( )txTTs ,0==  (3.10) 

and T(x=0,t) is the temperature of the surface exposed to the convective boundary.  This 

form allows for direct evaluation of the surface temperature with a known heat transfer 

coefficient.  For this study, the surface temperature is known and the heat transfer 

coefficient is desired.  Yet, the heat transfer coefficient (h) cannot be explicitly 

determined from Equation (3.9).  Therefore, an iterative process must be utilized to 

determine the heat transfer coefficient. 

 
The Lumped Capacitance Method 
 
 The lumped capacitance method is another transient technique employed to solve 

for heat transfer coefficients in time dependent heat transfer problems.  This approach 

pertains to a mass that experiences a sudden temperature change in its surrounding 

environment (Figure 3.2).  The temperature throughout the mass is initially uniform and 

constant.  A change in the temperature at the boundary of the mass initiates a change in 

the temperature of the mass.  The temperature of the mass uniformly varies with time 

until an equilibrium state is reached.  If the temperature of the mass as a function of time 
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is known, then the lumped capacitance method can be applied to solve for the heat 

transfer coefficient at the surface.  Also, note that the fluid surrounds the mass in this 

problem whereas in the semi-infinite solid method only one surface interacted with the 

fluid. 

 

 

Figure 3.2: Example of a lumped capacitance heat transfer problem [1]. 
 
 

 The primary assumption in the lumped capacitance method is that the spatial 

temperature profile in the mass is constant, meaning that temperature gradients within the 

mass are neglected. Hence, the temperature of the mass may change with time but the 

temperature throughout the mass must be uniform at a given time.  Although this 

assumption is physically impossible, many problems come close to attaining this 

characteristic.  For example, highly conductive metals, like copper or aluminum, allow 

heat to diffuse quickly so that near constant internal temperature profiles can be achieved.  

To check the assumption’s validity, the Biot number, Bi, must be calculated with the 

expression: 

 
( )
( )tTT

tT
k

hLBi
mass

massc

−
∆

==
∞

 (3.11) 

where Lc is a characteristic length, ∆Tmass(t) is the spatial temperature variation within the 

lumped capacitance mass, and Tmass(t) is the average temperature of the mass as a 
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function of time.  The Biot number describes the ratio of the object’s internal resistance 

to heat flow to the thermal resistance across a fluid boundary layer.  To apply lumped 

capacitance, the following condition must be satisfied: 

 1.0<Bi  (3.12) 

This indicates that the temperature variation within the mass must be less than ten percent 

of the temperature difference between the surface and the fluid.  If this condition is 

satisfied, temperature gradients in the mass can be neglected and the lumped capacitance 

method is valid to implement.  Another key assumption is that a step change occurs in the 

temperature of the fluid surrounding the mass.  This allows for a time invariant boundary 

condition at the fluid-to-mass interface. 

 To develop the lumped capacitance method, a transient energy balance must be 

performed between the mass and the fluid.  The heat transfer rate at the fluid-to-mass 

interface is equated to the time rate of change of the internal energy within the mass 

resulting in: 

 ( )( )
dt
dTmctTThA masss =−− ∞  (3.13) 

where As is the exposed surface area of the mass, Tmass(t) is the temperature of the mass as 

a function of time, m is the object’s mass, and c is specific heat capacity of the mass.  

Equation (3.13) is an ordinary differential equation that can be easily solved with the 

introduction of the following parameters: 

 ( )( )tTT mass−= ∞θ  (3.14) 

 ( )ii TT −= ∞θ  (3.15) 

where Ti is the uniform initial temperature of the mass.  After substitution, Equation 

(3.13) is rewritten as: 
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dt
dmchAs
θθ =−  (3.16) 

with initial condition: 

 ( ) it θθ == 0  (3.17) 

After rearranging and integrating the following solution to the differential equation is 

obtained: 
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This equation describes the temperature of the mass at any given time assuming a known 

heat transfer coefficient.  In order to calculate the heat transfer coefficient, the 

temperature of the mass as a function of time must be known.  Therefore, a more relevant 

form of Equation (3.18) is: 
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where the heat transfer coefficient can be evaluated directly. 

 
Comparison of Transient Methods 
 
 Both the semi-infinite solid and lumped capacitance theories can be applied in 

high temperature experimentation to determine heat transfer coefficients.  Yet, each has 

inherent advantages and flaws regarding test setup and data reduction. 

 The semi-infinite solid method is advantageous when spatially resolved heat 

transfer coefficient distributions are required.  As mentioned earlier in this chapter, 

thermocouples are ideal for high temperature applications.  Although not as high 

resolution as thermal paints, thermocouples can be attached to a thin foil backed by a low 

conductivity slab to measure multiple local temperatures.  At each thermocouple, the 
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semi-infinite solid method calculates a time-independent heat transfer coefficient.  This 

creates a spatial distribution of local heat transfer coefficients. 

 However, material properties can cause significant problems in the calculation of 

heat transfer coefficients.  Imbedded within Equation (3.9) is the thermal conductivity of 

the slab which lies behind and supports the thin foil.  In order to measure the temperature 

of the foil at the surface of the slab, holes must be drilled through the slab up to the 

surface to pass thermocouples through.  Once holes are drilled in the slab, the thermal 

conductivity is no longer equal to thermal conductivity of the slab material.  A composite 

thermal conductivity must be determined that combines the properties of the slab material 

and the thermocouple holes filled with air.  This makes it near impossible to establish the 

conductivity of the composite slab with any confidence.  As a result, the magnitudes of 

the heat transfer coefficients at the surface can be significantly altered.  Another issue 

relating to material properties of the slab is the effect of high temperatures on material 

behavior.  The properties of some materials are a function of temperature and can be 

accounted for with relative ease.  Material properties that change irreversibly with 

temperature increase the difficulty of pinpointing the exact value of the parameter 

desired.  Therefore, well-defined material properties are crucial in the application of the 

semi-infinite solid method. 

 The lumped capacitance method is the easier of the two transient techniques to 

implement.  The heat transfer coefficient can be solved for directly if the temperature (as 

a function of time) of a high conductivity metal object is known.  Since spatial 

temperature variations are negligible, the temperature of the mass can be measured by 

employing a minimal number of thermocouples.  The physical and thermal properties of 

the mass can be easily and fully characterized.  The surface area and mass of the object 
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are not thermally dependent and can be readily measured.  The specific heat capacity of 

the mass is the only thermal property required for the lumped capacitance method.  For 

many highly conductive materials, the specific heat capacity is well-documented. 

 One significant drawback to the lumped capacitance method is the spatial 

resolution of calculated heat transfer coefficients.  For a single mass only one, average 

heat transfer coefficient can be calculated.  For multiple plates, several average heat 

transfer coefficients can be obtained.  Yet, the resolution is still much lower than that of 

the semi-infinite solid method.  Another potential problem relates to the basic premise of 

the lumped capacitance method.  Generally, it describes a highly conductive mass 

completely immersed in a convective fluid.  In setups similar to the semi-infinite solid 

method where only one surface is exposed to the conductive fluid, conduction losses may 

occur through the unexposed surfaces.  The heat transfer coefficient then becomes time 

dependent unless the conduction losses are quantified. 

 Due to issues with material properties, the lumped capacitance method was 

implemented in the present high temperature study.  In order to apply lumped capacitance 

to leading edge impingement, an appropriate test surface must be designed.  The design 

of the impingement test surface along with a synopsis of an existing high temperature rig 

is discussed in Chapter 4.  
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CHAPTER FOUR 
 

Experimental Apparatus 
 
 

 This chapter outlines the features of an existing high temperature rig intended for 

leading edge impingement experimentation and the design of an impingement test 

surface.  As discussed in the previous chapter, the transient technique employed in this 

study is the lumped capacitance method.  Several iterations of the semi-infinite solid 

method were performed in which different test surfaces were designed and built.  

However, due to the final adoption of the lumped capacitance method and the scope of 

this thesis, the test surfaces and limited results for the semi-infinite solid method are not 

presented.  Instead, this thesis focuses on the lumped capacitance method and 

implementing it to effectively measure the heat transfer coefficients of a row of 

impinging jets on a concave surface at elevated temperatures. 

 
Overview of Experimental Apparatus 

 
 The existing high temperature impingement rig (Figure 4.1) was originally 

designed and built by a senior design group at the University of Arizona.  The design is a 

scaled up version of the experimental apparatus of Chupp et al. [2].  It was moved to 

room 107 of Rogers Engineering and Computer Science Building at Baylor University in 

2008.  The rig boasts the ability to investigate the effect of a temperature difference of 

400°F (between jet temperature and initial surface temperature) on leading edge 

impingement heat transfer.  Most laboratory tests incorporate modest temperature 

differences of approximately 30°F - 60°F.  In a gas turbine engine, the gap between the 

coolant temperature and blade temperature is generally over 1000°F.  The current high 
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temperature rig helps to bridge the gap between available low temperature research and 

realistic turbine conditions.  In contrast to a blade cooling scheme, this system 

incorporates a hot jet blowing on a cool surface.  However, the heat transfer results are 

not altered by this reversal of temperatures as buoyancy effects are negligible.  In 

addition, the jet-to-target surface spacing (ℓ/d), jet-to-jet spacing (s/d), and jet-to-target 

surface curvature (D/d) can be independently varied to fully characterize geometrical 

effects.  The current Baylor facility consists of an air compressor, orifice meter, inline 

pipe heater, pneumatic three-way valve, plenum with exchangeable jet plates, adjustable 

carriage with removable target surface, and data acquisition system.  A schematic of the 

experimental setup is provided in Figure 4.2. 

 

 

Figure 4.1: High temperature leading edge impingement facility at Baylor University. 
 
 

Supply Air and Orifice Meter 
 

 Compressed air is supplied to the facility by a large compressor in the basement 

of the building.  Room 107 is first on the compressed air line to minimize flow variations 
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Figure 4.2: Diagram of flow path and experimental facility. 
 
 
caused by other compressed air loads throughout the building.  Upon entering the room, 

compressed air flows through two moisture separators to remove humidity from the air.  

A regulator allows for control of the air pressure upstream of the orifice meter.  On either 

side of the orifice meter are thirty inch sections of two inch diameter cast iron pipe.  The 

initial section of pipe ensures that the flow is fully developed before reaching the orifice 

meter.  The second length of pipe allows for correct flow expansion after the orifice 

contraction so that accurate flow rate measurements can be assessed. 

 The mass flow rate through the system is established by the desired Reynolds 

number at the jet, Rejet.  The jet Reynolds number is expressed as: 

 
µ

ρ dV jet
jet =Re  (4.1) 

where ρ is the density of the jet air, Vjet is the velocity of the jet, d is the diameter of the 

jet, and μ is the dynamic viscosity of the jet air.  Using this Reynolds number definition, 

the required mass flow rate through the orifice meter can be determined.  Utilizing an 

ASME square-edged orifice with flange taps manufactured by Daniel Measurement and 

Control, the mass flow rate can be consistently measured.  Leary and Tsai [31] developed 

an expression for calculating the mass flow rate of a gas, w, passing through a square-

edged orifice meter with flange taps.  The expression is given as: 
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where D2 is the diameter of the orifice plate in inches, K is the discharge coefficient 

(0.62), Y is the expansion factor (0.98), P1 is the static pressure upstream of orifice in 

inches of mercury absolute, T1 is the temperature before the orifice in degree Rankine, G 

is the specific gravity of the gas, y is the supercompressibility factor (1.0), and ΔP is the 

pressure drop across the orifice in inches of water.  The upstream pressure is measured 

using an Ashcroft dial gauge with a 160 psi range.  A Dwyer oil manometer monitors the 

pressure drop across the orifice meter.  The manometer has a resolution of 0.01 inches for 

pressure drops below one inch of water and a resolution of 0.1 inches between one and 

five inches of water.  A one inch orifice plate was selected to provide a measurable 

pressure drop for low Reynolds numbers and limit the pressure drop for high flow rates to 

less than five inches of water.  Figure 4.3 demonstrates the arrangement of the orifice 

meter and flow instrumentation. 

 

 

Figure 4.3: Orifice meter and piping layout. 
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Pipe Heater and Three-Way Valve 
 
 After exiting the piping adjacent to the orifice meter, the compressed air travels 

around the room through one inch diameter rubber hose to a pair of ball valves (Figure 

4.4).  These ball valves direct air flow either through the pipe heater or a bypass hose to 

control the pneumatic, three-way valve.  Closing the ball valve to the pipe heater and 

opening the ball valve to the three-way valve, causes a length of one inch diameter hose 

to pressurize allowing for the operation of the three-way valve.  This section of hose acts 

as a pressure tank for the three-way valve.  During testing, the ball valve to the pipe 

heater remains open and the other ball valve is closed to keep the hose pressurized. 

 

 

Figure 4.4: Ball valve and pipe heater assembly. 
 
 

 An H200 inline air heater built by Farnum Custom Products allows for 

temperature differences up to 400°F to be achieved.  The heater is capable of outputting 

11,500 watts on a 240 volt, three phase line.  However, the full power output cannot be 

realized as the unit is connected to a 208 volt, three phase line.  Still, a 400°F temperature 

difference is attainable for high mass flow rates.  The heater is controlled by a Farnum 
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Custom Products 7550-B40 heater controller capable of handling up to 40 amps.  The 

temperature of the air leaving the heater is manually set by means of a digital readout and 

keypad.  A K-type thermocouple monitors the temperature of the air leaving the heater.  

The controller then automatically adjusts the power sent to the heating element to attain 

the desired output temperature set by the user. 

 Downstream of the pipe heater, a Comp4Act II three-way, pneumatic valve 

controls the flow direction of the high temperature air exiting from the heater.  The 

nominal position of the valve directs air to the plenum of the impingement rig.  The 

secondary valve position forces the hot air to bypass the plenum and flow directly to the 

exit chimney.  The secondary valve position is necessary during the loading of the test 

surface into the impingement facility before a transient test begins.  Once a test is ready 

to start, the position of the valve can be quickly changed by means of a switch on top of 

the heater controller.  Pressure is needed to move the valve from its nominal location to 

the secondary position and maintain that position.  Thus, pressurizing the hose connected 

to the three-way valve is critical.  Enough air is stored in the hose for multiple 

movements of the three-way valve, but the hose is typically re-pressurized before every 

test due to minor leakage in the line. 

 
Plenum, Carriage, and Chimney 
 
 The plenum, carriage, and chimney form the core of the impingement facility.  

Within these areas, all impingement testing occurs.  The plenum promotes uniform flow 

and supplies hot air to the jet plate through which the air passes to impinge on the target 

surface.  The carriage aligns and supports the instrumented test cartridge so that 

impingement may occur on the target surface.  The design and function of the target 
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surface will be presented in a later section.  Finally, the chimney safely exhausts the spent 

impingement air into the room.  Figure 4.5 illustrates the flow path of air through the 

impingement facility.  Since temperatures within the rig can approach 500°F, most 

exposed metallic surfaces are wrapped in insulation for safety purposes and to reduce 

heat loss to ambient air. 

 

 

Figure 4.5: Flow path of air through impingement rig. 
 
 

 A top view of the plenum is provided in Figure 4.6.  A sheet metal cover has been 

removed so that the plenum can be observed.  High temperature air is supplied to the 

plenum by means of a steel pipe welded to one end.  This pipe wraps around the middle 

of the rig and eventually connects to the three-way valve discussed earlier.  Inside the 

plenum, holes are spaced along the pipe that are initially small at the sides of the plenum 

and progressively enlarge toward the center of the plenum.  This pattern of holes 

promotes uniform flow in the plenum as hot air enters from both sides of the plenum.  

The two small brass tubes in the plenum’s midsection serve as static pressure ports to 

monitor the pressure within the plenum.  The other end of the plenum houses the 

exchangeable jet plate. 

Chimney
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Plenum Jet Plate Target Surface
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Figure 4.6: Top view of plenum and other components. 
 
 

 Illustrated in Figure 4.7, the jet plates are constructed from 0.313 inch steel and 

measure 16.875 inches in length and 0.960 inches in width.  The center-to-center jet 

spacing, s, ranges from 0.625 inches to 2.5 inches.  The number of holes on a jet plate can 

range from five to nine.  Available heater power is the primary factor limiting the number 

of holes on a particular plate more.  Additional jet holes (or larger diameter jets) increase 

the required mass flow rate of air through the pipe heater which directly relates to the 

amount of power needed by the heater to achieve a desired temperature difference.  On 

the other hand, a minimum number of jets are maintained on each jet plate so that an 

integer number of jet periods always impinge on the instrumented target surface.  Table 

4.1 lists the jet plate configurations used in this study.  Using an exchangeable jet plate 

system allows the jet-to-jet spacing and jet-to-target curvature ratio to be varied 

independently.  However, new jet plates must be machined each time one of the 

parameters listed above is varied.  In addition, two J-type thermocouples run over the top 

of the plenum to a jet hole at either end of the jet plate.  These are referred to as the jet 
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thermocouples and measure the temperature of the air exiting the jets on either end of a 

particular jet plate. 

 

 

Figure 4.7: Dimensioned jet plates (in inches). 
 
 

Table 4.1: Jet plate configurations. 
 

s/d Jet Spacing (in) Jet Diameter (in) Number of Jets 

2 0.625 0.316 9 

4 1.25 0.316 7 

8 2.5 0.316 7 

4 1.938 0.484 5 
 
 

 The primary purposes of the carriage (Figure 4.8) are to provide support and 

alignment for the test cartridge and to vary the jet-to-target surface spacing.  During 

testing, the test section slides into the rectangular slot on the side of the carriage.  The 

carriage ensures that the target surface is properly centered with the jet plate attached to 

the plenum.  Before testing, a cover is clamped over the rectangular slot while the 

impingement rig is in the preheating process.  Four bolts anchor the legs of the carriage to 

a sheet of plywood that serves as a base for the entire impingement rig.  Loosening these 
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bolts and sliding the carriage in and out changes the jet-to-target spacing.  Moving the 

carriage closer to the plenum reduces the jet-to-target surface spacing and vice versa.  

Figure 4.9 demonstrates the relative position of the jet plate to the target surface.  

Markings on top of the carriage function as visual stops so that desired jet-to-target 

distances can be attained. 

 

 

Figure 4.8: Adjustable carriage allowing for the variation of ℓ. 
 
 

 
 

Figure 4.9: Illustration of jet-to-target surface spacing. 
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 Spent impingement air flows around the plenum and exits the impingement rig by 

means of the chimney.  A view of the inside of the chimney is provided in Figure 4.10.  A 

booster fan is located at the base of the chimney with diverter plates situated further up 

the tower of the chimney.  These features were designed to promote the mixing of room 

temperature with the hot air exiting the impingement rig.  Thus, the air exits the top of the 

chimney at a milder temperature.  However, the booster fan actually forced cool air back 

into the impingement rig affecting temperature measurements of the impinging jets.  For 

the current study, the booster fan was not used.  Without the booster fan, the air exits the 

chimney at a slightly higher, but safe, temperature. 

 

 

Figure 4.10: Exit chimney with exterior panel removed. 
 

 
Data Acquisition 
 
 In order to calculate heat transfer coefficients, the jet temperature along with the 

target surface temperatures must be recorded through time.  A total of twelve J-type 

thermocouples are employed to measure all required temperatures.  J-type thermocouples 
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are exceptionally sensitive and accurate up to 1382°F.  Two thermocouples are used to 

measure the temperature of the two outermost jet holes on a given jet plate.  The target 

surface is instrumented with the remaining ten thermocouples.  To process and record all 

thermocouple measurements a National Instruments (NI) SCXI-1000 chassis is utilized.  

The chassis is currently outfitted with four NI SCXI-1102 thermocouple amplifiers.  The 

twelve thermocouples are connected to an NI SCXI-1303 terminal block which is 

mounted to one of the thermocouple amplifiers.  The voltage potential created by a 

thermocouple is small (on the order of a millivolt).  The thermocouple amplifier 

intensifies the thermocouple voltage for more accurate temperature measurements.  The 

SCXI-1000 chassis controls the timing and signal processing between the data computer 

and the thermocouple modules.  A 2-meter long, SCXI-1349 data cable links the chassis 

and an NI DAQmx PCI-6280 card mounted in the data computer.  An NI LabVIEW 

Virtual Instrument (VI) monitors and writes all temperature data to a text file at rate of 

ten samples per second.  The front panel and block diagram of the VI are found in 

Appendix A. 

 
Design of Impingement Surface 

 
 The leading edge of a turbine blade is significantly curved.  This curvature can 

greatly impact the heat transfer characteristics of impinging jets.  In experimentation, the 

leading edge is generally approximated as a half cylinder.  A half cylinder is a common 

shape that can be easily purchased or machined but still closely resembles a leading edge 

shape.  In the current study, a steel cartridge houses a white, Teflon impingement surface 

composed of three individual pieces.  An instrumented surface is sandwiched between 

two ‘guard’ surfaces with a half cylinder machined into the length of the three pieces 
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(Figure 4.11).  The instrumented surface supports three aluminum plates imbedded in the 

nose of the curvature.  These plates can provide one average heat transfer coefficient each 

by means of the lumped capacitance method.  The impingement surface is one of the 

most critical components of the current experimental apparatus.  It must be designed to 

withstand repeated exposure to almost 500°F air while providing accurate and precise 

temperature data.  Construction drawings of the impingement surface are supplied in 

Appendix B. 

 

 

Figure 4.11: SolidWorks model of composite impingement surface. 
 
 

 As previously mentioned, the impingement surface is primarily composed of 

Virgin Electrical Grade Teflon polytetrafluoroethylene (PTFE).  Teflon PTFE was 

selected for its performance in extreme temperatures.  It can continually operate in 

temperatures up to 500°F without physical or chemical degradation.  Typically, the 

impingement surface is exposed to the high temperature air for no longer than 1.5 

minutes.  Thus, based on prior testing experience, the temperature of the Teflon never 

surpasses 400°F even in the most extreme testing conditions.   

 The Teflon impingement surface is split into three individual sections.  This 

modular arrangement allows for easy modification and replacement of the test surface.  

Instrumented Surface

‘Guard’ Surfaces
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On either end of the impingement surface, two ‘guard’ surfaces measure 7.188 inches 

long and five inches across the face with a 1.75 inch diameter half cylinder running down 

the center.  The instrumented (center) section measures 5.5 inches long and is identical in 

all other dimensions to the two guard surfaces.  The sections successively slide into one 

side of a steel cartridge.  The ‘guard’ surface nearest the handle of the cartridge along 

with the instrumented section have a squared back that allows thermocouple wires to pass 

easily behind them.  Thermocouple wires exit the cartridge through a small rectangular 

hole located below the handle.  The other ‘guard’ surface furthest from the cartridge 

handle retains a cylindrical back; this is simply an artifact of the machining process.  The 

composite surface is held in the test section by means of a small wedge located at the 

open end of the cartridge. 

 The center section of the impingement surface accommodates the instrumentation 

necessary to provide the desired impingement heat transfer results (Figure 4.12).  The 

three metal plates comprising the nose of the half cylinder are five inches in length and 

machined from a solid rod of 6061 aluminum.  This length ensures that at least two full 

jet periods always impinge on each plate.  The chord length of the exposed surface of the 

cylindrical plates was established according to the experimental setup of Chupp et al. [2] 

where narrow platinum strips were employed to measure average heat transfer 

coefficients from a line of impinging jets.  To obtain the required chord length of the 

aluminum plates, the width of these strips relative to the diameter of the target surface 

was scaled up to match the dimensions of the current target surface curvature.  As a 

result, the chord length of each aluminum plate is 0.368 inches.  Two 0.013 inch thick 

Teflon PTFE strips isolate the aluminum plates and reduce the transfer of heat between 

them.  As a result, the gap between the plates remains a constant width and the chord 



 

57 

length of the opposite surface of the plates is 0.490 inches.  Each plate is fastened to the 

Teflon surface by means of two #8-32 screws entering from the back side.  This 

configuration guarantees a smooth flow-side surface. 

 

 

Figure 4.12: SolidWorks model of instrumented section of impingement surface. 
 
 

 Originally, five thermocouples were mounted 0.125 inches deep into each 

aluminum plate using silver-bearing solder.  Due to tight fit tolerances, one of the side 

plates could not be inserted into the surface while instrumented with thermocouples.  

Therefore, only two plates are outfitted with temperature measurement capabilities.  The 

spacing of the thermocouples ensures that the center thermocouple is always directly 

beneath an impinging jet.  The other four thermocouples vary in distances from the jets 

depending on the jet plate used.  This provides a way to monitor the spatial temperature 

profile in the plates.  At the time of the peak heat transfer coefficient, the spatial 

temperature variation in the center aluminum plate ranges from 1°F to 6°F depending on 

test conditions. The temperature of each plate is the average of all five thermocouples. 

Thermocouples exit

Screws enter from back

Teflon PTFE

Aluminum 
Plates 

Teflon PTFE Strip



 

58 

 The plate thickness was determined by calculating the Biot number and checking 

the condition in Equation (3.10).  The characteristic length was taken to be the thickness 

of the aluminum plates.  A ‘worst-case’ heat transfer coefficient was estimated from the 

impingement correlation developed by Chupp et al. [2]  After substituting for a heat 

transfer coefficient of 1015 W/m2K, a plate thickness of 0.25 inches, and a thermal 

conductivity of 180 W/mK, the Biot number was determined to be 0.035.  This result is 

almost an order of magnitude lower than the 0.1 condition described in Chapter 3 

indicating the lumped capacitance method is valid for this setup.  However, as noted in 

Chapter 3, this setup does not fit the framework of a fundamental lumped capacitance 

problem.  Only one surface of the aluminum plates is exposed to the impinging fluid.  

Conduction losses do occur through the aluminum surfaces in contact with the Teflon.  

These heat losses affect the time invariance of the heat transfer coefficient.  A more in-

depth discussion of this issue is provided in Chapter 5. 
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CHAPTER FIVE 
 

Experimental Procedure and Data Reduction 
 
 

 The previous chapter provides a detailed description of the experimental 

apparatus used in this high temperature, leading edge impingement study.  This chapter 

outlines the correct procedure for operating the experimental equipment and obtaining 

accurate heat transfer results.  Following the explanation of the experimental procedure, a 

data reduction section links the generalized presentation of the lumped capacitance 

method in Chapter 4 with specific applications to the current impingement study.  The 

synthesis of experimental data and an uncertainty analysis are discussed as well. 

 
Experimental Procedure 

 
 Due to the high temperature nature of this experiment, safety when operating the 

equipment is paramount.  Internal temperatures of the rig approach 500°F which can 

rapidly burn skin.  Most exposed surfaces are either insulated or covered to protect the 

operator.  However, the operator must handle a limited number of hot components in 

order to complete the experimental procedure.  Thick, leather gloves and safety glasses 

are required when working with the high temperature equipment. 

 
Initial Setup 
 
 The procedure for the initial verification and setup process is as follows: 

1. Verify that all geometrical parameters are set to the desired values.  The jet plate 

must be securely fastened and sealed to the end of the plenum (remove the 

carriage to observe the plenum and jet plate).  Using the markings on top of the 



 

60 

carriage, the jet-to-target spacing can be checked.  To adjust the carriage, loosen 

the bolts on the carriage legs and slide in the needed direction.  Retighten the 

bolts.  Finally, the blue cover must be securely clamped over the rectangular 

opening of the carriage to prevent hot air from spewing directly into the room and 

to augment the rate at which the rig heats up.  The test cartridge should be placed 

out of the way beside the rig or on the floor below the rig. 

2. Plug the large power cable from the heater controller into the 208 volt outlet on 

the wall.  Turn the heater controller on by means of the power switch on the front 

panel.  A temperature will flash on the digital readout indicating the current 

temperature at the exit of the heater.  Ensure that the ball valve nearest the pipe 

heater is closed (B3 in Figure 5.1) and the other ball valve is open (B2). 

 

 

Figure 5.1: Diagram of valves in flow system. 
 
 

3. Check that the manometer is zeroed.  A small, black knob at the bottom of the 

manometer allows for adjustment of the oil level.  Verify that all three gate valves 

below and to the right of the manometer are closed. 

4. Slowly open the large ball valve to the left of the moisture separators and 

regulator (B1 in Figure 5.1) as rapid pressurization of the line will blow the oil out 

of the manometer.  After initial pressurization has occurred, slightly open the 

lowest gate valve (G1) to pressurize the rest of line. 

Orifice Meter

Pipe Heater

From Steady 
Flow Compressor

To Chimney

To Impingement 
Rig

B1

G1

B2

B3 T1
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5. Return to the impingement rig and close the ball valve connected to the three-way 

valve (B2 in Figure 5.1).  The section of hose between the ball valve and three-

way valve should now be pressurized. 

6. Gradually open the ball valve upstream of the pipe heater (B3 in Figure 5.1) until 

it is open all the way.  At this point, the large ball valve on the wall should be 

open (B1), the lowest gate valve only slightly open (G1), the ball valve to the 

three-way valve closed (B2), and the ball valve to the pipe heater open (B3). 

7. To monitor all temperatures, check that the data acquisition system is connected 

to the data computer.  Start the LabVIEW program, create a text file named 

‘junk.txt’, and run the program.  Temperatures are displayed on the screen and 

written to the text file in real time. 

 
Flow and Temperature Adjustment 
 
 The temperature and flow rate of the air must be steady within the rig before 

experimentation can be performed.  The sequence for adjusting the air temperature and 

rate of flow is described below: 

1. To set the desired heater temperature press the ‘SETUP’ button on the front panel 

of the heater controller.  A flashing number indicates the current temperature 

setting of the heater.  Use the ▲ or ▼ buttons to increase or decrease the output 

temperature of the heater.  Once the desired setting is reached, hit the ‘RETURN’ 

button to save the setting.  It is recommended that initially the temperature setting 

be significantly higher (100°F or more) than the required experimental 

temperature to decrease the time needed to preheat the rig. 
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2. Once the heater temperature is established, send power to the pipe heater by 

pressing the ‘HEAT ON’ key on the front of the heater controller.  Air must be 

flowing through the heater; otherwise, damage to the heater may occur. 

3. Setting the flow rate of the system is an iterative process.  The upstream static 

pressure and pressure drop simultaneously change as the flow rate is increased or 

decreased.  Establishing a constant upstream static pressure will simplify the 

process.  Adjust the regulator until the predetermined static pressure is reached.  

Use Equation (4.2) to calculate the necessary pressure drop across the orifice 

meter based on a flow rate determined from the desired jet Reynolds number.  

Open or close the gate valve until the correct pressure drop across the orifice 

meter is obtained.  Return to the regulator and adjust the upstream pressure.  

Repeat the previous two steps until the required flow rate is achieved. 

4. Using the LabVIEW program, monitor the internal temperature of the rig.  The 

heater temperature may be adjusted in real time by following Step 2.  Once the 

temperature of the rig has reached the required level and is steady, 

experimentation is ready to begin. 

 
Experimentation and Shut Down 
 
 The process for performing the transient test and gathering temperature data is 

outlined below.  Gloves and safety glasses must be worn at this stage. 

1. Stop the LabVIEW program and create a new text file.  This text file stores all 

relevant temperature data for the current transient test. 

2. Remove the clamps from the blue cover but hold the cover over the opening.  This 

cover could be extremely hot depending on the temperature of the rig.  Flip the 
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switch on the top of the heater controller from ‘Surface’ to ‘Exhaust’.  Quickly set 

aside the blue cover and insert the test cartridge into the impingement rig.  

Immediately, start the LabVIEW program then flip the switch back to ‘Surface’.  

The elapsed time of this step should be less than two seconds.  The initial 

temperatures in the text file will need to be adjusted to remove temperature data 

written prior to toggling the switch back to ‘Surface’. 

3. Monitor the changing temperatures on the computer screen.  After 60 to 90 

seconds the transient test is finished.  Stop the LabVIEW program and remove the 

test cartridge from the rig.  Replace the blue cover over the opening in the rig. 

4. Turn off the heater by pressing the ‘HEATER ON/OFF’ button.  Turn off the 

heater controller by means of the power switch.  Unplug the power cable and roll 

it up. 

5. Flow through the heater should be maintained for at least five minutes after the 

heater is turned off.  The heating elements need to be properly cooled so that they 

are not damaged. 

6. Shut off the air flow by closing the large valve furthest upstream in the system.  

Allow all air to escape the lines and close the lowest gate valve. 

This concludes the experimental procedure.  Two to three hours are required between 

transient tests to allow for proper cool down of the impingement surface.  A fan can be 

used to force-cool the impingement surface shortening the overall cool down time.  With 

the time and temperature data gathered during the test, an average heat transfer 

coefficient for each instrumented aluminum plate can be calculated. 



 

64 

 
Data Reduction 

 
 With the acquisition of transient temperature data, heat transfer coefficients can 

be extracted from the data by applying the lumped capacitance method. The general heat 

transfer theory behind the lumped capacitance method is presented in Chapter 3.  

However, a more direct application of the method is required to calculate impingement 

heat transfer coefficients from the current experimental facility. 

 Recall that the final solution to the lumped capacitance differential equation, 

rearranged to solve for the heat transfer coefficient, is expressed in Equation (3.18).  In 

jet impingement, the temperature of the fluid expelled from the jet, Tjet, is substituted for 

the bulk fluid temperature, T∞.  For the current experimental setup, the temperature of the 

mass as a function of time, Tmass(t), is replaced with the average, time dependent 

temperature of an aluminum plate, Tplate(t).  Tplate(t) is the average of the five 

thermocouples mounted in a plate.  Equation (3.18) is then revised to fit the following 

form: 

 
( )
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−
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where h is the average heat transfer coefficient of the aluminum plate, m is the mass of an 

aluminum plate, c is specific heat capacity of 6061 aluminum, As is the surface area of the 

plate exposed to the impinging fluid, and Ti is the average, initial temperature of the 

aluminum plate.  The initial temperature distribution of the aluminum plate must be 

recorded momentarily before the impinging jets strike the test surface.  The text file 

containing the time and temperature data may need to be edited to reflect the true starting 

time and temperatures.  The level of editing depends on the time elapsed between starting 
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the LabVIEW program and redirecting air to the plenum and jet plate.  Once the data file 

is finalized, a Matlab script file (Appendix C) is employed to calculate the heat transfer 

coefficient of the aluminum plate at each recorded time.  For purposes of comparison to 

other studies, a dimensionless heat transfer parameter, the Nusselt number (Nu), is 

calculated based on the heat transfer coefficient.  The Nusselt number compares the level 

of convective heat transfer to conductive heat transfer across a fluid/surface interface.  A 

Nusselt number equal to one indicates a case of pure conduction (i.e. stagnant air in 

contact with a heated surface).  On the other hand, a Nusselt number greater than one 

represents the relative heat transfer enhancement gained by the motion of the fluid.  The 

Nusselt number is defined by the following equation: 

 
fk

hdNu =  (5.2) 

where d is the diameter of the jet and kf is the thermal conductivity of the impinging air.  

The Nusselt number is, essentially, a scaled, non-dimensional heat transfer coefficient. 

Consequently, general trends are the same for both parameters.  From this point forward, 

the heat transfer coefficient will be discussed in terms of the Nusselt number. 

 As stated at the end of Chapter 4, conduction losses through the backside of the 

aluminum plates affect the calculation of the Nusselt number.  Theoretically, the Nusselt 

number should be independent of time in transient testing.  Thus, the experimental value 

of the Nusselt number could be taken at any point in time within a valid test.  However, 

in this study, the Nusselt number rapidly increases to a maximum and then steadily 

decreases until the end of the data is reached.  Figure 5.2 illustrates the occurrence of the 

Nusselt number maximum and subsequent decrease in Nusselt number through time in 

the initial stage of a typical transient test.  The steady decrease of the Nusselt number is 
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due to conduction losses from the aluminum plates through the Teflon solid.  As heat is 

lost from the plates, the plate temperatures do not increase as quickly as they would 

otherwise resulting in a reduction of the Nusselt number with time.  In a fundamental 

lumped capacitance problem, the entire surface area of the solid is exposed to the 

convective fluid and conduction losses are non-existent.  Fortunately, a reasonable 

Nusselt number is still obtained in spite of the heat losses incurred throughout the 

impingement test.  The Nusselt number maximum typically occurs within one to four 

seconds of the start of a given test.  This maximum occurs before the conduction losses 

from the aluminum plates become significant.  As a result, the experimental Nusselt 

number values reported in Chapter 6 are the peaks of these Nusselt number curves as 

exhibited in Figure 5.2. 

 

 

Figure 5.2: Nusselt number vs. time for a high temperature impingement test. 
 
 

 As shown in Equation (5.1), the jet temperature is used as the fluid reference 

temperature in the current impingement study.  This introduces an on-going debate within 
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the jet impingement community about what temperature should be used as the fluid 

reference temperature.  The reference temperature affects the calculation of the heat 

transfer coefficient and the definitions of the Reynolds number and the Nusselt number.  

These Reynolds number and Nusselt number need to be well-defined because they are 

critical for academic comparisons and heat transfer calculations in industry.  It is argued 

by some that the temperature driving the heat transfer at the target surface is not the jet 

temperature but the adiabatic wall temperature, Taw.  The concept of the adiabatic wall 

temperature arises from high speed, isothermal flows.  As high speed air flows over a 

surface, momentum loss occurs across a thin boundary layer created close to the surface.  

The momentum dissipation across this boundary layer is absorbed by the slow-moving 

fluid near the surface in the form of heat.  This results in an augmentation of the bulk 

fluid temperature as described below: 

 
c

UTTaw 2

2
∞

∞ +=  (5.3) 

where U∞ is the bulk fluid velocity and c is the specific heat capacity of the fluid.  The 

adiabatic wall temperature is applied to jet impingement to help account for entrainment 

effects and the stagnation of the jet stream on the target surface.  It is introduced as an 

unknown and both the adiabatic wall temperature and heat transfer coefficient are 

determined simultaneously.  In practice, the adiabatic wall temperature is impossible to 

measure directly.  Frequently, the impingement effectiveness, η, is introduced to relate 

the adiabatic wall temperature to the jet temperature and another well-defined, but 

sometimes arbitrary, reference temperature.  The impingement effectiveness arises from 

film cooling experimentation.  In film cooling research, the film cooling effectiveness 
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relates the difficult-to-measure film temperature to other known, measurable parameters.  

The impingement effectiveness is defined as: 

 
refjet

refaw

TT
TT

−

−
=η  (5.4) 

where Tref is a reference temperature other than the jet temperature.  In an impingement 

study by Van Treuren et al. [32], the temperature of the jet plate could be independently 

regulated and was substituted for Tref.  As mentioned in Chapter 2, Fénot et al. [11] 

investigated an unconfined jet impinging on a flat plate and replaced Tref with the ambient 

room temperature.  By solving Equation (5.4) for Taw, the resulting expression for Taw can 

be substituted for Tjet or T∞ in Equation (5.1) or Equation (3.9), respectively.  

Consequently, the impingement effectiveness and heat transfer coefficient can be 

determined simultaneously.  The adiabatic wall temperature is then calculated from the 

impingement effectiveness.  However, this introduces a calculation-dependent reference 

temperature which means corrections must be made for Reynolds number after the test is 

performed.  In addition, the adiabatic wall temperature, unlike the jet temperature, is not 

readily known in industrial applications 

In this study, the jet temperature is directly measured and is essentially constant 

throughout a test.  Since the impingement rig is preheated before a transient test, the air 

entrained by the impinging jets is close to the same temperature as the jets.  Entrainment 

effects are considered negligible and the adiabatic wall temperature is equal to the jet 

temperature.  In addition, heat transfer results from this experiment are gathered in 

consideration for their use in industry.  Thus, the jet temperature is maintained as the 

fluid reference temperature. 
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Uncertainty Analysis 
 

 The methods of Kline and McClintock [33] are utilized to evaluate the 

experimental uncertainty of the Reynolds numbers and the Nusselt numbers presented in 

this study.  Sample uncertainty calculations are found in Appendix D.  Since the main 

focus of the current study is high temperature jet impingement, the uncertainty values 

presented are only for high temperature test cases.  The uncertainty of the Reynolds 

number is 2.3% and 1.2% for Rejet = 5000 and Rejet = 20000, respectively.  For a high 

Nusselt number (95.26), uncertainty is on the order of 14% but as high as 123% for a low 

Nusselt number (20.70).  Clearly, the uncertainty in the Nusselt number results is quite 

high.  However, the reason for these high uncertainties is readily explained.  By far, the 

largest contributor to the Nusselt Number uncertainty is the temperature measurement.  

The accuracy of a J-type thermocouple is approximately 2.7°F.  After applying the 

methods of Kline and McClintock, the uncertainty of a temperature difference is found to 

be 3.8°F.  Recall from Equation (5.1) that to calculate the heat transfer coefficient a ratio 

of temperature differences must be evaluated.  The ratio consists of the difference 

between the jet temperature and the plate temperature divided by the jet temperature 

minus the initial plate temperature.  As mentioned in Chapter 5, the maximum heat 

transfer coefficient occurs at times less than four seconds.  For these small times, the ratio 

of these two terms is close to one indicating the values of the two terms are near equal.  

At low Nusselt numbers, the variation between the two temperature differences can 

approach the value of their uncertainty (3.8°F).  Therefore, uncertainties above 100% can 

be observed. 

 As will be shown in Chapter 6, there are no anomalies in the experimental data or 

unusual changes in Nusselt number between experimental cases.  This indicates that the 
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results are repeatable and accurate despite large uncertainties observed at low Nusselt 

numbers.  Recommendations are provided in Chapter 7 with methods for lowering the 

uncertainty values of the Nusselt number results reported in the current study.  
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CHAPTER SIX 
 

Results 
 
 

 This chapter presents the experimental and numerical results of the present high 

temperature, leading edge impingement study.  The experimental work is presented first 

along with comparisons to the leading edge impingement study of Chupp et al. [2].  

Lastly, the numerical investigation is outlined and evaluated against the current 

experimental results as well as Chupp et al. [2] 

 
Experimental Investigation 

 
 To fully characterize the behavior of a line of jets impinging on a cylindrical 

surface, 47 experimental cases were performed.  As seen in Table 6.1, 14 validation tests 

were completed at a temperature difference of 60°F.  Another 34 cases were executed at a 

temperature difference of 400°F (Table 6.2).  From these cases, the effects of jet-to-target 

surface spacing (ℓ/d), jet-to-jet spacing (s/d), Reynolds number (Rejet), jet-to-target 

surface curvature (D/d), and temperature difference were exhaustively explored.  The 

Nusselt number results from these tests were compared to the stagnation Nusselt number 

correlation developed by Chupp et al. [2] and to the numerical portion of this study.  The 

Chupp et al. [2] correlation was created from impingement testing conducted at a 

temperature difference of 60°F.  Also, only an average stagnation Nusselt number can be 

extracted from the correlation.  As expressed in Chapter 4, the aluminum plates used in 

the current study were designed to resemble the experimental setup of Chupp et al. [2].  

The Nusselt number calculated from the middle plate is comparable to the average value 

produced by the correlation.  Thus, all experimental results presented in this chapter are 
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from the middle plate.  Heat transfer results were gathered for the instrumented side plate. 

Due to the scope of the current investigation, the side plate results are not presented.  The 

numerical investigation and subsequent comparisons are provided in the second half of 

this chapter. 

 
Table 6.1: Validation cases performed at ∆T = 60°F. 

 
s/d ℓ/d D/d Rejet 
4 2, 4, 8 3.6 10000 
2 2, 4, 8 5.5 10000 
4 2, 8 5.5 10000 
4 4 5.5 5000, 10000, 20000 
8 2, 4, 8 5.5 10000 

 
 

Table 6.2: High temperature cases performed at ∆T = 400°F. 
 

s/d ℓ/d D/d Rejet 
4 2, 8 3.6 10000, 20000 
4 4 3.6 5000, 10000, 20000 
2 2, 4, 8 5.5 5000, 10000, 20000 
4 2, 4, 8 5.5 5000, 10000, 20000 
8 2, 4, 8 5.5 5000, 10000, 20000 

 
 

 Correct interpretation of the Nusselt number plots in the following sections is 

critical.  All lines (solid or dashed) represent the correlation reported by Chupp et al. [2].  

A solid line indicates that the geometrical and flow parameters fall within the limitations 

of the correlation.  Dashed lines represent data from the correlation that lies outside the 

declared geometrical or flow domain (see Table 6.3).  Experimental data are represented 

by discrete points.  Filled markers signify a temperature difference of 400°F; white-face 

markers correspond to a 60°F temperature difference.  The colors in the figures represent 

the relative level of heat transfer (or cooling potential) of each set of data.  Typically, red 

is the lowest level of heat transfer and blue is the highest. 
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Table 6.3: Limitations of correlation developed by Chupp et al. [2]. 
 

Parameter Lower Limit Upper Limit 
Rejet 3,000 15,000 
s/d 4 16 
ℓ/d 1 10 
D/d 1.5 16 

 
 
Effect of Jet-to-Target Surface Spacing 
 
 Figure 6.1 illustrates the effect of jet-to-target surface spacing for jet-to-jet 

spacing ranging from s/d = 2 to s/d = 8.  Generally, the Nusselt number increases with 

decreasing distance between the jet and the target surface.  This is especially apparent 

between ℓ/d = 8 and ℓ/d = 4.  At ℓ/d = 8, the jet is far away from the target surface 

resulting in lower velocity air stagnating on the surface.  In addition, larger distances 

allow for more entrainment of stagnant air causing diffusion of the jet stream and 

lowering of the overall heat transfer.  Near ℓ/d = 4, the potential core of the jet begins 

impinging on the target surface and the Nusselt number becomes insensitive to a 

reduction in ℓ/d.  The potential core contains a uniform velocity structure unaffected by 

entrainment.  Within this region, the highest velocity of the jet impinges on the surface.  

Consequently, the Nusselt number cannot increase further with decreasing ℓ/d.  This 

trend is apparent at s/d = 4 and s/d = 2.  It is interesting to note that at s/d = 8 a slight 

increase in Nusselt number occurs from ℓ/d = 4 to ℓ/d = 2.  This can be attributed to the 

wide spacing of the jets.  The jets are afforded more lateral room to disperse which may 

weaken the enhancement ability of the potential core.  As will be discussed later, the lack 

of a temperature effect is quite apparent.  Many low temperature markers are almost 

completely hidden behind their high temperature counterparts.  The percent difference 

between the majority of these pairs is approximately 3.0%. 
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Figure 6.1: Effect of ℓ/d at varying s/d (vs. Rejet). 
 
 

 The experimental data closely agrees with the Chupp et al. [2] correlation within 

the domain of the correlation except at ℓ/d = 2.  Within the limitations of the correlation, 

the percent difference is less than 15%.  Outside the correlation’s domain, at s/d = 2, the 

experimental data varies significantly from the correlation.  The correlation considerably 

overestimates the Nusselt number at ℓ/d = 2 while slightly underestimating the heat 

transfer at ℓ/d = 8.  Moreover, decreasing ℓ/d (at s/d = 2 or s/d = 4) does not afford the 

Nusselt number gains indicated by the correlation.  These are significant discoveries as 

engine designers attempt to pack jets close together and close to the target surface in the 

leading edge.  The expected cooling potential exceeds the actual heat transfer afforded by 

these jet configurations leading to damaged or destroyed turbine blades. 

 
Effect of Jet-to-Jet Spacing 
 
 The effect of jet-to-jet spacing on Nusselt number is shown in Figure 6.2.  By 

varying the spacing of jets, the proximity of stagnation regions is directly affected.  For 

small jet spacing, the intensity of the stagnation region can be lowered as a result of 
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close, highly turbulent interaction with the spent air from other jets.  But, the heat transfer 

between jets is enhanced by these intense jet-to-jet interactions.  Thus, overall heat 

transfer is augmented with decreasing jet-to-jet spacing up to s/d = 4.  Enhancement of 

the Nusselt number occurs between s/d = 8 and s/d = 4 but no increase occurs from s/d = 

4 to s/d = 2.  A similar effect was present between ℓ/d = 4 and ℓ/d = 2 (demonstrated in 

Figure 6.1).  However, the Nusselt number insensitivity at small s/d occurs across all 

three plots in Figure 6.2.  As s/d decreases, the discrete jet holes move closer together 

approaching a continuous slot.  Yet, impingement from a continuous slot is a less 

efficient means of cooling than with discrete jets [16, 17].  Potentially, the jets are packed 

close enough together at s/d = 2 that no further heat transfer enhancement can be attained.  

With additional investigation, a Nusselt number reduction could become apparent with 

closer jet-to-jet spacing (s/d < 2) resembling the lower overall heat transfer afforded by a 

continuous slot jet. 

 

 

Figure 6.2: Effect of s/d at varying ℓ/d (vs. Rejet). 
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 At small ℓ/d in Figure 6.2, the Chupp et al. [2] correlation shows that s/d = 2 

produces the highest overall heat transfer.  However, a complete reversal occurs at ℓ/d = 8 

where s/d = 2 appears to have the lowest cooling potential.  Figure 6.3 offers a different 

perspective of this interesting trend by plotting Nusselt number versus ℓ/d for three 

Reynolds number values.  At each Reynolds number, the s/d = 2 line decreases with 

increasing ℓ/d, intersects the s/d = 4 line at ℓ/d = 6, and continues to decrease below the 

s/d = 8 line.  It is not completely clear as to why this trend is apparent in the correlation.  

Obviously, the experimental data does not agree with this tendency at s/d = 2.  The 

Nusselt markers for s/d = 2 and s/d = 4 consistently group together and do not fall below 

s/d = 8 for any ℓ/d or Rejet.  As explained in the previous paragraph, packing more jets 

closer together should, in general, increase heat transfer.  The reversal at s/d = 2 may be 

due to an artifact of the development of the correlation since s/d = 2 was not considered 

in the original Chupp et al. [2] study. 

 

 

Figure 6.3: Effect of s/d at varying Rejet (vs. ℓ/d). 
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Effect of Jet Reynolds Number 
 
 As illustrated in Figure 6.4, an increase in jet Reynolds number serves to increase 

the overall heat transfer of impinging jets which is a widely supported trend in the 

impingement community.  The Reynolds number is a non-dimensional flow parameter 

that is directly related to the exit velocity of an individual jet.  Each jet within a particular 

jet-to-jet spacing scheme has the same Reynolds number (or exit velocity).  Naturally, it 

follows that increasing the Reynolds number augments the overall heat transfer by 

forcing higher velocity air through the jets to impinge on the target surface.  Also, the 

intensity of the stagnation region is enhanced along with the turbulence at the surface 

further boosting heat transfer.  At s/d = 8, the experimental data and the Chupp et al. [2] 

correlation are in close agreement.  The percent difference between any data point on this 

plot and the correlation is less than 10%.  A slight drop in Nusselt number occurs at Rejet 

= 20000, but the correlation appears to be valid when extrapolated to Rejet = 20000.  At 

s/d = 4, the leveling off of the Nusselt number at ℓ/d = 4 and ℓ/d = 2 can clearly be 

observed.  Still, the correlation and experimental Nusselt numbers match well for ℓ/d = 4 

and ℓ/d = 8 at all Reynolds numbers tested.  However, more significant differences in the 

experimental data and correlation are displayed at s/d = 2.  Experimental data indicates 

higher heat transfer at ℓ/d = 8 than the correlation.  Moreover, the experimental data 

demonstrates that the average stagnation Nusselt number levels off and sometimes even 

decreases for ℓ/d < 4.  In contrast, the correlation reported by Chupp et al. [2] continues 

to increase, seemingly exponentially, with decreasing ℓ/d.  The single jet investigation 

performed by Lee et al. [13] supports the overall trend illustrated by the experimental 

data.  The authors found that stagnation Nusselt numbers peaked at approximately ℓ/d = 6 

and decreased slightly for smaller ℓ/d. 
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Figure 6.4: Effect of Rejet at varying s/d (vs. ℓ/d). 
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curvature of the surface.  Fénot et al. [14] observed this effect with a line of impinging 

jets which the authors referred to as a ‘dead fluid’ region.  An area of lower heat transfer 

was observed immediately along the apex of the curved target surface.  The authors 

attributed this local reduction in heat transfer to impingement air becoming trapped in the 

nose of the cylindrical target surface.  On the other hand, a larger jet provides an 

increased coverage area resulting in a greater area of heat transfer enhancement around 

the stagnation region.  These two effects counter each other which renders the relative 

target surface curvature effect of minimal consequence. 

 

 

Figure 6.5: Effect of D/d at varying ℓ/d (vs. Rejet). 
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prediction of the average stagnation Nusselt number is apparent at ℓ/d = 2.  The trend can 

be attributed to the potential core impinging on the target surface and the Nusselt number 

insensitivity that ensues (see Figure 6.1). 

 
Effect of Temperature Difference 
 
 Temperature differences of 60°F and 400°F were investigated in the present 

study.  These advertised temperature differences are the difference between the jet 

temperature (Tjet) and the average, initial temperature of the middle aluminum plate (Ti).  

An inspection of Figure 6.1–Figure 6.5 clearly shows that average stagnation Nusselt 

numbers are unaffected by varying temperature differences.  The largest percent 

difference between a ∆T = 60°F and a ∆T = 400°F test for the same flow and geometry 

parameters is 7.5% with the majority less than 3.0%.  In some instances, the two Nusselt 

numbers are close enough that the low temperature data marker is completely covered by 

the high temperature data marker.  Although the Nusselt number is temperature 

independent, the magnitude of the heat transfer coefficient is affected by changes in jet 

temperature.  In Chapter 5, the Nusselt number is expressed as the ratio of the convection 

heat transfer coefficient to the thermal conductivity of the fluid.  The thermal 

conductivity of air is a strong function of temperature.  The value of the thermal 

conductivity is much smaller at ∆T = 60°F and than at ∆T = 400°F.  In order for the 

Nusselt number to be independent of temperature, the impingement heat transfer 

coefficient at low temperatures must be less than the heat transfer coefficient at high 

temperatures.  This is significant in industry when the heat transfer coefficient is back-

calculated from the Nusselt number.  The fluid reference temperature originally used as a 
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basis to evaluate Nusselt numbers must be known so that valid heat transfer coefficients 

can be determined. 

 
Numerical Investigation 

 
 Computational fluid dynamics (CFD) has become an increasingly popular tool in 

academic and industrial research.  It allows for the testing and verification of designs 

prior to the building of scale models and experimental testing.  This saves time and 

money in the iterative design process.  Conditions that are unattainable in a lab setting 

can be achieved through the use of CFD.  These numerical simulations work by finding 

solutions to the Navier-Stokes equations throughout a fluid domain divided into small, 

volumetric elements.  The Navier-Stokes equations are partial differential equations that 

describe the conservation of momentum in a flow domain.  Since an analytical solution to 

the fundamental Navier-Stokes equations is not available, an iterative process is required 

to find a solution to the momentum equations and, in turn, the conservation of energy 

equations.  Consequently, CFD simulations cannot stand on their own; they must be 

validated and confirmed with experimental data.  However, advancing technology and a 

growing database of empirical data continues to improve the accuracy of CFD 

simulations. 

 For the current study, the numerical investigation consisted of 28 test cases as 

listed in Table 6.4.  These cases were intended to reinforce and expand upon the 

experimental findings.  Using commercial CFD software, eight fluid domains were 

constructed, meshed, and solved.  A broad outline of this process is described in the next 

section.  Results from the numerical simulations are also discussed followed by 

comparisons to experimental results and the correlation developed by Chupp et al. [2].  
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Finally, an intriguing analysis of the time-varying nature of impinging jets is presented 

and discussed. 

 
Table 6.4: Numerical test matrix.  

 
∆T (°F) s/d ℓ/d D/d Rejet 

60 8 8.5 5.5 5000, 7000, 10000 
60 8 2 5.5 7000 
400 8 8.5 5.5 7000 
400 4 4 3.6 10000, 20000 
400 2 4 5.5 10000, 20000 

400, 600, 800, 1000 4 4 5.5 10000, 20000 
400 8 2, 6, 8 5.5 10000, 20000 
400 8 4 5.5 5000, 10000, 15000, 20000, 25000 

 
 

Setup and Procedure 
 
 Contrary to typical three-dimensional design work, a CFD simulation requires the 

modeling of the fluid domain instead of the solid, tangible components for a particular 

geometrical configuration.  In this study, the fluid domain resembles the inside of the 

experimental impingement apparatus.  With similar flow geometries, a direct comparison 

could then be made between the experimental and numerical results.  In addition, the 

fluid domain consists of only one jet period instead of a complete row of jets.  A periodic 

boundary condition is used to replicate the effects of jets on either side of the flow 

domain.  Boundary conditions are discussed in further detail later in this section.  Figure 

6.6 displays an example of a typical fluid domain modeled in SolidWorks.  Eight 

individual flow domains are modeled in order to encompass all 28 test cases.  The 

SolidWorks model is saved in STL format for easy importation into the meshing 

software. 

 Meshing is required to descritize the fluid domain into nodes and volumetric 

elements so that a fluid flow and heat transfer solution can be obtained for each  
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Figure 6.6: SolidWorks model of the fluid domain for a single jet period. 
 
 

individual element.  To create a mesh within the three dimensional fluid model, a mesh 

generating software called ICEM is utilized.  ICEM is a part of the ANSYS 12.0 software 

package which encompasses all the CFD programs used in this numerical investigation.  

All meshes are unstructured ‘Tetra/Mixed’ type grids created by means of the robust 

Octree meshing method.  A scale factor of 0.1 is set with a maximum global element size 

of 2.0.  Since the fluid geometries are created in inches, the mesh scaling is reduced to 

0.1 inches with a maximum element size of 0.2 inches.  The most crucial component of 

the geometry is the target surface.  Seven prism layers with height ratios of 1.2 are 

designated on the curvature of the target surface.  Prism layers are semi-structured mesh 

layers that provide uniform, brick-like elements on a critical surface.  They are excellent 

for capturing viscous and heat transfer effects near a solid wall of interest.  Figure 6.7 

displays an unstructured mesh along with a magnified view of the prism layers at the 

target surface.  After creating, smoothing, and checking the integrity of the mesh, the 

mesh is exported to the CFX pre-processor.  

 CFX is a CFD software contained within ANSYS 12.0 package composed of a 

pre-processor, solver, and a post-processor.  CFX-Pre accepts the grid from the mesh 

generator and applies boundary conditions and other pertinent parameters to the 

completed mesh.  The CFX Solver Manager iteratively determines the solution to the  
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Figure 6.7: Cross-section of typical mesh structure. 
 
 
simulation assembled in CFX-Pre.  Lastly, CFX-Post synthesizes the raw data from the 

solver to create relevant parameters, contours, and plots for the user. 

 Once the mesh is imported into CFX-Pre, the boundary conditions are established.  

A labeled diagram of the boundary conditions is provided in Figure 6.8.  A mass flow 

inlet is applied at the open face of the jet which allows the desired mass flow and 

temperature of the inlet air to be set.  The jet temperatures range from 130°F to 1070°F.  

A pressure outlet is located where the spent impingement air exits the fluid model.  The 

gauge pressure of the outlet is set to zero so that no pressure build up occurs within the 

model.  Translational periodic boundary conditions are set on either side of the fluid 

domain.  These periodic boundaries allow air to flow freely from one boundary to the 

other and vice versa.  This simulates jets on either side of the fluid domain in question 

and creates flow conditions similar to a line of impinging jets.  Finally, the target surface 

is established as a smooth wall at a constant temperature of 70°F.  A key difference 

between the numerical and experimental investigations is that the computational 

simulations are steady state and the experimental tests are transient.  Unlike the transient 

experimental testing, the temperature of the target surface remains at a constant value 
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throughout the numerical solution.  However, since the heat transfer coefficient is a 

proportionality constant, it is comparable across steady state and transient techniques. 

 

 

Figure 6.8: Boundary conditions for impingement flow domain. 
 
 

 The shear stress transport (SST) model is used to account for turbulence in the 

flow regime.  The SST model is a common two-equation turbulence model employed by 

other CFD impingement investigations on flat plates [34, 35] and in the leading edge [36, 

37].  It was originally developed as an improved version of the venerable k-ω turbulence 

model. To improve the accuracy of the turbulence model, an SST curvature correction 

and SST reattachment modification are enabled in CFX-Pre. 

 After creating a definition file in CFX-Pre, the CFX Solver Manager iteratively 

determines a solution based on the mesh created in ICEM and the boundary conditions 

applied in the pre-processor.  A complex issue for iterative solvers is convergence 

criteria.  Within CFX-Pre, the maximum number of iterations (10,000) is allocated and a 

residual target value (10-6) is set to fully characterize the convergence criteria.  Residuals 

are the differences of important flow, heat transfer, and turbulence parameters between 
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the previous iteration and the current iteration.  Although a target residual value is set, not 

all residuals reach this target value during a simulation.  Commonly, residuals fluctuate 

periodically around an average value that is larger than the target residual value (see 

Figure 6.9).  At this point, the numerical solution is considered converged because lower 

residual values are not possible with the particular simulation.  In the present study, the 

simulation is allowed to run until all the residuals are below 10-6 or fluctuating around an 

average value higher than 10-6.  The simulation is stopped when the energy residuals are 

at their lowest value.  This afforded consistent convergence criteria that are applied to 

each of the numerical cases. 

 

 

Figure 6.9: Residuals monitor from CFX Solver Manager. 
 
 

 The completed and converged simulation is loaded into CFX-Post so that 

meaningful information is extracted.  As previously mentioned, the numerical simulations 

are fundamentally steady state tests.  Therefore, heat transfer coefficients are determined 

from Equation (3.1).  The jet and target surface temperatures are preset and the heat flux 
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on the target surface is provided by the numerical solution.  The Nusselt number is then 

obtained from Equation (5.2).  An advantage of numerical solutions is the highly resolved 

Nusselt number distributions that can be attained.  However, for comparison purposes the 

Nusselt number is averaged across a stagnation region matching the width of an 

aluminum plate (refer to Figure 6.6).  This average stagnation Nusselt number is reported 

when comparing to experimental data and Chupp et al [2]. 

 
Grid Independency 
 
 Although great care is taken to produce high quality meshes to achieve consistent, 

accurate solutions, mesh independency is crucial to check the validity of numerical 

solutions.  Grid independency is a process to verify that computational solutions are not 

mesh-dependent.  In some instances, the solutions to CFD simulations will change with 

increasing mesh refinement.  At some point, the mesh becomes fine enough that the 

solution is insensitive to the element density.  In the present study, three, and sometimes 

four, different mesh densities are created for each of the eight flow geometries to check 

mesh independency.  Mesh densities were refined by reducing the maximum element size 

at the target surface, and forcing the mesh generator to create more elements throughout 

the rest of the mesh. 

 Generally, the maximum yplus, y+, value and stagnation Nusselt number 

distribution are considered to confirm mesh independency.  The y+ value is a non-

dimensional height from a surface experiencing a turbulent fluid flow.  In jet 

impingement CFD, y+ values are calculated at the exterior of the target surface to 

measure the relative size of elements along the surface.  Typically, a y+ value of five or 

less is considered to be adequate to capture relevant heat transfer and viscous effects at 
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the surface.  Figure 6.10 displays a y+ contour on the target surface after a completed 

numerical simulation.  At y+ = 5, the surface mesh elements are sufficiently small enough 

that they reside within the conduction and viscous sublayers.  These two sublayers 

dominate heat transfer and viscous behavior at the target surface.  The stagnation Nusselt 

number distribution for each mesh density is compared as shown in Figure 6.11.  Ideally, 

the general distribution and magnitudes of the stagnation Nusselt numbers are relatively 

constant between meshes of varying densities.  After three meshes exhibit solution 

insensitivity, the mesh of median density is selected for simulation and reporting 

purposes.  At times, a fourth mesh is required to complete mesh independency. 

 All mesh independencies were completed for low Reynolds number cases (Re = 

5000 or Re = 10000).  It was not realized until after the completion of the numerical 

investigation that the mesh independency at low Reynolds numbers did not carry over to 

high Reynolds number cases (Re = 15000 or greater).  As a result, sets of numerical data 

with increasing Reynolds number demonstrate an increasing divergence from expected 

Nusselt number magnitudes.  This effect is illustrated later in this chapter. 

 

 

Figure 6.10: y+ distribution on target surface. 

y+

Re = 5000, ΔT = 400, ℓ/d = 4, s/d = 8, D/d = 5.5 



 

89 

 

Figure 6.11: Nusselt number distributions for grid independency. 
 
 

Numerical Fluid Flow and Heat Transfer Results 
 
 Computational simulations are ideal for providing highly resolved results while 

allowing numerous parameters to be independently varied.  This section is comprised of a 

small, but representative, selection of contours and plots that reinforce the experimental 

findings and display the powerful features of commercial CFD software. 

 As with the experimental investigation, the numerical simulations indicate Nusselt 

numbers monotonically increasing with increasing Reynolds number.  This is exhibited 

by the Nusselt number distributions in Figure 6.12.  Overall, the area affected by the heat 

transfer enhancement of the impinging jet does not change.  Only the magnitudes of the 

local Nusselt numbers are augmented with increasing Reynolds number.  Some ‘noise’ is 

observable in the contours especially at high Reynolds numbers.  A further refined mesh 

would allow for increased resolution to be attained in the stagnation region of the Nusselt 

number distributions. 
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Figure 6.12: Nusselt number distributions showing the effect of Rejet. 
 
 

 The jet temperature is used throughout the experimental and numerical 

investigations as the fluid reference temperature in order to calculate heat transfer 

coefficients.  The temperature contours in Figure 6.13 illustrate the thermal behavior of 

the jet between the exit plane and target surface.  At small ℓ/d, the fluid impinging on the 

surface is clearly at the same temperature as the jet.  For ℓ/d = 6 and ℓ/d = 8, the longer 

distance the jet must travel to the target surface and resulting increased air entrainment 

causes the temperature of the jet to drop as much as 70°F before impingement occurs.  

The steady state nature of the numerical simulation forces the entrainment of lower 

temperature air more than in the experimental study.  Experimentally, the impingement 

rig is preheated so that the ambient air entrained by the jets is nearly the same 

temperature as the jets.  As a result, experimentally, the temperature drop between the jet 

exit plane and target surface is thought to be less severe for large ℓ/d facilitating the use 

of the jet temperature as the driving force behind the impingement heat transfer. 

 Another interesting feature illustrated by Figure 6.13 is the appearance of the 

offset Nusselt number maximums described in Chapter 1 and also noted by Lee et al. [13] 

and Fénot et al. [14].  The Nusselt number maximum for ℓ/d = 2 is completely offset 
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Figure 6.13: Temperature and Nusselt number distributions demonstrating ℓ/d effect. 
 
 

from the true stagnation point (center of the jet hole), meaning the highest heat transfer 

occurs outside of the stagnation region.  Two near identical regions on either side of the 

stagnation line represent the maximum Nusselt number.  A similar trend can be identified 

for ℓ/d = 4 except the location of the maximum Nusselt number is less obvious.  The 

Nusselt number distribution is characterized by a high heat transfer stagnation region 

similar to larger ℓ/d cases.  However, two secondary peaks appear outside of the 

stagnation region but seem to be close to the same magnitude as the stagnation region.  

The offset maximums and peaks are due to the potential core impinging on the target 
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transition from the laminar potential core to the turbulent wall jet.  The curvature also 

promotes flow acceleration and increased mixing, leading to more pronounced offset 

maximums.  The difference in Nusselt number distributions between ℓ/d = 2 and ℓ/d = 4 

is due to the partial breakdown of the potential core at ℓ/d = 4.  The potential core is 

smaller in diameter at ℓ/d = 4 which results in a combination of effects from small and 

large ℓ/d. 

 The effect of jet-to-jet spacing is provided by the Nusselt number distributions in 

Figure 6.14.  Offset Nusselt number maximums are apparent for s/d = 2 similar to peaks 

observed at ℓ/d = 2.  Yet, these maximums are rotated 90 degrees from those at ℓ/d = 2.  

The maximums straddle the y axis instead of the x axis (stagnation line).  This is 

attributed to the close spacing of the jets.  Since the jets are close to each other, they are 

forced to diffuse circumferentially around the curved surface instead of laterally along the 

nose of the target surface.  Collisions between neighboring jets induce high intensity 

turbulence resulting in the symmetrical regions of high heat transfer on either side of the 

y-axis.  In contrast, small ℓ/d but larger s/d allows the jets to spread out laterally.  The 

collision between jets at small s/d serves a similar role as the effects of the potential core 

and curved target surface do for small ℓ/d.  Thus, offset Nusselt number maximums can 

occur for small ℓ/d and s/d.  

 A unique advantage to CFD simulations is the ability to incorporate extreme 

conditions unattainable in ordinary experimental apparatus.  Although the present 

experimental study investigated jet impingement at temperature differences of 400°F, the 

conditions in an actual turbine are much more severe.  In the numerical simulations, 

temperature differences reach 1000°F, a more realistic difference between the coolant and 

blade temperatures that is observed in modern gas turbine engines.  Figure 6.15 displays 
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Figure 6.14: Nusselt number distributions illustrating s/d effect. 
 
 

local Nusselt number trends along the stagnation line for five different temperature 

differences.  Essentially, all five curves converge with ΔT = 60°F exhibiting the most 

difference from the other four.  This indicates that impingement Nusselt numbers are 

insensitive to changes in ΔT even at extreme conditions.  Clearly, though, some 

dissimilarity is observable between ΔT = 60°F and the other four temperature differences.  

On the target surface, the maximum y+ value extends from 3.44 at ΔT = 60°F up to 7.72 

at ΔT = 1000°F.  Although the maximum y+ value at ΔT = 1000°F is greater than five, the 

disparity is not significant enough to indicate a grid refinement issue.  Overall, the 

agreement of the curves is an adequate reinforcement of the lack of a temperature effect 

on impingement Nusselt numbers. 

 
Comparisons 
 
 The CFD heat transfer results are compared in this section to experimental 
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Figure 6.15: Effect of ΔT on stagnation line Nusselt numbers. 
 
 

transfer data, the numerical Nusselt number distributions were averaged across a 

stagnation strip region as shown previously in Figure 6.6.  Therefore, all CFD results in 

this section refer to an average stagnation Nusselt number. 

 Figure 6.16 presents the average stagnation Nusselt number results from the 

current study (both experimental and numerical) as well as the values predicted by Chupp 

et al. [2].  This plot is similar to those provided in the section covering the experimental 

investigation.  However, the white-faced markers represent Nusselt number results from 

the numerical investigation.  Overall, all three sets of data agree closely for Rejet = 10000 

and less.  As can be observed in Table 6.5, percent differences between the experimental 

and numerical investigations are 4% or less for all but one low Reynolds number case.  

At s/d = 2, some disagreement can be observed between the three sources, most notably 

between the experimental and numerical studies.  The CFD findings are much higher than 

the experimental results with the correlation falling somewhere between the two.  In 

actuality, this same trend is expanded beyond s/d = 2 to encompass all high Reynolds 

number (Rejet = 20000) cases.  The numerical simulations consistently over predict 

impingement Nusselt numbers at high Reynolds numbers while performing quite well at 
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low Reynolds numbers.  The difference in performance is linked back the manner in 

which grid independency was accomplished.  Solutions to low Reynolds number flows 

are successfully determined using coarser meshes than those needed for high Reynolds 

number cases.  High velocity flows create thin boundary layers and promote increased 

turbulence and mixing requiring more refined meshes.  This same idea is translated to the 

over prediction at s/d =2.  The close proximity of the periodic boundary conditions (each 

representing another jet period) on either side of the impinging jet intensifies any mixing 

or turbulence already present.  The meshes employed in the numerical investigation need 

improved refinement to more accurately predict Nusselt numbers for high Reynolds 

numbers or small s/d. 

 

 

Figure 6.16: Numerical results vs. experimental results vs. Chupp et al. [2]. 
 
 
 In spite of these over predictions, the largest percent difference between the 

experimental and numerical studies was 26.2% (Table 6.5) with the majority less 

than15%.  This is exceptional for a numerical study which combines an iterative process  

0

20

40

60

80

100

120

140

160

180

0 5,000 10,000 15,000 20,000 25,000

A
ve

ra
ge

 S
ta

gn
at

io
n

 N
u

ss
el

t 
N

u
m

b
er

Reynolds Number

Numerical, ℓ/d=2
Numerical, ℓ/d=4
Numerical, ℓ/d=8
Experimental, ℓ/d=2
Experimental, ℓ/d=4
Experimental, ℓ/d=8

0

20

40

60

80

100

120

140

160

180

0 5,000 10,000 15,000 20,000 25,000

A
ve

ra
ge

 S
ta

gn
at

io
n

 N
u

ss
el

t 
N

u
m

b
er

Reynolds Number

0

20

40

60

80

100

120

140

160

180

0 5,000 10,000 15,000 20,000 25,000

A
ve

ra
ge

 S
ta

gn
at

io
n

 N
u

ss
el

t 
N

u
m

b
er

Reynolds Number

s/d=2
D/d=5.5
∆T=400

s/d=4
D/d=5.5
∆T=400

s/d=8
D/d=5.5
∆T=400

ℓ/d=2

ℓ/d=4

ℓ/d=8

ℓ/d=4

ℓ/d=4



 

96 

Table 6.5: Experimental and numerical Nusselt number comparisons (ΔT = 400°F). 
 

s/d ℓ/d D/d Rejet Experimental Numerical % Difference 
4 4 3.6 10,000 52.54 54.66 4.0% 
4 4 3.6 20,000 81.82 94.84 14.7% 
2 4 5.5 10,000 62.19 76.32 20.4% 
2 4 5.5 20,000 94.12 122.489 26.2% 
4 4 5.5 10,000 59.16 59.81 1.1% 
4 4 3.6 20,000 94.12 122.49 13.3% 
8 2 5.5 10,000 47.35 48.99 3.4% 
8 2 5.5 20,000 72.49 83.44 14.0% 
8 4 5.5 5,000 27.10 27.01 0.3% 
8 4 5.5 10,000 41.89 46.92 11.3% 
8 4 5.5 20,000 64.67 80.00 21.2% 
8 8 5.5 10,000 34.48 34.44 0.1% 
8 8 5.5 20,000 52.96 60.89 13.9% 

 
 
with empirical data to determine viable solutions to the momentum and energy equations.  

The numerical study was able to produce reasonable Nusselt number results that 

compared well to both the experimental testing and the work by Chupp et al. [2]. 

 
Time-Varying Results 
 
 The numerical heat transfer data presented up to this point has been considered 

independent of time.  However, an impinging jet is unsteady by nature.  The shear layer 

that forms on the outside of the jet stream sheds vortices and induces turbulence.  The 

introduction of a curved target surface also promotes the formation of vortices.  The spent 

impingement air flows up the curved target surface and loses momentum as it interacts 

with the ambient air around the jet.  Once enough momentum is lost, the flow collapses 

back on itself creating a region of rotation.  The vortices formed from both of these 

sources can cause significant movement of the jet core and the stagnation region on the 

target surface.  Using the ‘transient’ feature in CFX, the steady state solution to the flow 

domain is recorded at multiple time steps so that the time-varying characteristics of 
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numerous parameters can be observed.  In the present study, this type of simulation is 

limited to a large jet-to-target surface spacing due to the time intensive nature of the 

numerical test.  At ℓ/d = 8, the potential core has disappeared leading to increased 

unsteadiness and diffusion.  Therefore, it is thought that the motion of the jet would be 

the greatest at ℓ/d = 8 allowing for easier capture of the flow unsteadiness. 

 Figure 6.17 illustrates the fluctuations over time in the average stagnation Nusselt 

number and the true stagnation point.  The average stagnation Nusselt number is taken to 

be the mean of the local Nusselt numbers over a fixed region as shown in Figure 6.6 (or 

later in Figure 6.18).  The true stagnation point is defined to be the point on the target 

surface directly beneath and in the center of the round jet hole.  Both values exhibit 

significant variations over a short period of time.  The ‘period’ is less than one tenth of a 

second.  Most transient or steady state investigations do not sample data at high enough 

frequencies to capture these variations.  They are generally averaged out during initial 

sampling or later in data reduction.  However, the ‘period’ indicated in Figure 6.17 is not 

a true period as the trend does not exactly return to its starting position.  The frequency of 

vortex generation from the jet and concave surface competes with the frequency from the 

sharp ledge located at the edge of the curved target surface.  This sharp ledge is an 

artifact of the construction of the experimental apparatus.  By jutting into the flow 

domain, the sharp point of the ledge stimulates the formation of vortices at a different rate 

of that of the jet and curved surface.  As a result, a true period cannot be obtained without 

expanding the test to longer run times.  It should also be noted that the peaks and valleys 

of the stagnation strip coincide with those of the true stagnation point.  The location of 

the stagnation region is a primary factor influencing the magnitude of the average 

stagnation Nusselt number. 
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Figure 6.17: Plot of time-varying Nusselt number behavior for single jet period. 
 
 

 A visualization of the ‘periodic’ unsteadiness of an impinging jet is illustrated in 

Figure 6.18.  The velocity vector fields are marked with the locations of the vortical 

structures facilitating the instability of the stagnation region.  The Nusselt number 

distributions below the vector fields allow the location of the stagnation region to be 

visually followed along with the velocity vector fields.  Clearly, the Nusselt number 

peaks referred to in Figure 6.17 correspond to the times when the stagnation region is in 

the relative center of the target surface (t = 0.00321s and t = 0.0394s).  The opposite is 

true when the stagnation region is offset from the true stagnation point (t = 0.02s and t = 

0.0621s).  The movement of the stagnation region seems to relate to the passing of a 

vortex from the target surface, by the jet stream, and out the exit channels.  At t = 

0.00321s, a small vortex is apparent on the left side of the jet.  In the next time step, a 

larger vortex is visible closer to the exit plane of the jet.  Between these two time steps, 

the stagnation region is deflected to the left side of the curved target surface.  The same is 
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observed for the last two time steps except the phenomenon occurs on the right side of 

the jet.  The passing of a vortex evidently creates an area of low pressure that bends and 

deflects the jet stream in the direction of the vortex’s path. 

 Another intriguing effect captured in Figure 6.18 is the ‘lift off’ of the jet from the 

surface.  The stagnation region is not only deflected to either side of the target surface but 

also decreases in intensity in the midst of this deflection.  Shown in the velocity vector 

fields at t = 0.02s and t = 0.0621s, the body of the jet appears to have thickened slightly 

and pulled away from the target surface.  With lower velocity air impinging on the 

surface, the strength of the stagnation region is reduced.  This is attributed to the 

generation and movement of alternating vortices as well.  In the wake of passing vortices, 

a low pressure region pulls the jet away from the target surface reducing its effectiveness.   

 Cornaro et al. [38] observed similar jet unsteadiness using a smoke wire flow 

visualization of single jet impinging on a concave surface.  At ℓ/d = 4 and Rejet = 6000, 

random oscillations were evident around the true stagnation point, specifically in the 

circumferential direction (see Figure 6.19).  The authors inferred that the jet was 

impinging at the end of the potential core causing the intense fluctuations.  Although the 

flow and geometrical parameters are different, the findings of Cornaro et al. [38] 

reinforce the jet unsteadiness captured in the current time-varying CFD simulations. 

 Using the time-varying Nusselt Number data, a fluctuating component of the 

Nusselt number is determined.  Figure 6.20 displays the fluctuating component of the 

average stagnation Nusselt number as error bars.  Comparisons are made to the time-

averaged CFD value, the steady state CFD value, and the experimental result for Rejet = 

10000 and Rejet = 20000.  The fluctuating components of the average stagnation Nusselt 

numbers are 3.03 and 4.72, respectively.  For both Reynolds numbers, the time-averaged 
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Figure 6.19: Visualization of oscillations of a single impinging jet at ℓ/d = 4 [38]. 
 
 
stagnation Nusselt number varies in either direction by approximately 8%-10%.  As seen 

in Figure 6.20, the markers representing steady state CFD and experimental results are 

situated near the upper limit of the fluctuating component.  This is most relevant for Rejet 

= 10000 where the percent difference between the steady state CFD and experimental 

values is 0.1%.  The experimental value at Rejet = 20000 is an exception, but, as 

mentioned earlier, the CFD simulations over predicted Nusselt numbers for high 

Reynolds numbers.  At Rejet = 10000, the moment in time when the jet is nominally 

aligned with the target surface represents a high level of heat transfer along the stagnation 

line (signified by the circle and triangle markers).  The time-averaged Nusselt number 

(diamond marker) is clearly lower than the other two results.  This indicates that the 
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traditional concept of jets impinging on the apex of the target surface provides a near 

maximum level of heat transfer.  In reality, the added unsteadiness of the jet serves to 

lower impingement heat transfer when averaged over time.  Based on these results, the 

time dependent fluctuations of impinging jets in the leading edge require further 

investigation to realize the impact on jet impingement cooling schemes. 

 

 

Figure 6.20: Comparisons of average stagnation Nusselt number. 
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CHAPTER SEVEN 
 

Conclusions and Recommendations 
 
 

Summary of Experimental Investigation 
 

 A high temperature study of a line of round jets impinging on a concave surface 

has been successfully implemented.  Average stagnation Nusselt numbers were obtained 

from an aluminum plate technique employing the lumped capacitance transient method.  

Utilizing a specially-designed impingement rig, the effects of temperature, Reynolds 

number, and three geometry effects were independently characterized and tabulated.  

Large temperature differences of 400°F were shown to have negligible effect on Nusselt 

number magnitudes.  Less than 7.5% difference was calculated between Nusselt numbers 

of high and low temperature differences.  In general, Nusselt numbers increase with 

increasing Reynolds number.  The higher mass flow rate of air through the jets allows 

more heat to be removed/added to the surface.  Reducing both jet-to-target surface 

spacing and jet-to-jet spacing indicated a gain in cooling potential.  However, average 

stagnation Nusselt numbers ceased to increase with further reduction below ℓ/d = 4 and 

s/d = 4.  Increasing the diameter of the cylindrical target surface exhibited a weak 

enhancement of the average stagnation Nusselt number. 

 Although uncertainties for the experimental data were quite high, Nusselt number 

results were repeatable and corresponded well with the correlation developed by Chupp 

et al. [2].  In general, the largest percent difference between this study and Chupp et al. 

[2] was less than 15%.  However, some, more significant, variations were observed 

between the experimental data and the correlation at s/d = 2 and ℓ/d = 2.  The Chupp et 
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al. [2] correlation over predicted the Nusselt number results indicated by the experimental 

data.  In addition, experimental results showed a slight reduction in Nusselt number at 

high Reynolds numbers when compared to the correlation.  These discoveries are 

important for engine designers who routinely use the Chupp et al. [2] correlation to 

predict the heat transfer potential of impinging jets.  Based on the current study’s 

experimental findings, the limitations of the correlation should be strictly followed and 

revised as seen in Table 7.1.  The correlation can be extrapolated out to Rejet = 20000 but 

cannot be extended below s/d = 4.  Due to the ‘leveling off’ of the average stagnation 

Nusselt number that was observed for ℓ/d < 4, the author suggests that the Chupp et al. 

limitations be narrowed from ℓ/d = 1 to ℓ/d = 4.  However, Nusselt number values 

calculated at ℓ/d = 4 can be substituted for ℓ/d < 4.  In addition, all properties should be 

evaluated at the jet temperature when using the Chupp et al. [2] correlation. 

 
Table 7.1: Revised limitations for the Chupp et al. [2] correlation. 

 
Parameter Lower Limit Upper Limit 

Rejet 3,000 20,000 
s/d 4 16 
ℓ/d 4 10 
D/d 1.5 16 

 
 

Summary of Numerical Investigation 
 

 The numerical investigation proved that relatively accurate, highly resolved 

Nusselt number distributions can be obtained for a leading edge impingement model with 

the utilization of commercially available software and the implementation of a 

mainstream turbulence model.  The 400°F experimental temperature difference was 

expanded to a realistic temperature difference of 1000°F.  Even at this extreme 
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temperature difference, the effect on Nusselt number was shown to be negligible.  Similar 

flow and geometrical effects demonstrated by the experimental investigation were 

reinforced by the CFD simulations. 

 Average stagnation Nusselt numbers were obtained from the numerical 

simulations for comparison to the experimental results and the Chupp et al. [2] 

correlation.  The average CFD Nusselt numbers closely agreed to the experimental and 

correlation values at low Reynolds numbers.  With increasing Reynolds number, the 

numerical simulations over predicted the Nusselt number in a diverging trend from the 

experimental data and Chupp et al. [2].  This divergence was attributed to insufficient 

mesh density for high flow rates since grid independency was performed at low Reynolds 

numbers.  In general, the numerical simulations over estimated the heat transfer potential 

of the current impingement scheme. 

 The instability of impinging jets was exhibited through a time-varying feature 

available in the CFX software package.  Vortices shed by the impinging jet were shown 

to have considerable impact on the target surface Nusselt number distribution.  Moving 

through time, the stagnation region of the jet moved erratically around the impingement 

surface.  The fluctuating component of the average stagnation Nusselt number indicated 

as much as an 8% percent increase or decrease could occur in the time-averaged value 

depending on the given time step.  This is an interesting result as the behavior of jets 

impinging on a curved surface is not well-documented.  Further research into the 

mechanisms behind the generation of alternating vortices and subsequent jet fluctuations 

could allow for the development of more efficient cooling schemes. 
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Future Recommendations 
 

 Although the present study provided reasonable heat transfer results verified by 

comparisons to Chupp et al. [2], a number of aspects of the current investigation are in 

need of improvement.  Potentially, the most critical development for the experimental 

investigation is the quantification of the conduction losses from the aluminum plates.  

Currently, the Nusselt number is calculated as a function of time and the reported value 

of the Nusselt number is taken from the peak of this time-dependent curve.  As a result, 

experimental uncertainties for the Nusselt number results are unacceptably large.  By 

accounting for the conduction losses, time invariant Nusselt numbers could be obtained 

with similar magnitudes to current results and significantly lower uncertainties.  This 

could be accomplished by treating the Teflon surface behind the aluminum plates as a 

semi-infinite solid.  By strategically measuring the temperature throughout the Teflon 

solid, the heat loss through the Teflon surface could be determined.  However, care 

would need to be taken when measuring the internal temperature of the Teflon so as not 

to violate the semi-infinite solid assumptions.  Alternately, the theses of Yamashita [39], 

Jenkins [40], and Baltzer [41] outline a ‘heat leak’ correction method for an aluminum 

block acting as a curved impingement surface.  The procedure encapsulates a heated 

aluminum block in an insulative material and employs the lumped capacitance method to 

determine a conduction coefficient between the aluminum and the insulation.  With some 

modification, a similar technique could be applied to the current aluminum plate test 

surface. 

 To expand the scope of the current research, different jet shapes should be 

incorporated.  Racetrack jets, which combine the characteristics of round holes and slots, 

have been shown by researchers to supply enhanced cooling coverage as compared round 
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jets.  They can be manufactured in modern turbine blades making them a relevant 

research topic.  In addition, heat transfer results should be developed beyond the 

stagnation line to capture heat transfer effects around the curved target surface.  Only the 

average Nusselt numbers from the center aluminum plate were reported in this thesis.  

Temperature data was obtained for one of the side plates but heat transfer results were not 

calculated.  These results would provide a basis for characterizing the circumferential 

heat transfer distribution in the leading edge. 

 For the numerical investigation, the author recommends further mesh refinement 

for all computational grids.  As mentioned previously, the grid independency was 

performed at low Reynolds numbers.  This should be reversed with independency 

executed at high Reynolds numbers where flow instability is inherently higher.  The 

number of prism layers, height ratio of the prism layers, and maximum prism layer size 

could be explored to improve mesh quality. 

 Additionally, the numerical investigation should be expanded to further explore 

geometry effects.  This would require the creation of several new computational meshes, 

but allow for a more robust comparison to be made with the current experimental 

investigation. 

 The brief analysis of the time-varying nature of impinging jets should also be 

continued with a larger scope.  The fluctuations in the structure of impinging jets could 

have significant implications when determining instantaneous or time-averaged heat 

transfer results.  Including the impact of geometry, Reynolds number, and temperature on 

the instability of impinging jets would be of interest to improve the understanding of 

impingement in the leading edge.  
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APPENDIX A 
 

LabVIEW Virtual Intsrument for Data Acquisition  



 

 

 
 

Figure A.1: Front panel of High_Temp_Impinge.vi.
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Figure A.2: Block diagram of High_Temp_Impinge.vi. 
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APPENDIX B 
 

Construction Drawings 
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APPENDIX C 
 

Matlab Script File 
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APPENDIX D 
 

Uncertainty Calculations 
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