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Thesis Abstract 

It is important to be able to accurately predict the heat transfer distribution over the 

component when designing components in the turbine section.  The gas temperature exiting the 

combustor in many gas turbine engines has increased to be above the melting temperature of 

turbine components.  These high gas temperatures can quickly degrade components and cause 

components to fail.  To extend the life of components in the high gas temperature flows, cooling 

schemes are implemented on components.  The cooling scheme designs are based upon heat 

transfer predictions in the design phase.  Accurate predictions of the heat transfer distributions 

are important to properly apply cooling schemes.  The component designers typically use 

computational fluid dynamics (CFD) or simple experiments in the design phase.   

CFD is becoming more frequently used than experimentation in the design phase.  Since 

CFD is heavily relied upon, accurate models are required.  While the CFD has been proven to 

accurately predict the aerodynamic flow physics of turbine blades and vanes, the heat transfer 

predictions are still in need of some refinement.  At high turbulence levels, most CFD programs 

significantly over predict the heat transfer levels.  The purpose of this study is to investigate the 

effect of high freestream turbulence on heat transfer on gas turbine blades.  This study will also 

provide the CFD modelers with heat transfer data at flow conditions that are representative of 

flow in gas turbine engine.  This data can be used to improve their empirical correlations for use 

in their codes.   

In this study, a turbine blade of geometry typical of a first stage turbine blade was tested 

in the Virginia Tech linear transonic cascade wind tunnel.  Aerodynamic and heat transfer 

measurements were made on the turbine blade.  The flow entering the blade cascade was also 

characterized by measuring the turbulence intensity, turbulence length scale and velocity 

uniformity.  Measurements were made at exit Mach numbers of 0.55, 0.78 and 1.03 and 
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turbulence levels of 2%, 12% and 14% for each exit Mach number.  The high turbulence levels 

were generated using passive turbulence grids. 
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Effects of Freestream Turbulence, Turbulence Length Scale, and Reynolds 
Number on Turbine Blade Heat Transfer in a Transonic Cascade 

Preface 

The combustion temperature of gas turbine engines continue to increase in order to get a 

higher work output and higher efficiency from gas turbine engines.  To handle the high 

temperature gas, turbine designers have developed cooling schemes that can keep turbine 

components from degrading from the exposure to the hot gases.  Typically, turbine designers 

utilize computational fluid dynamics (CFD) to predict the regions of components that will 

require a cooling scheme to be implemented.  While the CFD has been proven to accurately 

predict the flow fields, the heat transfer predictions still need some refinement.  At high 

turbulence levels that are typical of the flow exiting the combustor, heat transfer predictions tend 

to be significantly higher than experimental values.  This study examines the effect of freestream 

turbulence and the turbulence length scale on the heat transfer distribution on a turbine blade.  

The data from this experiment can be used to refine heat transfer models. 

This thesis consists of two sections.  The first section is a paper that was submitted to the 

2007 International Gas Turbine Institute (IGTI) Conference.  The paper reports on the effects of 

freestream turbulence and turbulence length scale on the heat transfer distribution on a turbine 

blade.  The second section of this thesis consists of appendices that support the IGTI paper.  It 

includes additional details about the data collection and reduction procedures on the pressure 

distributions and turbulence measurements that were made on the turbine blade.   
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Abstract 

This paper experimentally investigates the effect of high freestream turbulence intensity, 

turbulence length scale, and exit Reynolds number on the surface heat transfer distribution of a 

turbine blade at realistic engine Mach numbers.  Passive turbulence grids were used to generate 

freestream turbulence levels of 2%, 12%, and 14% at the cascade inlet.  The turbulence grids 

produced length scales normalized by the blade pitch of 0.02, 0.26, and 0.41, respectively.  

Surface heat transfer measurements were made at the midspan of the blade using thin film 

gauges.  Experiments were performed at exit Mach numbers of 0.55, 0.78 and 1.03 which 

represent flow conditions below, near, and above nominal conditions.  The exit Mach numbers 

tested correspond to exit Reynolds numbers of 6 x 105, 8 x 105, and 11 x 105, based upon true 

chord.   

The experimental results showed that the high freestream turbulence augmented the heat 

transfer on both the pressure and suction sides of the blade as compared to the low freestream 

turbulence case.  At nominal conditions, exit Mach 0.78, average heat transfer augmentations of 

23% and 35% were observed on the pressure side and suction side of the blade, respectively.   
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Nomenclature 

C  true chord of blade 
Cp  constant pressure specific heat 
d  leading edge diameter of blade 
Fr  Frossling number 
h  heat transfer coefficient 
ka  thermal conductivity of air 
k  acceleration parameter 
Ma  Mach number 
Nu  Nusselt number 
Nu0  Nusselt number at Tu = 2% 
P  pitch of blade  
Pr  Prandtl number 
q”  heat flux  
rc  recovery factor 
Re  Reynolds number 
s  surface distance on from stagnation point 
St  Stanton number 
T  temperature 
Tu  freestream turbulence in streamwise direction 
U  local velocity 
VR  velocity ratio 

Greek 
γ  specific heat ratio of air 
Λx  integral turbulence length scale (LS) 
ρ  local density of air 

Subscripts 
aw  adiabatic wall 
in  inlet conditions 
o  stagnation 
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Introduction 

The components in the turbine section of a gas turbine engine present several complex 

problems to engine designers.  One of the problems that designers face is the high gas path 

temperatures that pass through the turbine section.  The gas path temperatures continue to be 

increased in order to increase the gas turbine power output and efficiency.  In most engines, the 

gas path temperature has increased to be well above the melting temperature of most engine 

components.  These high temperatures can drastically decrease the operating life of an engine 

component if not cooled properly.   

Designers typically use CFD and other analysis tools to predict the regions of a 

component that will require a cooling scheme to be used.  When modeling the flow through a 

blade passage, a designer has a variety of turbulence models to choose from. These turbulence 

models are based on physical laws as well as empirical data.  The efforts of this work are to 

provide the model developers with experimental data collected at realistic engine Mach number 

conditions. 

Summary of Past Literature 
The freestream turbulence in the turbine section of an engine is due to the velocity 

fluctuations of the flow created by the combustor system and vane wakes upstream of the blade 

passages.  While measuring the turbulence level in a gas turbine is extremely difficult, 

researchers have found that combustion systems typically produce turbulence levels between 7% 

and 30% [1.1-1.2].   The turbulence produced by the combustor decays as the flow passes 

through the vanes, but additional velocity fluctuations will be created by the vane wakes.   

Several experimental studies have been performed in transonic cascades that investigate 

the effects of exit Reynolds number and freestream turbulence on the surface heat transfer 

distribution over a turbine blade.  Consigny and Richards [1.3] measured the blade surface heat 

transfer distribution by varying the freestream turbulence between 0.8% and 5.2%.  Consigny 

and Richards observed that increasing the turbulence level augmented the heat transfer on the 

pressure and suction sides and at the leading edge.  An earlier transition to a turbulent boundary 

layer was observed on the suction side of the blade when the turbulence level was increased.   
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Another study by Arts et al. [1.4] examined the effect of Mach number, Reynolds number 

and incidence angle while varying the turbulence levels between 1% and 6%.  Similarly to 

Consigny and Richards, Arts et al. observed an earlier boundary layer transition on the suction 

side when the freestream turbulence level increased.  In addition, Arts et al. noted a local peak in 

heat transfer on the pressure side near the leading edge.  The local peak amplitude diminished as 

the turbulence level increased.  The location of the local peak corresponds to a deceleration of 

the flow downstream of the leading edge on the pressure surface.  They hypothesized that a small 

recirculation bubble occurred in the decelerating region and caused the local peak in heat 

transfer.  Arts et al. also observed that increasing the exit Reynolds number increased the heat 

transfer levels.   

More recent studies by Giel et al. [1.5] examined the effects of Reynolds number and 

cascade end wall boundary layers on surface heat transfer at turbulence levels of 9% with an 

integral lengths scale of 26 mm (1.02 in.).  Giel et al. also observed a local peak on the pressure 

side of the blade near the leading edge.  From these experiments and other similar experiments, 

turbulence models have been created and validated.   

Experimental Setup and Instrumentation 

Wind Tunnel Facility 
The two-dimensional transonic cascade wind tunnel, shown in Figure 1.1, is a blow-down 

facility that is capable of sustaining a constant test section pressure for up to 25 seconds.  Air is 

supplied from high pressure air tanks that are charged up to 1380 kPa (200 psig) prior to testing.  

A control valve regulates the flow from the air tanks to the test section.  Cascade inlet pressures 

range from 20.7 kPa (3 psig) to 69.0 kPa (10 psig) depending on the objective test conditions.  

Between the control valve and the test section, the air passes through a passive heat exchanger, 

which heats the cascade inlet flow up to 120°C.  After the air passes through the heat exchanger, 

the air goes through a contraction and enters the test section before being exhausted to the 

atmosphere.  Because of facility constraints, an increase in the exit Mach number is coupled to 

an increase in the exit Reynolds number. 
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Figure 1.1.  Transonic cascade wind tunnel 

 
  The turbine blade tested in these experiments is similar in geometry to a first stage 

turbine blade.  The blade was scaled two times so that the nominal exit Reynolds number would 

be at the desired value.  Table 1.1 summarizes the geometry of the turbine blade.   

 
Table 1.1.  Turbine blade geometry 

True Chord 69.9 mm (2.75 in.) 
Axial Chord 35.2 mm (1.39 in.) 
Pitch 58.2 mm (2.29 in.) 
Span 152.4 mm (6.00 in.) 
Turning Angle 107.5° 

 
A diagram of the blade cascade is provided in Figure 1.2.  From the blade geometry and 

the test section size, the blade cascade consists of seven full blades and two partial blades, which 

result in seven full passages and one partial passage.  A tailboard placed at the blade exit angle 

aids in creating periodic flow through the cascade.  The blades are numbered starting from the 

lower left of the cascade with blade 4 being the blade that is fully instrumented to make static 

pressure and heat transfer measurements.  The slot located upstream of the cascade is used to 

measure the turbulence and velocity distributions at the inlet of the cascade.     

Inlet 
Air 

Test 
Section 

Heat 
Exchanger 

Heater 
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Figure 1.2.  Cascade diagram showing the blades and the axis orientation for measurements with the traverse 

Static Pressure Measurements 
To calculate the isentropic Mach number distribution on the blade surface, the turbine 

blade was instrumented with static pressure taps placed at the midspan of the blade.  Blade 4 was 

instrumented with a total of 27 pressure taps with 9 taps on the pressure side, 17 taps on the 

suction side and 1 tap near the leading edge.  Static pressure taps were also instrumented on 

suction side of blade 3 and on the pressure side of blade 5 to check the periodicity of the flow.  

The static pressure measurements were made through independently conducted experiments 

relative to the heat transfer experiments.  In addition to calculating the isentropic Mach number 

distribution, the acceleration parameter distribution on the blade surface was also calculated.   

Heat Transfer Measurements 
Heat transfer measurements were made with thin film gauges.  Thin film gauges were 

originally developed by Schultz and Jones [1.6] and variations of the original design have been 

used by Doorly and Oldfield [1.7] and Dunn [1.8].  The thin film gauges that were used in these 

experiments were manufactured according to procedure described by Joe [1.9].  A photograph of 

the gauges installed on the blade is shown in Figure 1.3.  Thin film gauges allow for high spatial 

resolution measurements on the blade surface.  Each thin film gauge consists of a platinum wire 

Flow  
Direction 

P 

1 
2 

3 

4 
5 

6 

7 Leading Edge 
y = 0 

y-axis  
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that is 3.18 mm (0.125 in.) long and copper leads that are sputtered to a Kapton sheet.  The 

Kapton sheet with the gauges is attached to a blade manufactured from a low thermal 

conductivity ceramic material called Macor.  The platinum wire is the sensing area of the gauge 

and was placed at the midspan of the blade.  A total of 36 thin film gauges were instrumented on 

the blade.   

 
Figure 1.3.  Picture of thin film gauges in wind tunnel 

 
The thin film gauge operates by changing resistance with temperature.  A calibration of 

each gauge was performed prior to testing.  Since the gauge changes resistance with temperature, 

the gauge is used as one arm of a Wheatstone bridge circuit and the change in voltage output of 

the bridge is recorded during the experiment.  The data from up to 31 gauges can be recorded in 

this facility during a single test.   

To reduce the heat transfer data, several steps must be taken.  The voltage output from 

each Wheatstone bridge is converted into surface temperature using the calibration curve and 

basic Wheatstone bridge operating principles.  Next, the heat flux for each gauge is calculated by 

using a finite-difference code developed by Cress [1.10] that solves the one-dimensional, 

transient heat conduction equation.  The heat transfer coefficient can then be calculated by using,  

)(
"

gaugeaw TT
qh
−

=       (1.1) 
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The adiabatic wall temperature is provided by,  
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     (1.2) 

It was assumed that the boundary layer was turbulent everywhere, so a recovery factor of rc = 

Pr1/3 was applied to all of the gauges.  The heat transfer coefficient can then be 

nondimensionalized by calculating the Nusselt number by using, 

ak
ChNu ⋅

=        (1.3) 

The heat transfer coefficient can also be nondimensionalized in terms of the Stanton number 
given by,  

pCU
hSt
⋅⋅

=
ρ

      (1.4) 

Uncertainty Analysis 
The experimental uncertainty of the heat transfer measurements was calculated by using 

the procedure developed by Moffat [1.11].  The analysis took into account the bias error and 

precision error.  An uncertainty was calculated for each gauge at every test condition.  The total 

uncertainty of the heat transfer coefficient for the gauges ranged between 8.5% and 11.5% with 

the bias error contributing the majority to the total uncertainty.    

Turbulence Generation 

To generate freestream turbulence levels of 12% and 14%, passive turbulence grids were 

used.  A schematic of the turbulence grids is provided in Figure 1.4.  The grid designs were 

based on the correlations reported by Baines and Peterson [1.12] and research performed by Nix 

et al. [1.13] on turbulence grids in the cascade wind tunnel.  The first turbulence grid is a square 

mesh grid.  The square mesh grid has bar widths of 1.91 cm (0.75 in.) and spaced to create 

3.81cm x 3.81cm (1.5 in. x 1.5 in.) square openings.  The solidity of the square mesh grid is 

48%.   The second turbulence grid is a parallel bar grid.  This grid has bars that are 6.35cm (2.5 

in.) wide and spaced 4.76 cm (1.875 in.) apart to create a solidity of 50%.   



 9

   
   (a)      (b) 

Figure 1.4.  Turbulence grids (a) mesh grid, Tu = 12% and (b) bar grid, Tu = 14% 
 

The velocity fluctuations in the streamwise direction were measured using a single hot-

wire probe.  The hot-wire probe was discretely traversed over one blade pitch along the slot 

parallel to the blade inlet plane.  The slot is located 0.6C upstream of the blades and shown in 

Figure 1.2.  The turbulence intensity and integral turbulence length scales were calculated at each 

measurement location.  Taylor’s Hypothesis of frozen turbulence was applied to calculate the 

integral length scale.  The turbulence levels and length scales were measured for the square mesh 

grid, the bar grid and a baseline case where no turbulence grid was installed in the tunnel.  The 

turbulence intensity and integral length scale distributions along the blade inlet pitch is provided 

in Figures 1.5 and 1.6, respectively.  The turbulence levels and normalized length scales are 

provided in Table 1.2.   
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Figure 1.5.  Turbulence intensity along inlet pitch 
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Figure 1.6.  Integral length scale along inlet pitch 

 
Table 1.2.  Summary of grid generated turbulence 

 Turbulence 
Intensity 

Length Scale 
(Λx/P) 

Baseline 2% 0.02 
Mesh Grid 12% 0.26 
Bar Grid 14% 0.41 
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To check that the inlet flow to the blade passages downstream of the turbulence grids was 

uniform, a Kiel probe was traversed along the angled slot.  A ratio of the velocity from the Kiel 

probe to the velocity measured from a stationary Pitot probe was calculated.  The velocity ratio 

for the each configuration tested is provided in Figure 1.7.  The bar grid shows a slight variation 

of inlet velocity along the angled slot.  The trade off of generating high turbulence levels with the 

bar grid was that the inlet velocity was slightly nonuniform.   
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Figure 1.7.  Velocity ratio distribution along inlet pitch 

 

Blade Static Pressure Distribution 

Figure 1.8 shows the local Mach number distributions on the blade surface for three exit 

Mach number conditions.  The flow accelerates over most of the pressure side except for a short 

deceleration region just downstream of the stagnation point (s/C = -0.25).  The flow on the 

suction side continuously accelerates up to the geometric throat area (s/C = 0.84).  The exit Mach 

0.6 and 0.85 cases decelerate immediately after the throat, whereas the exit Mach 1.1 case 

continues to accelerate and becomes supersonic before beginning to decelerate.   
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Figure 1.8.  Local Mach number distribution over blade 

 
The periodicity of the flow at exit Mach 0.85 is provided in Figure 1.9.  The flow 

periodicity is shown by comparing the local Mach number distribution over the blade surfaces.  

The suction side of blade 3 and blade 4 shows the same local Mach number distributions over the 

majority of the suction surface.  There is only a slight variation in the local Mach numbers near 

the geometric throat.  The pressure side of blade 4 and blade 5 shows almost identical local Mach 

number distributions. 
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Figure 1.9.  Flow periodicity through blade passages 
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The distribution of the acceleration parameter on the blade surface for each exit Mach 

number is provided in Figure 1.10.  The acceleration parameter distribution shows the same 

trends as the local Mach number distribution.  A positive acceleration parameter indicates that 

the flow is accelerating and a negative value indicates that the flow is decelerating.  On the 

pressure side of the blade, the acceleration parameter is above the critical value of 3 x 10-6 which 

has been observed by Launder and Jones [1.14] and reported in the transition study by Mayle 

[1.15] to relaminarize the boundary layer.   
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Figure 1.10.  Distribution of the acceleration parameter over the blade 

 

Blade Heat Transfer Distribution 

Test Conditions 
Heat transfer measurements were performed at exit Mach numbers of 0.55, 0.78, and 

1.03.  The turbulence levels were varied between 2%, 12%, and 14% at each exit Mach number.  

The test matrix resulted heat transfer data for nine different flow conditions.  For each flow 

condition, measurements were performed at least three times to ensure that the data were 

repeatable.  Table 1.3 provides the flow conditions for each test. 
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Table 1.3.  Test conditions for each case 
 Exit Ma Tu Exit Re 
Case 1 0.57 2% 640,000 
Case 2 0.55 12% 610,000 
Case 3 0.55 14% 600,000 
Case 4 0.76 2% 810,000 
Case 5 0.78 12% 790,000 
Case 6 0.78 14% 800,000 
Case 7 1.03 2% 1,090,000 
Case 8 1.03 12% 1,060,000 
Case 9 1.01 14% 1,070,000 

 

Effect of Freestream Turbulence 
This section discusses the effect that increasing the freestream turbulence has on the heat 

transfer distribution over the turbine blade surface.  Plots are shown of the heat transfer 

distribution over the blade surface in terms of Nusselt number and the Nusselt number 

augmentation relative to the low freestream turbulence cases.  The data is also compared with the 

flat plate correlations for laminar and turbulent boundary layers.  Each of these plots is presented 

for each exit Mach number condition tested.    

Figure 1.11 provides the heat transfer distribution plot for each freestream turbulence 

level at exit Mach 0.55.  The turbulence augments the heat transfer at the leading edge, on the 

pressure side and the suction side of the blade.  On the suction side, the transition to a turbulent 

boundary layer occurs near the throat (s/C = 0.84) for each turbulence level.  For the 2% 

turbulence case, the transition takes place downstream of the throat at s/C = 0.87.  The boundary 

layer transition length over the blade surface is short because of the decelerating flow.   

The 12% and 14% turbulence cases both show transition occurring just upstream of the 

throat (s/C = 0.72).  The transition length has increased for the high turbulence cases because the 

flow is still accelerating up to the throat.  The length of the boundary layer transition increases 

when the flow is accelerating.  The effect of acceleration on the transition length was also noted 

in the study performed by Zhang and Han [1.16].  Once the boundary layer goes turbulent, the 

effect of the freestream turbulence level on heat transfer diminishes.  Both turbulence levels 

tested show very similar trends in augmenting the turbulence even though the length scales are 

different.   
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The heat transfer data at the high turbulence levels are normalized with the 2% turbulence 

data to show the augmentation levels due to turbulence.  The augmentation levels at exit Ma 0.55 

are shown in Figure 1.12.  On the suction side before the transition, the turbulence augments the 

heat transfer on average by 27% and 22% for turbulence levels of 12% and 14%, respectively.  

The pressure side shows an average augmentation level of 11% and 8% for turbulence levels of 

12% and 14%, respectively.  A maximum augmentation level of 60% occurs just downstream of 

the leading edge and corresponds to the decelerating flow region.   Similar levels and trends in 

augmentation occur for both turbulence levels.   

Figures 1.13 and 1.14 show how the experimental data compares with the turbulent and 

laminar flat plate heat transfer correlations on the suction and pressure side of the blade, 

respectively.  On the suction side (Fig. 1.13), boundary layer appears to be somewhere between 

fully laminar and fully turbulent before the flow transitions near the throat.  The augmentation on 

the suction side can also be seen since the high turbulence levels fall closer to the turbulent 

correlation than the baseline, 2% turbulence case.  On the pressure side (Fig. 1.14), the measured 

heat transfer is near the turbulent correlation, indicating that the pressure side boundary layer is 

fully turbulent.   
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Figure 1.11.  Heat transfer distribution at exit Ma 0.55 
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Figure 1.12.  Heat transfer augmentation at exit Ma 0.55 
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Figure 1.13.  Suction side data compared to the flat plate correlation at exit Ma 0.55 
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Figure 1.14.  Pressure side data compared to the flat plate correlation at exit Ma 0.55 

 
Figure 1.15 shows the heat transfer distribution plots for each turbulence level at exit Ma 

0.78.  Similar trends in augmentations are observed between the exit Ma 0.55 and 0.78 cases.  

Again, the boundary layer transition on the suction side occurs just upstream of the throat at s/C 

= 0.80 for each turbulence level.   Since the transition locations for each turbulence level occur at 

the same point on the blade, the transition lengths for each turbulence level are roughly the same.        

On the pressure side, higher augmentation levels can be seen.  The low freestream 

turbulence data shows a local peak in the heat transfer data downstream of the leading edge on 

the pressure side at s/C = -0.26.  Local peaks in heat transfer on the pressure side have been 

observed by Consigny and Richards [1.3],   Arts et al. [1.4] and Giel et al. [1.5].  This location is 

corresponds to the location of the flow deceleration and has been hypothesized by Arts et al. 

[1.4] and Giel et al. [1.5] to be caused by local flow separation.  At the higher turbulence levels, 

the local peak appears to be diminished.  Unfortunately, the gauge located at the peak was 

damaged after completing the heat transfer measurements at low freestream turbulence.  

However, the gauges surrounding the damaged gauge do not appear to indicate that a peak is 

present when the turbulence levels are increased.   

The heat transfer augmentation plots at exit Ma 0.78 are provided in Figure 1.16 and 

show the increase in heat transfer due to the turbulence.  Again, similar trends between the exit 

Ma 0.55 and exit Ma 0.78 cases are observed.  The average augmentation levels on the suction 
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side are 35% before transition occurs for both turbulence levels.  On the pressure side, an 

average augmentation of 22% and 25% is observed for the 12% and 14% turbulence levels, 

respectively.  The largest augmentation on the pressure side is 84% and occurs just downstream 

of the leading edge where the flow decelerates.   

  Figures 1.17 and 1.18 provide the comparisons with the flat plate correlations for the 

suction side and the pressure side, respectively.  On the suction side (Fig. 1.17), the data lies 

between the laminar and turbulent correlations before the transition occurs.  The data follows the 

trend of the laminar correlation before transitioning.  The augmentation due to turbulence is also 

shown before transition and all three experiments go to similar Stanton numbers after the 

boundary layer transition.  On the pressure side (Fig. 1.18), the data starts above the turbulent 

correlation and then decays below the turbulent correlation.  The data having a steeper slope than 

the turbulent correlation might suggest that the boundary layer is attempting to relaminarize.  

From the acceleration parameter in Figure 1.10, the acceleration parameter is above the critical 

value on the majority of the pressure side, which supports the possibility of relaminarization 

occurring.  
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Figure 1.15.  Heat transfer distribution at exit Ma 0.78 
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Figure 1.16.  Heat transfer augmentation at exit Ma 0.78 
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Figure 1.17.  Suction side data compared to the flat plate correlation at exit Ma 0.78 
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Figure 1.18.  Pressure side data compared to the flat plate correlation at exit Ma 0.78 

 
The exit Ma 1.03 case provides the most interesting data of the conditions tested.  Up to 

this point the data presented for the exit Mach 0.55 and 0.78 conditions has behaved as expected 

and shows trend similar to what other researchers have observed.   

The heat transfer distribution along the blade surface for exit Ma 1.03 is provided in 

Figure 1.19.  On the suction side of the blade, the turbulence augments the heat transfer up to the 

transition location at s/C = 0.58.  For the 2% turbulence case, the boundary layer transition is 

sustained for a significant distance over the blade.  The length of this transition is significantly 

longer that the transition lengths observed at exit Mach 0.55 and 0.78 since the flow is 

accelerating.  The 12% and 14% turbulence cases show what appears to be the start of transition 

at s/C = 0.58.  However, the increase in heat transfer is very gradual for both the 12% and 14% 

turbulence cases.  A sharp rise in heat transfer occurs at s/C = 1.01 which corresponds to where 

the flow for the Mach 1.03 tests begins to decelerate.  On the pressure side, the local peak cause 

by the possible flow separation has increased in amplitude, as compared to the 0.55 and 0.78 

Mach number cases.    

A difference in the augmentation levels for the mesh grid and the bar gird occurs at the 

high exit Mach number case.  The 12% turbulence data shows a higher augmentation levels on 

both the pressure and suction sides of the blade than the 14% turbulence data.  Since the 

turbulence levels for each high freestream turbulence test are approximately the same, the length 
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scales are the only difference between the tests.  It appears that for the exit Mach 1.03 tests, the 

smaller length scale augments the heat transfer more than larger length scale.   

Figure 1.20 shows the augmentation plots for exit Mach 1.03.   Augmentation on the 

suction side is shown before the flow transitions.  As previously mentioned, the augmentation 

levels between the 12% and 14% turbulence tests differ significantly.  The average augmentation 

on the suction side before transition is 27% for the 12% turbulence test and 12% augmentation 

for the 14% turbulence test.  Once the flow transitions, the augmentation goes negative because 

the gradual transition at the high turbulence levels.  On the pressure side, the average 

augmentation for 12% turbulence is 6% and -4% augmentation for the 14% turbulence.  

Maximum augmentation on the pressure side of 120% was measured for 12% turbulence and 

110% for the 14% turbulence tests.  Again, the maximum augmentation occurs at the location 

where the flow is decelerating.   

Figures 1.21 and 1.22 provide the suction and pressure side comparisons with the flat 

plate correlations at exit Mach 1.03, respectively.  Again, the data on the suction side (Fig. 1.21) 

lies between the laminar and turbulent correlations.  The augmentation caused by increasing the 

turbulence level can also be seen along with the transition locations.  On the pressure side (Fig. 

1.22), the exit Mach 1.03 data falls along the turbulent correlation as did the exit Mach 0.55 and 

0.78 data.  The one exception is the valley in the heat transfer data at s/C = -0.13 that lies close to 

the laminar correlation.  This valley is just upstream of the deceleration region.  The heat transfer 

being close to the laminar correlation suggests that the flow is laminar at this location. 
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Figure 1.19.  Heat transfer distribution at exit Ma 1.03 
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Figure 1.20.  Heat transfer augmentation at exit Ma 1.03 
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Figure 1.21.  Suction side data compared to the flat plate correlation at exit Ma 1.03 
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Figure 1.22.  Pressure side data compared to the flat plate correlation at exit Ma 1.03 
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Effect of Reynolds Number 
Because of facility constraints, an increase in the exit Mach number was coupled to an 

increase in the exit Reynolds number.  To remain consistent with the previous sections, the data 

will be compared by stating the Mach number.  The actual Reynolds numbers measured for each 

test is provided in Table 3.  The Nusselt number distributions showing the effect of increasing 

the Reynolds number at turbulence levels of 2%, 12%, and 14% are shown in Figures 1.23, 1.24, 

and 1.25.  

The 2% turbulence data plotted in Figure 1.23 shows several different trends.  As 

expected, there is an overall increase in heat transfer due to the increase in Reynolds number.  

The increase in heat transfer is not significant between the exit Mach 0.57 and 0.76 cases.  A 

larger increase in heat transfer occurs between the exit Mach 0.76 and 1.03.  The increase in exit 

Reynolds number also causes an earlier boundary layer transition.  Again, there is a large shift in 

the transition location between the exit Mach 0.76 and 1.03 tests and a negligible shift between 

the exit Mach 0.57 and 0.76 tests.  On the pressure side, the local peak caused by separation 

increases in amplitude as the Reynolds number increases and was also observed by Consigny and 

Richards [1.3].   

The 12% turbulence cases shown in Figure 1.24 also indicates an increase in heat transfer 

with increasing the Reynolds number all over the blade surface, except after the throat for the 

exit Mach 1.03 case.  An increase in the heat transfer with Reynolds number is not seen near the 

throat since the boundary layer transition is gradual at exit Mach 1.03.   

Figure 1.25 provides the 14% turbulence cases and also shows the increase in heat 

transfer with increasing the Reynolds number.  A large increase in heat transfer is observed 

between the exit Mach 0.55 and 0.78 cases.  Between the exit Mach 0.78 and 1.01 cases there is 

only a slight increase in heat transfer with Reynolds number except at the leading edge.  Near the 

throat, there is no increase in heat transfer with Reynolds number due to the slow transition.    
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Figure 1.23.  Heat transfer distribution at Tu = 2% 
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Figure 1.24.  Heat transfer distribution at Tu = 12% 
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Figure 1.25.  Heat transfer distribution at Tu = 14% 

 

Effect of Length Scale 
As shown in Figures 1.11, 1.15, and 1.19, the heat transfer is augmented more at the 

leading edge with the 12% turbulence than the 14% turbulence.  Since the turbulence levels are 

similar, the difference in heat transfer is caused by the size of the turbulence length scale.  At 

similar turbulence levels, the heat transfer is augmented more at the leading edge if the size of 

the length scale is smaller.  Van Fossen et al. [1.17] also observed that decreasing the length 

scale will increase the heat transfer augmentation at the leading edge.  Both the turbulence 

intensity and the length scale size have an effect on the heat transfer in the stagnation region.   

The effect of the length scale also appears at the exit Mach 1.03 conditions as shown in 

Figures 1.19 and 1.20.  On both the pressure side and suction side of the blade, the 12% 

turbulence shows higher augmentation levels than the 14% turbulence.  The only difference 

between the two tests is the size of the turbulent eddy.   
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Leading Edge Correlation  
The experimental data at the leading edge was compared to the stagnation region heat 

transfer correlation for elliptical leading edges developed by Van Fossen et al. [1.17].  The 

stagnation region heat transfer correlation takes into account the turbulence intensity, length 

scale, leading edge diameter and Reynolds number and is provided by,   
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The plot of the correlation and the data are provided in Figure 1.26.  The experimental leading 

edge heat transfer data was converted into a Frossling number given by, 
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From the blade geometry, the leading edge approximated to a ellipse with an aspect ratio 

of 2.25:1 where Frlam = 0.811.  The experimental data at the leading edge compares rather well 

with the Van Fossen correlation.  All of the data follows the same trend as the correlation and 

lies within ±10% of the Van Fossen correlation.  The experimental data also shows good 

agreement with the results reported by Giel et al. [1.5]. 

0.70

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

200 300 400 500 600 700 800

TuRed
0.8(Λx/d)-0.574

FrTu

FrLam Exit Ma 0.55
Exit Ma 0.76
Exit Ma 1.03
Giel et al. [5]
Van Fossen Model
Model +/- 10%

 
Figure 1.26.  Van Fossen correlation comparison 
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TEXSTAN Comparison 
The experimental data was compared with surface heat transfer predictions made using 

academic version of TEXSTAN developed by Crawford [1.18].  To model the flow through the 

blade passages, the two-equation Lam-Bremhorst turbulence model was used with the Schmidt-

Patankar transition model.  A constant surface temperature boundary condition was applied to 

the blade and the constant turbulence kinetic energy was set throughout the computational 

domain by freezing the turbulence dissipation rate.     

At low freestream turbulence, the TEXSTAN prediction matches the experimental data 

well as shown in Figure 1.27.  The suction side heat transfer prediction matches levels and 

transition location of the data very well.  On the pressure side, TEXSTAN slightly underpredicts 

the heat transfer and does not predict the local peak near the leading edge.   
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Figure 1.27.  Texstan prediction at exit Ma 0.78, 2% Tu 

 
At higher turbulence levels, TEXSTAN overpredicted the heat transfer on both the 

pressure and suction sides as shown in Figure 1.28.  The suction side prediction appears to be 

fully turbulent with the data only coming close to the prediction after the transition.  The 

pressure side is also well overpredicted.  As shown in Figure 1.18, the experimental data falls 

close to the turbulent flat plate correlation and the TEXSTAN prediction is well above the 

correlation.  The leading edge heat transfer is also overpredicted.  Similar trends were observed 

with the predictions at exit Ma 0.55 and 1.03.   
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Figure 1.28.  Texstan prediction at exit Ma 0.78, 12% Tu 

 

Conclusions 

Aerodynamic and heat transfer measurements were made on a turbine blade at flow 

conditions representative of engine operating conditions.  High levels of freestream turbulence 

were generated by using passive turbulence grids that produced similar turbulence levels, but 

different length scales.  Increasing the turbulence level was observed to augment the heat transfer 

over the blade surface.   

The turbulence augmentations for the two high freestream turbulence levels with 

different length scales were almost identical except at the leading edge for the exit Mach 0.55 

and 0.78 cases.  For the exit Mach 1.03 cases, the turbulence was augmented more for the 

smaller turbulence length scale.  The boundary layer transition was somehow delayed on the 

suction side at the higher turbulence levels.  Increasing the freestream turbulence was observed 

to not significantly influence the location of boundary layer transition.   

As expected, increasing the exit Reynolds number was shown to increase the heat transfer 

levels and cause earlier boundary layer transition.  The boundary layer transition was observed to 

be influenced primarily by the Reynolds number of the flow. An increase in the exit Reynolds 
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(Mach) number caused the boundary layer to transition closer to the leading edge.  The local 

peak on the pressure side increased with increasing the Reynolds number for the baseline case.   

Several comparisons were made between the data using the analytical flat plate 

correlations, leading edge correlations developed by Van Fossen and the TEXSTAN predictions.  

The heat transfer data generally lied between the flat plate correlations for laminar and turbulent 

flows and showed good agreement with Van Fossen’s leading edge correlation.  The TEXSTAN 

prediction accurately modeled the heat transfer at low freestream turbulence levels, but was 

found to significantly overpredict the heat transfer levels at high turbulence levels.   
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Appendix A 

Turbine Blade Geometry 

The turbine blade geometry used in these experiments is representative of a first stage 

turbine blade.  This blade has a high turning angle of 107.5° to extract a large amount of work 

from the stage.  To match the desired exit Reynolds numbers, the blade has been scaled two 

times its original size.  The scaling resulted in a blade with a true chord of 2.75 in. and a blade 

pitch of 2.29 in.  The blade has been angled at 40° relative to the flow of in the cascade so that 

the inlet velocity vectors would match the orientation in the engine.  The span of the blade is 6”.  

A profile view of the turbine blade is shown in Figure A-1.  Table A-1 provides a summary of 

the blade geometry. 

 

 
Figure A-1.  Profile view of turbine blade 

 
Table A-1.  Turbine blade geometry 

True Chord 2.75 in. 
Axial Chord 1.39 in. 

Pitch 2.29 in. 
Span 6.00 in. 

Turning Angle 107.5° 
 

From the blade geometry and the test section dimensions, the number of blades that could 

be used in the cascade was set.  A total of 7 full blades and two partial blades were used to create 
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the blade cascade.  The blades were numbered starting with the lower left blade of the cascade.  

Blade 4 would be the blade instrumented with pressure taps for the local Mach number 

distributions and with thin film gauges to make the heat transfer measurements.  The suction side 

of blade 3 and the pressure side of blade 5 are instrumented with pressure taps.   

On the end wall of the test section two slots were machined so that the flow fields 

entering the blade passages could be measured.  One slot is angled parallel to the inlet of the 

cascade.  The other slot is perpendicular to the flow and is located 5 in. upstream of the leading 

edge of blade 4.  Both slots are 4.25 in. long and centered about the leading edge of blade 4.  A 

schematic of the blade test section showing the blades and the measurement slots are shown in 

Figure A-2.   

 
Figure A-2.  Schematic of test section showing the blade orientation 

 

Wind Tunnel 

The test section with the blade cascade was installed into the Virginia Tech transonic 

cascade wind tunnel.  The wind tunnel is a blow-down facility that is capable of supplying 
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heated air to the test section.  A compressor is used to pressurize air in two large air tanks up to 

200 psi prior to starting a run.  An open-close valve and a proportional control valve are used to 

regulate the flow of air into the test section.  Once the air passes through the valves, the air goes 

through a passive heat exchanger that consists of two bundles of copper tubes.  The air exiting 

the heat exchanger can be up to 120°C.  Before beginning the test the copper tubes are heated by 

cycling hot air through the heater loop.  The air is heated with electric heaters.  After the air 

passes through the heat exchanger, the air goes through several fitting and a contraction before 

entering the test section.  The air then is exhausted to the atmosphere.  A schematic of the wind 

tunnel is shown in Figure A-3.   

 

 
 

Figure A-3.  Schematic of Virginia Tech transonic wind tunnel 
 

A steady inlet and exit Mach number can be maintained for up to 20 seconds in the test 

section after an initial transient period.  This allowed for pressure measurements to be made for 

that period of time.  A shorter period of time was available to make heat flux measurements since 

the air temperature constantly decreasing.  Heat transfer measurements are typically made in the 

first 5 to 10 seconds after the run begins.  A graph of the time history of the test section pressure 

and air temperature is shown in Figure A-4.   
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Figure A-4.  Plot of the typical pressure and temperature time history during an experiment 
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Appendix B  Local Mach Number Distribution 

Pressure Tap Layout 

Pressure taps were installed on the turbine blades by cutting a slot in the blade.  Small 

tubes were installed into the slots and an adhesive was used to hold the tube in place.  The 

adhesive was sanded off to make a smooth blade surface.  A hole was drilled into the tube that 

was normal to the blade surface at the midspan of the blade.  This hole allowed the static 

pressure at the surface of the blade to be measured.  The blade 4 was instrumented with a total of 

twenty-seven pressure taps with nine taps on the pressure side of the blade, seventeen taps on the 

suction side and one tap near the leading edge.  Blade 3 was instrumented with seventeen taps on 

the suction side and one tap at the leading edge.   Blade 5 was instrumented with nine taps on the 

pressure side and one tap at the leading edge.  Blade 4 was measure the static pressure 

distribution.  Blades 3, 4 and 5 were used to check the periodicity of the flow through the blade 

passages.   

Static pressure taps were also installed on the end wall of the cascade at the inlet of the 

passages and at the exit of the passages.  At the inlet, 12 end wall taps were placed 0.5C 

upstream of the cascade inlet and spaced 0.75 in. apart.  There were also 12 wall taps installed 

downstream of the cascade exit at the same spacing as the inlet taps.  The end wall taps were 

used to measure the uniformity of the inlet and exit flows.  Figure B-1 shows the layout of the 

blade pressure taps, and the inlet and exit static taps in the cascade.  A picture of the pressure 

taps instrumented on the blade are provided in Figure B-2.   
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Figure B-1.  Schematic showing the pressure tap locations on the blade 

 

 
Figure B-2.  Picture of the pressure taps instrumented on blade 4 

 

Static Pressure Measurement Technique 

A PSI 8400 System was used to collect the static pressure distribution on the blade during 

the run.  A total of thirty-two pressure measurements could be made simultaneously and the 

pressure data was typically collected at 20 Hz.  The static pressure data from each pressure tap 

was converted into a pressure ratio using the total pressure of the flow measured with a Pitot-
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static probe located upstream of the cascade inlet.  With the pressure ratio, the local Mach 

number could then be calculated by using equation B-1, 
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−
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2 1
γ
γ

γ
PRMa     (B-1) 

where PR is the pressure ratio and γ is the specific heat ratio of air.  It was assumed that there 

were no losses through the blade passages, so the total pressure remained constant.  Once the 

Mach numbers were calculated, the data was typically averaged over 10 seconds of the run when 

the exit Mach number was steady.   

The local Mach number distribution on the blade was also examined by calculating the 

acceleration parameter.  From the local Mach number distribution, the local velocities and 

densities were calculated at each point on the blade.  The acceleration parameter is a 

nondimensional way of indicating how the flow is accelerating over the blade and is provided in 

equation B-2, 

ds
dU

U
k ⋅=

2

ν       (B-2) 

where ν is the kinematic viscosity, U is the local velocity and s is the surface distance from the 

leading edge.  The acceleration parameter is useful in predicting boundary layer events such as 

relaminarization and separation.   

Run Repeatability 

Experiments to establish run to run repeatability were performed by making 

measurements multiple times at the same conditions.  The run repeatability was check at each 

exit Mach number condition.  From the experiments, it was observed that the each test had 

similar results.  The only noticeable variation between tests occurs downstream of the blade 

passage throat (x/C = 0.84).  After the throat, the flow is no longer bound by the blades and free 

expansion of the flow occurs.  Any slight variation in the back pressure will cause a change in 

the local Mach number distribution downstream of the throat. Figure B-3 provides a plot 

showing the run to run repeatability of the experiments.   
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Figure B-3.  Plot of the local Mach number over the blade surface for several runs at exit Ma 0.85 

 

Local Mach Number Distribution 

To measure the Mach number distribution, blade 4 was completely instrumented and 

experiments were performed at exit Mach numbers of 0.6, 0.85 and 1.1.  Test runs were repeated 

several times for each case.  The data shows similar local Mach number trends for each exit 

Mach number condition.  On the pressure side, the flow accelerates initially before undergoing a 

slight deceleration period at x/C = -0.24.  This deceleration occurs for each exit Mach number 

case.  After the deceleration region, the flow accelerates over the remainder of the pressure 

surface.  On the suction surface, the flow accelerates away from the leading edge up until the 

geometric throat at x/C = 0.84 for each exit Mach number.  Exit Mach numbers of 0.85 and 1.1 

exhibit the same exact acceleration on the pressure side and the suction side up to the throat.  

This occurs because the flow through the blade passages is choked.  After the throat there is a 

difference in the two local Mach number distributions.  A plot comparing the local Mach number 

distributions at the exit Mach numbers is provided in Figure B-4 
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Figure B-4.  Plot of the local Mach number distributions at the different exit Mach numbers 

 
The flow was also analyzed by looking at the acceleration parameter plot.  On the 

pressure side, the flow decelerates before undergoing a strong acceleration.  According to Jones 

and Launder [F.1], Mayle [F.2], and Giel et al. [F.3], the boundary layer will relaminarize if the 

acceleration parameter exceeds 3 x 10-6.  There is a possibility of relaminarization on the 

pressure side since the acceleration parameter is above 3 x 10-6 for a large portion of the pressure 

surface.  On the suction side, the flow accelerates up to the throat area.  For the exit Mach 1.1 

case, the flow continues to accelerate after the throat before beginning to decelerate.  The 0.6 and 

0.85 exit Mach cases show deceleration immediately after the throat.  The acceleration levels on 

the suction side are much lower than the pressure side.  The flow acceleration and deceleration 

can also be seen in local Mach number distribution plot of Figure B-4.  Figure B-5 provides a 

plot of the acceleration parameter at each exit Mach number.    
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Figure B-5.  Plot of the acceleration parameter on the blade at each exit Mach number 

 

Blade Passage Periodicity 

In addition to measuring the local Mach number distribution on the middle blade, the 

flow periodicity was checked by measuring the pressure distributions on adjacent blades with 

pressure taps.  Due to the limited number of pressure transducers, the suction side periodicity had 

to be checked in a different set of tests than the pressure side periodicity.  Tests were repeated 

several times to ensure that the experiments were repeatable.  The flow on the pressure of the 

blades showed the same Mach number distributions on the middle and upper blades.  On the 

suction side of the middle and lower blades, the flow exhibited the same Mach number 

distributions up to the throat and then slightly different Mach number distributions near the 

throat.  This indicates that the flow is slightly nonperiodic downstream of the throat on the 

suction side.  Figure B-6 provides the periodicity plot through the blade passages.   
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Figure B-6.  Plot of the blade passage perodicity on the pressure and suction sides of the blade 

 

Fluent Comparison 

A CFD analysis of the blade aerodynamics was performed by Shakeel Nasir using Fluent.  

A single blade passage was meshed using Gambit and imported into Fluent.  Experimental 

conditions were used as the inputs to the model and a one equation turbulent viscosity Spalart-

Allmaras model was used.  Overall, the CFD results compare well with the experimental data at 

exit Mach 0.85 conditions.  There is good agreement between the experimental data and the CFD 

predictions on the pressure side of the blade.  The suction side of the blade compares very well 

up to the throat area at which point Fluent appears to predict a shock that does not appear to be 

present in the experimental data.  A picture of the mesh of the setup along with the CFD 

prediction of the Mach number distribution at exit Ma 0.85 is shown in Figure B-7.  A plot of the 

CFD prediction of the Mach number distribution as compared to the experimental results is 

provided in Figure B-8.  The CFD comparisons at exit Mach 0.6 and 1.1 are provided in Figures 

B-9 and B-10.  
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Figure B-7.  Picture of the Mach number distribution in the blade passage from the Fluent output 
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Figure B-8.  Plot of the local Mach number distributions comparing the CFD prediction with the experimental 

results at exit Mach 0.85 
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Figure B-9.  Plot of the local Mach number distributions comparing the CFD prediction with the experimental 

results at exit Mach 0.60 
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Figure B-10.  Plot of the local Mach number distributions comparing the CFD prediction with the experimental 

results at exit Mach 1.1 
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Appendix C  Turbulence Generation and Instrumentation 

Instrumentation 

Turbulence measurements were made with a single-wire hot film.  The hot film probe 

that was used is a TSI 1201 hot film that was connected to a Dantec Type 55M01 anemometer 

that kept the temperature of the hot film constant by varying the voltage.  For the remainder of 

this report, the hot film will be referred to as a hot wire since more people are familiar with hot 

wire probes.  Hot film and hot wire probes have the same exact operating principals with the 

wire construction and wire size being the primary difference between the probes.  A hot film has 

a slightly slower response time than the hot wire probe, but is more robust since it has a larger 

wire size.  The output from the Dantec system was passed through the signal conditioner portion 

of the TSI IFA-100 system.  The IFA-100 system performed the filtering and added a gain to the 

signal before the signal was recorded using a Nicolet BE256-LE system.   

During hot wire calibration, the hot wire anemometer output signal was filtered at 400 Hz 

using the IFA-100 signal conditioner and sampled at 1000 Hz with the BE256-LE system.  To 

make the turbulence measurements, the hot wire anemometer output signal was filtered at 40 

kHz using the IFA-100 signal conditioner and sampled at 100 kHz with the BE256-LE system.  

The sampling time was adjusted so that the number of samples collected would equal 2x, where x 

is an integer.  Typically data was collected for 0.65 sec (216 samples at 100 kHz) or 1.31 sec (217 

samples at 100 kHz).  This number of samples collected was done so that the hot wire data could 

be properly frequency averaged.   

Hot Wire Calibration 

A calibration of each hot wire probe was performed prior to performing a turbulence 

measurement.  The goal of the calibration is to correlate the voltage output of the hot wire to the 

velocity of the flow.  The calibration of the hot wire was performed with no turbulence grid 

installed in the wind tunnel.  This allowed for the smallest amount of velocity fluctuations in 
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which to calibrate the hot wire.  Using a pitot static probe, the total and static pressure of the 

flow were measured using MKS 223B pressure transducers.  An air probe type-T thermocouple 

was used to measure the total temperature of the flow upstream of the test section.  An ice bath 

was used as a reference temperature for the thermocouple.  The voltage output of the hot wire, 

pressure transducers and the thermocouple were all sampled at 1 kHz using the BE256-LE 

system for 60 seconds.  The tunnel was run for roughly 40 seconds so that hot wire could be 

calibrated over a range of velocities.   

The static and total pressures were used to calculate the Mach number of the flow using 

equation B-1.  With the Mach number and the total temperature, the static temperature of the 

flow was determined using equation C-1, 
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where γ is the specific heat ratio, Ma is the Mach number of the flow and T0 is the total 

temperature of the flow.  The Mach number was then converted into a velocity using the 

temperature as shown in equation C-2, 

TRMaU ⋅⋅⋅= γ       (C-2) 

where γ is the specific heat ratio of air, R is the gas constant of air and T is the static temperature 

of the flow.  The density of the flow was found by using the ideal gas equation as given by 

equation C-3, 

TR
p
⋅

=ρ        (C-3) 

where p is the static pressure of the flow.  Empirical correlations were used to estimate the 

dynamic viscosity as a function of temperature.  With the flow data, the instantaneous Reynolds 

number was found using equation C-4, 

μ
ρ wdU ⋅⋅

=Re       (C-4) 

where dw is the diameter of the hot wire and μ is the dynamic viscosity.   

The voltage output of the hot wire was converted into a Nusselt number by using the 

following steps.  The mean temperature of the hot wire was calculated by using equation C-5, 
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where T is the static temperature and Tw is the hot wire temperature.  The flow properties are 

calculated at this mean temperature.  The hot wire temperature, given by equation C-6, 
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and is a function of operating resistance, Rop, the hot wire probe resistance at 0°C, Rc and the 

change in hot wire probe resistance from 0°C to 100°C, R0.  Rc and R0 were supplied by the hot 

wire manufacture and the operating resistance is set by the user.  With the temperatures, probe 

voltage output and thermal conductivities of air, a modified Nusselt number can be calculated by 

using equation C-7. 
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This Nusselt number is referred to as a modified Nusselt number because it is not 

nondimensionalized.  The thermal conductivity, k, of air was calculated using an empirical 

equation that is a function of temperature, 

Once the Reynolds numbers and the modified Nusselt number at each measurement time, 

the data was plotted and an exponential curve fit was applied to the data.  The curve fit is in the 

form of equation C-8,  

BANu Re' ⋅=        (C-8) 

where A and B are calibration constants.  A calibration was performed for each probe.  Probes 

were calibrated shortly before they were used to make turbulence measurements.  This 

calibration procedure is similar to the procedure used by Nix [F.4].  A sample calibration curve is 

provided in Figure C-1.  
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Figure C-1.  Plot of the calibration curve of a hot wire 

 

Turbulence Grids 

Two passive turbulence grids were developed that would generate freestream turbulence 

levels between 10% and 15%.  The designs of the two grids were based off of correlations 

developed by Baines and Peterson [F.5] and by the work of Nix et al. [F.6].  One turbulence grid 

was a square mesh grid and the other was a square bar grid.  Multiple experiments were 

performed to get the desired turbulence levels with the grids.  The distance between the 

turbulence grid and the cascade inlet was varied by adding or removing spacers.  This change in 

distance alters the turbulence level and length scale measured at the cascade inlet.  The 

turbulence level generated by the grid could also be adjusted by moving the grid upstream of the 

contraction.  The turbulence level decreases as the flow goes through the contraction.  

The square mesh turbulence grid was positioned downstream of the contraction with two 

spacers placed between the turbulence grid and the test section.  The square mesh grid had bars 

that are 0.75 in. wide and spaced such that 1.5 in. square openings are created.  There are six bars 

in the horizontal direction and two bars in the vertical direction.  The square mesh grid created a 
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blockage area of 48%.  Figure C-2 provides a schematic of the square mesh turbulence grid and 

Figure C-3 shows the grid installed in the wind tunnel.  

 
Figure C-2.  Schematic of the square mesh turbulence grid 

 

 
Figure C-3.  Schematic showing the position of the square mesh turbulence grid relative to the test section 

 
The second configuration is a bar turbulence grid that is positioned upstream of the 

contraction.  Four spacers are placed between the contraction and the test section to create the 

desired turbulence.  The bar grid had three bars that were 2.5 in. wide and spaced 1.875 in. apart.  
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The bars create a blockage area of 50%.  Figure C-4 provides a schematic of the bar turbulence 

grid and Figure C-5 shows the grid installed in the wind tunnel.   

 
Figure C-4.  Schematic of the bar turbulence grid 

 

 
Figure C-5.  Schematic showing the position of the bar turbulence grid relative to the test section 
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Turbulence Measurements 

The turbulence generated by the grids was measured using a single wire hot film probe.  

The hot film measures the instantaneous velocity of the flow and from the instantaneous 

velocity, the freestream turbulence levels and turbulence length scales could be calculated.  In a 

single run, the hot film probe was traversed to five discrete locations to measure the 

instantaneous velocity at each location.  The probe traversed a full blade pitch with the center of 

the traverse located at the leading edge of the middle blade.  Measurements are made in the two 

slots upstream of the blade passage.  The slot closest to the blade passage is parallel to the blade 

inlet and spaced 0.6 chords upstream of the blades.  The slot furthest to the blades is 

perpendicular to the flow and spaced 1.8 chords upstream of the leading edge of the middle 

blade.  The locations of the slots relative to the blades are shown in Figure C-6. 

 
Figure C-6.  Schematic showing the location of the measurement slots in the test section 

 
After making the measurements with the hot wire, the voltage signal was converted into 

an instantaneous velocity by applying the calibration.  The methologogy presented here is the 

same procedure that was used by Nix [F.4] and Sauer [F.7].  With the instantaneous velocity, the 

mean velocity could be calculated using equation C-9, 
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where n is the number of samples and Ui is the instantaneous velocity.  The average velocity 

fluctuations were then calculated by finding the root mean squared velocity given by equation C-

10. 
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With the mean velocity and the root mean squared velocity, the turbulence intensity could be 

calculated with equation C-11. 
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A sample instantaneous velocity measurement is provided in Figure C-7 and the corresponding 

velocity histogram is show in Figure C-8.    

 
Figure C-7.  Plot of the instantaneous velocity versus time measured by the hot wire 
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Figure C-8.  Plot of the velocity histogram of the flow 

 
The flow was also analyzed when by looking at the power spectral density.  The power 

spectral density shows the frequency content of the turbulence.  Basically, the power spectral 

density indicates what frequencies are occurring most often in the flow and the energy that is 

contained at that frequency.  The power spectral density was calculated by breaking the total 

number of samples into equal parts and performing a fast Fourier transform (FFT) on each part 

of the total signal using the FFT function (fft) in Matlab.  The FFT on each part of the signal was 

then averaged to get the average FFT.  The FFT is divided by the frequency resolution to get the 

power spectral density.   

The power spectral density was then normalized and compared to the theoretical Von 

Karman spectrum.  The Von Karman spectrum is a theoretical spectrum when the turbulence is 

isotropic.  The Von Karman relation for isotropic turbulence as reported by Hinze [F.8] and Nix 

[F.4] is provided by equation C-12,  
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where E(f) is the power spectral density, f is the frequency, Λx is the turbulence length scale, κ is 

the wave number and κe is the most energetic wave number.  The wave number and the most 

energetic wave number are provided in equations C-13 and C-14, respectively. 

MeanU
fπκ 2

=        (C-13) 

x
e Λ⋅
=

4
3κ        (C-14) 

A plot of the normalized power spectral density compared to the Von Karman spectrum is 

provided in Figure C-9. 

The normalized power spectral density compares very well to the theoretical Von 

Karman spectrum.  Both spectrums begin to roll off at the same frequency and heave a very 

similar slope.  Isotropic turbulence should have a slope of -5/3.  This indicates that the flow 

generated by this particular turbulence grid is isotropic.  The two spikes in the signal are present 

for each turbulence measurement and occur at the same frequency in each run.  These spikes are 

not caused by the flow but rather the anemometer or the hot wire probe.    

 
Figure C-9.  Plot of the normalized power spectral density 
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In addition to capturing the freestream turbulence, the turbulence length scale was also 

calculated.  The turbulence length scale is the diameter of the largest turbulent eddy.  The first 

step in calculating the turbulence length scale was to perform the autocorrelation on the velocity 

signal measured by the hot wire, which is given by equation C-15, 
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The autocorrelation function (xcorr) in Matlab was used to perform the autocorrelation on the 

signal.  The autocorrelation function was normalized so that when the signal was completely 

correlated at zero lag time would be equal to one.  When the normalized autocorrelation value 

was equal to zero, the signals were no longer correlated.  A plot of the autocorrelation is 

provided in Figure C-10.   

 
Figure C-10.  Plot of the autocorrelation for the hot wire signal 

 
The area under the autocorrelation curve was found from the zero lag time to the first 

zero crossing by using equation C-16,  



 57

∑
=

Δ⋅=
1

11
i

iRT τ       (C-16) 

were Δτ is the time between the discrete points.  The area under the autocorrelation curve is the 

integral time scale.  With the integral time scale determined, the integral turbulence length scale 

could be determined by using Taylor’s Hypothesis of frozen turbulence given by equation C-17,  

TU Meanx ⋅=Λ       (C-17) 

To normalize the turbulence length scale, the length scale was divided by the pitch of the blade.  

The methods of calculating the turbulence level and the integral length scale were used in the 

analysis of each turbulence grid.   

Turbulence Results 

Turbulence measurements were made with the hot wire probe on the turbulence grids are 

summarized in this section.  In the angled slot, the turbulence levels and length scales varied 

somewhat across the inlet pitch.  This variation is due to each measurement location being a 

different distances from the turbulence grid.  For example, the point y/P = -0.52 is closest to the 

turbulence grid and the point y/P = 0.52 is the furthest from the turbulence grid.  Measurement 

locations closer to the grid have higher turbulence intensities since the turbulent eddy dissipates 

as the eddy moves further downstream from the grid.  The turbulence intensity and length scale 

variations along the inlet pitch for the baseline, square mesh grid and the bar grid are provided in 

Figures C-11 and C-12.    
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Figure C-11.  Plot of the turbulence intensity across the angled slot 
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Figure C-12.  Plot of the normalized turbulence length scale in the angled slot 

 
The turbulence levels in the vertical slot were also measured at discrete locations.  Since 

the distance between the measurement locations in the vertical slot is constant, any variation in 

the turbulence level would be due to the turbulence being nonuniform.   
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Since there is some variation in the turbulence level and length scale across the inlet 

pitch, the turbulence levels and lengths scales were averaged.  The baseline case with no 

turbulence grid has a turbulence intensity of 1.7% and a nondimensional length scale of 0.02.  

The square mesh grid generates a turbulence intensity of 12.2% and a nondimensional length 

scale of 0.26.  The bar grid produces a turbulence intensity of 13.8% and a nondimensional 

length scale of 0.41.  The turbulence and length scale data is summarized in Table C-1.   

 
Table C-1.  Summary of the turbulence intensity and turbulence length scale measured in the 
angled slot 

 Turbulence 
Intensity (%) 

Length Scale 
(cm) 

Length Scale/ 
Pitch (Λx/P) 

Baseline 1.7 0.12 cm 0.02 
Mesh Grid 12.2 1.52 cm 0.26 
Bar Grid 13.8 2.40 cm 0.41 

 
From the measurements in the angled and vertical slots, decay curves could be created for 

each turbulence grid.  The turbulence decay curves from both grids were compared to the decay 

correlations for isotropic turbulence from Baines and Peterson [F.5] and Roach [F.9] given by 

equation C-18, 
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where x is the distance downstream from the grid and B is the bar size.  This correlation is based 

on empirical data.  The turbulence intensity decreases because of viscous dissipation effects on 

the turbulence eddy.  The turbulence decay curves for both turbulence grids fall below the 

correlation decay curves, but follow the same trends as the correlation.  The turbulence levels 

being below the correlations were also observed by Nix et al. [F.4] in the transonic cascade 

facility.  A plot of the turbulence decay is provided in Figure C-13.   
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Figure C-13.  Plot of the turbulence decay 

 
The size of the turbulence length scale was also compared to the correlations reported in 

literature.  The turbulence length scale will increase in diameter as the turbulent eddy flows 

downstream from the turbulence grid.  The increase in eddy size is caused by inertial effects on 

the turbulent eddy.  The turbulence length scale for isotropic turbulence increases in size 

according to equation C-19,  
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as reported by Baines and Peterson [F.5] and Roach [F.9].  The measured turbulence length 

scales for the square mesh grid lie right on top of the empirical correlation and displays the same 

trend.  The length scales for the bar grid are slightly below the correlation.  This is most likely 

due to the flow passing through the contraction.  A contraction will typically decrease the 

turbulence level and decrease the size of the turbulent eddies of a flow.  A plot of the length scale 

increase is provided in Figure C-14. 
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Figure C-14.  Plot of the turbulence length scale increase in size 

 

Inlet Velocity Uniformity 

In addition to checking the turbulence levels at the inlet of the blade cascade, the inlet 

velocity uniformity was also measured.  This measurement was performed to ensure that the 

flow downstream of the turbulence grid was uniform when the flow entered the cascade.  The 

inlet velocity uniformity was measured by traversing a Kiel probe in the slots upstream of the 

blade passages.  The Kiel probe measured the total pressure and was continuously traversed at a 

slow speed.  A stationary Pitot static probe was also used to measure the total and static pressures 

of the flow.  Using the total and static pressures, a pressure ratio was calculated for both the Kiel 

and Pitot probes.  The pressure ratios were then converted to a Mach number by using equation 

B-1.  A velocity ratio (Mach number ratio) of the Kiel probe velocity to the Pitot probe velocity 

was then calculated.  The baseline case showed very little velocity fluctuation.  The 2.5” bar grid 

had the largest variation in inlet velocity out of the three cases.  Figure C-15 provides the plot of 

the velocity ratio for the three cases along the inlet pitch.    
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Figure C-15.  Plot of the velocity ratio along the inlet pitch 
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Appendix D  Thin Film Gauge Overview 

Thin Film Gauges 

The thin film gauges were used to determine the heat transfer to the turbine blade.  Thin 

film gauge measurement technique was originally developed at Oxford University by the work 

of Schultz and Jones [F.10].  The thin film gauges have changed somewhat since their initial 

development, but the operating principles have remained the same.  The thin film gauges used in 

these experiments are based off of the work of Joe [F.11] and manufactured at the Air Force 

Research Laboratory at Wright-Patterson AFB.  Additional descriptions of thin film gauge 

operation can be found in Doorly and Oldfield [F.12] and Dunn [F.13]. 

A thin film gauge consists of a small platinum wire that changes resistance with 

temperature.  Each end of the platinum is connected to copper leads.  Gauges are connected to a 

Kapton sheet through a sputtering process.  A typical Kapton sheet would have up to 25 gauges 

sputtered onto the sheet.  The Kapton sheet attaches to the blade with thin layer of adhesive.  The 

turbine blade instrumented with thin film gauges is a low thermal conductivity ceramic called 

Macor.  The low thermal conductivity Macor allows for a longer test time since the conduction 

rate through the blade is slower as compared to a blade machined from aluminum.  A total of 36 

thin film gauges were installed on the turbine blade.  A picture showing the thin film gauges 

installed on the blade is provided in Figure D-1. 
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Figure D-1.  Picture showing the blade with the thin film gauges installed 

 
Once the gauges were installed on the Macor blade, the lead wires were soldered to the 

copper leads.  The resistance of each gauge was measured and recorded after soldering of the 

lead wires.  A layer of JB Weld was applied over all of the solder joints to make sure that the 

lead wires would not detach from the gauges due to the high speed flow during a test run.  The 

JB Weld is nonconductive and does effect the operation of the gauge.  Next, the gauges were 

placed in an oven and the gauges are heated up to 85°C.  The gauges were held at this elevated 

temperature for about 2 hours so that the blade could reach a constant temperature.  The gauge 

resistance at an elevated temperature was measured and recorded.  The blade was allowed to cool 

back down to ambient temperature and the resistance of each gauge was again recorded.  This 

process was performed to ensue that each gauge was working properly.   

After checking to see that each gauge was working properly, the gauges were calibrated 

over the range of temperatures that the gauges will experience during an experiment by using a 

low temperature incubator.  The calibration consisted of increasing the temperature of the 

incubator in discrete steps from ambient up to ~55°C and recording the resistance of each gauge 

at that temperature.  The temperature of the incubator was then decreased back to ambient in 

discrete steps and again the resistance of each gauge was recorded at each temperature.  

Typically 3 hours was allowed to pass between calibration points so that the incubator could 
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reach a steady temperature and to ensure that the blade was thermally soaked.  Calibration points 

were recorded as the temperature increased and decreased to check for gauge hysteresis.   

Calibration curves were generated by plotting the resistance versus temperature for each gauge 

and then linearly curve fitting the data.  There is a linear relationship between the temperature 

and the resistance of the gauges.  A calibration curve for two of the gauges is provided in Figure 

D-2.   

y = 0.1079x + 55.73
R2 = 0.9986

y = 0.1158x + 59.791
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Figure D-2.  Calibration curve for two of the thin film gauges installed on the turbine blade 

 
Each thin film gauge is connected to a Wheatstone bridge circuit with the thin film gauge 

making one arm of the Wheatstone bridge.  A DC power supply applies 10V across the circuit.  

The output bridge voltage is measured using National Instruments (NI) data acquisition 

hardware.  Prior to testing the bridge is balanced using a potentiometer.  As the gauge changes 

resistance due to temperature changes during a test run, the bridge becomes unbalanced and a 

change in voltage across the bridge is recorded.  Figure D-3 provides a schematic of the 

Wheatstone bridge circuit of the thin film gauges. 
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Figure D-3.  Schematic of the Wheatstone bridge circuit for the thin film gauges 
 

Data Collection 

For the heat transfer experiments, three systems were used to collect data simultaneously.  

One NI system was used to record the voltage outputs from the Wheatstone bridges, another NI 

system recorded the temperatures and the PSI 8400 system recorded pressure data.  Each system 

was triggered and recorded by a LabView 7.0 program.   

The Wheatstone bridge voltage was recorded using NI data acquisition hardware that 

consisted of a SCXI-1001 chassis that had four SCXI-1120 isolation amplifiers connected into it.  

Every isolation amplifier was set to filter the signal at 10 kHz and apply a gain of 500.  Each 

isolation amplifier was connected to a Wheatstone bridge through a SCXI-1320 terminal block.  

A total of 31 Wheatstone bridges were connected to the NI system.  The isolation amplifiers 

were also connected to an SCXI-1600 16-bit data acquisition card.  A USB cable was used to 

connect the data acquisition card to the computer.  The voltage signal from the Wheatstone 

bridges were sampled at 1 kHz for 30 seconds to ensure that the entire run was recorded.  

The temperature data was recorded with a NI SCB-68 data acquisition card.  This card 

recorded the air temperature of the flow upstream of the test section along with the surface 

temperature of the blade throughout the run.  The cold junction compensation internal to the data 
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acquisition card was used for each thermocouple.  The thermocouple voltages were recorded at 1 

kHz for 30 seconds. 

The pressure data was recorded with the PSI 8400 system.  The static pressures on the 

suction and pressure surfaces of blades 3 and 5 were recorded along with the total pressure 

upstream and several exit taps.    The pressure data was sampled at 20 Hz for 30 seconds.   

Heat Transfer Data Reduction 

The output from the thin film gauges from the Wheatstone bridge comes in the form of a 

voltage versus time.  The signal is converted from voltage to temperature by using the calibration 

constants of the gauge and basic Wheatstone bridge operating principles.  Once the signal is 

converted into temperature, the heat flux is then calculated by using either a finite difference 

code or a Laplace domain code.  The finite difference code assumes that the heat conduction 

through the blade is 1-D.  The Laplace domain code assumes that the heat conduction through 

the blade is 1-D and semi-infinite.  Because the Laplace code assumes that the heat transfer 

through the blade is semi-infinite, the Laplace code cannot be used at the trailing edge region.  

Descriptions and validations of the Laplace and finite difference codes are provided by Cress 

(2006).  The Laplace code developed by Cress [F.14] was adapted from the work of Joe [F.11].  

After the heat flux is calculated, the heat transfer coefficient is calculated using equation D-1, 

( )gaugeAW TT
qh
−

=
"       (D-1) 

where q” is the heat flux, Tgauge is the gauge temperature and Taw is the adiabatic wall 

temperature.  The adiabatic wall temperature is provided by equation D-2,  
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where To is the total temperature of the air, rc is the recover factor and Ma is the local Mach 

number.  It was assumed that the boundary layer was turbulent everywhere, so a recovery factor 

of 0.892 (rc = Pr1/3) was applied to all of the gauges.  After calculating the heat transfer 

coefficient, the Nusselt number is calculated by using equation D-3, 
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k
ChNu ⋅

=        (D-3) 

where k is the thermal conductivity of the air and C is the true chord of the blade.  Figure D-4 

shows the progression of the heat transfer data reduction from voltage versus time to Nusselt 

number versus time.  The Matlab code used to make these calculations is provided in Appendix 

G.   
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Figure D-4.  Progression of the data reduction going from (a) voltage versus time, (b) temperature versus time, (c) 
heat flux versus time, (d) heat transfer coefficient versus time and (e) Nusselt number versus time 
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After calculating the Nusselt number versus time for each gauge, the data needs to be 

averaged to get a single Nusselt number value for a gauge.  The time when the flow conditions 

first reached the objective exit Mach number was chosen as the time to average the data.  The 

averaging time is in the transient region of the tunnel test run.  For most of the gauges, the 

averaging time chosen did not have an effect on the Nusselt number, since the Nusselt number 

was constant versus time as shown in Figure D-4e.  Only the gauges at the trailing edge of the 

blade had an unsteady Nusselt number.  Since the trailing edge has a small material thickness 

(low thermal mass), all of the material at the trailing edge heats up quickly to a temperature near 

the blade temperature.  Once the material heats up, there is a very small temperature gradient 

between the surface and the interior of the trailing edge.  If there is no temperature difference, 

then there is no heat flux and those gauges can not be used.  However, in the transient region of 

the test, the temperature gradient at the trailing edge was large enough to accurately calculate the 

heat flux and Nusselt number.  Figure D-5 shows the location of the run where the data average 

occurs.   
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Figure D-5.  Plot of inlet and exit Mach numbers for a test run showing the time where the data is averaged 



 71

Appendix E  Uncertainty Analysis 

An uncertainty analysis was performed on the heat transfer calculations to determine the 

total uncertainty on the Nusselt numbers measured by each thin film gauge.  The total 

uncertainty consists of a bias error and a precision error.  The bias error is the error that is 

constant for a set of measurements.  Typically, bias errors are the result of a calibration error.  

The bias error was determined using the perturbation method described by Moffat [F.15].  This 

method takes into account the error associated with the measurement and tracks the error as it 

propagates through calculations.  The bias error for each experiment was calculated to be 8.5% 

with the majority of the error being associated to the uncertainties of the material properties of 

the Macor.  Each gauge had the same bias error because the same gauges and data reduction 

technique was used on each one. 

The precision error is the error that is due to the run to run repeatability of the 

measurements.  The precision error was calculated using a statistical method provided in 

equation E-1, 

NNu
St

P Nu

⋅

⋅
=        (E-1) 

where SNu is the standard deviation of the Nusselt number, Nu is the average Nusselt number , N 

is the number of runs and t is the value of a two sided Students-t distribution at a 90% confidence 

interval.  The precision error varied for set of data and for each gauge.  The minimum and 

maximum precision errors were calculated to be 0.2% and 7.8% respectively.  

With the bias error and the precision error calculated, the total uncertainty could be 

calculated.  The total uncertainty is given by equation E-2, 

22 PB +=Δ       (E-2) 

where B is the bias error and P is the precision error.  The average total uncertainty for all of the 

experiments is X%.  A summary of the measurement errors for each set of heat transfer data is 

provided in Table E-1. 
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Table E-1.  Summary of the experimental uncertainty for all of the experiments 

 

 
Precision Error P, % 

 

 
Total Uncertainty, % 

 
Test Condition 

 
Bias Error B, 

% 

Min P, % Max P, % Min Δ, % Max Δ, % 

M = 0.60, Tu = 1.7 % 8.50 0.24 7.68 8.50 11.45 

M = 0.60, Tu = 12.2 % 8.50 0.51 5.50 8.51 10.12 

M = 0.60, Tu = 13.7 % 8.50 0.20 5.3 8.50 10.0 

M = 0.80, Tu = 1.7% 8.50 0.26 5.09 8.50 9.91 

M = 0.80, Tu = 12.2 % 8.50 1.55 6.71 8.64 10.83 

M = 0.80, Tu = 13.7 % 8.50 0.34 6.50 8.51 10.71 

M = 1.0, Tu = 1.7% 8.50 0.12 7.81 8.5 11.54 

M = 1.0, Tu = 12.2 % 8.50 0.54 6.28 8.52 10.57 

M = 1.0, Tu = 13.7 % 8.50 1.00 7.73 8.56 11.48 
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