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ABSTRACT 
 
 
 Experimental heat transfer data has been collected at engine representative 

conditions in this work to use in future work to improve computational models.  Tests 

were carried out in a transonic cascade wind tunnel with the data collected using thin film 

gages.  All of the necessary development to use the thin film gages has been completed, 

including construction of electronics and analysis tools to reduce the data.  Gage 

installation and calibration techniques have been successfully implemented for the 

current research facility and those procedures have been documented.  Heat transfer tests 

were carried out at engine design speed as well as conditions both above and below 

design speed.  The resulting effect of different Reynolds numbers on heat transfer has 

been studied and the data collected has been compared with computer predictions, 

analytical correlations, and data from other published literature to validate the results 

obtained. 

 Finally, it has been shown that a transient analysis technique can be used to 

process the data for gages that do not exhibit steady results during the quasi-steady test 

run.  This transient technique resulted in data that agrees well with published literature 

and analytical correlations. 
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Chapter 1 
 

Introduction 
 

 Heat transfer to turbine blades, especially in the first stage of a turbine, is an 

extremely critical component in the design of blades.  As turbine engine designers try to 

improve engine efficiency, they try to find ways to increase the operating temperature of 

the engine.  By running the engine at higher temperatures, they are able to produce more 

work; however, this results in extremely high temperature gases exiting the combustor 

and entering the turbine stages.  These gases can reach temperatures as high as 2500˚F 

when entering the first stage of a turbine blade, which is higher than the melting 

temperature of the metal used to manufacture the blades.  Therefore, if the heat transfer to 

the turbine blade is high enough, it can cause the blade to quickly deteriorate.  Designers 

need to have a firm grasp on the level of heat transfer they can expect from the air to the 

blade to determine the life of the blades, ensuring a long component life.  

 

1.1 Research Objective 

 

 Often designers use computer simulations and models to predict the heat transfer 

to the turbine blades.  The accuracy of these predictions is very important since they are 

used to design critical components of the engine.  Therefore, the need for experimental 

data to help improve the accuracy of these predictions arises.  This data needs to be 

accurate and complete to improve the models.  Researchers are always trying to perform 

experiments that best simulate real life conditions and therefore result in the most 

accurate measurements.   

 The objective of this work is to develop the necessary techniques to use thin film 

heat flux gages and to then use them to measure heat transfer to turbine blades in a 

cascade wind tunnel facility in which engine Reynolds and Mach numbers are matched.  

These thin film gages allow for accurate, high frequency measurements with good spatial 

resolution.  The experiment consisted of testing at design conditions, as well as Reynolds 
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numbers above and below design conditions.  Tests were performed at low freestream 

turbulence to generate a baseline case to use for comparison and validation of the results. 

 

1.2 Literature Review 

 High speed facilities like the transonic blowdown tunnel used in this work offer 

many advantages over lower speed facilities, such as the ability to match Mach numbers 

as well as Reynolds numbers and to capture certain phenomena that lower speed 

continuous flow facilities cannot.  The higher speed transient experiments allow for very 

high frequency data acquisition that can detect phenomena such as turbulent spots and 

transition.  In the current work, it is desired to match both Mach and Reynolds numbers 

with engine conditions, so a high speed facility is necessary; however, heat transfer 

measurements can be more difficult in high speed facilities than in low speed continuous 

flow tunnels because of the required measurement techniques.  For that reason, high 

frequency response instrumentation has been developed over the years to use in high 

speed facilities.  The focus of this review will be to discuss some of those techniques, 

their advantages, and ultimately which technique has been chosen for this research. 

 

1.2.1 Differential Temperature Heat Flux Gages 

 One common technique for determining heat flux is by measuring a difference in 

temperature between two locations within a material and using Fourier’s law to calculate 

heat flux (Childs, 1999).  The temperature difference is often measured using 

thermocouples, thermistors, or thermopiles.  A thermopile, which is designed with a large 

number of junctions and with a very small distance between junctions, will have both 

high sensitivity and a low response time (allowing high speed data acquisition).  One 

example of a heat flux sensor that uses a thermopile to measure that temperature 

difference is a heat flux microsensor manufactured by Vatell Corporation.   

 Extensive research has been conducted in the Virginia Tech transonic wind tunnel 

using these heat flux microsensors (Nix, 2004 and Popp, 1999).  The heat flux 

microsensor (HFM) is an insert style gage, which is to be mounted in the test article such 

that the sensor face is flush with the blade surface.  The HFM consists of two sensors: a 

resistance temperature sensor (RTS) and a heat flux sensor (HFS).  The RTS operation is 
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based on the linear relationship between the sensor resistance and temperature.  As the 

temperature changes, and as a result the resistance changes, the sensor’s voltage output 

changes.  The HFS outputs a voltage that corresponds to the temperature gradient from 

the thermopile and is directly proportional to heat flux.  More details of the HFM 

operation and calibration are documented by Holmberg and Diller (1995), Hager, et al 

(1991), Baker and Diller (1993), and Smith, et al (1999).   

 The sensor face of the HFM is approximately 0.635 cm in diameter and can be 

seen in Figure 1.1.  The heat flux sensor’s frequency resolution is estimated to be on the 

order of 20 kHz (Nix, 2004).  This allows for the very high frequency data acquisition 

that is necessary in high speed facilities such as the one used in this work.  Nix (2004) 

used the heat flux microsensors to measure time-resolved heat transfer coefficients in 

Virginia Tech’s transonic wind tunnel.   

 

 
Figure 1.1 Vatell HFM-7 heat flux microsensor. 

 

 The HFM gage is designed to be inserted in aluminum, again with the sensor face 

flush with the measurement surface.  For the HFMs, the measurement surface has to be 

reasonably flat and the material must be thick.  Due to these mounting constraints it is not 

possible to install the heat flux microsensors near the leading edge where a turbine blade 

is highly curved or near the trailing edge where the blade is too thin to allow for 

mounting.  Heat transfer in these regions of the blade was of great interest in this work, 

and therefore other heat flux gages were investigated. 
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1.2.2 Thin Film Heat Flux Gages 

 The application of thin film resistance thermometers to measure heat flux to 

turbine blades arose in the 1970’s (Jones, et al, 1973 and Schultz and Jones, 1973).  The 

thin film resistance thermometer (or thin film gage, as it will be referred to from here on) 

consists of a thin metal film bonded to an insulating substrate, as can be seen in Figure 

1.2.  The thin metal film is typically less than 1 μm thick and has a very small heat 

capacity.  Due to this thin layer with a small heat capacity the metal film is assumed to be 

at the same temperature as the surface of the insulating substrate and is therefore used to 

determine the temperature history of the insulator surface.  The thin film gage operates by 

having a constant current supplied to the thin film and the voltage across the device is 

then measured as the temperature of the film changes.  From this voltage, the thin film 

resistance is determined and used to calculate the surface temperature through proper 

calibration of the thin film gage’s linear relationship between temperature and resistance. 

Insulator TFGInsulator TFG

 
Figure 1.2 Thin film gage diagram 

 

 The surface temperature time history is then used to determine heat flux into the 

insulating substrate.  This is done using a one-dimensional heat conduction assumption to 

solve for transient heat conduction in the substrate.  There are various methods for 

solving the transient heat conduction equation, depending on the construction and 

application of the thin film gage.  There are three primary groups who have developed 

varying thin film gages that will be discussed in this section.  These groups have 

developed different gage designs to best accommodate their particular facility’s 

requirements, such as test time and cascade arrangement.  Included in those discussions 

are brief descriptions of the data reduction technique as it applies to that particular gage 

design.  However, all three groups have developed gages that work on the same general 

principle of the thin film being a resistance thermometer as described above.   
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 The thin film gages that had been developed had several advantages over other 

heat transfer measurement techniques.  These advantages included very high frequency 

response (up to 100 kHz) and very good spatial resolution (0.5 cm spacing in the 

particular gage layout used for this research).  Additionally, each variation of the thin 

film gage design had its own advantages beyond high frequency response and good 

spatial resolution. 

 

1.2.2.1 Calspan Thin Film Gages  

  Calspan Advanced Technology Center has developed thin film gages for use in 

their short duration shock-tube test facilities.  Their facilities have test times on the order 

of 50 milliseconds or less.  They developed thin film gages specifically for that 

application.  The gages used at Calspan consist of a thin platinum film bonded to a Pyrex 

insulating substrate (Dunn, 1995).  An insert is manufactured with the thin film gage 

installed on it and is mounted in the metal blade, airfoil, etc. that is to be tested.  The 

Pyrex insert must be designed to act as a semi-infinite solid within the test time for the 

data reduction technique used.  When the insulating substrate acts as a semi-infinite solid, 

the data reduction technique is simplified by using the semi-infinite boundary condition 

at the back of the insert.  The transient heat conduction problem can then be solved 

analytically using Laplace transforms, resulting in a transfer function between surface 

temperature and heat flux into the substrate.  Since the facilities at Calspan are such short 

duration test facilities, they are able to use very small inserts and still maintain the semi-

infinite assumption. 

 Dunn (1995) described the manufacturing technique used at Calspan.  The Pyrex 

inserts are cut and roughly shaped using a diamond cutter.  The surface is then notched 

for lead wires and is polished to a smooth finish.  Once the substrate is prepared for 

application, a platinum solution is then hand painted onto the surface using a camel hair 

brush.  The gage is then oven fired and the lead wires can be soldered onto the gage. This 

application technique allows for metal blades and components to be used, enabling 

testing of rotating components and complex geometries that could not be manufactured 

entirely of an insulating substrate.  However, the technique had disadvantages, such as 

discontinuities in the material properties and variations in the surface.  Additionally, the 
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manufacturing process is long and laborious.  The primary investigator at Calspan is now 

working at Ohio State University and continues to use and further develop these gages. 
 

1.2.2.2 MIT Thin Film Gages 

 The thin film gages developed at MIT were designed to be used in a blowdown 

facility that has a test time on the order of 300 milliseconds.  Therefore, they developed a 

thin film gage design that does not rely on using the semi-infinite assumption.  Thus, 

their data reduction technique will be valid for long test times and the MIT thin film 

gages can then be applied to components made of any material regardless of its thermal 

properties.   

 Epstein, et al. (1986) developed a double-sided gage at MIT that had two nickel 

thin films deposited opposite one another on either side of a 25 μm thick Kapton layer.  

These gages use the two temperature measurements on either side of the Kapton to 

determine the heat flux into the substrate.  MIT used an RC network as an analogy to the 

heat conduction through the Kapton layer to calculate heat flux from the two temperature 

signals.  After developing and manufacturing the gages, Epstein tested the gages on an 

outer tip casing in a transonic blowdown turbine facility.  The heat flux gages were 

capable of capturing high frequency temperature fluctuations caused by the blade 

passing, which occurred at a frequency of approximately 6 kHz.  Additionally, the thin 

film gages were found to have an overall accuracy of 7% and their calibrations were 

shown to be stable to within 1% after using the gages for several months. 

 The MIT gages are certainly advantageous in a facility with longer test times as 

the semi-infinite assumption is no longer the primary concern.  However, there are also 

disadvantages to this design.  Due to the second gage that is deposited on the backside of 

the Kapton layer, mounting the gages onto a blade becomes increasingly difficult, as 

much care must be taken to mount the gages without damaging the film and without 

creating wrinkles or discontinuities between the sheet of gages and the component.  Also, 

steps must be taken to insulate the lower gage from the component it is to be mounted on. 
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1.2.2.3 Oxford Thin Film Gages 

 Initially, Oxford University’s thin film gages were made by hand painting 

metallic films directly onto a turbine blade and then oven firing the gages (Oldfield, et al., 

1981).  This was done on a blade made of an insulating substrate such as Macor.  Macor 

was chosen not only because it is an electrical insulator, but also because of its thermal 

properties.  The facility used at Oxford is an isentropic light piston tunnel which has test 

times on the order of 300 – 400 milliseconds.  Because the test time is an order of 

magnitude larger than the longest test time obtained at the Calspan facility, it is necessary 

to have a thicker insulating layer in order to maintain the semi-infinite assumption.  

Using Macor as the blade material allows for the blade to be considered a semi-infinite 

solid during the entire test time in Oxford’s light piston tunnel, resulting in the same 

simplified data reduction technique used at Calspan. 

 Using thin film gages hand painted onto a Macor substrate worked for fixed two-

dimensional cascades where the strength of the insulating substrates was sufficient and 

for simple geometries that did not require extensive machining as is required with film 

cooled blades.  However, in cases where a metal blade was needed, either because of the 

stresses seen in rotating components or because of the complex machining required for 

the film cooling, it was not possible to paint gages directly onto the blade.  Thus, Doorly 

and Oldfield (1986) developed a new technique to allow for testing metal blades.  An 

enamel coating is used to cover the entire metal blade and the thin film gages are then 

hand painted and fired onto the enamel layer.  Doorly and Oldfield chose an enamel 

coating that is not only a good electrical insulator, but also has thermal properties that 

allow the semi-infinite assumption to be used in the facilities at Oxford University.  They 

then applied this technique to a metal cylinder to study stagnation point heat transfer in 

Oxford’s Isentropic Light Piston Tunnel.  The stagnation point heat transfer results 

obtained from the enamel coated metal cylinder were compared with results recorded 

using thin film gages painted directly onto a Macor cylinder and with correlations for 

stagnation point circular cylinder heat transfer.  They showed very good agreement 

between the results obtained using the multilayered technique, the single layered 

technique, and the correlations. 

 7



 Thin film gages that were hand painted, whether directly onto a blade or onto an 

enamel coating, required very careful and accurate painting to minimize non-

uniformities.  Additionally, gages painted and fired onto enamel coatings needed to be 

calibrated for the coating’s thickness and thermal properties.  This type of calibration is 

done using an electrical discharge technique or some similar process.  These calibrations 

required extensive work, so researchers began developing thin film gages that could be 

manufactured easily and uniformly.  This was accomplished by depositing the metallic 

film material onto a thin flexible insulating substrate such as Kapton or Upilex.  This thin 

sheet could then be mounted on a blade using a thin adhesive layer.  The gages developed 

at Oxford consisted of platinum films sputtered onto one side of an Upilex insulating 

sheet (Guo, et al., 1995).  Guo, et al. (1995) used the thin film gages to measure heat 

transfer to an annular turbine nozzle guide vane (NGV).  The experiments were carried 

out in the Oxford University Cold Heat Transfer Tunnel at engine representative 

Reynolds and Mach numbers.  Both Perspex and aluminum turbine blades with thin film 

gages installed were used.  Additionally, tests were performed with liquid crystals and 

numerical simulations were made.  The results obtained using the thin film gages on both 

types of blades agreed well with each other and with the results from the liquid crystals 

and the numerical predictions. 

 

1.2.3 Summary 

 Thin film gage sheets have the advantage of a thin flexible substrate that allows 

for the gages to be mounted on the entire blade surface enabling measurements to be 

made at any location.  Thin film gage sheets can also be designed with very good spatial 

resolution, allowing for many high frequency measurements to be made.  Also, thin film 

gages deposited onto insulating sheets can be manufactured very uniformly and with 

great ease as compared to the work required for hand painting and firing.  Not only does 

this reduce the work required to manufacture the gages, it simplifies the calibration 

process.  Due to the uniform insulating thickness and material properties, it is only 

necessary to calibrate the gages’ thermal coefficient of resistance.  The single sided thin 

film gages, as developed at Oxford, require a simpler installation process than the double 

sided gages as there is no gage deposited on the backside of the sheet where the adhesive 
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layer is to be mounted.  Therefore, these gages have become common and have been used 

in gas turbine applications at Oxford University (Guo, et al., 1995 and Joe, 1997), von 

Karman Institute for Fluid Dynamics (Iliopoulou, 2004), and Wright-Patterson Air Force 

Base(Barringer, 2006).  Wright-Patterson Air Force Base uses the same gage design as 

was developed at Oxford University, but manufactures their gages using Kapton rather 

than Upilex for the insulating layer.  The Wright-Patterson Air Force Base gages were 

chosen for this research because of the advantages they offered as discussed above and 

more details on their operating principles, manufacturing, calibration, and data reduction 

will be discussed in the following chapter. 
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Chapter 2 
 

Thin Film Heat Flux Gage Development 
 

2.1 Thin Film Heat Flux Gages 

 Thin film heat flux gages were chosen for use in the current research project. 

These gages were manufactured at Wright-Patterson Air Force Base.  They were 

provided by Dr. Rich Anthony and Dr. Marc Polanka of the Turbine Research Facility at 

WPAFB.  The gages made and used at that facility are the same gages as those initially 

developed at Oxford University (Barringer, 2006).  The reason for using these gages was 

the advantage that these gages offered over the heat flux microsensors that had previously 

been used in this facility.  The thin film gages allow for many more measurement 

locations and allow for measurements to be made much closer to the leading and trailing 

edges than in previous projects.  The following sections will describe the operation of the 

thin film gages used as well as manufacturing and calibration procedures. 

 

2.1.1 Operating Principles 

 The thin film gages used consist of a platinum sensor and copper leads on a thin 

Kapton sheet.  More details on the manufacturing of these gages will be provided in the 

next section.  The gages are attached to the surface of the blade and indirectly measure 

the heat flux into the blade.  The resistances of the gages change along with changes in 

surface temperature.  The resulting two-layered system can be seen in Figure 2.1.   

Kapton

Gage

Macor Blade

Kapton

Macor Blade

TFG Dimensions
Gage: 600 nm
Kapton: 50 μm
Macor: 0.25 cm minimum

Kapton

Gage

Macor Blade

Kapton

Macor Blade

TFG Dimensions
Gage: 600 nm
Kapton: 50 μm
Macor: 0.25 cm minimum

 
Figure 2.1 Diagram of multi-layered gage design (not drawn to scale). 
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 The gages are supplied a constant current by a Wheatstone bridge so that a 

voltage change, rather than a direct measurement of resistance change, can be recorded.  

This voltage change is proportional to the resistance change that is caused by a surface 

temperature change.  From this voltage, the surface temperature time resolved history is 

calculated.  That temperature is then used to solve for heat flux into the blade.  This 

solution will be discussed in detail in section 2.2. 

 

2.1.2 Manufacturing 

 The gages used in the current work were manufactured at the Turbine Research 

Facility (TRF) at Wright-Patterson Air Force Base.   The TRF has a thin-film sputtering 

and vapor deposition facility similar to the facility at Oxford University, which has been 

described by Joe (1997).   

 Sputtering is a process in which a material, such as the platinum used for the thin 

film gages, is deposited onto a surface, like the Kapton substrate, by bombarding the 

surface with ions.  The substrate that is to have the metal deposited onto it is placed into a 

vacuum chamber, along with the metal that is to be deposited.  The chamber is then filled 

with an inert gas and is ionized by a radio-frequency electromagnetic field.  The gas ions 

bombard the metal that is to be deposited and cause it to emit atoms, which are then 

deposited onto the substrate.  Vapor deposition is the vacuum deposition process that is 

used for the copper leads.  In this process, the copper is placed in a vacuum chamber and 

evaporated.  The cloud of copper atoms then coats the substrate. 

 At the TRF, the first step in the manufacturing process is to develop the gage 

layout.  A computerized layout is created and printed on high quality transparency paper 

with a very high-resolution printer.  This allows for very exact and complex layouts to be 

created.  The gage layout used in this work can be seen in Figure 2.2. 
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Figure 2.2 Thin film gage layout. 

 

 Once a layout is developed, the layout is printed onto the transparency paper as 

two separate layouts.  The first contains only the platinum array and the second contains 

only the copper leads, as shown by items 1 and 4 in Figure 2.3, which shows an overview 

of the manufacturing process.  A photoresist layer is laminated onto the Kapton substrate.  

The platinum gage array transparency, item 1 in Figure 2.3, is placed on top of the 

photoresist layer and is exposed to UV light.  The gage template prevents the UV light 

from affecting the photoresist layer where the platinum gages will be deposited.  The rest 

of the photoresist that is affected becomes hardened and as a result will remain during the 

chemical etching process.  The etching solution is applied to the sheet and removes the 

photoresist that is in the location where the platinum will be deposited.  The sheet is then 

put through the RF sputtering process, which results in platinum being deposited onto the 

sheet.  Once this is done, a chemical solution is applied to the sheet again to remove any 

extra platinum that was deposited onto the photoresist that remained.  At this point, the 

gage is now at stage 3 in Figure 2.3. 

 The next step is to go through a similar process with the copper lead template, 

which is stage 4 in Figure 2.3.  The template again prevents the photoresist from being 

affected further when exposed to the UV light a second time.  A stronger solution is then 

used to remove the photoresist that was only exposed to the light once and is in the 

location of the copper leads.  Copper is then vapor deposition onto the sheet.  A final 

chemical solution is then used to remove all of the remaining photoresist and any excess 

 12



copper.  The gage looks like step 6 in Figure 2.3 after this phase of manufacturing.  Once 

this is completed, the gages are ready to have an adhesive backing installed.  The 

adhesive layer used is a 2 mil thick glue layer manufactured by 3M.  The glue layer is 

installed onto the back of the Kapton layer.  A cross section of a completed thin film gage 

is shown as item 8 in Figure 2.3. 
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Figure 2.3 Overview of thin film gage manufacturing process (not drawn to scale). 

 

2.1.3 Gage Calibration 

 As stated previously, a thin film gage’s resistance changes with temperature.  

Therefore, it is necessary to calibrate that relationship prior to any testing.  The platinum 

sensing portion of the gage has a linear relationship between temperature and resistance 

that is given by: 

          (2.1) 0RTKR +⋅=
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where K is the thermal coefficient of resistance for the platinum sensing portion of the 

gage.  After the gages had been installed onto the blade and lead wires had been soldered 

on (as described in the thin film gage manual in the Appendix), the blade was placed in 

an oven for calibration.  The blade and gages were raised from room temperature up to 

55˚C incrementally and then brought back to room temperature, with gage resistance and 

temperature recorded at each point.  Calibration data from one of the gages can be seen in 

Figure 2.4. 

y = 0.1134x + 60.234
R2 = 1
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Figure 2.4 Calibration of a single gage. 

 

 During the calibration phase a few issues that must be considered came about.  

Some gages were exhibiting unusual behavior during the calibration.  Those gages would 

show a steady, linear calibration, as was shown in Figure 2.4, while heating the gage up, 

but then once the gage reached the maximum temperature or as the gage was cooling 

down to the lower temperatures there would be a sudden shift in resistance.  A sample of 

this behavior is shown in Figure 2.5.   

 

 14



83.0

84.0

85.0

86.0

87.0

88.0

89.0

90.0

10 20 30 40 50 60

Temperature (°C)

R
es

is
ta

nc
e 

(Ω
)

Increasing Temp
Decreasing Temp

 
Figure 2.5 Calibration of a single gage that exhibited unstable behavior. 

 

 This sudden decrease in resistance was not completely explained, but when 

investigating this behavior, a few items of note were found that could have combined to 

cause these problems.  The first item was the solder connections between the wire and the 

copper lead.  Much care must be taken to ensure a very solid connection; otherwise poor 

contact can lead to incorrect resistance measurements.  A manual with procedures for 

soldering and installing the gages has been written and is attached in the Appendix.  

Another item of note was that a second set of gages that was calibrated, and subsequently 

installed on the blade for testing, was placed in an oven and raised to approximately 90 – 

95 °C.  The gages’ resistances were measured at this temperature and the gage was then 

allowed to return to room temperature.  The resistances were then measured at room 

temperature.  This was done as a way to check that all of the gages were exhibiting a 

reasonable relationship between resistance and temperature prior to performing a full 

calibration.  However, this technique may have also had a side effect of annealing the 

gage materials and helping to stabilize their properties, thereby ensuring a more stable 

calibration.  This second set of gages was then put through a full calibration and showed 

very steady results.  The calibration in Figure 2.4 was from this second set of gages.  This 

second set was then used to perform all of the experiments performed during this work.   
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2.2 Analysis Method Comparison 

 The thin film gages used in this research measure the surface temperature time 

history.  This temperature time history is then used as a boundary condition to solve the 

one dimensional transient heat conduction equation: 

     
t
T

x
T

∂
∂=

∂
∂

α
1

2

2

     (2.2) 

  There are two possible scenarios for the other boundary condition.  The first is 

that the blade is thick enough that the material can be considered semi-infinite.  A 

material can be considered semi-infinite over a certain time period if it is thick enough 

that a thermal wave will not propagate to the backside within that time.  Schultz and 

Jones (1973) showed that the depth a thermal wave propagates is proportional to the 

square root of the material’s thermal diffusivity and time, as shown in equation 2.3. 

     tL α~      (2.3) 

 To ensure that this assumption holds for as many gages as possible, the 

instrumented blade used in this research was manufactured from Macor, which has a 

much lower thermal diffusivity than aluminum, the material used for the rest of the 

blades in the test section.  So in this case, the back of the Macor layer remains at the 

initial temperature during the entire test, and therefore equation 2.2 can be solved using 

either the Laplace Transform Method or the Finite Difference Method to be described in 

this section.  The alternative scenario is a finite thickness, as occurs near the trailing edge.  

In this case, the temperature at the backside wall is found using gages on that side of the 

blade.  So in this instance, equation 2.2 must be solved numerically.  The finite difference 

method must be used for this scenario. 

 

2.2.1 Laplace Transform Method 

 The Laplace Transform Method works assuming that the blade is acting as a 

semi-infinite solid.  This assumption holds true for most gages during our test time, and 

therefore this method can be used on those gages.  The resulting two-layered system can 

be seen in Figure 2.6.   
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Figure 2.6 Diagram of gage on a semi-infinite solid (not drawn to scale). 

 

 Equation 2.2 needs to be solved in both substrate layers using the following 

boundary conditions, where subscript 1 indicates the Kapton layer and 2 indicates the 

Macor.   
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 The equation is solved using Laplace transforms.  The details behind the math 

used have been documented by others (Doorly and Oldfield, 1987) that used these gages 

and this method of analysis and so will not again be documented here.  Solving equation 

2.2 results in the following transfer function that relates temperature to heat flux (Joe, 

1997): 
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 In equations 2.8 and 2.9 the subscripts 1 and 2 represent the Kapton layer and the 

Macor blade, respectively.  Additionally, a represents the Kapton thickness and α is the 

thermal diffusivity.  It is possible to represent the Laplace transfer function in the 

frequency domain by replacing the Laplace operator, s, with the frequency component, 

jω.  This allows the heat flux, in the frequency domain, to be determined by taking a 

Fourier transform of the temperature signal and passing it through the above transfer 

function.  An inverse Fourier transform can then be taken to obtain the heat flux time 

history.  This time history can then be used to calculate the Nusselt number time signal.  

This method was programmed into Matlab and that code can be seen in the Appendix. 

 

2.2.2 Finite Difference Method 

 In cases where the semi-infinite assumption fails, like near the trailing edge, the 

Laplace Transform Method cannot be used.  Therefore, a numerical solution must be 

used.  One possible method is to use a finite difference code and two surface 

temperatures on either side of the blade as shown in Figure 2.7.  The finite difference 

code developed in this work was adapted from a code that was written by Dr. Brian Vick 

and is taught in his courses. 
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Figure 2.7 Finite thickness diagram of gages on trailing edge region (not drawn to scale). 

 

 The finite difference method is an algorithm in which the governing equation, in 

this case equation 2.2, is discretized to obtain an approximate solution.  In the finite 

difference method, the Kapton and Macor regions are divided into discrete control 

volumes with grid points in the center of each control volume.  There are two schemes 

for discretizing the control volumes and grid points that are commonly used in finite 
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difference codes.  In the first scheme, grid points are distributed through the material and 

then control volumes are placed around the grid points.  This results in half control 

volumes at each boundary.  In the second scheme, the control volumes are placed first 

and then grid points are placed in the center of each volume.  Additionally, grid points are 

placed at each boundary condition with zero volume control volumes.  The two different 

domains are shown in Figure 2.8. 

 

x = 0 x = Lx = 0 x = L  x = 0 x = Lx = 0 x = L  
Figure 2.8 Domain with grid points placed first in (a) and domain with control volumes 

placed first in (b) 

 

 The second method has certain advantages over the first.  The first advantage is 

that there are no half-thickness control volumes at the boundaries.  Therefore, there is no 

need for special discretized equations to handle the boundary conditions.  Rather, the 

given boundary condition data, such as surface temperature, can be used directly.  

Second, when dealing with a composite material, such as the one in this research, it is 

possible to set up the control volumes such that the faces of the control volumes are 

where discontinuities in material properties occur.  This ensures that the material 

properties at a grid location are that of a single material and the interface can be 

accounted for by finding an equivalent conductivity across the interface.  The equivalent 

conductivity is found by using an energy balance across the interface and the concept of 

thermal resistances.  A schematic of a control volume interface and heat flux is shown in 

Figure 2.9. 
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Figure 2.9 Control volume interface demonstrating equivalent conductivity concept. 

 

 Using the thermal resistance concept and an energy balance across the interface, 

heat flux is defined as 
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 Combining equations 2.10 and 2.11 and rearranging to get equivalent conductivity 

gives 
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 If xi = xi+1 = xe, as is the case in the finite difference code written for this analysis, 

then that gives equivalent conductivity as the harmonic mean: 
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 Once the control volume discretization is completed, the energy equation is 

integrated over a control volume and over a time interval.  Each term in the energy 

equation is discretized using Taylor series expansion prior to being integrated.  The 

integration over time is done using the fully implicit scheme.  This means that the 

temperature over each time interval is evaluated at the end of the interval.  This method 

was chosen because it is unconditionally stable.  However, the fully implicit scheme does 

require simultaneous equations to be solved at each time step.  Therefore, a tridiagonal 
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matrix is set up using the discretized energy equation and is solved using a tridiagonal 

algorithm.  Matlab was used to program the finite difference method.  This code can be 

seen in the Appendix.   

 Even though the finite difference code was originally written to handle cases in 

which the Laplace Transform Method cannot be used, it is also capable of handling the 

cases where the blade can be considered a semi-infinite solid.  In this case, the back wall 

temperature remains at the initial temperature for the entire test time.  This scenario then 

is solved as if the gage and blade were again a two-layered system as seen in Figure 2.10.  

This is done by simply applying the constant initial temperature boundary condition at x 

= b, where b must be thick enough that the semi-infinite assumption would hold.   
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Figure 2.10 Finite thickness system when semi-infinite assumption holds (not drawn to 

scale). 

 

 By having the ability to use the finite difference code for gages where the semi-

infinite assumption holds, we can then compare the results of the Laplace Transform 

Method and the Finite Difference Method.  This is done to ensure the accuracy of the 

Finite Difference Method that was written as well as to determine which method will be 

the preferred method for solving the heat conduction equation. 

 

2.2.3 Heat Transfer Results Comparison 

 As previously stated, the Finite Difference Method can be used for any and all 

gage locations, while the Laplace Transform Method is only accurate for the gage 
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locations in which the semi-infinite assumption holds.  Therefore, the two methods can 

be compared to each other as well as to analytical solutions to validate the methods prior 

to using them on experimental data.   

 The first set of comparisons made used analytical solutions for transient heat 

conduction in a semi-infinite solid (Incropera and DeWitt, 2002).  These comparisons 

consisted of two different boundary conditions; a constant heat flux condition and a 

convective heat transfer condition.  In the first, there was a step change in heat flux from 

0 to 10,000 W/m2 after 0.25 seconds.  The analytical solution was used to solve the 

surface temperature time history due to that boundary condition.  This temperature trace 

was then used as the input to both analysis methods.  The two methods calculated heat 

flux into the blade, and those two heat flux traces were then compared.  This comparison 

can be seen in Figure 2.11. 

 

 
Figure 2.11 Comparison of analysis methods in response to a step change in heat flux. 

 

 As can be seen in Figure 2.11, both methods show the correct trend and the 

correct level of heat flux after the step change.  However, the Finite Difference Method 

shows two distinct improvements over the Laplace Transform Method.  The first being 

the response to the sudden step change itself.  The Laplace Transform result shows 
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oscillation at the time of the step change whereas the Finite Difference result shows a 

much smoother step change.  Additionally, at the end of the time period over which these 

results were calculated, the Laplace Transform method shows oscillations in the signal 

that appear to exponentially amplify as the end of the time history approaches.   

 The same analysis was done for a step change in heat transfer coefficient from 0 

to 500 W/m2K.  The same trends seen in the analysis of a step change in heat flux can be 

seen in the analysis of a step change in heat transfer coefficient, as is evident in Figure 

2.12. 

 

 
Figure 2.12 Comparison of analysis methods in response to a step change in heat transfer 

coefficient. 

 

 Again both analysis methods show the correct trend and the correct level of step 

change at the correct time, but the Finite Difference Method shows the same 

improvements at the time of the step change and at the end of the time history. 

 Once the validation and comparison of both analysis methods using analytical 

solutions was completed, data collected from a test run was analyzed using both methods 

and compared.  The data was collected from a gage located at an x/C location of 

approximately 0.37.  This location corresponds to the thickest portion of the blade where 
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the blade can certainly be considered a semi-infinite solid.  Therefore, it is valid to use 

both analysis methods on the data from this gage.  Data was collected for 30 seconds 

during one of the initial test runs at an exit Mach number of 0.8 (more details on the test 

runs will be given in Chapter 3).  Along with the heat flux gage data, air temperature and 

pressures were measured during the run so that heat transfer coefficients could be 

calculated.  The recorded gage data was used to calculate surface temperature and then 

heat flux.  Those calculated quantities were then used, along with the measured air 

temperature to calculate heat transfer coefficients.  The results of those calculations using 

both analysis methods can be seen in Figure 2.13. 

 

 
Figure 2.13 Experimental time history of heat transfer coefficient using both analysis 

methods. 

 

 Once again, both methods used show the same trends and result in the same 

average heat transfer coefficient.  However, the Laplace Transform Method again shows 

much more noise and oscillation that amplifies with time.  The oscillations are not 

believed to be physical due to the appearance of the same trends in the analytical 

comparisons.  Additionally, if the recorded signal were to be cut short and only a portion 

of it were to be processed using the Laplace transform method one would still see the 
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oscillations amplifying with time.  The oscillations would just start amplifying earlier as 

though they were shifting along with the end of the signal.  Hence, it is believed that 

these oscillations are numerical in nature and are purely a function of the method itself.  

The Finite Difference Method shows a much cleaner signal, and so has been chosen as 

the method of choice for this research project. 
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Chapter 3 
 

Experimental Facility and Set-up 
 

3.1 Wind Tunnel Facility 

 The current research was conducted in the transonic wind tunnel facility at 

Virginia Tech.  This facility is a blowdown wind tunnel capable of test times of up to 30 

seconds.  A diagram of the transonic wind tunnel is shown in Figure 3.1.  The tunnel 

objective pressure is adjustable to allow for varying Reynolds and Mach numbers.  For 

the current cascade configuration, the tunnel is capable of achieving an exit Mach number 

as high as 1.2.  

 A four-stage compressor fills two pressure tanks with air prior to the experiment.  

This highly pressurized air is allowed into the tunnel through a proportional valve that is 

controlled by a computer. The computer uses a program written for this facility to control 

the valve based on a feedback pressure in the test section.  Once the air enters the tunnel, 

it passes through a heat exchanger that heats the air up to 120˚C at the start of a test.  The 

air then passes through a 2D contraction before entering the test section.  The air leaving 

the test section exhausts into ambient conditions outside the building. 
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Figure 3.1 Diagram of Virginia Tech’s transonic wind tunnel facility. 

 26



 The two valves (the circulation valve and flapper valve shown in Figure 3.1) 

upstream of the test section allow for air to be circulated through the heating loop prior to 

a test run.  The air in the heating loop is heated using two 36 kW heaters and the air is 

circulated through the loop by a fan.  The heat exchanger consists of 0.127 cm diameter 

copper tubes that fill that portion of the tunnel piping and are held in place using steel 

screens.  The tubes are used to store heat from the air that circulates through the heating 

loop and then transfer that heat to the unheated air that enters the tunnel from the pressure 

tanks.  This results in the temperature being approximately 120˚C at the beginning of a 

test run and dropping to 50˚C by the end of the test run.  A sample of the temperature and 

pressure inside the test section during a test run are shown in Figure 3.2. 

 

 
   (a)      (b) 

Figure 3.2 Sample tunnel run conditions for (a) pressure and (b) temperature. 

 

 The pressure traces shown in Figure 3.2 (a) were measured using a pitot-static 

probe located approximately 9 cm upstream of the turbine blade cascade and 9 cm above 

the center blade leading edge.  The upstream total temperature trace shown in Figure 3.2 

(b) was measured using a Type T thermocouple with an air probe tip.  The tip of the 

thermocouple has holes cross drilled in the sheathing, which causes the air to stagnate 

around the thermocouple bead, so the thermocouple measures the total temperature of the 

flow it is immersed in.  The thermocouple was located upstream of the test section, 

immediately downstream of the heat exchanger and upstream of the flapper valve shown 

in Figure 3.1. 
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3.2 Cascade Test Section Set-up 

 The cascade test section used in this research consisted of seven full blades and an 

upper and lower half blade.  A cascade diagram showing the blade locations is shown in 

Figure 3.4.  This resulted in eight full flow passages.  The two passages surrounding the 

center blade were the passages of interest in the current research.  The blade design is a 

2x scaled version of a Solar Turbines, Inc. turbine blade.  The geometric parameters of 

the blade design can be seen in Table 3.1.  Both the engine blade parameters and the 

scaled model parameters are shown.   

 

Table 3.1 Blade Geometric Parameters 

 Engine Blade 2X Scaled Model 

True Chord, cm 3.4925 6.9850 

Axial Chord, cm 1.7615 3.5230 

Pitch, cm 2.9042 5.8085 

Turning Angle, degrees 107.5 107.5 

 

 The blade’s operating parameters at design condition are as follows: exit Mach 

number of 0.9 and inlet Reynolds number, based on true chord, of 5x105.  The current 

research studied heat transfer at test conditions near design and then above and below 

design.  The test conditions are shown in Table 3.2.   

 

Table 3.2 Test Conditions 

 Below Design Near Design Above Design 

Exit Mach Number 0.6 0.8 1.1 

Exit Reynolds Number 715,000 895,000 1,115,000 

Inlet Mach Number 0.25 0.27 0.28 

Inlet Reynolds Number 340,000 405,000 535,000 

Total Pressure 17.3 psia 18.5 psia 23.3 psia 

Total Temperature 355 K 355 K 355 K 
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 The blades in the test section are made of aluminum and the center three blades 

are instrumented for pressure measurements.  Slots were machined in the surface of the 

blades and 0.159 cm diameter brass tubes were installed in the slots.  The slots were 

covered with Bondo, sanded smooth, and holes were drilled in the tubes at the midspan of 

the blade.  The center blade instrumented with pressure taps is shown in Figure 3.3. 

 

 
Figure 3.3 Blade instrumented with pressure taps. 

 

 The center blade was removed and replaced with the Macor blade instrumented 

with the thin film heat flux gages for the heat transfer tests.  The blades immediately 

above and below the center blade remained instrumented with pressure taps during heat 

transfer tests so that pressure could be monitored to ensure that flow conditions during 

heat transfer tests were the same as those during runs in which pressure distributions were 

made.   
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Inlet plane
Center blade with 
heat flux gauges

Upper and lower blades 
with pressure taps2D Contraction Spacers  

Figure 3.4 Diagram of cascade test section layout. 

 

3.3 Flow Measurements 

 Pressure measurements were taken prior to running the heat transfer experiments.  

First, inlet velocity uniformity tests were performed.  A Kiel probe was traversed along 

the inlet plane that is shown in Figure 3.4.  The probe started out at a y/P location of         

-0.437 below the leading edge of the blade, where P is the pitch, and recorded 10 seconds 

of data while traversing along the plane until reaching a y/P location of 0.437 above the 

leading edge of the blade.  Additionally, static pressure taps on the wall of the cascade 

window measured static pressure along the plane during the same time period.  The total 

and static pressure measurements were used to calculate inlet velocities at those 10 

discrete locations.  The velocities were then normalized by the velocity calculated from 

the upstream pitot static probe measurements.  The normalized pressure and velocity 

ratios can be seen in Figure 3.5.  The average normalize pressure was 0.998 and varied by 

less than  ± 0.1% and the average normalized velocity was 0.975 with variation less than 

± 1%.  This variation was small enough to be neglected and the inlet flow can be 

considered uniform. 
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Figure 3.5 Inlet pressure and velocity ratios measured along cascade plane. 

 

 Blade surface static pressures as well as inlet and exit pressures were recorded 

during the next set of flow measurements.  From these measurements, inlet and exit Mach 

and Reynolds numbers were calculated and the blade Mach number distribution was 

found at all test conditions.  These measurements were made on all three instrument 

blades and with multiple inlet and exit pressure taps to verify periodicity in the passages 

above and below the instrumented center blade.  The Mach number distributions 

measured on the center blade were compared with those measured on the upper and low 

blades as shown in Figure 3.6 for the design condition.   

0

0.2

0.4

0.6

0.8

1

1.2

-1.5 -1 -0.5 0 0.5 1 1.5 2

s/C

M
ac

h

Middle Blade SS
Lower Blade SS
Middle Blade PS
Upper Blade PS

 
Figure 3.6 Comparison of Mach number distributions on three center blades at exit Mach 

0.8 test condition. 
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 Figure 3.6 shows that the Mach number distributions found in the two center 

passages have fairly good agreement with each other.  On the pressure surfaces of the 

center and upper blades, the Mach number distributions are almost exactly the same.  The 

suction surfaces of the center and lower blades show a little more variation.  This is to be 

expected as the flow along the suction surface has much more acceleration and 

deceleration, and so it is much more sensitive to variations in the freestream.  Even so, 

the two suction surface Mach number distributions are very similar, with only slight 

differences near and after the maximum Mach number, and the passages can be assumed 

to still be periodic.  The Mach number distributions found on the center blade were used 

for comparisons between different test conditions and are shown in Figure 3.7. 
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Figure 3.7 Experimental Mach number distributions. 

 

 Additionally, CFD was performed by another researcher, Shakeel Nasir, using 

Fluent to obtain predictions of the Mach number distributions.  The results from these 

simulations were compared with the Mach number distributions found on the blades and 

can be seen in Figure 3.8.   

 32



0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

-1.5 -1 -0.5 0 0.5 1 1.5 2

s/C

M
ac

h 
N

um
be

r

Exit Ma 0.6
Exit Ma 0.8
Exit Ma 1.1
Exit Ma 0.6 CFD
Exit Ma 0.85 CFD
Exit Ma 1.1 CFD

 
Figure 3.8 Comparison of experimental and computational Mach number distributions. 

 

 The CFD predictions agreed very well with the experimental data measured at 

exit Mach numbers of 0.6 and 0.8.  The CFD for the exit Mach 0.8 condition appeared to 

predict a small shock at an s/C location of ~ 0.9.  The experimental data did not show the 

effects of a shock, but did show the peak Mach number at that location, and then agreed 

well with the CFD along the rest of the blade surface.  The CFD for an exit Mach number 

of 1.1 did not match the experimental data as well as the lower Mach number conditions, 

but still showed good agreement.  The CFD and experimental data matched very well 

until an s/C location of ~ 1.0, at which point the CFD predicted a shock wave that caused 

a sudden drop in Mach number and then resulted in oscillating surface Mach numbers 

along the rest of the surface.  The data did show a significant drop at close to the same 

s/C location, but the drop was not as sudden and severe as the CFD predicted.  

Additionally, the data did not show the oscillating or increasing Mach numbers that the 

CFD predicted.  Since a potential shock wave makes modeling the flow field extremely 

more difficult, it is very reasonable that there would be some variation in this region at 

higher Mach numbers.  Overall though, the CFD predicted the Mach number distributions 

very well. 
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 After ensuring periodicity between the blade passages for all three test conditions, 

inlet temperature uniformity was tested.  As stated earlier, the air total temperature was 

measured by a thermocouple air probe upstream of the test section.  Therefore, it was 

necessary to verify that the temperature recorded at that location was the same as is seen 

at the inlet to the blade cascade.  To do this, five static thermocouple probes were 

installed in the cascade window at the inlet plane that was shown in Figure 3.4.  The 

thermocouple probes were spaced evenly along the plane covering a range of one pitch 

above and below the center blade leading edge.  The static temperatures measured with 

the five probes were converted into total temperature using pressure measurements made 

along the same plane.  These total temperatures were then compared to the upstream total 

temperature and are shown in Figure 3.9.   
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Figure 3.9 Upstream and test section temperature measurements. 

 

 Figure 3.9 shows that all of the thermocouples installed in the inlet plane agree 

very well with each other during the entire time history.  Additionally, the upstream 

temperature agrees very well with those five test section temperatures after a time of 10 

seconds.  Prior to this time, the test section temperatures are much lower than the 

upstream thermocouple due to the response time of the thermocouples.  Since the 

upstream thermocouple is installed in the heating loop of the tunnel, it starts out at the 

steady temperature of the air, while the test section thermocouples measure a much lower 

temperature to begin with.  These thermocouples then see the sudden change in air 

temperature when the valve opens, but take time to reach that temperature.  Once the 

thermocouples have reached the air temperature, all six thermocouples agree very well.  
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Therefore, it is valid to use the upstream air temperature measurement as the temperature 

of the air passing over the blade. 

 

3.4 Electronics and Data Acquisition 

 As discussed previously, the thin film gages need to be supplied with a constant 

current.  This was accomplished by using Wheatstone bridges.  The bridge layout is 

shown in Figure 3.10.  Individual bridges were built for each gage and were all 

assembled together into one electronics box with BNC connections.  Photos of the 

electronics box are shown in Figure 3.11.  The gage lead wires were connected to a 

terminal block inside a junction box that was built to organize all of the wires and BNC 

cables.  The BNC cables connected that junction box to the Wheatstone bridge box.  

Additionally, BNC cables connected the electronics box to a second junction box, which 

led to the data acquisition system.  A schematic of this layout can be seen in Figure 3.12. 
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Figure 3.10 Wheatstone bridge layout. 
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Figure 3.11 Photos of electronics box housing Wheatstone bridge circuitry. 
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Figure 3.12 Schematic of thin film gage circuitry. 

 

 Prior to the first run of a day, the resistances of the gages were measured and 

recorded to monitor day to day drifting and deterioration.  Then the potentiometers in the 

bridges were adjusted to balance the bridges (i.e. zero the output voltage).   

 The gages were connected to a National Instruments SCXI data acquisition 

system.  The SCXI system consisted of an SCXI-1001 12 module chassis, an SCXI-1600 

16-bit data acquisition board, and four SCXI-1120 8-channel input modules.  The SCXI-

1120 modules have built in filtering and amplification that were used in recording the 

heat flux gage data.  The heat transfer data was sampled at a rate of 1 kHz with a gain of 

500.  The on board filter had to be set at either 4 Hz or 10 kHz.  The 4 Hz filter was too 

low, so the filter was set at 10 kHz and then the data was digitally filtered at 400 Hz in 

Matlab during the data reduction process.   

 Additionally, a second NI data acquisition card was used to record the air and 

surface thermocouple measurements so that they could be used in the heat transfer 

calculations.  The thermocouples were connected to a SCB-68 connector block and were 

digitized using a PCI-6036E DAQ card.  The pressure measurements were recorded using 

a PSI system 8400 pressure measurement system.  The PSI 8400 is a modular, parallel 
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processing system that connects a computer to scanners and pressure transducers.  It is a 

self-calibrating system, which interfaces to a PCU through an IEEE-488 card. 

 

3.5 Heat Transfer Gage Layout 

 In the current research project, two sheets of thin film gages were installed onto 

the Macor blade.  Due to manufacturing limitations, the maximum size of a single sheet 

is 12.5 cm.  The total surface length of the blade was 18.75 cm, so two sheets were 

needed to cover the entire surface.  A single sheet with 25 gages, which was 12.5 cm, was 

installed from the trailing edge along the suction surface and wrapped around the leading 

edge.  The second sheet had 11 gages on it and was installed on the pressure surface as 

close to the first sheet as possible in order to minimize any flow disturbances caused by 

the junction.  This layout resulted in 22 gages on the suction surface and 14 on the 

pressure surface.  However, only 31 gages were used during the experiments since the 

data acquisition system was limited in the number of channels available to heat flux 

gages.  The 31 gage locations used in this work can be seen in Figure 3.13 and a Figure 

3.14 is a photo of the blade instrumented with the heat flux gages. 

 
Figure 3.13 Thin film gage locations. 
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Figure 3.14 Macor blade instrumented with thin film gages. 
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Chapter 4 
 

Heat Transfer Results 
 

 Once all initial pressure and temperature measurements were completed and the 

thin film gages had been installed and calibrated, heat transfer tests were conducted.  

Tests were run at each of the three test conditions described in Chapter 3.  This first 

section will describe the calculation of Nusselt numbers from recorded voltage signals.  

The heat transfer results for all three test conditions are presented in the subsequent 

sections.  Finally, the results from each test condition are compared to determine the 

effect of different flow conditions on heat transfer. 

 

4.1 Heat Transfer Time Histories 

 Thin film gage voltages from all 31 gages were collected during each test run.  

Additionally, air temperature, tunnel total pressure, and static pressures were measured 

throughout every run.  Samples of the thin film gage voltages are shown in Figures 4.1 

and 4.2.   

 
Figure 4.1 Sample thin film gage voltages on suction surface. 
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Figure 4.2 Thin film gage voltage time history on suction surface. 

 

 The voltages were then converted into temperature changes using the gage 

calibrations as discussed earlier.  Thermocouples embedded in the Macor blade near the 

midspan were used to determine the blade’s initial temperature prior to the start of the 

test run.  The temperature changes were then added to the initial temperature to obtain the 

surface temperature time history.  A single surface temperature trace can be seen in 

Figure 4.3. 
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Figure 4.3 Suction surface temperature time history. 

 

 The surface temperature traces were then inputted into the finite difference code 

to calculate heat flux into the blade.  The resulting heat flux obtained from the surface 

temperature time history is shown in Figure 4.4. 

 
Figure 4.4 Suction surface heat flux time history. 

 41



 The heat transfer coefficient calculated is defined as: 
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where Taw is the adiabatic wall temperature and Ts is the blade surface temperature 

measured by the thin film gage.  The adiabatic wall temperature is defined as: 
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where M is the local Mach number at that gage location, and r is the recovery factor for 

turbulent flows.  The local Mach number was obtained from the Mach number 

distributions measured during the setup and initial testing phase of this work.   

 Using the calculated heat flux and the adiabatic wall temperature calculated from 

the measured air temperature, the heat transfer coefficient time history was calculated.  It 

can be seen in Figure 4.5. 

 
Figure 4.5 Suction surface heat transfer coefficient time history. 

 

 The total and inlet and exit static pressures were used to calculate inlet and exit 

Mach numbers during the entire test run.  The Mach numbers vary in time, but are steady 
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for a window of about 10 seconds.  The Mach number time histories were used determine 

the time at which the flow conditions became steady, and the heat transfer coefficients 

were then averaged over a one second period in which the flow was steady.  This is 

illustrated in Figure 4.6. 

 

 
Figure 4.6 Suction surface heat transfer coefficient and exit Mach number time histories. 

 

 The average heat transfer coefficients were calculated for each gage and these 

average heat transfer coefficients were then converted into a non-dimensional Stanton 

number.  The Stanton number was based on the local velocity and density, which were 

calculated using the local Mach number distributions found earlier along with pressure 

and temperature data collected during the run.  The Stanton number is defined as: 

     
pVC

hSt
ρ

=      (4.3) 

 It was expected that the heat transfer coefficient would be steady due to the steady 

flow conditions (i.e. steady Reynolds numbers).  But, some gage locations did not show a 

steady heat transfer coefficient during the period that flow was steady (as in Figure 4.6), 

but rather showed a heat transfer coefficient time history that decreased steadily with 

time.  Possible explanations for the decreasing heat transfer coefficients were investigated 
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and are presented in the Appendix.  Only the gage locations that measured a steady heat 

transfer coefficient are discussed here in the body of this work.  The results from all of 

the gages are discussed in the Appendix. 

 

4.2 Near Design Condition Results 

 The first test condition to be considered was the condition closest to design.  As 

shown previously in Table 3.2, the exit Reynolds number for this test condition was 

895,000 and the exit Mach number was 0.8.  Multiple test runs were performed at each 

test condition to ensure reliable and repeatable results; these results are shown in Figure 

4.7.  Figure 4.7 shows that the run-to-run variation was very minimal, with some slight 

variation (most likely caused by slight changes in the tunnel conditions, as they show a 

little run-to-run variation).  The results from the three tests were then averaged together 

and the resulting Stanton number plot can be seen in Figure 4.8.   
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Figure 4.7 Suction surface Stanton number plots from three test runs at exit Mach 0.8. 

 

 To check the validity of the data, these distributions were compared with 

analytical correlations for flow over a flat plate.  The correlations were used to obtain a 
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local Nusselt number for laminar and turbulent flows.  These correlations were obtained 

from Incropera and DeWitt (2002) and are given as: 

   , for laminar flow   (4.4) 3/12/1 PrRe332.0 xxNu =

   , for turbulent flow   (4.5) 3/15/4 PrRe029.0 xxNu =

where Rex is the local Reynolds number, defined as: 

     
μ

ρUs
x =Re      (4.6) 

 Average pressure and temperature data collected during the test runs were used in 

the correlations to determine local Reynolds number.  The Nusselt numbers were 

converted into heat transfer coefficients using Equation 4.7. 

     
s
kNu

h x=      (4.7) 

The heat transfer coefficients were then converted into Stanton numbers using Equation 

4.3.  The experimental data was then plotted along with the correlations in Figure 4.8. 
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Figure 4.8 Suction surface Stanton number plot at exit Mach 0.8. 

 

 At the gage location closest to the leading edge of the blade, a Stanton number of 

0.03399 was found.  This was significantly higher than the correlations showed at that 
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Reynolds number; however, these correlations do not accurately predict heat transfer at 

such low Reynolds numbers.  At gage locations further downstream the agreement 

between the experimental data and the laminar correlation improved.  The data followed 

the same trend as the laminar correlation in the region with Reynolds numbers between 

approximately 77,000 and 664,000, but was shifted higher.  This was expected, as the 

laminar correlation is for completely laminar flow over a flat plate and the actual test 

conditions have 2% turbulence intensity.  This turbulence would augment the heat 

transfer and cause the data to be shifted higher than the laminar correlation.  At the gage 

location corresponding to a Reynolds number of 664,000, the Stanton number was at a 

minimum value of 0.00066, and then began to steadily increase as the Reynolds number 

increased.  This sharp increase in Stanton number was an indication that the boundary 

layer was beginning to transition to turbulent.  However, the boundary layer did not reach 

fully turbulent in the region of the blade shown in Figure 4.8, as indicated by the data 

having not reached the turbulent correlation. 

 The heat transfer results were compared with computer predictions to reinforce 

the validity of the results.  Predictions were calculated using a boundary layer code, 

TEXSTAN, which was written by Dr. Michael Crawford.  TEXSTAN works by solving 

the momentum and energy equations, along with the two-equation κ-ε Lam-Bremhorst 

turbulence model in the boundary layer.  Transition was modeled using a Schmidt-

Patanker transition model which required the user to specify the momentum thickness 

Reynolds number, Reθ, at which to begin considering turbulent kinetic energy.  This Reθ 

could be varied to adjust the location of transition onset.  Freestream total pressure, total 

temperature, turbulence intensity and dissipation rate were given as inputs as well as local 

freestream velocities along the blade surface.  Cases were run using a constant 

temperature boundary condition for the blade surface.  The TEXSTAN results for the exit 

Mach 0.8 condition are shown in Figure 4.9.  Another researcher, Shakeel Nasir, 

performed all TEXSTAN simulations used in this work. 
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Figure 4.9 Comparison with TEXSTAN prediction on suction surface. 

 

 Along the entire surface, the data and TEXSTAN results agreed very well.  

TEXSTAN under predicted the Stanton number at the gage location closest to the leading 

edge and showed almost the same rate of decrease in the region of Reynolds numbers 

between 77,000 and 664,000.  Throughout this region, the Stanton number predicted by 

TEXSTAN was within 10% of the experimental data.  TEXSTAN also showed a similar 

rapid increase in Stanton number, again indicating boundary layer transition, although 

TEXSTAN predicted the onset of transition to occur at a higher Reynolds number.  The 

overall agreement between the predictions and experimental data was very good though.  

Heat transfer predictions were also generated for the two other test conditions using 

TEXSTAN.  These predictions were compared to the experimental data, but these 

comparisons are not shown in this chapter, as the same levels of agreement were seen at 

all three test conditions.  The comparisons are, however, shown in the Appendix. 

  

4.3 Below Design Condition Results 

 The next test condition to be considered was the below design condition.  The exit 

Reynolds number was 715,000 and the exit Mach number was 0.6, which were 20% and 

25% lower, respectively, than the near design condition.  Again, three test runs were 
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performed to ensure repeatability in the data, and those individual runs are in the 

Appendix.  The average Stanton number plot is shown in Figure 4.10. 
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Figure 4.10 Suction surface Stanton number plot at exit Mach 0.6. 

 

  The Stanton number distribution found at the exit Mach 0.6 condition was similar 

to that found at the exit Mach 0.8 condition.  The gage location closest to the leading 

edge again measured heat transfer levels much higher than the correlations predicted, 

with a Stanton number of 0.03372 being measured at that gage.  The experimental data 

recorded from the gages further along the surface again showed better agreement with the 

laminar correlation until the point of transition.  The two gages at locations corresponding 

to Reynolds numbers of 622,000 and 673,000 showed almost the same Stanton number, 

and then the gage downstream of them showed the rapid increase caused by boundary 

layer transition.  The Stanton number reached a minimum of 0.00065 before transition 

occurred. 

 

4.4 Above Design Condition Results 

 The third and final test condition studied in this work was the exit Mach 1.1 

condition.  The exit Reynolds number for this condition was 1,115,000, which was 
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approximately 25% higher than the near design exit Reynolds number.  The exit Mach 

number was about 37.5% higher than the near design exit Mach number.  As with the 

first two test conditions examined, multiple test runs were conducted and averaged to 

obtain a Stanton number distribution, which is shown in Figure 4.11. 
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Figure 4.11 Suction surface Stanton number plot at exit Mach 1.1. 

 

 The distribution at an exit Mach number of 1.1 showed the same general trends 

that the other distributions showed.  The Stanton number near the leading edge was 

0.03440.  There was then a region on the blade’s surface that corresponded to Reynolds 

numbers of 98,000 to 579,000 where the experimental data agreed with the trend of the 

laminar correlation, but was again shifted higher.  The gage at the location corresponding 

to a Reynolds number of 579,000 measured a minimum Stanton number of 0.00068.  The 

gages downstream of this location again showed a rapid increase in Stanton number, but 

still did not reach the turbulent correlation.   

 As an additional validation of the data obtained in this work, the highest speed 

condition results were compared with other results found in literature.  Arts (1998) tested 

a rotor blade at a variety of Reynolds numbers, Mach numbers, and turbulence intensities.  

One test condition was found to be similar to the above design condition tested in this 
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work.  The exit Mach number for the data from Arts (1998) was 1.12 and the exit 

Reynolds number was 1.04x106.  The turbulence intensity was 0.8%.  Again, those 

conditions for the tests conducted in this work were: exit Mach number of 1.1, exit 

Reynolds number of 1.115x106, and turbulence intensity of 2%.  Specific pressures and 

temperatures necessary to calculate Stanton and Reynolds numbers were not available 

with Arts’ data, so the comparison between the two data sets had to be done using 

Nusselt numbers.  The average heat transfer coefficients that were used to calculate the 

Stanton numbers were used to calculate Nusselt numbers, which were defined as: 

     
k
hC

Nu t=      (4.8) 

where C is the blade true chord.  The blade surface distance was normalized by the blade 

true chord in both cases.  The comparison between Arts’ data and the above design 

condition results is shown in Figure 4.12. 
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Figure 4.12 Comparison with Arts (1998) experimental data on suction surface. 

 

 As Figure 4.12 shows, the leading edge Nusselt number for Arts’ data was 

significantly higher, but in the laminar boundary layer region of the suction surface the 

two data sets agreed very well with each other.  This was encouraging as the inlet and 
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exit flow conditions were very similar, and so one would have expected to see the same 

levels of heat transfer.  Due to the variations in the blade geometry that cause different 

Mach number distributions, it was not surprising to see slight differences in the results. 

 The data collected in this work shows an earlier transition onset location than did 

the data from Arts (1998).  There were two plausible explanations for this variation in the 

transition region.  The first being a different turbulence intensity for the two data sets.  

The turbulence level for the data collected in this work was measured to be 

approximately 2% at the inlet plane of the cascade, while Arts’ data was collected with a 

freestream turbulence intensity of 0.8%.  The higher turbulence intensity for the Virginia 

Tech data would cause an earlier onset of transition.  The second reason was the 

difference in Mach number distributions for the two blade geometries.  Looking at the 

two Mach number distributions shown in Figure 4.13, one can see significant variations 

in the suction surface Mach numbers.  The blade used by Arts (1998) had a much higher 

gradient in Mach number near the stagnation region, but then had a more gradual 

acceleration from an s/C location of ~ 0.05 until the maximum Mach number.  The Solar 

Turbines, Inc. blade used in this work also had a higher maximum Mach number and the 

peak Mach number occurred at an earlier s/C location as compared to the blade used by 

Arts (1998).  After the peak Mach number, the Solar Turbines, Inc. blade had a sudden 

drop in Mach number and then gradually decelerated, whereas the Arts (1998) blade had 

a more constant deceleration rate.   
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Figure 4.13 Suction surface Mach number distributions for Virginia Tech data and Arts 

(1998) data. 

 

 While there was some variation between the two Nusselt number distributions the 

overall levels and trends were similar for the two data sets.  Some variation was expected 

due to different blade geometries, slightly different test conditions, and different 

facilities.  However, the good overall agreement between the levels and trends help to 

validate the data collected in this work. 

 

4.5 Heat Transfer Results Comparison 

 After collecting and processing the data for all three test cases, the average 

Stanton number plots were compared to study the effect of Reynolds number and Mach 

number on heat transfer.  It was expected that higher Mach number conditions and 

therefore higher Reynolds numbers would result in higher levels of heat transfer. The 

comparison between all three test conditions and the flat plate correlations can be seen in 

Figure 4.14. 
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Figure 4.14 Experimental data compared with flat plate correlations on suction surface. 

 

 The results from all three test conditions show the same general trends.  In all 

cases, the Stanton number measured closest to the leading edge is much higher than 

either correlation and then further downstream in the laminar boundary layer region the 

agreement with the laminar correlation is much improved.  There is then a sharp increase 

in Stanton number indicating the onset of boundary layer transition.  This occurred at 

Reynolds numbers in the range of 550,000 – 700,000, which is close to the range of 

Reynolds numbers in which transition normally occurs for a flat plate.  None of the cases 

showed a fully turbulent boundary layer in the region of the suction surface analyzed.   

 The test cases were then compared using Nusselt numbers plotted against 

normalized surface distance, as was done earlier with the comparison to Arts (1998).  The 

exit Mach 0.6 condition was first compared to the exit Mach 0.8 condition, and can be 

seen in Figure 4.15. 
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Figure 4.15 Comparison between Nusselt number plots at exit Mach 0.6 and exit Mach 

0.8 conditions on suction surface. 

 

 At the leading edge gage location, the exit Mach 0.6 condition showed a 9% 

lower Nusselt number than the exit Mach 0.8 condition.  Along the suction surface, the 

lower speed condition showed slightly lower Nusselt numbers in the region where the 

boundary layer was laminar.  The location of onset of transition was farther along the 

surface for the exit Mach 0.6 condition than for the exit Mach 0.8 condition.  Transition 

started at an s/C location of ~0.8 versus ~0.87 for the design and below design 

conditions, respectively.   

 The exit Mach 0.8 condition results were then compared with the exit Mach 1.1 

condition results.  The Nusselt number plots for both of those conditions are compared in 

Figure 4.16. 
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Figure 4.16 Comparison between Nusselt number plots at exit Mach 1.1 and exit Mach 

0.8 conditions on suction surface. 

 

 The exit Mach 1.1 condition showed a leading edge Nusselt number of 2126, 

which was 17% higher than seen at the near design conditions.  Along the suction 

surface, both conditions showed the same trend until an s/C of ~0.58; however, the exit 

Mach 1.1 condition showed increased Nusselt numbers in this entire region.  That was the 

region of a laminar boundary layer, and the heat transfer was increased due to the higher 

local Reynolds numbers.  At the s/C location of ~0.58, the exit Mach 0.8 condition heat 

transfer leveled off until the point of transition onset.  At that same location, the exit 

Mach 1.1 condition the Nusselt number began to increase due to the early onset of 

transition.  The transition location moved from ~0.87 at the near design condition to 

~0.58 for the above design condition.  After the onset of transition in the exit Mach 1.1 

condition, the Nusselt numbers were increased by as much as 72% above the exit Mach 

0.8 results. 
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Chapter 5 
 

Conclusions 
 

5.1 Summary 
 This work was intended to develop the necessary measurement method and data 

reduction techniques needed to use thin film gages for heat transfer measurements in a 

transonic cascade facility and to then use those gages to record baseline heat transfer 

measurements.  The gage development and data acquisition methods needed were 

constructed and set up for use, and installation and calibration of the gages was 

successfully completed and documented.  Detailed descriptions of the installation 

techniques and the construction of the electronics can be found in the Appendix.  An 

analysis program using data reduction techniques commonly used in the literature as well 

as a finite difference code were both written specifically for this application.  These two 

techniques were tested and compared to validate the accuracy of their results.   

 Once all initial set-up work had been completed and thin film gages had been 

installed and properly calibrated, heat transfer data was collected at the three desired 

Mach number conditions.  The results showed very repeatable measurements at all gage 

locations.  Only a portion of the gages showed the expected steady heat transfer results, 

with those results being presented in this thesis.  However, the data obtained for that 

region of the blade’s surface showed very reliable results that agreed well with 

predictions, other data found in literature, and analytical correlations.   

 For the data that was analyzed, the effect of Reynolds number and Mach number 

on heat transfer was documented.  It was found that operating at an exit Mach number of 

0.6 instead of at an exit Mach number of 0.8, which is close to the engine design 

conditions, lowers the laminar region heat transfer levels by as much as 9% and causes 

the onset of transition to move downstream by an s/C distance of approximately 0.03.  

The lower speed condition also decreases heat transfer levels in the transition region by 

as much as 22%.  Operating at the higher speed condition has the converse effect; the exit 

Mach 1.1 condition was found to have heat transfer levels up to 17% higher in the 

laminar boundary layer region.  Additionally, the exit Mach 1.1 condition moves 
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transition onset upstream by an s/C distance of approximately 0.22.  In the transitional 

region, the exit Mach 1.1 condition increases heat transfer levels by as much as 72%.   

 Possible explanations for the decreasing heat transfer coefficients that were 

recorded at a number of gage locations were investigated.  In the process, assumptions 

made, such as assuming one-dimensional heat conduction, were analyzed and validated 

as reasonable assumptions.  Further discussion of this can be seen in the Appendix.  

Finally, data was analyzed using the initial transient portion of the data, rather than the 

steady flow region that occurs later in the test run.  It was determined that quasi-steady 

data could be obtained during that portion of the test run and that the desired flow 

conditions during that quasi-steady period were established.  Analyzing this time period 

resulted in data that was closer to what was to be expected and was in better agreement 

with the predictions and other data.  This data proved to still be very repeatable and the 

effect of Mach number and Reynolds number was further demonstrated.  Using the 

transient portion of the data allowed for data from all gage locations to be used when 

comparing heat transfer distributions on the blade.  However, since the reason for the 

decreasing heat transfer coefficients has yet to be fully understood, this data has been 

presented in the Appendix. 

 

5.2 Recommendations 
 This work showed that it is possible to use thin film gages in Virginia Tech’s 

transonic wind tunnel facility, and all of the necessary developmental work has been 

completed.  It has been shown that if the cause of the decreasing heat transfer coefficients 

can be determined, very repeatable and reliable results can be obtained.  This would 

allow for much future testing, and therefore it is necessary to continue investigating 

possible explanations for the unsteady heat transfer results.  Additionally, if a cause for 

the decreasing heat transfer coefficients can be determined, but cannot be corrected, it has 

been shown that reliable data can still be obtained during the transient portion of the test 

run when the error caused by this problem appears to be minimal.   
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Appendix A 

 

Laplace Transform Method Code 
 The following code is the Matlab m-file that was used to reduce heat transfer data 

collected for 31 thin film gages during a typical test.  The recorded thin film gage 

voltages, temperatures, and pressures were all inputted along with the pre-run resistances.  

The voltages were then converted to temperature and ultimately to heat flux using the 

Laplace Transform Method. 

 
 
HeatFluxReduction_AllSemi_LocalTaw.m 
 
close all 
clear all 
clc 
 
global N fs 
 
fsp = 20;       %Sample frequency for pressure measurements 
numCh = 31;     %Number of heat flux channels 
fs = 1000;      %Sample frequency for thin film gage measurements 
Pr = 0.7;       %Prandtl number 
 
% List of Gage numbers for use in titles and labels 
GageNumbers = ['Gage 01'; 'Gage 02'; 'Gage 04'; 'Gage 05'; 'Gage 06'; 
'Gage 08'; 'Gage 09'; 'Gage 10'; 'Gage 11'; 'Gage 12'; 'Gage 13'; 'Gage 
14'; 'Gage 15'; 'Gage 16'; 'Gage 17'; 'Gage 19'; 'Gage 20'; 'Gage 21'; 
'Gage 22'; 'Gage 23'; 'Gage 24'; 'Gage 25'; 'Gage 26'; 'Gage 27'; 'Gage 
28'; 'Gage 29'; 'Gage 31'; 'Gage 32'; 'Gage 33'; 'Gage 35'; 'Gage 36']; 
 
load heatfluxvoltages.txt;      %File containing thin film gage 
voltages, N rows by numCh columns 
volt = heatfluxvoltages; 
 
timeT = volt(:,1);              %Time 
timeT = timeT - timeT(1); 
N = size(timeT, 1);             %Number of time steps 
 
load RunRes.txt                 %File containing pre-run resistances 
measured that day 
rrun = RunRes(:,1); 
rrun = transpose(rrun); 
 
load heatfluxpressures.txt;     %File containing inlet total and static 
pressure measurements recorded from Pitot-Static probe 
Pres = heatfluxpressures; 
 
load heatfluxtemps.txt;         %File containing thermocouple 
measurements 
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Temps = heatfluxtemps; 
 
%Filter all data 
[b,c] = butter(5,400/500); 
for i = 2:numCh+1 
    volt(:,i) = filtfilt(b,c,volt(:,i));  
end 
n = 1024; 
Nyq = fs/2;                     %Nyquist frequency 
 
for i = 2:numCh+1 
    W = [59./Nyq 61./Nyq 179./Nyq 181./Nyq 299./Nyq 301./Nyq]; 
    b = fir1(n, W, 'stop'); 
    volt(:,i) = filtfilt(b,1,volt(:,i)); 
end 
[d,e] = butter(5,20/500); 
for i = 1:4 
    Temps(:,i) = filtfilt(d,e,Temps(:,i)); 
end 
[d,e] = butter(5,9/10); 
Pres(:,1) = filtfilt(d,e,Pres(:,1)); 
Pres(:,2) = filtfilt(d,e,Pres(:,2)); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Find inlet conditions 
Ptotal = Pres(:,1);             %Total pressure from Pitot-Static probe 
Pstatic = Pres(:,2);            %Static pressure from Pitot-Static 
probe 
AirTemp = Temps(:,1);           %Upstream air total temperature 
measurement 
SurTemp1 = Temps(:,2);          %Surface thermocouple measurement 
SurTemp2 = Temps(:,3);          %Surface thermocouple measurement 
SurTemp3 = Temps(:,4);          %Surface thermocouple measurement 
 
Tunnelstarttime = 6.6;          %Time that valve opened and air 
pressure began changing 
starttime = 13;                 %Time that steady flow period began and 
period to start averaging heat transfer coefficient 
endtime = 14;                   %Time to end averaging heat transfer 
coefficient 
 
ST1 = mean(SurTemp1(1:(Tunnelstarttime+0.33).*fs));     %Average 
initial surface temperature measurement 
ST2 = mean(SurTemp2(1:(Tunnelstarttime+0.33).*fs));     %Average 
initial surface temperature measurement 
ST3 = mean(SurTemp3(1:(Tunnelstarttime+0.33).*fs));     %Average 
initial surface temperature measurement 
surfacetemp = (ST1+ST2+ST3)/3;                          %Average 
initial surface temperature measurement 
 
%%% Thermocouple and pressure measurements have a 0.33 second delay 
%%% Shift data and keep only the data that is simultaneous 
Tunnelstarttime = 0.05; 
endtime = 29.67; 
Ptotal = Pres((Tunnelstarttime+0.33).*fsp:(endtime+0.33).*fsp,1); 
Pstatic = Pres((Tunnelstarttime+0.33).*fsp:(endtime+0.33).*fsp,2); 
Tunnelstarttime = 0.001; 
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volt = volt(Tunnelstarttime.*fs:endtime.*fs, :); 
AirTemp = 
AirTemp((Tunnelstarttime+0.33).*fs:(endtime+0.33).*fs)+273.15; 
endtime = 14; 
 
% New time array and new number of data points after shifting data to 
% correct delay 
time = volt(:,1); 
time = time - time(1); 
N = size(time, 1); 
 
r = .892;           %Recovery factor 
Cp = 1.006;         %Specific heat of air 
%%%%% Local Mach # Distribution for Mexit = 0.85  
LocalMach = [0.846932647 0.86326046 0.895916085 0.912243898
 0.928571711 0.961227336 0.977555149 0.993882962 1.001630138
 0.934028269 0.8664264 0.798824531 0.731222662 0.663620793
 0.596018924 0.460815185 0.393213316 0.306393018 0.052349145
 0.110974691 0.12774842 0.141012531 0.152373105 0.165637216
 0.178901327 0.18017982 0.31451026 0.38167548 0.4488407
 0.58317114 0.65033636]; 
 
%Calculate Adiabatic wall temperature based on local Mach numbers 
for i = 1:31 
   RecTemp(:,i) = 
AirTemp(:).*(1+0.2*0.892.*LocalMach(i).^2)./(1+0.2.*LocalMach(i).^2); 
end 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% 
% %%Convert voltages into temperature 
ectvolt = 9.9996;           %Wheatstone bridge excitation voltage 
rs = 10000;                 %Series resistance in Wheatstone bridge 
rline = 0.145;              %Average resistance of BNC cables used 
Tinit = surfacetemp; 
 
% kcalib using calibration from 3/30 - kcalib is thermal coefficient of 
% resistance and rcalib is resistance at 20 C 
kcalib = [0.1224 0.1263 0.1134 0.1161 0.1167
 0.1126 0.1182 0.1091 0.1178 0.1055
 0.1107 0.1177 0.1098 0.1127 0.1157
 0.1158 0.1207 0.1188 0.1177 0.1238
 0.1167 0.1192 0.1613 0.1512 0.1561
 0.1502 0.1572 0.1473 0.1453 0.1391
 0.1464]; 
rcalib = [67.701 69.688 62.502 64.804 63.98 60.689
 63.551 58.967 63.774 56.439 58.868
 60.899 58.873 61.092 61.988 62.385
 66.531 65.8 63.943 67.406 63.514 66.141
 100.438 95.255 99.177 92.971 98.481
 92.517 89.988 88.943 92.895]; 
 
%Adjust kcalib for day to day variation and deterioration 
K = (rrun - rline).*kcalib./rcalib; 
rt = rs + rrun;             %Total resistance (gage resistance and 
series resistance in Wheatstone bridge 
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%Zero the initial voltage value 
for i = 2:numCh+1 
    volt(:,i) = volt(:,i) - volt(1,i); 
end 
 
%%%%% Adjusting voltages to account for sudden shifts 
%Gage 19 
volt(10.190*1000:29.67*1000, 17) = volt(10.190*1000:29.67*1000, 17) + 
0.0000653; 
volt(10.191*1000:29.67*1000, 17) = volt(10.191*1000:29.67*1000, 17) + 
0.0000623; 
%Gage 22 
volt(10.078*1000:29.67*1000, 20) = volt(10.078*1000:29.67*1000, 20) - 
0.0000271; 
volt(11.141*1000:29.67*1000, 20) = volt(11.141*1000:29.67*1000, 20) - 
0.0000123; 
volt(11.142*1000:29.67*1000, 20) = volt(11.142*1000:29.67*1000, 20) - 
0.0000256; 
volt(11.376*1000:29.67*1000, 20) = volt(11.376*1000:29.67*1000, 20) - 
0.0000226; 
volt(11.377*1000:29.67*1000, 20) = volt(11.377*1000:29.67*1000, 20) - 
0.0000170; 
%Gage 26 
volt(15.327*1000:29.67*1000, 24) = volt(15.327*1000:29.67*1000, 24) - 
0.0000237; 
volt(15.328*1000:29.67*1000, 24) = volt(15.328*1000:29.67*1000, 24) - 
0.0000126; 
%Gage 27 
volt(13.111*1000:29.67*1000, 25) = volt(13.111*1000:29.67*1000, 25) - 
0.0000082; 
volt(13.112*1000:29.67*1000, 25) = volt(13.112*1000:29.67*1000, 25) - 
0.0000149; 
%Gage 28 
volt(9.789*1000:29.67*1000, 26) = volt(9.789*1000:29.67*1000, 26) + 
0.0000173; 
volt(9.790*1000:29.67*1000, 26) = volt(9.790*1000:29.67*1000, 26) + 
0.0000588; 
volt(11.602*1000:29.67*1000, 26) = volt(11.602*1000:29.67*1000, 26) - 
0.0001121; 
 
% Convert voltages to temperatures based on calibration and Wheatstone 
% bridge current 
for i = 2:numCh + 1 
    temp(:,i-1) = volt(:,i).*rt(i-1)./[K(i-1).*(rs./rt(i-1).*ectvolt - 
volt(:,i))] + Tinit; 
end 
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%Convert temp into heat flux 
for i = 1:numCh 
   heatflux(:,i) = SemiInfHeatFlux(temp(:,i)); 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%Take time-averaged data at each gage location 
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% x/C locations of thin film gages 
x = [1.514981818 1.4434 1.300236364 1.228654545 1.157072727
 1.013909091 0.942327273 0.870745455 0.799163636 0.727581818 0.656
 0.584418182 0.512836364 0.441254545 0.369672727 0.226509091
 0.154927273 0.083345455 0.011763636 -0.059818182 -0.1314
 -0.202981818 -0.264290909 -0.335872727 -
0.407454545 -0.479036364 -0.6222 -0.693781818 -
0.765363636 -0.908527273 -0.980109091]; 
 
%Find average heat flux over time period of interest 
for i = 1:numCh 
    AvgHeatFlux(:,i) = mean(heatflux((starttime).*fs:(endtime).*fs,i)); 
end 
 
temp = temp + 273.15;       %Convert from Celsius to Kelvin 
 
%Calculate heat transfer coefficient 
%Find average heat transfer coefficient over time period of interest 
for i = 1:numCh 
    h(:,i) = heatflux(:,i)./(RecTemp(:, i) - temp(:,i)); 
    Avgh(i) = mean(h((starttime).*fs:(endtime).*fs,i)); 
end 
 
%Calculate Nusselt number 
%Find average Nusselt number over time period of interest 
for i = 1:numCh 
    Nu(:,i) = h(:,i).*0.069863./0.03; 
    AvgNu(i) = mean(Nu((starttime).*fs:(endtime).*fs, i)); 
end 
 
%Find average surface temperature over time period of interest 
%Find average thin film gage voltages over time period of interest 
%Find average adiabatic wall temperature over time period of interest 
for i = 1:numCh 
    AvgT(i) = mean(temp((starttime).*fs:(endtime).*fs, i)); 
    AvgV(i) = mean(volt((starttime).*fs:(endtime).*fs, i+1)); 
    AvgRecTemp(i) = mean(RecTemp((starttime).*fs:(endtime).*fs, i)); 
end 
 
%Find average temperature difference, Taw - Ts, over time period of 
interest 
for i = 1:numCh 
    DeltaT(i) = AvgRecTemp(i) - AvgT(i); 
end 
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 The following is the function that converts a temperature time history into a heat 

flux time history using the Laplace Transform Method.   

 
function heatflux = SemiInfHeatFlux(temp) 
 
global N fs 
 
rho_k =1420;                    %Density of Kapton 
C_k = 1090;                     %Specific heat of Kapton 
K_k = 0.12;                     %Thermal conductivity of Kapton 
alpha_k = K_k./(rho_k.*C_k);    %Thermal diffusivity of Kapton 
rho_m = 2520;                   %Density of Macor 
C_m = 790;                      %Specific heat of Macor 
K_m = 1.46;                     %Thermal conductivity of Macor                  
alpha_m = K_m./(rho_m.*C_m);    %Thermal diffusivity of Macor 
a = 5*10^(-5);                  %Thickness of Kapton layer 
 
rck_k = rho_k.*C_k.*K_k; 
rck_m = rho_m.*C_m.*K_m; 
 
sigma = sqrt(rck_m./rck_k); 
A = (1 - sigma)./(1 + sigma); 
 
% Generate frequencies to use in FFT 
f = 0:1:(3.*N-1); 
w = f.* 2.*pi.*fs./(6.*N-1); 
w = transpose(w); 
 
% Convert temperatures into change in temperatures from time 0 
temp = temp - temp(1); 
 
% Add a scaled and inverted hanning window at the end of the temp 
signal to 
% generate a mean zero data signal 
scale = sum(temp)./sum(hanning(N)); 
temp = [temp; -scale.*hanning(N)]; 
 
% Take a paddded FFT of the temp signal 
temp_freq = fft(temp, 6.*N); 
 
%Calculate the transfer function that relates T(jw) to q"(jw) 
transferfunction = sqrt(rck_k).*sqrt(j.*w).*[(1 - A.*exp(-
2.*a.*(j.*w./alpha_k).^0.5))./(1 + A.*exp((-
2.*a.*(j.*w./alpha_k).^0.5)))]; 
 
% Calculate heat flux in the frequency domain 
heatflux_freq = 2.*temp_freq(1:3.*N).*transferfunction; 
 
% Obtain heat flux in the time domain through an inverse FFT 
heatfluxtime = real(ifft(heatflux_freq, 6.*N)); 
 
% Eliminate extra data from using a padded FFT 
heatflux = heatfluxtime(1:N, 1); 
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Appendix B 

 

Finite Difference Method Code 
 The following code is the Matlab m-file that was used to reduce heat transfer data 

collected for 31 thin film gages during a typical test.  The recorded thin film gage 

voltages, temperatures, and pressures were all inputted along with the pre-run resistances.  

The voltages were then converted to temperature and ultimately to heat flux using the 

Finite Difference Method. 

 

HeatFluxReduction_AllGages_ActualThickness.m 
 
clear all 
close all 
clc 
 
global N fs p T0 TL ii 
 
fsp = 20;           % Sample frequency for pressure measurements 
numCh = 31;         % Number of thin film gages  
fs = 1000;          % Sample frequency 
Pr = 0.7;           % Prandtl number for air 
 
% Macor Thicknesses at all gage locations 
Lm = 0.5.*ones(31, 1); 
Lm(1) = 0.103; 
Lm(2) = 0.147; 
Lm(3) = 0.241; 
Lm(4) = 0.292; 
Lm(5) = 0.352; 
Lm(6) = 0.485; 
Lm(27) = 0.396; 
Lm(28) = 0.329; 
Lm(29) = 0.272; 
Lm(30) = 0.172; 
Lm(31) = 0.127; 
 
% Convert thicknesses from inches to meters 
Lm = Lm.*2.54./100; 
 
load heatfluxvoltages.txt;      %File containing thin film gage 
voltages, N rows by numCh columns 
volt = heatfluxvoltages; 
 
load RunRes.txt                 %File containing pre-run resistances 
measured that day 
rrun = RunRes(:,1); 
rrun = transpose(rrun); 
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load heatfluxPressures.txt;     %File containing inlet total and static 
pressure measurements recorded from Pitot-Static probe 
Pres = heatfluxPressures; 
 
load heatfluxTemps.txt;         %File containing thermocouple 
measurements 
Temps = heatfluxTemps; 
 
%Filter all data 
[b,c] = butter(5,400/500);  
for i = 2:numCh+1 
    volt(:,i) = filtfilt(b,c,volt(:,i));  
end 
n = 1024; 
Nyq = fs/2; 
 
for i = 2:numCh+1 
    W = [59./Nyq 61./Nyq 179./Nyq 181./Nyq 299./Nyq 301./Nyq]; 
    b = fir1(n, W, 'stop'); 
%     figure(5) 
%     freqz(b,1) 
    volt(:,i) = filtfilt(b,1,volt(:,i)); 
end 
[d,e] = butter(5,20/500); 
for i = 1:4 
    Temps(:,i) = filtfilt(d,e,Temps(:,i)); 
end 
[d,e] = butter(5,9/10); 
Pres(:,1) = filtfilt(d,e,Pres(:,1)); 
Pres(:,2) = filtfilt(d,e,Pres(:,2)); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Find inlet conditions 
AirTemp = Temps(:,1);           %Upstream air total temperature 
measurement 
SurTemp1 = Temps(:,2);          %Surface thermocouple measurement 
SurTemp2 = Temps(:,3);          %Surface thermocouple measurement 
SurTemp3 = Temps(:,4);          %Surface thermocouple measurement 
 
Tunnelstarttime = 6.6;          %Time that valve opened and air 
pressure began changing 
starttime = 13;                 %Time that steady flow period began and 
period to start averaging heat transfer coefficient 
endtime = 14;                   %Time to end averaging heat transfer 
coefficient 
 
ST1 = mean(SurTemp1(1:Tunnelstarttime.*fs));        %Average initial 
surface temperature measurement 
ST2 = mean(SurTemp2(1:Tunnelstarttime.*fs));        %Average initial 
surface temperature measurement 
ST3 = mean(SurTemp3(1:Tunnelstarttime.*fs));        %Average initial 
surface temperature measurement 
surfacetemp = (ST1+ST2+ST3)/3;                      %Average initial 
surface temperature measurement 
 
%%% Thermocouple and pressure measurements have a 0.33 second delay 
%%% Shift data and keep only the data that is simultaneous 
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Tunnelstarttime = 0.05; 
endtime = 29.67;  
Ptotal = Pres(Tunnelstarttime.*fsp:endtime.*fsp,1); 
Pstatic = Pres(Tunnelstarttime.*fsp:endtime.*fsp,2); 
Tunnelstarttime = 0.001; 
volt = volt(Tunnelstarttime.*fs:endtime.*fs, :); 
AirTemp = 
AirTemp((Tunnelstarttime+0.33).*fs:(endtime+0.33).*fs)+273.15; 
endtime = 14; 
 
% New time array and new number of data points after shifting data to 
% correct delay 
time = volt(:,1); 
time = time - time(1); 
N = size(time, 1); 
 
r = .892;                  %Recovery factor 
Cp = 1.006;                %Specific heat of air 
%%%%% Local Mach # Distribution for Mexit = 0.85  
LocalMach = [0.846932647 0.86326046 0.895916085 0.912243898
 0.928571711 0.961227336 0.977555149 0.993882962 1.001630138
 0.934028269 0.8664264 0.798824531 0.731222662 0.663620793
 0.596018924 0.460815185 0.393213316 0.306393018 0.052349145
 0.110974691 0.12774842 0.141012531 0.152373105 0.165637216
 0.178901327 0.18017982 0.31451026 0.38167548 0.4488407
 0.58317114 0.65033636]; 
 
%Calculate Adiabatic wall temperature based on local Mach numbers 
for i = 1:31 
   RecTemp(:,i) = 
AirTemp(:).*(1+0.2*0.892.*LocalMach(i).^2)./(1+0.2.*LocalMach(i).^2); 
end 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% 
% %%Convert voltages into temperature 
ectvolt = 9.9996;               %Wheatstone bridge excitation voltage 
rs = 10000;                     %Series resistance in Wheatstone bridge 
rline = 0.145;                  %Average resistance of BNC cables used 
Tinit = surfacetemp + 273.15;   %Convert temperature from Celsius to 
Kelvin 
 
% kcalib using recalibration - kcalib is thermal coefficient of 
% resistance and rcalib is resistance at 20 C 
kcalib = [0.1224 0.1263 0.1134 0.1161 0.1167
 0.1126 0.1182 0.1091 0.1178 0.1055
 0.1107 0.1177 0.1098 0.1127 0.1157
 0.1158 0.1207 0.1188 0.1177 0.1238
 0.1167 0.1192 0.1613 0.1512 0.1561
 0.1502 0.1572 0.1473 0.1453 0.1391
 0.1464]; 
rcalib = [67.701 69.688 62.502 64.804 63.98 60.689
 63.551 58.967 63.774 56.439 58.868
 60.899 58.873 61.092 61.988 62.385
 66.531 65.8 63.943 67.406 63.514 66.141
 100.438 95.255 99.177 92.971 98.481
 92.517 89.988 88.943 92.895]; 
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%Adjust kcalib for day to day variation and deterioration 
K = (rrun - rline).*kcalib./rcalib; 
rt = rs + rrun;                 %Total resistance (gage resistance and 
series resistance in Wheatstone bridge 
 
%Zero the initial voltage value 
for i = 2:numCh+1 
    volt(:,i) = volt(:,i) - volt(1,i); 
end 
 
%%%%% Adjusting voltages to account for sudden shifts 
%Gage 19 
volt(10.190*1000:29.67*1000, 17) = volt(10.190*1000:29.67*1000, 17) + 
0.0000653; 
volt(10.191*1000:29.67*1000, 17) = volt(10.191*1000:29.67*1000, 17) + 
0.0000623; 
%Gage 22 
volt(10.078*1000:29.67*1000, 20) = volt(10.078*1000:29.67*1000, 20) - 
0.0000271; 
volt(11.141*1000:29.67*1000, 20) = volt(11.141*1000:29.67*1000, 20) - 
0.0000123; 
volt(11.142*1000:29.67*1000, 20) = volt(11.142*1000:29.67*1000, 20) - 
0.0000256; 
volt(11.376*1000:29.67*1000, 20) = volt(11.376*1000:29.67*1000, 20) - 
0.0000226; 
volt(11.377*1000:29.67*1000, 20) = volt(11.377*1000:29.67*1000, 20) - 
0.0000170; 
%Gage 26 
volt(15.327*1000:29.67*1000, 24) = volt(15.327*1000:29.67*1000, 24) - 
0.0000237; 
volt(15.328*1000:29.67*1000, 24) = volt(15.328*1000:29.67*1000, 24) - 
0.0000126; 
%Gage 27 
volt(13.111*1000:29.67*1000, 25) = volt(13.111*1000:29.67*1000, 25) - 
0.0000082; 
volt(13.112*1000:29.67*1000, 25) = volt(13.112*1000:29.67*1000, 25) - 
0.0000149; 
%Gage 28 
volt(9.789*1000:29.67*1000, 26) = volt(9.789*1000:29.67*1000, 26) + 
0.0000173; 
volt(9.790*1000:29.67*1000, 26) = volt(9.790*1000:29.67*1000, 26) + 
0.0000588; 
volt(11.602*1000:29.67*1000, 26) = volt(11.602*1000:29.67*1000, 26) - 
0.0001121; 
 
% Convert voltages to temperatures based on calibration and Wheatstone 
% bridge current 
for i = 2:numCh + 1 
    temp(:,i-1) = volt(:,i).*rt(i-1)./[K(i-1).*(rs./rt(i-1).*ectvolt - 
volt(:,i))] + Tinit; 
end 
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%Convert temp into heat flux 
%First find backwall temps 
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backtemp = Tinit.*ones(N,31); 
backtemp(:,1) = temp(:,numCh) + (temp(:,numCh) - temp(:,numCh-
1)).*0.549; 
backtemp(:,2) = temp(:,numCh) - (temp(:,numCh) - temp(:,numCh-
1)).*0.452; 
backtemp(:,3) = temp(:,numCh-2) + (temp(:, numCh-1) - temp(:,numCh-
2)).*0.574./2; 
backtemp(:,4) = temp(:,numCh-2) - (temp(:, numCh-2) - temp(:,numCh-
3)).*0.379; 
backtemp(:,5) = temp(:,numCh-3) - (temp(:, numCh-3) - temp(:,numCh-
4)).*0.363; 
backtemp(:,6) = temp(:,numCh-5) + (temp(:, numCh-4) - temp(:,numCh-
5)).*0.875./2; 
backtemp(:,27) = temp(:,5) - (temp(:,5) - temp(:,6)).*0.747./2; 
backtemp(:,28) = temp(:,5) + (temp(:,4) - temp(:,5)).*0.363; 
backtemp(:,29) = temp(:,4) + (temp(:,3) - temp(:,4)).*0.379; 
backtemp(:,30) = temp(:,2) - (temp(:,2) - temp(:,3)).*0.574./2; 
backtemp(:,31) = temp(:,2) + (temp(:,1) - temp(:,2)).*0.452; 
 
for i = 1:numCh 
    heatflux(:,i) = FiniteHeatFlux(temp(:,i), backtemp(:, i), Lm(i), 
Tinit); 
end 
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%Take time-averaged data at each gage location 
 
% x/C locations of thin film gages 
x = [1.514981818 1.4434 1.300236364 1.228654545 1.157072727
 1.013909091 0.942327273 0.870745455 0.799163636 0.727581818 0.656
 0.584418182 0.512836364 0.441254545 0.369672727 0.226509091
 0.154927273 0.083345455 0.011763636 -0.059818182 -0.1314
 -0.202981818 -0.264290909 -0.335872727 -
0.407454545 -0.479036364 -0.6222 -0.693781818 -
0.765363636 -0.908527273 -0.980109091]; 
 
%Find average heat flux over time period of interest 
for i = 1:numCh 
    AvgHeatFlux(:,i) = mean(heatflux((starttime).*fs:(endtime).*fs,i)); 
end 
 
%Calculate heat transfer coefficient 
%Find average heat transfer coefficient over time period of interest 
for i = 1:numCh 
    h(:,i) = heatflux(:,i)./(RecTemp(:,i) - temp(:,i)); 
    Avgh(i) = mean(h((starttime).*fs:(endtime).*fs,i)); 
end 
 
%Calculate Nusselt number 
%Find average Nusselt number over time period of interest 
for i = 1:numCh 
    Nu(:,i) = h(:,i).*0.069863./0.03; 
    AvgNu(i) = mean(Nu((starttime).*fs:(endtime).*fs, i)); 
end 
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%Find average surface temperature over time period of interest 
%Find average thin film gage voltages over time period of interest 
%Find average adiabatic wall temperature over time period of interest 
for i = 1:numCh 
    AvgT(i) = mean(temp((starttime).*fs:(endtime).*fs, i)); 
    AvgV(i) = mean(volt((starttime).*fs:(endtime).*fs, i+1)); 
    AvgRecTemp(i) = mean(RecTemp((starttime).*fs:(endtime).*fs, i)); 
end 
 
%Find average temperature difference, Taw - Ts, over time period of 
interest 
for i = 1:numCh 
    DeltaT(i) = AvgRecTemp(i) - AvgT(i); 
end 
 
 
 
 

 The following is the function that converts a temperature time history into a heat 

flux time history using the Laplace Transform Method.   
 
function heatflux = FiniteHeatFlux(surtemp, backwalltemp, Lm, Ti) 
 
global N fs aW aE c dx ii dt T0 TL p 
 
%%%%%%%%  Time 
dt = 1./fs;         % dt is 1/sample frequency 
tmax = N;           % N number of data points 
time = dt.*[0:N-1]; 
 
 
%%%%%%%%  Geometry 
Lk = 50.8.*10.^(-6);    % Kapton thickness 
L = Lm + 2.*Lk;         % Total length is Macor thickness plus Kapton 
thickness on both sides 
 
ii = int32((Lm.*10.^6)./10.16 + 10); 
ii = ii./5; 
iid = double(ii); 
 
dxu = double(L/iid); 
dx = [0, dxu.*ones(1,ii), 0]; 
x = [0, dxu.*[1:iid]-dxu./2, L]; 
 
 
%%%%%%%%  Properties 
%Kapton 
rho_k =1420; 
C_k = 1090; 
K_k = 0.12; 
 
%Macor 
rho_m = 2520; 
C_m = 790; 
K_m = 1.46; 
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rho = [rho_k.*ones(1,2), rho_m.*ones(1,ii-2), rho_k.*ones(1,2)]; 
Cp = [C_k.*ones(1,2), C_m.*ones(1,ii-2), C_k.*ones(1,2)]; 
K = [K_k.*ones(1,2), K_m.*ones(1,ii-2), K_k.*ones(1,2)]; 
 
 
%%%%%%%%  Initial Conditions 
Tinit = Ti.*ones(1, ii+2); 
 
 
%%%%%%%%  Boundary Conditions 
T0time = surtemp; 
TLtime = backwalltemp; 
 
 
% --- Compute Coefficients 
aE = zeros(1,ii+2); 
for i = 1:ii+1 
    aE(i) = 2*K(i)*K(i+1)/( dx(i)*K(i+1) + dx(i+1)*K(i) ); 
end 
aW = [0, aE(1:ii+1)]; 
c = rho.*Cp.*dx; 
 
 
% --- Initialize Solution 
T = zeros(tmax,ii+2);  
T(1,:) = Tinit; 
 
 
% --- Compute solution 
for p = 1:tmax-1 
    T0 = T0_Update(p, T0time); 
    TL = TL_Update(p, TLtime); 
    % compute T at next time step 
    T(p+1,:) = Timplicit(T(p,:)); 
end 
 
%q" = - k * dT/dx 
heatflux = -K_k.*(T(:,2) - T(:,1))./(dxu./2); 
 
 
function T0 = T0_Update(p, T0time) 
T0 = T0time(p); 
 
function TL = TL_Update(p, TLtime) 
TL = TLtime(p); 
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 The following function is the finite difference implicit solution. 
 
function  T = Timplicit(Told) 
global aW aE c dx ii dt T0 TL p 
 
a = c./dt + aE + aW ; 
b = c./dt.*Told; 
T = Told; 
 
% --- boundary at x = 0 
aE(1) = 0; 
a(1) = 1; 
b(1) = T0; 
 
% --- boundary at x = L 
aW(ii+2) = 0; 
a(ii+2) = 1; 
b(ii+2) = TL; 
 
% --- Solve tridiagonal system 
lowerDiag = -aW(2:ii+2); 
diag = a; 
upperDiag = -aE(1:ii+1); 
T = tridiagonal(diag,lowerDiag,upperDiag,b); 

 

 

 The following function is the tridiagonal solver. 
 
function x = tridiagonal(diag,lower,upper,rhs) 
% tridiagonal: solves a tridiagonal matrix. 
%  
% Synopsis: x = tridiagonal(diag,lower,upper,rhs) 
%            
% Input:    diag = diagonal vector of length N 
%      lower = lower diagonal vector of length N-1 
%      upper = upper diagonal vector of length N-1 
%      rhs = right hand side vector of length N 
% 
% Output:   x = solution vector of length N 
 
% --- determine the number of equations 
N = length(diag); 
 
% --- eliminate the lower diagonal 
for i = 2:N 
   factor = lower(i-1)/diag(i-1); 
   diag(i) = diag(i)-upper(i-1)*factor; 
   rhs(i) = rhs(i)-rhs(i-1)*factor; 
end 
 
% --- back substitute 
x(N) = rhs(N)/diag(N); 
for i = N-1:-1:1 
   x(i) = ( rhs(i)-upper(i)*x(i+1) ) / diag(i); 
end 
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Appendix C 

 

Data Filtering 
 Due to the analog filter being set at 10 kHz, there was potential for aliasing 

problems that the digital filter would not be able to eliminate.  Therefore, tests were 

performed with a single thin film gage that was mounted on a flat plate to determine the 

effect this would have on the results.  The signal from the single gage was split into two 

channels; the first went into the NI system as it normally would during a test run and the 

second went to a TSI 100 anemometer and signal conditioner.  The signal was passed 

through the signal conditioner in the TSI system and was filtered at 400 Hz.  Then a 

signal was generated by heating the surface of the plate with air from a heat gun.  Both 

signals from the thin film gage were recorded simultaneously.  The two signals showed 

the same trend, though the one filtered by the TSI showed fewer oscillations in the signal.  

The power spectral density of the signals revealed that the 400 Hz filtered signal did have 

lower magnitude, due to the aliasing of the signal filtered with only the 10 kHz filter.  

The voltage signals were then converted into temperatures and heat flux into the plate 

was calculated.  The heat flux time histories are shown in Figure C.3.  The two time 

histories show the same trend in heat flux, but the signal filtered with only the 10 kHz 

filter shows larger magnitude oscillations. 

 However, when averaging the heat flux over one second time periods, the aliasing 

only changed the average heat flux slightly as is shown in Figure C.4.  The difference in 

the two average heat flux values was typically around 1% and was at a maximum of 2.2% 

in the time period from five to six seconds when the heat gun was turned on.  A 

maximum difference of 2.2% is lower than the uncertainty in the heat flux measurements, 

so it is reasonable to assume that the results obtained with the 10 kHz filter were valid.  

The voltage data taken from this test and the PSD are shown in Figures C.1 and C.2. 
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Figure C.1 Raw voltage time signals  

 

 
Figure C.2 Power spectral density of voltage signal 

 76



 
Figure C.3 Heat flux time history from single thin film gage. 

 

 
Figure C.4 Average heat flux over one second time samples. 
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Appendix D 

 

Thin Film Gage and Accompanying Electronics Manual 
 

Installation Procedure for Soldering Thin Film Gages (TFG) 
Jeff Carullo 

3/28/06 
 

Items Used  
Weller WES50 Soldering Iron with conical tip or 3/32” screwdriver tip 
60/40 Rosin-Core Solder (0.032” diameter) (60% Tin - 40% Lead) 
M-Flux AR Rosin Soldering Flux made by Vishay Micro Measurements 
M-Line Rosin Solvent made by Vishay Micro Measurements 
JB Weld (Black and Red Tubes) 
30 or 32 gage single stranded wire 
Isopropyl Alcohol 
Camel Brushes (small paint brushes sold at Mish-Mish)  

 
 
Soldering Iron Temperature and Cleaning 

The soldering temperature that was found to work best was between 500 ºC and 600 
ºC.  Soldering onto a sheet of TFGs that was not mounted to a surface worked better 
at a lower temperature (~525 ºC).  Soldering the leads onto a sheet of TFGs that were 
mounted to a surface required a little higher temperature (~575 ºC) since the 
mounting surface absorbs some of the heat from the soldering iron. 
 
Remove solder from tip before and after every application by wiping tip on sponge.  
After extended use, lightly sand tip with sand paper and/or dip the tip into soldering 
flux and wipe clean with a rag to clean tip. 

 
 
Procedure 

1. Clean TFG Copper Leads 
 Clean copper leads with isopropyl alcohol applied with a camel brush 
 Wipe the copper leads gently with camel brush 
 Only clean portion of copper leads where the lead wires will be soldered 

and do not clean near the platinum 
 Let the copper leads dry completely after cleaning 

 
2. Tin TFG Copper Leads 

 Melt a small amount of solder onto the soldering iron tip 
 Apply solder flux to copper lead where soldering will occur 
 Deposit solder from soldering iron tip onto copper lead 
 Only apply tip to copper lead for no more than a second 
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 Excessive heat will cause the copper lead to melt away from Kapton 
 An evenly distribution of copper with no spikes will make it easier to 

solder the lead wire   
 Stagger the solder joints on the each copper lead to avoid contact between 

solder joints 
 

3.  Tin Lead Wire 
 Strip 1/16” to 1/8” of the insulation of the lead wire to expose the copper 
 Apply solder to the exposed copper of the lead wire 
 Heat will cause the insulation to contract exposing a longer length of 

copper 
 Trim exposed copper back to 1/16” to 1/8” 

 
4. Solder Lead Wire to TFG 

 Melt small amount of solder onto soldering iron tip (use less solder than 
what was used for tinning the copper leads) 

 Apply solder flux to tinned copper lead 
 Place lead wire on top of solder on copper lead ( keep the lead wire as 

straight as possible to avoid wire from sticking out of solder) 
 Melt solder by placing the soldering iron tip on top of the lead wire 
 Remove soldering iron and continue to hold lead wire in place (removing 

support for the lead wire before solder has completely solidified can cause 
the wire to move in solder joint and also the copper leads can be torn off) 

 
5.  Check Gage Resistance 

 Attach lead wires to BNC connector via the screw terminals in a junction 
box (provides much better contact than using the multimeter probes)  

 Measure and record the resistance with the multimeter to ensure that there 
is good contact in the solder joints 

 Be sure to check the resistance of each gage before proceeding to step 6 
   
6. Apply JB Weld over solder joints (perform after soldering a section of gages  or 

all of the gages) 
 Thoroughly mix JB Weld to a consistent shade of grey  
 Using an camel brush, apply JB Weld between solder joints to insulate the 

solder joints from the neighboring solder joint (be sure to get JB Weld 
down in between lead wires so that no bubbles can form 

 Let the initial application setup and dry 
 Clean camel brush immediately after every application with Isopropyl 

Alcohol so the brush can be used again 
 Apply a second coat of JB Weld to the solder joints 
 Smooth out JB Weld to avoid flow disturbances 
 Check the JB Weld about every 30 minutes while it is setting up and 

smooth out if necessary (JB Weld will slowly run if it is applied to an 
inclined surface) 
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Construction of Wheatstone Bridge Circuits and TFG Electronics 
Ronald Cress 

5/15/06 
 

The following sections will list the components and supplies needed as well as the 
procedure for constructing the Wheatstone bridge circuitry and the accompanying 
electronic components.  The instructions and supplies needed, along with quantities, 
will be given for constructing circuits for 32 thin film heat flux gages.  All component 
part numbers are for purchase from Newark InOne. 

 
 
Wheatstone Bridge Circuitry 
 
 
Schematic: 

 
 
Components Purchased: 

Quantity  Description      Part Number 
 1  Tilt-A-View Cabinet     90F395 
 8  FR4 Epoxy Glass General Purpose Boards   97F7956 
 32  3296 Series 25 turn Potentiometers   03F3861 
 64  10kΩ Resistor, 0.1% Tolerance   19C8015 
 32  82.5Ω Resistor, 1% Tolerance   83F1535 
 32  Assorted Resistors, 1% Tolerance 
 64  50Ω Isolated BNC Bulkhead Receptacle  38F1322 
 Pkg/100 Studded PC board supports, Type TPCS-8, ½ in 81N1673 
 55 ft  24 gage two conductor insulated wire  Radio Shack 
 65 ft  24 gage single conductor insulated wire  02F5531 
 2  Aluminum angle bracket – 0.5 in by 0.5 in (can use scrap from 
machine shop if they have any) 
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Items Used: 
Weller WES50 Soldering Iron 
60/40 Light Duty Rosin Core Solder (0.032” diameter) 
Flux – Lead Free Solder Paste and Tinning Flux 
Drill and assorted bits 
Punch 
Hammer 
Ruler 

 
 
Procedure: 

1. Prepare circuit boards and cabinet 
a. Cut boards down to 3.75 in wide. 
b. Place markings on front panel of cabinet for potentiometer locations, and 

BNC connector locations for gages and data acquisition. 
c. Layout: 

 
d. Place markings on the bottom panel of the cabinet for standoff locations 

for mounting the boards onto the panel. 
e. Mark the location of the BNC connector hole on the back panel of the box 

in the upper left corner, approximately 6.5 in up from the bottom and 2 in 
from the left side. 

f. Drill 3/16 in holes for potentiometer locations. 
g. Drill 3/8 in holes for BNC connector locations. 
h. Drill ~0.15 in holes for mounting standoffs. 
 

2. Prepare wires 
a. Begin cutting wires to length.  You will need: 
 - Power supply BNC wires (1x 10” two conductor, 1x 14” single 

conductor) 
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 - BNC connector wires for gages 1 – 16 (2x 3”, 1x 6”, and 1x 14” single 
conductor wire, per gage) 

 - BNC connector wires for gages 17 – 32 (2x 3”, 2x 6” single conductor 
wire, per gage) 

 - Potentiometer wires for gages 1 – 16 (1x 10” two conductor wire, per 
gage) 

 - Potentiometer wires for gages 17 – 32 (1x 8” two conductor wire, per 
gage) 

 - Common ground and power connection wires (2x 6”, 1x 8” single 
conductor wire) 

 Split the two conductor wire for about ½ in from each end and strip ¼ in 
of insulation from both ends of all wires. 

 Dip the exposed wires from both ends of every wire into the tinning flux 
and tin the wire with solder. 

 
3. Construct circuitry 

 Lay out resistor locations on individual boards and begin installing 
resistors on the boards.  Install resistors as shown in the schematic of the 
resistor locations and connections.  The assorted resistors listed in the 
parts list correspond to the resistors that should be selected so that their 
resistance value closely matches, or is slightly lower than, the gage 
resistances at room temperature.  Purchase resistors that are similar to the 
82.5 Ω resistors listed in the parts list only with whatever resistance is 
necessary based on the gages. 

 Schematic: 

 
 Solder resistor connections. 
 Begin soldering common ground and power connection wires in place on 

an individual board. 
 Solder common ground and power connection wires between boards 

within a row and between rows of boards. 
 Mount standoffs on boards and install boards in box. 
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 Install power supply BNC connector and solder the 10” wires between 
BNC connector and board. 

 Install potentiometers.  Do so by attaching the two aluminum brackets 
above and below the potentiometer hole locations you drilled.  These two 
brackets will act as upper and lower mounts to hold the potentiometers in 
place.  Then slide the potentiometer in between the two brackets so that 
the screw on the potentiometer lines up with the hole in the panel. 

 Install BNC connections. 
 Connect all negative terminals of gage BNC connector together as a 

common ground using the 3” single conductor wires. 
 Connect positive terminal of gage BNC connector to positive terminal of 

data acquisition BNC connector using the 3” single conductor wires. 
 Connect negative terminal of data acquisition BNC connector to 

potentiometer using 6” single conductor wire. 
 Solder potentiometer wires onto potentiometer and closest row of boards. 
 Connect positive terminal of data acquisition BNC connector wire to 

closest row of boards using the 6” single conductor wire. 
 Repeat previous two steps for other row of boards. 
 Connect the ground from the power supply BNC connector to the common 

ground of one gage BNC connector using the 14” single conductor wire. 
 

 
 
 
Junction Boxes 
 

This section will describe the junction boxes that connect the lead wires from the 
gages to the BNC cables that connect to the Wheatstone bridge circuitry, as well as 
connecting the BNC cables from the Wheatstone bridge circuitry to the wires that run 
to the data acquisition system.  A full description of parts and procedures is given. 

 
 
Components Purchased: 

Quantity Description       Part Number 
2  Flanged Lid Aluminum Enclosure    83F8752 
8  Double Row Terminal Blocks, 600 Series, 16 posts  65F1170 
64  50Ω Isolated BNC Bulkhead Receptacle   38F1322 
6 ft  24 gage two conductor insulated wire   Radio Shack 

 
 
Items Used: 

Drill and assorted bits 
Dremel and associated cutting tools 
Weller WES50 Soldering Iron 
60/40 Light Duty Rosin Core Solder (0.032” diameter) 
Flux – Lead Free Solder Paste and Tinning Flux 
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Screwdriver 
Punch 
Hammer 
Ruler 

 
 
Procedure: 

1. Prepare BNC connectors 
a. Cut wire to length for all 32 BNC connections. (16 wires of 1.5 in length, 

16 wires of 3 in length). 
b. Split the two conductor wire for about ½ in from each end and strip ¼ in 

of insulation from both ends of all wires. 
c. Dip the exposed wires from one end of every wire into the tinning flux and 

tin the wire with solder. 
d. Place a piece of heat shrink tubing over the one of the wires you just 

stripped.  Push it back far enough that the stripped wire is exposed.  Apply 
solder paste to the BNC connector center terminal and solder that wire to 
that terminal.  Cover the solder joint with the heat shrink tubing and use 
heat gun to heat the tubing. 

e. Repeat step 5 for the other BNC connector terminal.  
 

2. Modify box 
 On one side of the enclosure, mark the BNC connector locations with a 

pencil/marker.  The location spacing can be seen in the following diagram. 
 Layout: 

 
 

 Using a punch and hammer, make an indention at the BNC connector hole 
markings. 

 Using a small drill bit (1/8 in or so), drill holes at all of the BNC connector 
locations previously marked. 

 Using a larger drill bit (1/4 or so), drill the holes larger. 
 Using a 3/8 in drill bit, finish drilling all of the BNC connector holes. 
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 Place 4 terminal blocks inside the enclosure as they would be when 
completed.  Measure the distance from the walls of the enclosure to the 
mounting holes of the terminal blocks. 

 On the outside of the enclosure, mark the locations of the terminal block 
mounting holes using the measurements just made. 

 Again, using a punch and hammer, make indentions at the mounting hole 
locations. 

 Using a size 18 or 19 drill bit (0.1695 in or 0.166 in), drill holes at the 
marked mounting hole locations. 

3. Install terminal blocks and BNC connectors 
 Install the 4 terminal blocks inside the enclosure. 
 Install the BNC connectors with the shorter wires in the lower row of 

holes on either side of the enclosure.  
 Attach wires from BNC connector to closest rows of terminal blocks. 
 Repeat 15 and 16 for the upper rows of holes and other terminal blocks. 
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Appendix E 

 

Additional Steady State Stanton Number Plots 
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Figure E.1 Suction surface Stanton number plots for all Mach 0.6 tests. 
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Figure E.2 Suction surface Stanton number plots for all Mach 0.8 tests. 

 86



 

0.0001

0.001

0.01

0.1

100 1000 10000 100000 1000000
Rex

St

Run 1

Run 2

Run 3

 
Figure E.3 Suction surface Stanton number plots for all Mach 1.1 tests. 
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Figure E.4 Suction surface Stanton number comparison with TEXSTAN for Mach 0.6.  
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Figure E.5 Suction surface Stanton number comparison with TEXSTAN for Mach 0.8. 
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Figure E.6 Suction surface Stanton number comparison with TEXSTAN for Mach 1.1.  
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Appendix F 

 

Assumption Validation 
 In the data reduction process, assumptions were made to simplify the calculations.  

Most of these assumptions were ones that are commonly made, and so appeared to be 

sound.  However, when the steadily decreasing heat transfer coefficient time histories 

were measured, these assumptions needed to be verified to eliminate them as possible 

reasons for the decreasing heat transfer.  The first assumption made was that during the 

time period of interest, the flow could be considered steady.  To check this assumption, 

exit conditions as well as blade surface Mach number distributions were analyzed.  Exit 

Mach number and exit Reynolds number time histories are shown in Figures F.1 and F.2, 

respectively, for the four exit taps that were connected during experiments.  As can be 

seen in these Figures, there was about a 10-second time period in which both the exit 

Mach number and exit Reynolds number were fairly steady.  The steady state results 

presented earlier were measured during the beginning of this 10-second time window.   

 
Figure F.1 Exit Mach number time history. 
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Figure F.2 Exit Reynolds number time history. 

 

 In addition to verifying the exit conditions, the blade surface Mach number 

distribution was found during the test.  Static pressure measurements were taken during 

the test run, and were used to determine local Mach number.  The local Mach number 

was then averaged over half-second time periods.   Figure F.3 shows three such Mach 

number distributions from the 10-second steady time period.  As Figure F.3 shows, the 

three Mach number distributions are almost identical.  Due to the reasonably steady exit 

conditions and the very steady blade Mach number distributions, it is valid to assume that 

the flow is steady during the time period of interest. 
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Figure F.3 Mach number distribution at various times during steady flow period. 

 

 The steadily decreasing heat transfer coefficients that were calculated showed that 

the decay rate of heat transfer in time was larger at gage locations closest to the trailing 

edge.  It was therefore proposed that there were possible trailing edge effects that were 

not being accounted for.  One possible effect was two-dimensional conduction.  Both 

data analysis methods assume one-dimensional transient conduction into the blade.  So 

this assumption needed to be validated to ensure that this was not a cause of the 

decreasing heat transfer levels.  To do so, the trailing edge region was analyzed using two 

different methods.  The first method was a simple analytical calculation and the second 

used Fluent to model conduction in the blade. 

 In the first method, the trailing edge was modeled as both an infinite plane wall 

and a semi-infinite plate.  The temperature solution within the control volume was solved 

for both methods using analytical solutions from Incropera and DeWitt (2002).  The 

solution for temperature at a depth within a plane wall, x1, and a time, t, is: 
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where C1 and  ξ were found from Table 5.1 in Incropera and DeWitt (2002) using the 

Biot number.  The temperature within a semi-infinite plate is found by combining the 

solution for an infinite plane wall and a semi-infinite solid, as in Equation F.2. 
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Where θp is the infinite plane wall solution from Equation F.1 and θs is the semi-infinite 

solid solution.  Ts(x,t) is found for a semi-infinite solid by: 
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 Once the temperature distributions had been found for both volumes, a slice was 

taken at the same distance from the trailing edge as the closest gage.  The temperature 

along this slice was found and plotted for each volume.  The temperature distributions 

were then used to determine surface heat flux at the gage location.  While the two 

methods did show different temperature distributions, they showed only a 1% variation in 

surface heat flux.  This indicated that the one-dimensional assumption was valid.  

However, to further verify that assumption, conduction in the blade was also modeled in 

Fluent. 

 In Fluent, the blade was modeled as a two-dimensional profile with constant 

material properties.  Non-uniform convective heat transfer boundary conditions were 

applied to the blade surface.  Heat transfer coefficients taken from the experimental data 

were used to generate a boundary profile.  An initial temperature of 300 K and an air 

temperature of 350 K were used, and a transient solution was calculated.  Temperature 

contours were analyzed after 10, 15, 20, 25, and 30 seconds.  One of those profiles is 

shown in Figure F.4.   
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Figure F.4 Temperature contours from Fluent. 

 

 Looking at the trailing edge region, there is a cold region very close to the trailing 

edge, due to the low heat transfer coefficient applied there to simulate the wake.  Moving 

farther away from the trailing edge, the blade then became very hot due to the small 

distance between surfaces and the high heat transfer coefficients.  The gage location 

closest to the trailing edge is highlighted in Figure F.4 by the circle on the suction surface 

of the blade.  The temperature distributions were then exported as ASCII files and loaded 

into Matlab.  In Matlab, the temperatures at the nodes near the gage location that was 

closest to the trailing edge were analyzed.  The heat flux into the surface was found by 

performing an energy balance on the control volume surrounding the surface node.  As is 

shown in Figure F.5, the surface heat flux into the blade due to surface convection is: 

         (F.3) 321 qqqqconv +−=

where q1, q2, and q3 were all found by using Fourier’s law and the temperature 

distribution from Fluent.   When assuming one-dimensional heat conduction, q2 and q3 

would be assumed to be zero and qconv would be equal to q1.  Using the two-dimensional 

simulation, it was found that qconv was about 5% higher than q1.  This was within the 
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uncertainty of the gages and was therefore negligible.  Additionally, this was the worst-

case scenario; at gage locations farther from the trailing edge q2 and q3 approached zero 

and the heat conduction became more one-dimensional.  Therefore, it was valid to 

assume one-dimensional transient heat conduction at all gage locations. 

 

 
Figure F.5 Diagram of surface control volume. 
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Appendix G 

 

Analysis of Transient Data 

 

G.1 Justification for Use of Transient Data 
 This appendix will discuss the viability of using data recorded early in the test 

run, during the transient portion of the tunnel operation, rather than using data collected 

during the later steady state period.  The reason for attempting to use this data was 

because of the unsteady behavior some of the gages exhibited.  The decreasing heat 

transfer results that were obtained caused heat transfer levels that were much too low 

approaching the trailing edge.  A sample of the decreasing heat transfer coefficient 

measured by one gage can be seen in Figure G.1 and the Stanton number plot obtained 

using data recorded in the steady state region is shown in Figure G.2 (the data was 

processed using the same technique as was used for the results presented in Chapter 4). 

 

 
Figure G.1 Heat transfer coefficient time history at an exit Mach number of 0.8. 
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Figure G.2 Stanton number plots recorded during the steady state region on the suction 

surface in (a) and on the pressure surface in (b). 

 

 The possible explanations behind the decreasing heat transfer measurements that 

were obvious to the researcher had been investigated and eliminated as was discussed in 

the previous Appendix.  It has been proposed that the gages that exhibited the decreasing 

heat transfer coefficients were showing the correct level of heat transfer initially, and then 

deviated from the correct results over time.  Correcting this proposed error would result 

in steady heat transfer coefficient traces that have average values equal to those shown in 

the initial time period investigated.  For that reason, we averaged the heat transfer 

measurements over a smaller sample period, at an earlier portion of the test run, to obtain 

results that are more accurate.  The first necessary step was to analyze the exit Mach 

number time history in order to determine what time periods could be considered quasi-

steady and could therefore be used to obtain heat transfer results.  The exit Mach number 

time history for a single run at an exit Mach number of 0.6 is shown in Figure G.3.  Four 

time periods of 0.25 seconds were identified as having the same average exit Mach 

number and are shown by the circles on the graph.  Data was analyzed for these four time 

periods to determine if using the transient data was reasonable. 
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Figure G.3 Exit Mach number time history for a test run at an exit Mach number of 0.6. 

 

 The four time periods selected all had an average exit Mach number of 0.611.  

The first three periods were during the transient portion of the tunnel operation and the 

fourth point was in the steady state region.  This fourth point was used for comparison 

purposes.  In order to potentially use these early time samples, it is necessary to establish 

that the flow during that small time period was quasi-steady.  Blade static pressure 

measurements on the upper and lower blades were recorded during the heat transfer 

measurements and were used to determine the blade Mach number distribution.  This was 

done at all four time periods and is shown in Figure G.4.  The Mach number distribution 

is almost identical for all four time periods, including the distribution recorded during the 

steady state flow period.  This indicates that during the short time sample taken early in 

the test run, the flow could be considered quasi-steady.  This verification of quasi-steady 

data was performed on the data taken at exit Mach numbers of 0.8 and 1.1 as well. 

 

 97



 
Figure G.4 Mach number distributions taken from four time periods with the same 

nominal exit Mach number. 

 

G.2 Analysis of Stanton Number Plots 
  Stanton number plots were calculated for the four time periods discussed in the 

previous section and compared to one another.  It was seen that the earliest of the time 

periods showed trends that were much closer to what was expected.  So, Stanton number 

plots were obtained for all test runs during the early transient portion of the run at each 

test condition.  That data was then compared for run-to-run repeatability and used to 

determine the average Stanton number plot.  The data taken at the exit Mach 0.6 and exit 

Mach 0.8 test conditions showed very repeatable results which are shown in Figures G.5 

through G.8.  The data taken at an exit Mach of 1.1 showed a little more variability 

between runs, but reasons for that will be discussed in a later section.   
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Figure G.5 Suction surface Stanton number plots obtained using the transient analysis for 

an exit Mach number of 0.6. 
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Figure G.6 Pressure surface Stanton number plots obtained using the transient analysis 

for an exit Mach number of 0.6. 
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Figure G.7 Suction surface Stanton number plots obtained using the transient analysis for 

an exit Mach number of 0.8. 

 

0.0001

0.001

0.01

10000 100000 1000000
Rex

St

Run 1

Run 2

Run 3

 
Figure G.8 Pressure surface Stanton number plots obtained using the transient analysis 

for an exit Mach number of 0.8. 
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 The individual test runs were then averaged to calculate an average Stanton 

number plot for the corresponding test condition.  The results from the exit Mach 0.6 test 

condition are shown in Figure G.9 and Figure G.10 along with analytical correlations.  

Figure G.9 shows the suction surface data and Figure G.10 shows the pressure surface 

data. 
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Figure G.9 Experimental Stanton numbers compared with analytical correlations on the 

suction surface for an exit Mach number of 0.6. 

 

 The gage closest to the leading edge, which is on the suction surface, measured a 

Stanton number of 0.0327.  As was the case in the steady state analysis performed earlier, 

this was much higher than either of the correlations, but those correlations are not very 

accurate at predicting leading edge heat transfer.  There was then a region of gages that 

correspond to Reynolds numbers from 32,000 to 409,000 that showed the same trend as 

the laminar correlation but were at higher Stanton numbers.  This was the region of a 

laminar boundary layer, but the heat transfer levels were augmented above the levels 

predicted by the correlation because of the freestream turbulence.  The gage location that 

corresponds to a Reynolds number of 475,000 then showed a small local peak in Stanton 

number.  The Stanton number distribution then continued to decrease until reaching a 
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minimum of 0.00067 at a Reynolds number of 643,000.  At this point, there was a rapid 

increase in Stanton number caused by the onset of boundary layer transition.  The Stanton 

number continued to increase until it reached the levels predicted by the turbulent 

correlation.  The last four gage locations showed Stanton numbers very close to the 

turbulent correlation, so it is evident that the boundary layer reached fully turbulent.   
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Figure G.10 Experimental Stanton numbers compared with analytical correlations on the 

pressure surface for an exit Mach number of 0.6. 

 

  Looking at the pressure surface distribution shown in Figure G.10, again at very 

low Reynolds numbers the data was much higher than either of the correlations predicted.  

The pressure surface gage closest to the leading edge showed a Stanton number of 

0.00785.  Then over a range of Reynolds numbers from about 23,000 to 218,000 the data 

agreed reasonably well with the turbulent correlation, but fluctuated above and below the 

correlation.  At a Reynolds number of about 218,000 the Stanton number distribution 

began to decrease at a rate faster than the turbulent correlation indicated it should.  This 

was most likely due to the boundary layer starting to relaminarize because of the steep 

acceleration that occurs along that part of the blade surface.   
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 The three test runs at an exit Mach number of 0.8 that had been analyzed using 

the transient portion of the data were then averaged to generate a Stanton number 

distribution as was done for the exit Mach 0.6 condition.  The distribution on the suction 

surface is shown in Figure G.11 and the pressure surface can be seen in Figure G.12. 
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Figure G.11 Experimental Stanton numbers compared with analytical correlations on the 

suction surface for an exit Mach number of 0.8. 

 

 The Stanton number distribution on the suction surface for an exit Mach number 

of 0.8 was very similar to the distribution measured at an exit Mach number of 0.6.  The 

gage closest to the leading edge showed a Stanton number of 0.0322, which was 

significantly higher than the correlations.  In the laminar boundary layer region, there 

were gages that agreed very well with the trend that the laminar correlation predicted but 

were augmented to higher levels.  This region corresponded to Reynolds numbers of 

35,000 to 446,000.  Again there was a small local peak in Stanton number; in this case it 

occurred at a Reynolds number of 518,000.  The Stanton number continued to decrease 

until transition began to occur at a Reynolds number of 648,000, where there was a 

minimum Stanton number of 0.00071 before the sharp increase caused by transition.  The 
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Stanton numbers increased until reaching and following the turbulent correlation, 

indicating that the boundary layer had become fully turbulent. 
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Figure G.12 Experimental Stanton numbers compared with analytical correlations on the 

pressure surface for an exit Mach number of 0.8. 

 

 The pressure surface showed a little more variation between the exit Mach 0.6 

conditions and the exit Mach 0.8 conditions.  A Stanton number of 0.0075 was measured 

at the gage closest to the leading edge, which was again much higher than the 

correlations.  Downstream there was a region of gages that agreed very well with the 

turbulent correlation.  However, for the exit Mach 0.8 condition, there was one gage that 

showed a local peak that was much higher than the correlation.  The Stanton number at 

this local peak was 0.0062 and it occurred at a Reynolds number of 55,000.  This location 

on the blade corresponded to a sudden change in the Mach number distribution.  The flow 

changed from accelerating to decelerating very close to that gage location.  This rapid 

change can cause a recirculation region.  This recirculation region, or separation bubble 

as some literature refers to it, will augment the heat transfer levels.  This sharp change in 

Mach number distribution was more evident at the exit Mach 0.8 condition than the exit 

Mach 0.6 condition, so the local peak in heat transfer was only significant for that 
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condition.  Downstream of that local peak, the experimental Stanton numbers continued 

to agree well with the turbulent correlation until a Reynolds number of 238,000.  At this 

point, the Stanton number distribution began to decrease much more rapidly than the 

correlation showed.  Again, this was attributed to the high acceleration on that region of 

the blade surface that can cause relaminarization. 

 

G.3 Exit Mach 1.1 Data 
 The same transient analysis procedure was carried out for all three data sets 

recorded at an exit Mach number of 1.1.  As stated previously though, this condition 

showed more run-to-run variability than the two conditions previously discussed.  This is 

evident at the gage corresponding to a Reynolds number of 718,000 on the pressure 

surface, as shown in Figure G.13.  That gage exhibited unusual behavior on the third test 

run that resulted in a significantly lower Stanton number.   
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Figure G.13 Pressure surface Stanton number plot for an exit Mach number of 1.1 

demonstrating individual gage variation. 

 

 There were five gages that exhibited this significant run-to-run variation, but the 

one highlighted in Figure G.13 was the most noticeable.  The heat transfer coefficient 
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time histories that were calculated and used to determine Stanton number were analyzed 

for these gages to determine the cause of the variation.  It was evident that in those cases 

two runs were very repeatable and the third run had a significant change occur early in 

the test.  This is what caused the extreme variations in Stanton number.  These sudden 

shifts are not representative of the conditions being simulated and so were discarded as 

poor data.   

 The Stanton number distributions were then generated for the three test runs 

without the single gages that exhibited unusual behavior.  The resulting distributions had 

very reasonable run-to-run variation, although they were slightly higher than the lower 

speed conditions.  That was to be expected as the tunnel conditions showed more run-to-

run variation at such high exit Mach number conditions.  The suction surface distribution 

can be seen in Figure G.14 and the pressure surface distribution is in Figure G.15. 

 

0.0001

0.001

0.01

0.1

100 1000 10000 100000 1000000 10000000
Rex

St

Run 1

Run 2

Run 3

 
Figure G.14 Suction surface Stanton number plots obtained using the transient analysis 

for an exit Mach number of 1.1. 
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Figure G.15 Pressure surface Stanton number plots obtained using the transient analysis 

for an exit Mach number of 1.1. 

 

 The resulting average Stanton number plots were then compared to analytical 

correlations, as was done with the other the test conditions.  These comparisons are 

shown in Figures G.16 and G.17 for the suction and pressure surfaces, respectively.   
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Figure G.16 Experimental Stanton numbers compared with analytical correlations on the 

suction surface for an exit Mach number of 1.1. 

 

 The Stanton number results for an exit Mach number of 1.1 showed the same 

trend shown by the other test conditions.  The leading edge Stanton number was much 

higher than the correlations; it was 0.0316 and the Reynolds number at that gage location 

was 920.  Then in the laminar boundary layer, which corresponded to Reynolds numbers 

of 44,000 to 563,000, there was very good agreement with the Stanton number trend.  At 

a Reynolds number of 563,000 the Stanton number was 0.00077.  At this point, the 

Stanton number began to increase rapidly with increasing Reynolds numbers, indicating 

the onset of transition.  The last five gages measured Stanton numbers that agreed 

reasonably well with the turbulent correlation, again indicating the boundary layer 

reached fully turbulent. 
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Figure G.17 Experimental Stanton numbers compared with analytical correlations on the 

pressure surface for an exit Mach number of 1.1. 

 

 The pressure surface Stanton number distribution obtained at an exit Mach 

number of 1.1 was similar to the distribution obtained at an exit Mach number of 0.8.  

The gage nearest the leading edge measured a Stanton number of 0.0074.  Immediately 

downstream of the leading edge, the Stanton number decreased to 0.0028 at a Reynolds 

number of 31,000.  At this point, the Stanton number began to increase again to a level 

above the turbulent correlation.  This increase corresponded to the local peak in the Mach 

number distribution that caused a recirculation region, as was discussed with the exit 

Mach 0.8 condition.  Downstream of this local peak in heat transfer there was a region in 

which the experimental data agreed very well with the turbulent correlation.  The 

Reynolds numbers in this region ranged from 94,000 to 301,000.  At Reynolds numbers 

above 301,000, the Stanton number began to decrease to below the turbulent correlation.  

This was most likely caused by the rapid flow acceleration along that region of the blade 

surface.  The rapid acceleration induced relaminarization of the boundary layer, which 

caused the Stanton number to decrease.  This was seen at the other test conditions as well. 
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G.4 Summary of Transient Analysis 
 The Stanton number plots obtained by analyzing the transient portion of the data 

resulted in distributions that were much more reasonable and much closer to predicted 

values than the full blade steady state distributions.  Additionally, the effect of Reynolds 

number and Mach number on heat transfer was demonstrated even further by analyzing 

the full blade distribution as compared to using the portion of the suction surface that was 

discussed in Chapter 4.  The heat transfer distributions obtained at the three test 

conditions were converted into Nusselt number distributions and comparisons of the three 

test conditions are shown in Figures G.18 and G.19.  Figure G.18 is a comparison of the 

exit Mach 0.6 and exit Mach 0.8 distributions.  Figure G.19 follows with a comparison of 

the exit Mach 0.8 and exit Mach 1.1 distributions. 
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Figure G.18 Comparison of Nusselt number distributions for exit Mach conditions of 0.6 

and 0.8. 

 

 At the leading edge gage location, the exit Mach 0.6 condition showed a 7 % 

lower Nusselt number than the exit Mach 0.8 condition.  Along the suction surface, the 

lower speed condition showed slightly lower Nusselt numbers in the region where the 

boundary layer was laminar.  The location of onset of transition was farther along the 
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surface for the exit Mach 0.6 condition than for the exit Mach 0.8 condition.  Transition 

started at an s/C location of ~0.8 versus ~0.87 for the design and below design 

conditions, respectively.  The transition regions for both conditions were similar.  They 

showed the same rapid increase in Nusselt number and the small drop at the same 

location.  However, after the drop, the Nusselt number for the exit Mach 0.8 condition 

increased to a higher level than for the exit Mach 0.6 condition.  Both conditions reached 

a local peak heat transfer level and then began decreasing.  This indicated that the 

boundary layer became fully turbulent by the end of the blade surface. 

 On the pressure surface, there is more variation between the two test conditions 

than was seen on the suction surface.  The exit Mach 0.8 condition shows higher Nusselt 

numbers as expected; however, the exit Mach 0.6 condition does not show the local peak 

that the higher speed condition had.  The explanation for the local peak seen in the exit 

Mach 0.8 condition was a region of recirculation due to a peak in the Mach number 

distribution.  This acceleration and deceleration of the flow caused the recirculation 

region which enhanced heat transfer.  The exit Mach 0.6 condition did not show that peak 

in Mach number.  Since the flow did not change from accelerating to decelerating, the 

recirculation region did not form.  Downstream of the local peak, in the region from an 

s/C of -0.98 to -0.62, the Nusselt number at the exit Mach 0.6 condition was 12 - 15% 

lower than the Nusselt number at the exit Mach 0.8 condition. 
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Figure G.19 Comparison of Nusselt number distributions for exit Mach conditions of 0.8 

and 1.1. 

 

 The exit Mach 1.1 condition showed a leading edge Nusselt number of 1813, 

which was 24% higher than seen at the near design conditions.  Along the suction 

surface, both conditions showed the same trend until an s/C of ~0.58; however, the exit 

Mach 1.1 condition showed increased Nusselt numbers in this entire region.  That was the 

region of a laminar boundary layer, and the heat transfer was increased due to the higher 

local Reynolds numbers.  At the s/C location of ~0.66, the exit Mach 0.8 showed a small 

increase in Nusselt number and then resumed decaying until the point of transition onset.  

At that same location, the exit Mach 1.1 condition showed the same small increase, but 

did not begin decreasing.  The Nusselt number continued to increase due to the early 

onset of transition.  The transition location moved from ~0.8 at the near design condition 

to ~0.58 – 0.66 for the above design condition.  After the onset of transition in the exit 

Mach 1.1 condition, the Nusselt number steadily increased until an s/C location of ~1.01.  

At this location there was a 25% decrease in Nusselt number and then the distribution 

continued increasing.  This decrease in Nusselt number corresponded to the s/C location 

where there was a sudden drop in Mach number.  The drop in Mach number could most 

likely be attributed to a shock wave.  Downstream of this drop, the Nusselt number 
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continued to increase to levels similar to those seen in the exit Mach 0.8 condition.  This 

indicated that the boundary layer became fully turbulent near the blade trailing edge. 

 The pressure surface Nusselt number distributions for both conditions showed the 

local peak in Nusselt number caused by the recirculation region, but the higher Reynolds 

number condition showed higher values of Nusselt number.  The peak in the local Mach 

number distribution that caused the recirculation region occurred at the same location for 

both conditions.  However, after the local peak in heat transfer, the results showed much 

more variation between the two test conditions.  The exit Mach 1.1 condition resulted in 

Nusselt numbers that were 25 – 44% higher than those seen at the exit Mach 0.8 

condition.  This increase was caused by the higher local Reynolds number on the blade 

surface. 

 As a final comparison of the data analyzed during the initial transient portion of 

the test run, all three test condition results were compared with the analytical correlations 

as had been done previously for the individual cases.  This overall comparison is shown 

in Figures G.20 and G.21 for the suction and pressure surfaces, respectively.  As is 

shown, results from all three conditions agree very well with each other and with the 

analytical correlations. 

0.0001

0.001

0.01

0.1

100 1000 10000 100000 1000000
Rex

St

M = 0.6, Re = 715,000
M = 0.8, Re = 895,000
M = 1.1, Re = 1,115,000
Laminar Correlation
Turbulent Correlation

 
Figure G.20 Experimental Stanton numbers compared with analytical correlations on the 

suction surface for all test conditions. 
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Figure G.21 Experimental Stanton numbers compared with analytical correlations on the 

pressure surface for all test conditions. 
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Appendix H 

 

Uncertainty Analysis 
 This appendix discusses the uncertainties associated with the heat transfer results 

reported in this work.  The total uncertainty on measured data was defined as a 

combination of bias error and precision error.  A bias error is one that is constant for a set 

of measurements, such as a calibration error, and a precision error is one based on run-to-

run repeatability.  The total error was defined by: 

     22 PB +=Δ     (H.1) 

where B is the bias error and P is the precision error.  The bias error determined for the 

thin film gages was ±8.5%; this was found using the perturbation method described by 

Moffat (1988).  The precision error was then estimated using statistical analysis.  

Multiple measurements were taken at each test condition and were used to determine the 

precision uncertainty based on a 90% confidence interval and a Student t-distribution.  

Using this method, the precision uncertainty was defined as: 

     
NNu

St
P Nu

⋅
⋅

=      (H.2) 

where t is the Student-t variable, SNu is the variance of the Nusselt number, Nu  is the 

average Nusselt number, and N is the number of tests.  The bias error, precision error, 

and resulting total uncertainty in Nusselt number are shown in Table H.1 for each test 

condition. 

 

Table H.1 Uncertainty levels for all test conditions 

Test Condition Bias Error, % Precision Error, % Total Uncertainty, % 

0.6 8.5 5.2 10.0 

0.8 8.5 3.1 9.0 

1.1 8.5 8.1 11.8 
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