
ABSTRACT 

An Experimental Investigation of Round and Racetrack Shaped Jets for Leading Edge 
Region Cooling of Gas Turbine Blades 

Weston V. Harmon, M.S.M.E. 

Mentor: Lesley M. Wright, Ph.D. 

 Jet impingement is often utilized in the leading edge of actively cooled turbine 

airfoils to protect the blades from the extreme heat loads encountered within the engine. 

This thesis will discuss two experimental investigations that employ a traditional, steady 

state, copper plate technique to obtain regionally averaged Nusselt numbers on a concave 

surface, which models the leading edge of a turbine blade. The first experiment will 

investigate the effect of jet shape, orifice edge condition, jet-to-jet spacing, and relative 

jet length. The effect of inlet supply condition will also be investigated by implementing 

a radial bypass. The second experiment investigates the effect of rotation on both round 

and racetrack shaped impinging jets. Results show that racetrack shaped jets generally 

outperform circular jets both in a stationary test section, and under rotating conditions. 

Further, the effects of non-square edge conditions and radial bypass prove to be 

detrimental to heat transfer. 
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CHAPTER THREE 

Steady State Copper Plate Technique 

 This chapter discusses the general theory behind a traditional steady state copper 

plate heat transfer test. Within the gas turbine research community exist numerous heat 

transfer problems. The vast majority of these problems center around the interactions 

between the hot fluids exiting the combustor and the physical parts within the engine that 

these hot gases must navigate before exiting as exhaust. Convection is the mode of heat 

transfer responsible for a significant portion of the overall heat transfer for these 

interactions. Convection on its most basic level is simply the transfer of internal energy 

into or out of an object by the movement of surrounding fluid.  Newton's law of cooling 

describes this fundamental interaction between the relatively cool components of an 

engine, and the extremely hot mainstream gases: 

ws TTAhQ  (3.1) 

where Q is the rate of heat transfer, h is the convective heat transfer coefficient, T  is the 

bulk temperature of them mainstream fluid, and Tw is the wall temperature of the 

component. The above equation describes the interaction between the hot gases in the 

engine and the external surfaces of the components; however, this experiment focuses on 

the exchange of energy between the coolant fluid and the interior wall of the components. 

Therefore, the temperature difference for this experiment will be taken to be cw TT .
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 Steady state experimental techniques are considered to be the most elementary 

and intuitive to execute. These methods have withstood the test of time, and are often still 

preferred over more sophisticated methods, because of their simplicity. In the simplest of 

terms, a steady state test consists of heating a surface and simultaneously cooling the 

surface until an equilibrium, or "steady", state is reached. Once this occurs, the 

temperatures of the surface and the fluid are measured, as well as the power supplied to 

the surface heater. With this information, the heat transfer coefficient of the system can 

be obtained. For both experiments discussed in this thesis, a steady state copper plate 

technique is utilized to obtain regionally averaged heat transfer coefficients. 

 Like most experimental methods, steady state techniques are not perfect. Due to 

the nature of these tests, it is common for a single experiment to last for two or three 

hours at a time. When applying Equation 3.1 it is assumed that one is only transferring 

heat away from the surface area that is exposed to the cooling fluid. However, this is not 

the case, as it is impossible to perfectly insulate the backside of the support material that 

contains the target surface. When conducting such a long experiment, heat has ample 

time to be conducted through this support material and convected away on the back side. 

This is commonly referred to as heat loss. In an effort to minimize the heat loss, the back 

side of the support material is well insulated. Furthermore, to account for the error in the 

experimental results incurred by the heat loss component, a heat loss calibration was 

devised.

 To perform a heat loss calibration, the apparatus' test section will be filled with a 

low conductivity insulation. In the case of the two experiments outlined in this thesis, 

fiberglass insulation was utilized. The purpose of the insulation is to entice the heat 
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within the surface to conduct backwards, through the support material, rather than into 

the flow cavity. Once insulated, two data sets will be collected: one at a temperature 

below that which the actual experimentation will be conducted, and one at a temperature 

above what is expected during the actual experiment. Additionally, the room temperature 

at each of the high and low heat loss tests is collected (the room temperature serves as the 

second temperature for the temperature difference in the heat transfer calculation), as 

well as, the power input into each surface. By taking heat loss data at a temperature above 

and below the expected surface temperature, the experimentalist can linearly interpolate 

between these points to determine the expected heat lost during experimentation by using 

Equation 3.2: 

lowlowroomlowroomw
lowroomlowhighroomhigh

lowhigh
loss QTTTT

TTTT
QQ

Q ,
,,

 (3.2) 

where Q loss is the approximated heat loss, Q high is the power into the system for the high 

temperature heat loss case, Q low is the power into the system for the low temperature heat 

loss case, Thigh is the temperature of the surface for the high temperature heat loss case, 

Tlow is the temperature of the surface for the low temperature heat loss case, Troom,high is

the room temperature for the high temperature heat loss case, Troom,low is the room 

temperature for the low temperature heat loss case, Tw is the surface temperature during 

experimentation, and Troom is the room temperature during experimentation. Once the 

heat loss approximation is known, the net rate of heat transfer for a specific case can be 

determined using Equation 3.3: 

lossnet QQQ  (3.3) 
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where Q net is simply the difference in the input power for the test case and the expected 

heat loss.  Q net represents the amount of heat being convected away from the target 

surface by the cooling air. 

 Finally, by rearranging equation 3.1 and substituting in the net power term, the 

heat transfer coefficient can be calculated directly using Equation 3.4. 

cws

net

TTA
Q

h  (3.4) 

 Further, the results that will be outlined later in this thesis will all be in the form 

of the non-dimensional heat transfer coefficient, the Nusselt number. The Nusselt number 

is simply a ratio of convective heat transfer to conductive heat transfer. By non-

dimensionalizing the results, one-to-one comparisons to other works (Chupp et al. [14] 

correlation, previous work by Jordan et al. [4]) will be made easier. The Nusselt number 

is obtained by implementing the following equation: 

air

jet

k
dh

Nu  (3.5) 

where h is the calculated heat transfer coefficient, djet is the hydraulic diameter of the jet 

(characteristic length for impingement flow), and kair is the thermal conductivity of air.  

 In each experiment, the impingement target surface is outfitted with an array of 

copper plates (aluminum in the case of the Honeywell Aerospace apparatus). A type T 

thermocouple has been imbedded into the back side of each of these plates in order to 

record the regional wall temperature (Tw). Because of the high thermal conductivity of the 
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metals used, it is assumed that there is no temperature gradient through each individual 

plate. This assumption was validated by spot checking some plates for temperature 

uniformity. Furthermore, each plate is isolated from the surrounding plates using a low 

thermal conductivity paste to discourage conduction between plates. The bulk fluid 

temperature (Tc) is taken to be the coolant temperature at the inlet of the jet. The exposed 

surface area (As) of the plates is known. The power into the plate is easily determined by 

measuring the resistance of the heater and the voltage.  

R
VQin

2

 (3.6) 

For the rotating test section (outlined in detail in Chapter 5) each streamwise row of nine 

plates has a dedicated resistance heater. This results in a uniform heat flux across all nine 

of the plates for that heater, which allows for the easy calculation of the power in on a per 

plate basis. The Honeywell Aerospace apparatus utilizes a single heater for the entire 

surface, and it is assumed that all 133 plates receive a uniform heat flux. 

 Uncertainty analysis was performed on these two experiments using the 

traditional Kline and McClintock method [60]. For both studies, the heat loss parameter 

dominates the uncertainty. For the Honeywell investigation, the heat loss term was very 

small, due to the large amount of insulation on the backside of the test section. These 

small values provided an uncertainty in the Nusselt number calculation of approximately 

1.5% with only a marginal change between the high and low Reynolds numbers.  

Compared to the rotating experiment where calculations yielded an uncertainty in the 

Nusselt number of 9.5% and 7.3% at the low and high Reynolds number, respectively. 
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This increase in uncertainty is due to the elevated heat loss associated with the forced 

convection on the outside of the rotating test section removing the heat at a faster rate.
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CHAPTER FIVE 
 

Rotating Heat Transfer Experimental Facility 
 
 

Overview of Experimental Facility 
 

 The rotating heat transfer impingement facility was designed to model the interior 

cooling passage in the leading edge of a typical turbine airfoil. The test section features a 

square supply channel, and a semicircular impingement cavity. The walls of these 

channels are lined with individual copper plates to allow for the collection of regionally 

averaged heat transfer coefficients by using a traditional, steady state experimental 

technique. The heat transfer trends observed within the impingement cavity provide 

valuable insight into the complex flow characteristics of rotating impingement cooling. 

Additionally, the rotating test section can accept interchanging jet plates, which allows 

for the investigation of various jet geometries. 

 An overview of the rotating facility is shown in Figure 5.1. The cooling air is 

provided by a large compressor, and the mass flow rate is measured using an ASME 

square edge orifice meter. Upstream of the orifice meter are a pressure regulator and 

three inline air driers to remove any unwanted moisture in the air supply. The cooling air 

then travels through a ¾ inch hose and into a rotary union. The air then travels through a 

½ inch hose, through the slip ring, radially outward down the rotating arm, and enters the 

supply side of the test section. The cool air then makes its way through the entrance of 

the pressurized test section, turns 90 degrees through the jet plate and impinges on the 

semicircular target surface. The spent air then travels back radially inward toward the 

exit. The air now exits the test section via a second ½ inch rubber hose, travels back up 
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the rotating arm and is exhausted out of a rotary union on the opposite side of the test 

section. A ball valve just downstream of the exit rotary union is used to regulate the 

pressure within the test section to 125 psi. 

 

Figure 5.1: Overview of rotating facility. 

Flow Measurement and Rotation Parameters 
 

The same supply flow measurement setup is used for this facility as for the 

Honeywell Aerospace impingement facility, to control the total mass flow of supply air 

entering the apparatus. A regulator is used to control the pressure upstream of the first 

orifice plate, and is set to 125 psi. The total mass flow rate for the cooling air supply can 

be determined using Equation 4.1 produced by Leary and Tsai [61]. The duct Reynolds 

numbers were initially determined by specifying a mass flow rate to yield the desired jet 
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Reynolds numbers during testing. The impingement cases are run at jet Reynolds 

numbers of 15,000 and 25,000 (duct Reynolds numbers of approximately 2,800 and 

4,600 respectively). An expression for the jet Reynolds number is given in Equation 4.4.  

 In addition to the changing flow rates, the rotational speed of the test section was 

also varied to achieve a diverse range of rotation and buoyancy numbers for the 

impinging jet. The rotation number, shown in Equation 5.1, is a dimensionless velocity 

ratio used to quantify the effect of rotation on fluid flow. For an impinging jet, the 

characteristic length used is the jet diameter. 

 
  

jet

jet

V
d

Ro  (5.1) 

 
 In this equation for the jet rotation number;  is the rotational speed of the test 

section, djet is the hydraulic diameter of the jet, and Vjet is the fluid velocity through the 

jet. From this equation it becomes clear that there are two ways the rotation number 

(effect of rotation) can be increased. The first of these would be the intuitive option of 

simply increasing the rotational speed. The second option would be to decrease the fluid 

velocity through the jet. Additionally, it is difficult to achieve high rotation numbers that 

model realistic conditions in an experimental setting. The purpose of the test section 

being pressurized to 125 psi is to attain these high rotation numbers. By operating at an 

elevated pressure, the density of the cooling air is increased. Hidden in the velocity term 

of the rotation number definition is the density of the impinging fluid, and by increasing 

the density of the fluid, the rotation number is also increased. Specific details of all test 

cases investigated are shown in Table 5.1. 
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Table 5.1: Summary of test cases (cylindrical and racetrack jets). 
Rejet  (RPM) Rojet 

15,000 

0 0 

200 0.031 

300 0.046 

500 0.076 

25,000 

0 0 

200 0.018 

300 0.027 

500 0.046 

 
 
 While the rotation number is intended to provide a quantitative approach to the 

degree to which a fluid flow is being affected by rotation, some researchers argue that a 

more appropriate measure is the buoyancy number. The buoyancy number is most often 

discussed in the context of mixed convection (a combination of natural and forced 

convection). However, the buoyancy number definition can be modified to include the 

applied acceleration due to rotation instead of the acceleration due to gravity. The 

definition of the buoyancy number is given in Equation 5.2. 

 

  
jet

jet

w

jetw

d
RRo

T
TT

Bo 2  (5.2) 

 
 In the simplest of terms, the buoyancy number is simply a ratio of forced 

convection to buoyancy driven convection, and provides a numerical gauge as to which is 

dominating. For channel flow, if the buoyancy number is less than unity, the flow is 
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being dominated by forced convective heat transfer. On the other hand, if the buoyancy 

number is greater than unity, the flow is being governed by the buoyant forces induced by 

rotation. 

 
 

Pressurized Test Section 
 

 The test section used in this study is similar to the test section used in a previous 

study [62], and is designed to model the internal geometry of a modern, actively cooled, 

turbine airfoil. Figure 5.2 provides a cross-sectional view of the pressurized test section 

with flow lines. Cooling air flows radially outward through the square supply channel, 

turns through the jet orifice and impinges on the curved target surface. The spent air then 

travels back radially inward and exits the test section. By utilizing a single jet, the full 

effect of rotation on an impinging jet can be realized as the effects of crossflow and jet-

to-jet interaction have been minimized. In a production turbine blade, crossflow is 

minimized through the use of showerhead film cooling techniques.  

 The walls of the test section are lined with individual copper plates, and are 

insulated from one another using a low conductivity silicone. Each copper plate on the 

walls of the square supply duct is 2.38 cm x 2.38 cm and has a thickness of 0.38 cm. For 

the supply duct, the three exterior walls (the fourth interior wall is made up by the jet 

plate) are instrumented with copper plates, and are designated leading, side, or trailing. 

Additionally, the plates are numbered one through nine in the streamwise direction. In the 

semicircular impingement cavity, the walls are lined with curved copper plates. These 

plates are 2.38 cm in the streamwise direction, have an inner radius of 2.03 cm, have a 

thickness of 0.38 cm, and span an arc of 2.13 cm which is approximately one third of the 
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total arc length of the surface. Again, the plates are designated leading, stagnation, or 

trailing, and are numbered nine through one in the streamwise direction. On the backside 

of each copper plate, a blind hole is drilled in order to instrument the plate with a type T 

thermocouple. High conductivity epoxy is used to hold the thermocouple in place and 

minimize any contact resistance. 

 

Figure 5.2: Cross-section of pressurized impingement test section. 
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 All power and signal wires entering or leaving the test section must pass through a 

large slip ring that contains seventy channels. Only plates three, four, five and six on each 

of the walls (side wall of square supply duct excluded) are instrumented. The lone 

impinging jet is centered on plate five; therefore, x/djet = 0 corresponds to the center of 

copper plate number five. Once the cooling air strikes the curved impingement surface, 

the spent air travels radially outward (in regards to the jet orifice, not the rotating arm) 

away from the jet center. To maintain the elevated pressure within the test section, spent 

air must travel back radially inward through the impingement cavity toward the exit.  

 Each wall of the test section is outfitted with a dedicated silicone rubber 

resistance heater. Each heater is controlled via its own variable transformer. This 

arrangement of heaters means that there is a uniform heat flux for each wall of nine 

plates. However, while the heat flux is constant for a given wall of the test section, the 

streamwise temperature distribution will vary depending on the amount of heat transfer 

encountered at that location. While testing, plate five (x/djet = 0) is held at a constant 

temperature of approximately 66°C to ensure that the buoyancy number is known at that 

location. 

 
 

Jet Geometries 

 The baseline jet geometry is a circular, square edged jet with a diameter of djet = 

0.64 cm. The performance of a square edged, 2:1 racetrack shaped jet will be compared 

to that of a circular jet. Maintaining the same hydraulic diameter for both jets provides 

consistent geometric parameters for ease of comparison. Because there is only a single 

jet, the jet-to-jet spacing parameter is not germane to this discussion. The jet-to-target 
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surface spacing of z/djet = 3.2 would lend itself to the existence of the potential core when 

the jet strikes the target surface. Further, with a relative jet thickness of 1.5 jet diameters, 

the flow is still well below the threshold of being fully developed (typically assumed to 

be fully developed after ten diameters). Table 5.2 outlines these geometric parameters for 

convenience, and Figure 5.3 provides the geometric details of the impingement jet plates. 

 
Table 5.2: Rotating leading edge impingement geometry. 

djet (cm) 
jetd
s  

jetd
z  

jetd
t  

jetd
D  

0.64 - 3.2 1.5 6.3 

 
 

Figure 5.3: Impingement orifice details. 
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CHAPTER EIGHT 

Conclusions

Stationary Heat Transfer 

 This investigation observed the heat transfer trends associated with leading edge 

jet impingement were impacted under varying jet shape, jet edge condition, jet-to-jet 

spacing, jet length, and supply flow conditions. Using a classic, steady state copper plate 

technique, regionally averaged Nusselt numbers were obtained for the curved target 

surface. Many of these varying parameters were chosen to model imperfections in parts 

due to manufacturing limitations to determine the effect of elongated impingement jets 

and jets without square edge orifices. In this study, circular, square edge orifices were 

used to establish a baseline for comparison of the new geometries. Further, the effect of 

radial bypass flow was investigated to determine the impingement characteristics under 

high inlet crossflow velocities. 

 In general, for jets with a thickness of 1.33 diameters, the racetrack shaped jet just 

slightly outperforms the circular jet at a given mass flow rate for no radial bypass cases. 

Of these, the square edge, racetrack jet provides the highest stagnation average heat 

transfer. However, once filleted edges are introduced, the racetrack jet is challenged by a 

circular fully filleted jet at the lowest Reynolds number. This is somewhat surprising, as 

the addition of filleted edges typically has a negative effect on the target surface heat 

transfer. With the addition of radial bypass supply conditions, the square edge jets 

perform far better, as they possess the ability to reorient the jet flow back perpendicular 

to the target surface. The filleted jets, on the other hand, suffer greatly under bypass 
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conditions, in some cases allowing the jet to deflect a full two diameters downstream of 

the intended impingement location. By introducing jets 2.5 diameters in length, the 

deflection of the jet was eliminated; however, this came at a cost of slightly reduced 

target surface heat transfer. Further, jets with a length of four diameters generally saw 

further reduced target surface Nusselt numbers than the shorter jets, particularly at the 

higher Reynolds numbers. Little time was spent investigating the effect of jet-to-jet 

spacing; however, it was enough to show the increased heat transfer performance 

associated with moving the jets closer together. Though this improved performance 

comes at a cost of using the same mass flow rate to cool an area half of the size. 

Rotating Heat Transfer 

 The rotating heat transfer study set out to determine the effect of rotation, and jet 

shape on leading edge impingement heat transfer. For all cases shown here, the addition 

of rotation further enhanced the heat transfer on all walls of the rotating impingement 

channel. Furthermore, as rotation increased, so did the heat transfer within the channel 

due to the increased mixing induced by rotation. It was also shown that the use of 

racetrack shaped jets provides increased enhancement at all rotation numbers. In addition, 

the racetrack shaped jet provided more uniform enhancement of the heat transfer which 

would lead to reduced thermal stresses within the leading edge of the turbine blade by 

reducing the formation of large temperature gradients. 
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Future Recommendations 

 The current investigations, on several occasions made direct comparisons to 

Chupp et al. [14]; however, based on the unique geometries currently being investigated 

there is a great need for a correlation that accounts for conditions such as edge filleting 

and aspect ratio. Elston [62] developed such a correlation using computational data, and 

this correlation should be supplemented with the experimental data presented here. 

Additional work is also necessary to shed light on the effects of decreased jet-to-jet 

spacing at the various jet length and relative fillet radii.

 The rotating study would benefit from introducing additional jets into the 

impingement cavity to determine the effect of jet to jet interaction under rotating 

conditions. The groundwork has been laid by investigating the simplest case possible, in 

a single jet, and now that can be built on by investigating multiple jets. Further, a scheme 

needs to be developed to monitor all copper plates within the rotating test section. 

Increasing the number of data points may be the first step in obtaining more meaningful 

data from the apparatus. 
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APPENDIX A 

Jet Plate Drawings 
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APPENDIX B 

Uncertainty Analysis
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clear all
close all
clc
%uncertainty analysis - aluminum plates

%% values 

% % %Reynolds=10000
% W=0.009753; %m
% L=0.0175; %m
% P=(2*L)+(2*W); %m
% Ac=L*W; %m^2
% V=59.5; %V
% R=28.25; %ohms
% Vlow=8.14; %V
% Rlow=25.81; %ohms
% Vhigh=18.20; %V
% Rhigh=29.81; %ohms
% deltaT_low=13.9; %celcius
% deltaT_test=34.13; %celcius
% deltaT_high=53.96; %celcius
% Qhigh=0.0835; %W
% Qlow=0.0192; %W
% As=W*L; %m^2
% Qnet=0.88263; %W
% Dh=(4*Ac)/P;
% k=0.0262; %at 80 deg F (W/mK)
% h=144.52; %W/m2K
% Nu=48.9895;

% %Reynolds=30000
W=0.009753; %m
L=0.0175; %m
P=(2*L)+(2*W); %m
Ac=L*W; %m^2
V=80.9; %V
R=27.64; %ohms
Vlow=8.14; %V
Rlow=25.81; %ohms
Vhigh=18.20; %V
Rhigh=29.81; %ohms
deltaT_low=13.9; %celcius
deltaT_test=30.7; %celcius
deltaT_high=53.96; %celcius
Qhigh=0.0835; %W
Qlow=0.0192; %W
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As=W*L; %m^2
Qnet=1.734; %W
Dh=(4*Ac)/P;
k=0.0262; %at 80 deg F (W/mK)
h=331.81; %W/m2K
Nu=112.47;

%% given uncertainties
w_L=0.0005*0.0254; %m
w_W=0.0005*0.0254; %m
w_P=0.0005*0.0254; %m
w_Lplate=0.0005*0.0254; %m
w_Wplate=0.0005*0.0254; %m
w_V=0.1; %V
w_R=0.1; %ohm
w_Vlow=0.1; %V
w_Rlow=0.1; %ohm
w_Vhigh=0.1; %V
w_Rhigh=0.1; %ohm
w_deltaT_high=0.3; %degrees celcius
w_deltaT_low=0.3; %degrees celcius
w_deltaT_test=0.3; %degrees celcius

%% calculated uncertainties

%Passage Entrance Area, Ac=L*W
w_Ac=((W*w_L)^2+(L*w_W)^2)^.5 

%Perimeter, P=2L+2W
w_P=((2*w_L)^2+(2*w_W)^2)^.5 

%Hydraulic Diameter, Dh=(4*Ac)/P
w_Dh=(((4/P)*w_Ac)^2+(((-4*Ac)/(P^2))*w_P)^2)^.5 

%surface area of plate
w_As=((W*w_L)^2+(L*w_W)^2)^.5 

%Energy in (test), Qin=V^2/R
w_Qin=(((((2*V)/R)*w_V)^2+(((-V^2)/R^2)*w_R)^2)^.5)/133

%heat in (low), Qlow=(Vlow^2)/Rlow
w_Qlow=(((((2*Vlow)/Rlow)*w_Vlow)^2+(((-Vlow^2)/Rlow^2)*w_Rlow)^2)^.5)/133

%heat in (high), Qhigh=(Vhigh^2)/Rhigh
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w_Qhigh=(((((2*Vhigh)/Rhigh)*w_Vhigh)^2+(((-
Vhigh^2)/Rhigh^2)*w_Rhigh)^2)^.5)/133 

%Heat Loss
w_Qloss=(((((deltaT_high-deltaT_low)/(deltaT_high-deltaT_test))*w_Qlow)^2+((-
(deltaT_low-deltaT_test)/(deltaT_high-deltaT_low))*w_Qhigh)^2+((((deltaT_low-
deltaT_test)*(Qhigh-Qlow))/(deltaT_high-deltaT_low)^2)*w_deltaT_high)^2+(((-
(deltaT_high-deltaT_test)*(Qhigh-Qlow))/(deltaT_low-
deltaT_high)^2)*w_deltaT_low)^2+(((Qhigh-Qlow)/(deltaT_high-
deltaT_low))*w_deltaT_test)^2)^.5) 

%Qdotnet,Qnet=Qin-Qloss
w_Qnet=(w_Qin^2+w_Qloss^2)^.5 

%heat transfer coefficient, h=(Qnet/As)/(Tw-Tb)=(Qnet/As)/deltaT
w_h=(((1/(As*deltaT_test))*w_Qnet)^2+((-Qnet/(As^2*deltaT_test))*w_As)^2+((-
Qnet/(As*deltaT_test^2))*w_deltaT_test)^2)^.5 

%Nusselt Number, Nu=(h*Dh)/k
w_Nu=(((Dh/k)*w_h)^2+((h/k)*w_Dh)^2)^.5 

%% Uncertainty Percentage

Nu_uncertainty=w_Nu/Nu*100





Honeywell Impingement Data Reduction 









Rotating Impingement Data Reduction 
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APPENDIX D 

LabView Virtual Instruments
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