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Abstract 

Using Contoured Endwalls to Achieve Proper Scaling for a Gas 

Turbine Vane Model Using a Low Speed Testing Facility 

Adam William Vaclavik, M.S.E. 

The University of Texas at Austin, 2015 

Supervisor:  David G. Bogard 

The testing of gas turbine vane and blade models is often performed in low speed, 

large scale infinite cascade facilities to allow for more precise machining of parts and 

more accurately measured data. However, flow in engine scale turbines reaches well into 

the compressible gas range while low speed facilities run in the incompressible fluid 

range, and engines have three dimensional flow effects due to having contoured endwall 

while traditional cascade testing has not accounted for three dimensional effects. This 

means that matching pressure distributions cannot be achieved between engine scale and 

experimental scale through simple geometric scaling of the model. In the past, these 

differences in pressure distributions were often overcome by changing the geometry of 

the test model. An alternate to this is to use contoured endwalls inside the test facility to 

allow the decreased area to correct for the differences in pressure distributions. In this 

work, the concept of using contoured endwalls in the test facility to achieve a matching 

pressure distribution on a vane was tested. Three dimensional computation fluid 

dynamics (CFD) simulations were used to find the correct geometry for the contoured 
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endwalls. The proposed endwalls and vanes were then built and tested in a low speed 

simulated infinite cascade testing facility. The pressure distribution was measured at low 

turbulence levels and Re = 1.1×10
6
. It was shown that the pressure distribution in the test 

model with contoured endwalls did match within uncertainty the pressure distribution 

predicted for the engine scale using CFD.  Thus, contoured endwalls can be said to be a 

viable option to force the matching of pressure distribution of a model test vane to that of 

engine conditions. Additionally, a vane model with a constant heat flux surface was 

tested at the same conditions, and the heat transfer coefficient distribution for the vane 

was determined. It was shown that the endwalls had minimal effects on the spanwise 

uniformity of the heat transfer coefficient distribution. 
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Chapter 1: Introduction 

1.1 – GAS TURBINE POWER 

  Gas turbine engines represent a vital part of our increasingly energy dependent 

world. Since their widespread inclusion into power plants in the 1940s, gas turbine power 

plants have represented a substantial producer of electrical energy, being responsible for 

27% of electricity production in the United States in 2014 (Slone, 2015). Gas turbine 

power plants are very desirable due to their ability to quickly adjust to varying loads, 

making them the perfect source of energy to accommodate peak loading in the electric 

grid. With the increased push towards less carbon intensive fuel sources than coal, natural 

gas power plants can expect to have increased demand in electricity generation. 

Additionally, due to gas turbines’ easily scalable size and very good power-to-weight 

ratio, gas turbines are the main engine used in aviation today. When energy in the exhaust 

gases is recovered using a steam turbine, the combined cycle produced by the gas turbine 

engine has an efficiency of 60%, a number that greatly surpasses most other methods of 

energy production. Still, with an estimated $80 billion worth of fuel going through gas 

turbines for both aviation and electrical generation purposes every year in the United 

States alone, a great demand still exists in increasing the efficiency and durability beyond 

the current gas turbine engine technology (Annual Energy Review 2011, 2012). 

 Gas turbines engines run on the Brayton Cycle which can be seen in Figure 1. The 

cycle has four stages which its working fluid, usually air, goes through to create energy. 

These stages include the following: 

 Process 1-2: Isentropic compression 

 Process 2-3: Isobaric heat addition 

 Process 3-4: Isentropic Expansion 
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 Process 4-1: Isobaric heat rejection 

 

 

 

Figure 1: Ideal Open Brayton Cycle 

This is in reality a simplified version of what actually occurs in a gas turbine engine. 

In reality, air passes through several stages of compressors before entering the combustor. 

In the combustor, fuel is mixed with the working fluid air, and the now mostly nitrogen 

and combustion products go through several turbine stages. Also, the Process 4-1 in 

reality is represented by exhausting the spent working fluid and intaking fresh cool air at 

point 1. 

The idealized Brayton Cycle assumes air has a constant specific heat and that all 

processes that make up the cycle are internally reversible, that is no friction or heat loses 

from the turbine or compressor. If one takes in these considerations, the idealized 

Brayton Cycle has an idealized efficiency as seen in Equation 1.1 (Moran & Shapiro, 

2008). 

 

𝜂𝑡ℎ = 1 −
𝑇4−𝑇1

𝑇3−𝑇2
 

 

(1.1) 
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The subscripts on the temperatures represent the temperature at the corresponding point 

in the Brayton Cycle. As previously mentioned, one of the most important aspects of 

modern engine design is increased fuel efficiency, as a 1% increase in fuel efficiency 

currently represents $800 million in savings across the United States annually. As seen in 

Equation 1.1, increased fuel efficiency could be achieved either through the increase of 

either T1 or T3 or through the decrease of either T2 or T4. While many of these 

temperatures have limitations, such as T1 being constrained by the incoming air 

temperature, the main interest to researchers is to increase the turbine inlet temperature 

T3. 

 The turbine inlet/ combustor outlet temperature has historically not been limited 

by the combustors ability to generate enough heat but instead is limited by the material 

and structural durability of the turbine components. A cutaway of a gas turbine engine 

can be seen in Figure 2. As the figure shows, the first turbine stage is at the point of 

maximum temperature for the turbine engine. This first stage consists of a set of stator 

vanes leading into a set of rotor blades. 

 

 

 

 

Figure 2: Cutaway of a gas turbine engine including detailed image of first stage blade 
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As recently as the 1960s, material limitations caused turbine inlet temperature to 

be about 800
o
C (Cunha, 2006). However, substantial research since has gone into many 

different areas to increase the allowable turbine inlet temperature. These include using 

more advanced alloys for the turbine components, applying thermal barrier coatings to 

insulate the turbine components, the employment of turbine film cooling over the exterior 

of the blades and vanes, and internal cooling of the blades and vanes. Through all of this 

turbine inlet temperatures now reach up to 1700
o
C.  

1.2 – TURBINE COOLING RESEARCH 

Modern turbine vane and blade cooling research has multiple branches. This 

section will discuss the current most prolific turbine cooling research areas. First, it will 

discuss heat transfer coefficient research, which is the final goal of this experiment set. 

Also, external film cooling will be briefly discussed. 

1.2.1 – Heat Transfer Coefficient Research 

An important factor in turbine vane and blade design is knowing the value of heat 

transfer coefficient across the vane caused by the flow of hot mainstream air. The heat 

transfer coefficient, he, for an uncooled vane is found from: 

 

ℎ𝑒 =
𝑞"

𝑇∞−𝑇𝑠
 

 

where q” is the heat flux into the vane, T∞ is the mainstream working gas temperature, 

and Ts is the surface temperature of the vane. This heat transfer coefficient, along with the 

ΔT between the mainstream and vane, essentially determines the heat loaded onto the 

component by the hot mainstream gases across the entirety of the blade of vane. The heat 

transfer coefficient is not a uniform quantity across the blade or vane, as example typical 

(1.2) 
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heat transfer distributions can be seen in Figure 3. The heat transfer coefficient induced 

by the flow of hot air around the vane van vary greatly depending on many aerodynamic 

flow factors such as laminar to turbulent boundary layer transitions and separation of the 

flow from the blade or vane. With such a large variation of heat flux into the blade or 

vane, exact heat transfer rates have to be known as variation of temperatures within the 

blades and vanes can cause thermal stresses and turbine component failures. It is 

estimated that a blade temperature prediction off by only 30
o
C can reduce the blade life 

by half (Han, 2013). Correct heat transfer coefficient prediction is essential in making 

turbine vanes and blades operate safely and be durable. The prediction of heat transfer 

coefficient measurements will be the ultimate goal of this study. 

 

 
Figure 3: Diagram showing variation of heat flux across turbine components (Han, 2013) 

Boundary layer 

transition regions 
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1.2.2 – Internal and External Cooling Research 

The design of the cooling system for a gas turbine blade and vane is an extremely 

complicated process. As previously mentioned, extensive research has gone into the 

optimization of cooling first stage gas turbine vanes and blades, and this cooling comes in 

two main parts: external film cooling and internal cooling. In this study, a coolant hole 

model was designed but never tested, while internal cooling is not a component of the 

study. 

 External film cooling is achieved through the use of various film cooling holes on 

the surface that inject internally supplied coolant onto the surface of the vane, an 

illustration of which can be found in Figure 4. Film cooling performance on a vane is 

often quantified by an adiabatic effectiveness, η, as defined as:  

 

𝜂 =
𝑇∞−𝑇𝑎𝑤

𝑇∞−𝑇𝑓
 

 

where T∞ is the mainstream working gas temperature, Taw is the adiabatic wall 

temperature of the vane surface, and Tf is the temperature of the coolant. Ideally, ejected 

coolant would remain attached to the vane surface. However, in reality, the coolant mixes 

with the mainstream flow quite rapidly. Current research in film cooling focuses on 

increasing the adiabatic effectiveness of the coolant holes by attempting to maximize how 

long the coolant stays attached to the blade or vane. Current research on this focuses on 

many areas such as simple rounded versus shaped holes, spacing between coolant holes, 

injection angle of coolant holes, mainstream turbulence levels, and surface roughness 

(Bogard & Thole, 2006).  

Film cooling relate directly to the previous mentioned heat transfer coefficient, as 

a film cooled vane requires a heat transfer augmentation factor, which is a modification 

(1.4) 
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to the heat transfer coefficient, to define its true thermal loading. This heat transfer 

coefficient factor is defined as 
ℎ𝑓

ℎ𝑜
 where ho is the previously mentioned heat transfer 

coefficient without cooling while hf is the heat transfer coefficient with cooling defined as 

follows: 

𝑞" = ℎ𝑓(𝑇𝑎𝑤 − 𝑇𝑤) 

In this equation, Taw is once again the temperature of an adiabatic wall while Tw is the real 

wall temperature. 

 
Figure 4: Illustration of internal and external cooling on a turbine blade (Han, 2013) 

1.3 – LOW SPEED TESTING FACILITIES 

 Turbine blade and vane components prove very difficult to test at engine 

conditions. Turbine blades and vanes, due to their relatively small size and intricate parts 

such as coolant holes and internal channels, prove very expensive to manufacture and 

very difficult to manufacture accurately. Additionally, turbine engine conditions are very 
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extreme. They operate in the transonic region and at extreme temperatures which, as 

previously mentioned, cause failure of even very robustly engineered parts. Thus, a 

majority of turbine blade and vane testing has occurred in scaled-up, low speed facilities 

that use scaling factors to produce usable engine scale data. This section will discuss the 

evolution of these facilities and the use of a relatively new facility type for this set of 

experiments. 

1.2.1 – History of Turbine Testing Facilities 

The most simplified turbine test facility is the flat plate testing facility. Flat plate 

testing has been occurring for decades, examples of which were done at the University of 

Texas (Crawford & Bogard, 1987) and at the University of Minnesota (Goldstein & 

Franchett, 1988). Flat plate testing was originally used due to its ease of design and 

manufacturing, as flat plates made manufacturing of very precise cooling much more 

manageable. Additionally, flat plate testing allows the user to single out a single variable 

to test, meaning things such as hole shape, injection angle, and blowing ratio could be 

better quantified without having to take vane and blade shape into consideration. While 

this method of testing has been in use for a long time, it is still a vital research apparatus 

in the film cooling industry, being used to research things such as more complicated 

shaped holes (LeBlanc, Narzary, & Ekkad, 2013) and internal crossflow effects 

(Klavetter, 2014). However, flat plate facilities do have the limitations that they cannot 

show the effects of curvature that exist in real turbine blades and vanes. As was shown in 

the discussion of heat transfer, flow effects due to geometry of the blade or vane are the 

determining factors of the distribution of the thermal load caused by the hot mainstream 

gases. 
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To accommodate for curvature effects, actual vane and blade models had to be 

tested. Original thought was that to achieve matching curvature effects to engine scale, 

steady state annular rotating cascade facilities were necessary. An example of an early 

facility can be seen in the work of Schulz and Gallus (1988), where three dimensional 

flow in an annular cascade is tested, looking for separations and attempting to visualize 

flow patterns. These facilities have the advantage of testing as close to engine conditions 

as possible, but come at extreme cost. They prove impractical for the study of film 

cooling and instead have been used for mostly for the mapping of heat transfer 

coefficients for steady, large-scale turbine rotor passages as seen in the work of Blair 

(1992). To further cut cost, transient rotating annular cascade facilities were also 

implemented, such as the one seen used by Dunn et all (1988). These tests last very short 

durations, often on the order of a few hundred milliseconds. This proves a benefit in not 

requiring large blown down facilities but a detriment in the ability to collect reliable data. 

Due to the required fast response time of heat sensors due to the short test duration, thin-

film heat flux gauges were used due to their high frequency response. These, however, 

presented further challenges. These sensors were known to alter the thermal boundary of 

the blade model, which could alter heat transfer results by up to 30%. Further, gauges 

were very difficult to install uniformly, and improper instillation could alter data by up to 

75% more. Still, through all of this, projects from start to finish were still on the 

magnitude of 3-4 years (Kodzwa et al., 2009). 

A way to simplify from the rotating annular system as to allow proper testing of 

turbine cooling was then the linear infinite cascade. In the linear infinite cascade, a stack 

of vertically aligned vanes or blades shaped as the midspan profile of their engine scale 

counterparts are used. This allows a flat bottomed, stationary test section to be used, 

highly simplifying testing as it is now essentially a two-dimensional test. It was shown by 
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through a multitude of experiments, an example of which is the work of Baughn et 

all(1995), that the flow around the center air foil of the cascade is nearly 

indistinguishable from flow seen in rotating annular facilities. In this specific experiment, 

a blade model that had previously been tested in an annular facility was tested in a new 

cascade facility with all other parameters kept constant. It was found that both facilities 

produced nearly identical heat transfer coefficient results with the only slight variance 

being that  boundary layer transition happed slightly more upstream on the rotating test as 

compared to the cascade facility. These infinite cascade facilities offer both lower cost 

testing solutions as well as additional flexibility in testing. They allow for new optical 

measurement devices such as laser doppler velocimetry (LDV), particle image 

velocimetry (PIV), and infrared (IR) cameras. Cascade facilities allow for the simple 

scaling up of the two dimensional model, which in turn allows for lower inlet speeds in 

order to match Reynolds Number. This lower speed flow allows for more accurate 

control and more exact measurements while the scaled up models mean more precision in 

manufacturing of internals and coolant holes. The one important factor to consider in 

cascade facilities is ensuring a periodic flow field is achieved on the test vane or blade. In 

order to achieve this periodic flow field around the test articles, a number or dummy 

blade or vanes are required on either side, examples of which include seven used by 

Taremi et all (2013) and  twelve used by Giel et all (2004). This high number of dummy 

articles requires high mass flow rates as a large number of passages exist. Studies have 

been done to attempt decrease this number, but a lower limit exist as show in Abuaf et 

all(1997) where a four vane cascade did create periodic flow. 
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1.2.2 – Simulated Infinite Cascade Test Facility 

A relatively new idea for turbine vane and blade cooling testing is the concept of 

a simulated infinite cascade. The simulated infinite cascade works on the principal of 

altering the flow in the test facility to force the test vane to experience what looks like 

periodic flow. To achieve this pressure distribution (Cp) matching is used. Cp is defined 

as: 

𝐶𝑝 =
𝑃𝑠,𝑙𝑜𝑐𝑎𝑙−𝑃𝑠,𝑖𝑛𝑙𝑒𝑡

𝑃𝑑,𝑖𝑛𝑙𝑒𝑡
 

 

Ps,local is the local static pressure on a point on the surface of the vane, Ps,inlet is the inlet 

static pressure, and Pd,inlet is the dynamic pressure at the inlet of the passage. CFD is used 

to predict what the Cp distribution around the blade or vane would be for an infinite 

cascade with periodic flow. A test vane or blade in turn is placed into the test facility, 

measuring the Cp across the test article. Then, components of the tunnel are adjusted to in 

turn adjust the flow and pressure along the test article until it matches the pressure 

distribution predicted in the CFD, as can be seen in the example test facility seen in 

Figure 5 (Anderson, 2013). These adjustable components on the tunnel consist of mainly 

moveable endwalls and flow bypasses. This setup allows for lower mass flow rates and 

large scale test articles which tend to give more accurate results. One issue, as pointed out 

by Kodzwa (2009), is that these facilities have not been transitioned to try to match 

transonic flow. 

(1.5) 
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Figure 5: Example test section of a simulated infinite cascade facility (Anderson, 2013) 

1.4 – CONTOURED ENDWALLS 

Contoured endwalls are crucial to turbine engine design. The contoured endwall is 

simply the decreasing or increasing of the passage cross-sectional area for a blade or 

vane. These endwalls act almost as nozzles and diffusers as they are used to vary to 

pressure and velocity around the turbine components. Extensive research has gone into 

optimization of design of these endwalls in the turbine engines. This includes research on 

the loses caused by secondary flows caused by contoured endwalls, an example by 

Sharma and Butler (1987) who create a model for prediction of endwall loses due to 

secondary flows, as well as continued research in the cooling of turbine endwalls, of 

which an example can be seen by Bargozzi et all (2010) which showed that coolant 

injection causes a reduction in the intensity of secondary flows. 



 13 

However, a new concept is to use contoured endwalls not just as test articles but 

actually as devices used in testing to help facilitate more advanced studies. The idea is to 

not use the same endwalls in testing as seen in real turbine engines, but instead design 

new endwalls used exclusively in testing that can give the user the ability to alter a test 

vane or blades pressure distribution as desired. This is a rather new and novel idea, with 

only one similar set of experiments being seen at Virginia Tech (Colban, 2005)  

1.5 – OBJECTIVE OF CURRENT STUDY 

The objective of this current study was to measure heat transfer coefficient data 

for a new first stage turbine vane design operating in the transonic region. To make these 

measurements, a low speed simulated infinite cascade facility was used. Additionally, 

contoured endwalls were designed, using CFD, to account for both compressibility and 

three dimensional effects by forcing the pressure distribution on the model test vane to be 

the same as the pressure distribution at engine conditions. This matching of the pressure 

distributions ensured that boundary layer growth was correctly modeled by the test vane.  
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Chapter 2: CFD and Design of Contoured Endwalls 

The following section will discuss the use of Computational Fluid Dynamics 

(CFD) software to model wind tunnel test conditions and compare them to provided 

engine conditions. This section has three main parts: two dimensional CFD was used to 

determine any factors causing discrepancies between low speed wind tunnel testing and 

engine conditions, three dimensional CFD was used to design contoured endwalls to be, 

and then the endwalls were taken from three dimensional CFD to actual manufactural 

design. 

2.1 – PURPOSE 

An integral step in the design process of a low speed cascade facility is the 

insurance that non-dimensional scaling factors correctly scale from real engine conditions 

into the facility. In turbine research, one very important factor to match is the pressure 

distribution about the vane. However, this has been difficult to achieve in the past, as 

most testing facilities do not allow for any vertical variation in there vane, meaning they 

are essentially two dimensional facilities. In the past, most low speed turbine research has 

used test models designed as simple vertical extrusions of the vane midsection, allowing 

for no vertical variation, but multiple factors mean that this method is incapable of 

producing an exact match of engine scale pressure distribution to that of the scaled up 

wind tunnel model. One major factor is that turbine engines actually have contoured 

endwalls that vary the passage height across the vane, altering both local velocity and 

local static pressure across the vane. Additionally, turbine engines run well into the 
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compressible fluid range while low speed facilities are dealing with incompressible 

fluids, further altering the pressure distribution. 

This study used CFD to predict the pressure distribution of a simply scaled up 

vane model at wind tunnel conditions and see how it compared to real engine conditions. 

Additionally, CFD was then used to test out possible solutions to this pressure 

distribution discrepancy between the low speed facility and engine conditions. Finally, it 

was also used to optimize the design of a contoured endwall that was installed into the 

low speed facility to solve the pressure distribution discrepancy. 

The study consisted of the use of both two dimensional and three dimensional 

CFD. Initial geometries were made using SolidWorks CAD designer. The vane itself was 

modeled as a cutout while the solid body actually represented the fluid, an example of 

which can be seen in Figure 6. The mesh for the model was created in ANSYS ICEM. 

The mesh was then imported into ANSYS FLUENT version 14.5 where the actual CFD 

was run on the mesh.  
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Figure 6: An example CAD model used to represent the infinite cascade 

2.2 – TWO DIMENSIONAL CFD 

This section will discuss the use of two dimensional CFD in order to accomplish a 

bevy of goals. It discusses the use of CFD to determine if there is a difference between 

provided engine conditions and CFD predicted tunnel conditions. Then, two methods are 

tested to try to compensate for this difference. Finally, further experiments were run to 

fully determine the cause of these discrepancies. 

2.2.1 – CFD Parameters of Validation 

For the initial step, two-dimensional CFD was run to first verify that there was an 

issue of the pressure distributions being different between the engine conditions and 

tunnel scale. Additionally, it was used to test alternative fixes. For two-dimensional CFD, 

test runs anywhere from 20,000 elements up to 500,000 elements were run, and it was 

found that grid independence was achieved at around 60,000 elements. Grid 
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independence was defined as having less than a maximum of 1% difference in the 

pressure distribution between runs. Thus, the final vane cascade models had roughly 

100,000 elements, an example of which can be seen in Figure 7. 

 Also as can be seen in Figure 7, a structured grid was used for the mainstream 

while a prism layer was used around the vane, consisting of 15 layers. The first prism 

layer height was set at a value of y
+
=1 to allow for correct modeling of near wall effects, 

and a height growth ratio of 1.1 was employed. When testing the prism layer, models 

with anywhere from 4 to 20 layers were tested. Negligible difference in the predicted 

pressure distribution could be seen with varying layer numbers. The 15 layers were 

decided on slightly arbitrarily, assumed to be a good mix of turbulence modeling versus 

computation complexity they added to the model. 

A k-ω SST turbulence model with transition activated was implemented. This 

model was selected as it has shown to have to best performance to predicted separation of 

the flow, something which was highly important in this set of experiments (Dees et all, 

2012).The transition effects were turned on due to the known complexity and importance 

of predicting when the flow will transition from laminar to turbulent flow along the vane. 

Addition turbulence models were tested, including k-ε and k-ω standard, and no 

significant changes to the prediction were seen. 

Additionally, the top and bottom edges were set as periodic, which allowed the 

CFD model to simulate an infinite cascade of vanes. An incompressible flow assumption 

was used for wind tunnel scale testing as Mach numbers never approached 0.3, but a 

compressible setting was used for all engine scale CFD. Initial conditions used for wind 
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tunnel scale CFD predictions tests can be seen in Table 1. Engine scale CFD initial 

conditions are not included as they were proprietary to the engine manufacturer. 

       
Figure 7: Example infinite cascade mesh used for 2D CFD analysis 

 

Table 1: Initial conditions used for CFD modeling for both wind tunnel and engine 

conditions  

Parameter 
Wind tunnel Test 

Conditions 
Units 

Axial Chord Length (C) 332 mm 

Vane Pitch 457 mm 

Pitch to Cord Ratio 1.37 - 

Inlet Mainstream Velocity 

(Uapproach) 
11.2 m/s 

Mainstream Temperature (T∞) 306 K 

Mainstream turbulence level 5% - 
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2.2.2 – Initial Comparison of Engine Data and CFD Wind Tunnel Predictions 

The first CFD run was simply to compare what wind tunnel pressure distribution 

would be with a simply scaled up geometric model as compared to engine conditions. 

Engine conditions data was actually data provided directly by the engine manufacturer 

meant to be used as a standard to compare to. The results can be seen in Figure 8. Note 

that Cp numerical values were not included on any graphs due to being proprietary 

information of the engine manufacturer. This was run with incompressible flow assumed. 

Also, note that s is defined as curve length along the vane surface while C is defined as 

axial chord length of the vane.  As the figure shows, a very large pressure distribution 

discrepancy existed between the two. While matching pretty close through most of the 

pressure side, engine condition Cp was a factor of 2 larger at the trailing edge of the 

pressure side and a factor of 2.5 larger midway through the suction side as compared to 

the CFD predictions for what would occur in the wind tunnel test facility. Also note that 

varying initial conditions in the wind tunnel predictions did not yield any noticeable 

results, meaning that the gap could not be overcome by current variables available to test 

facility such as inlet speed. For example, inlet velocity for the CFD wind tunnel 

predictions was varied from 7 m/s up to 15 m/s with no real change in the Cp distribution. 

With the difference between the two being so high, an alternative fix to the test vane was 

necessary. 
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Figure 8: Comparison of unaltered wind tunnel vane pressure distribution to engine 

conditions 

2.2.3 – Alternative Design Ideas 

Upon realization that a definite error existed in the pressure distributions of 

engine conditions and CFD predicted tunnel conditions, two other methods were 

proposed to and tested using CFD simulations try to eliminate this gap. These methods 

were used to both help predict why such a gap existed as well as provide solutions to 

reduce the error. The first proposed method was to slightly alter the geometry of the vane. 

For the purpose of this set of computational experiments, it was determined that a slight 

widening of the trailing edge would lead to the best results. For both pressure and suction 

side, the trailing edge of the vane is the area with the largest pressure distribution 

discrepancy, and increased vane area of the test model in that area should increase flow 
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speed, thus decrease pressure. After a number of iterations, the altered geometry of the 

predicted wind tunnel test model that best created a matched pressure distribution with 

engine conditions was found to be the one seen in Figure 9. 

 
Figure 9: Schematic comparing original vane geometry to proposed altered geometry that 

was in the end not used for final testing 

The second method used to attempt to fix the error in pressure distribution was 

rotation of the blade about its stagnation line as can be seen described in Figure 10. The 

pressure distribution gap seen in Figure 8 in the previous section was caused by the flow 

not being a high enough velocity at the trailing edge in wind tunnel conditions. It was 

proposed that by rotating the vane, the flow area at the exit of the vane cascade would be 

smaller, thus accelerating the flow at the trailing edge and correcting the pressure 

distribution gap. It was decided that a 3 degree rotation would be tested as anything larger 

than this would constitute a major geometric shift of the cascade which was unwanted. 
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Figure 10: Schematic of proposed vane rotation used to correct pressure distribution gap 

 After multiple runs to optimize both proposed methods, the final pressure 

distribution results as compared to CFD predicted engine results can be seen in Figure 11. 

Optimization was defined as trying to lower the suction side Cp to as close as provided 

engine conditions without overshooting the pressure side. As can be seen in the figure, 

both methods fair about equally well in correcting the pressure distribution. Both are able 

to very well match the pressure side, but both fail to overcome the much larger gap on the 

suction side of the vane, and going to any more extreme geometry changes or angle 

rotations was deemed to not be a viable option, as both would cause the pressure side to 

no longer match. Additionally, there is very limited data showing the effects of geometry 

change or rotated vane angle on proper scaling. It was feared anything more extreme, 

while giving a matching pressure distribution, could give wind tunnel heat transfer data 

that did not have true similitude to the engine scale. It was for all of the above reasons 

then that both the altered geometry and rotated vane angles were not chosen to be used in 

the final experiment. 
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Figure 11: Pressure distribution results from altered geometry and rotated vane attempts 

as compared to engine scale results 

2.2.4 – Recognition of Compressibility and Three Dimensional Endwall Effects 

 One lingering issue was the question of what was the source of the pressure 

distribution discrepancy, as research showed that scaling that matched pitch to chord ratio 

should yield similar Cp plots. The only remaining sources of discrepancy then would be 

compressibility effects and three dimensional components in the engine that were 

unmatched in the wind tunnel scale CFD. To determine the importance of each factor, an 

additional set of CFD tests were run. The wind tunnel vane model pressure distribution 

was again predicted, but this time with compressible flow effects enabled. The 

comparison of this result as to the simulation with incompressible flow assumed can be 
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seen in Figure 12. As the figure shows, there is no difference, meaning the original 

prediction was in fact not wrong due to compressibility. 

 

Figure 12: Comparison of predicted wind tunnel conditions with both incompressible and 

compressible flow assumed 

An engine scale two dimension CFD test was then run, using all provided engine 

initial conditions. The results can be seen in Figure 13 which also includes the Mach 

number for both CFD cases at various points. The CFD simulated engine conditions with 

compressibility effects turned on should have accounted for any compressibility effects, 

thus the large gap between it and the wind tunnel scale pressure distribution means that 

compressibility effects indeed play a major role in causing scaling issues in low speed 

cascade facilities. This can be seen in the figure as simulated engine conditions have 

Mach numbers going towards one while simulated wind tunnel test condition did not get 

close the required Ma = 0.3 to see compressibility effects. Additionally, as can be seen in 

the figure, a large error still existed between simulated two dimensional engine pressure 

distribution and actual engine pressure distribution. This means that three dimensional 
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engine effects, most likely contoured endwalls, also exist and play a major role in 

creating complications in pressure distribution matching in low speed facilities. For this 

exact engine, both appeared to be major factors in causing issues in pressure distribution 

matching. This meant that the current low speed cascade facility being employed by the 

Texas Turbulence and Turbine Cooling Research Laboratory (TTCRL) would have to be 

altered in some way in order to accurately get scaling data for this turbine vane. It was 

decided that a contoured endwall would be design and implemented in this set of 

experiments, as will be seen in the subsequent sections.  

   

 
Figure 13: Comparison of predicted tunnel pressure distribution, provide engine pressure 

distribution, and two dimensional CFD prediction of engine conditions with Mach 

numbers included at various locations 

-30

-25

-20

-15

-10

-5

0

5

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

C
p

 

s/C 

Engine Conditions

2D Wind Tunnel CFD Prediction

2D Engine Scale CFD Prediction

0.96 

0.72 

0.68 

0.53 

0.63 
0.10 

0.09 

0.07 

0.05 

0.07 

NOTE: Tick mark and accompanying numbers 

represent Mach number at that location 



 26 

2.3 – THREE DIMENSIONAL CFD FOR ENDWALL DESIGN  

With all two dimensional resources exhausted, it was determined that most 

accurate method for matching pressure distribution in the wind tunnel would be to 

implement a contoured endwall. This method would allow the original vane geometry to 

stay intact while in theory providing more true to engine conditions data as turbine engine 

vanes do in themselves have contoured endwalls. However, most endwall design is very 

proprietary and not open source. That combined with the fact that compressibility issues 

were also being compensated for using this endwall meant that the endwall must be 

designed from scratch. To do that, it was necessary to shift to three dimensional CFD 

model as the full height of the tunnel now had to be modeled. 

2.3.1 – Discussion of Standard Procedures 

It was determined that the three dimensional modeling should match the 

simulated infinite cascade wind tunnel conditions as closely as possible. In order to 

accomplish this, a single vane was modeled as an infinite cascade. A general mesh used 

can be seen in Figure 14, which shows the general boundary conditions used for the 

mesh. At the inlet, vane pitch and wind tunnel height were used as the dimensions. Once 

again, the two side walls were set as periodic to simulate an infinite cascade while the top 

and bottom were set as solid walls to emulate the walls of the wind tunnel. Trial runs of 

meshes ranging anywhere from 500,000 to 10,000,000 nodes were run, and it was 

determined that grid independence was achieved around 2,000,000 nodes. Once again, 

grid independence was defined as having less than a maximum of a 1% change in the 

pressure distribution. The finalized meshes were approximately 4,000,000 nodes. 
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 Again, a prism layer was used along the vane with a layer height of y
+
=1, an 

example of which can be seen in Figure 15, but an unstructured grid was applied to the 

mainstream. For the grid, a layer height growth ratio of 1.15 was applied, and 8 total 

layers were used. The decision process was similar to the one used in the two 

dimensional section. Prism layer counts of anywhere from 2 to 15 were testing, and 8 

layers was somewhat arbitrarily decided to be large enough to model turbulence without 

slowing down computational time too greatly. 

A k-ω SST turbulence model with transition enabled was again implemented. 

This was due to the same reasons as described in the two dimensional section where flow 

separation was best predicted by this model. Once again, additional turbulence models 

were tested, including k-ε and k-ω standard, and no significant changes to the prediction 

were seen. All of the initial conditions presented in Table 1 were once again used.  

 
Figure 14: Example of a 3D mesh used in the design of the contoured endwall 
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Figure 15: Depiction of prism layer used in three dimensional meshing 

In order to prove that three dimensional CFD was predicting the same results as 

two dimensional CFD, the two dimensional wind tunnel test case was compared to a 

three dimensional model with flat endwalls. The results can be seen in Figure 16. As can 

be seen, the two cases matched exactly the same, giving confidence that any new results 

seen in the three dimensional CFD was due to the contoured endwalls making alterations 

to the pressure distribution and not just residual difference between two and three 

dimensional modeling. 
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Figure 16: Comparison of two dimensional and three dimensional CFD modeling 

2.3.2 – Design Iteration Process 

Design of the contoured endwall was an iterative process requiring a sequence of 

CFD runs. First, though, an initial baseline wedge needed to be established. This was 

accomplished through the use of Bernoulli’s equation. By assuming no gravity effects in 

Bernoulli’s, you start with the following Equation 2.1: 

 

𝑃𝑐𝑢𝑟𝑟𝑒𝑛𝑡 + 𝜌
𝑉𝑐𝑢𝑟𝑟𝑒𝑛𝑡

2

2
= 𝑃𝑑𝑒𝑠𝑖𝑟𝑒𝑑 + 𝜌

𝑉𝑑𝑒𝑠𝑖𝑟𝑒𝑑
2

2
 

In this equation, the subscript current variables represent the CFD results of the unaltered 

wind tunnel CFD while the Pdesired represents the necessary pressure present on the vane 

in the wind tunnel to match engine condition Cp distribution. Vdesired can in turn be 

replaced simply using the constant mass flow rate assumption, which once constant 

density is assumed comes out to Equation 2.2.  
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𝑉𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝐻𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑉𝑑𝑒𝑠𝑖𝑟𝑒𝑑 × 𝐻𝑑𝑒𝑠𝑖𝑟𝑒𝑑 

Knowing that the width of the wind tunnel does not change for this calculation, the ratio 

of areas can be narrowed down to ratio of tunnel heights. Thus, combining the two 

equations and solving for Hdesired, one get equation 2.3.  

 

𝐻𝑑𝑒𝑠𝑖𝑟𝑒𝑑 =
𝐻𝑐𝑢𝑟𝑟𝑒𝑛𝑡

√
𝑃𝑐𝑢𝑟𝑟𝑒𝑛𝑡−𝑃𝑑𝑒𝑠𝑖𝑟𝑒𝑑

1
2
𝜌𝑉𝑐𝑢𝑟𝑟𝑒𝑛𝑡

2
+1

 

Knowing that the Hdesired represents the new tunnel usable height, the required height for 

a contoured endwall would be related to it in Equation 2.4. 

𝐻𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝐻𝑡𝑢𝑛𝑛𝑒𝑙 − 𝐻𝑤𝑒𝑑𝑔𝑒 

The engine data provided only included 25 discreet points, so these 25 points were 

compared to equivalent points for the wind tunnel scale CFD results, and the initial 

prediction of contoured endwall height in turn can be seen in Figure 17. In this graph, 

predicted endwall height is plotted against s/smax where s is the curve length along the 

vane surface and smax is the total curve length. Note that there were two separate smax, as 

the suction side smax was larger than the suction side. 

 

 
Figure 17: Initial prediction of tunnel height using Bernoulli’s equation 
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 The first thing noted from these results was the large discrepancy between the 

suction side and pressure side. This was to be expected, as the larger gap in the pressure 

distributions on the suction side would be assumed to require a more prominent endwall 

which it did. This meant that the endwall would be required to be three dimensional. Two 

dimensional endwalls use the same geometry for both pressure and suction side and are 

noted for ease of use and manufacturing. Three dimensional endwalls have separate 

geometries for each side, which allows for more precision but are inherently more 

complicated to deal with. 

 A initial CFD run was done using the results of Figure 17. However, due to 

design constraints, both sides were required to end at the same height. Both of the 

geometries would need to meet at the back end of the vane, and any discrepancy of height 

would cause a discontinuity at this meeting point which was in no way desired. For this 

reason, the pressure side’s last point was slightly raised to match that of the suction side. 

For the pressure side, the contoured endwall was actually started at s/smax = 0.45 as the 

points before it seemed to just be differences in Cp due to uncertainty and not true 

discrepancies. For the suction side, once the total height of the contoured endwall reached 

its peak, it was designed to stay at that height as research had shown no endwalls 

previously used would have a drop back down at the back end of the flow along the vane. 

Additionally, the one bump in the data for the suction side around s/smax = 0.01 was 

excluded as it provided an unwanted discontinuity. The initial results can be seen in 

Figure 18. While considerably reducing the gap in the pressure distributions, there was 

still a very noticeable discrepancy, especially on the suction side. Possible reasons for 

this gap are discussed later. 
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Figure 18: Pressure distribution results of first contoured endwall attempt 

¶ 

 The next step was to iterate on the endwall until an acceptable pressure 

distribution was achieved for the CFD simulated wind tunnel. For this iteration process, 

the previously mentioned discrete points on the vane had their respective contoured 

endwall heights slightly altered according to if the Cp at that point needed to be lowered 

or raised. This meant there were 5 points to alter on the pressure side and 20 on the 

suction side. However, 20 points to alter on the suction side proved to be excessive, so 

every other point was cut out and only 10 changeable points were used. Note that after 

each point was set, a smooth line was fit through them to get the actual curvature. Also, 

as mentioned before, the two curves were forced to finish at the same point at the trailing 

edge as to not create a discontinuity after they met at the trailing edge. 
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 The process itself proved to be slightly like an art form as varying a certain point 

had very noticeable effects not only at that point but the entire way upstream and 

downstream along the vane. While initially very hard to predict, after enough iterations, 

one could get pretty accurate at predicting how a slight change at a point would affect the 

entire vane. A total of around 20 iterations were run in the end. 

2.3.3 – Finalized Results 

After all the iterations, a finalized endwall was found. A diagram of its height 

across the vane curvature can be seen in Figure 19 and is compared to the initial iteration 

of the endwall. At its maximum height, the endwall takes up 46% of the entire height of 

the wind tunnel. This was significantly larger than the initial endwall predicted by 

Bernoulli’s equation. As the iteration system showed, altering one point would have 

significant effects both upstream and downstream. This leads to the conclusion that 

Bernoulli’s equation used along with continuity did not entirely hold true, as according to 

those equations changing the area of one point should have no upstream or downstream 

effects. It was thought that this was due to not having uniform flow which is an 

assumption of the continuity equation as used in this analysis. While the pressure side 

start point was very similar to that as originally predicted, the suction side starts 

significantly further downstream than in the initial run. This was due to the fact 

mentioned earlier that altering one point on the endwall would have noticeable effects 

across the entire vane. In this case, the height at the very trailing edge of the endwall on 

the suction side had to be increased substantially in order to match the large remaining 
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gap from Figure 18. However, this in turn overcompensated the Cp of the wind tunnel 

vane at the leading edge portion of the suction side. Thus, the endwall started much 

further downstream to once again compensate. This is a very good example of how the 

typical endwall iteration process went, and around 15 iterations were done. 

 
Figure 19: Geometry of finalized endwall design with intial design for comparison 

 

 The pressure distribution results of the final endwall can be seen in Figure 20. As 

can be seen, the endwall provides a drastic improvement over an unaltered wind tunnel 

vane in trying to match the Cp distribution for engine conditions. The most difficult part 

to match during the iteration process was the large dip in the suction side, as it was 

extremely sensitive to even slight alterations to endwall geometry, which is why the 

largest gap between engine conditions and wind tunnel conditions with an endwall is at 

this spot still. Still, as compared to an unaltered wind tunnel, the gap in pressure 
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distribution becomes trivial. Also note that the constraint of having to have both the 

suction and pressure side finish at the same height did cause the very trailing edge to have 

a slight gap, though this area is not as much of an interest for the current study. As a 

whole, this result could still be improved on given more time for iterations but 

diminishing returns would come very fast, and the gap between the pressure distribution 

of the engine condition vane and CFD predicted tunnel condition vane with the endwall is 

less than usual experimental error, meaning it will likely be trivial. 

 
Figure 20: CFD predicted pressure distribution of the vane inside the wind tunnel with 

the contoured endwall installed as compared to previous results 

 One unaddressed issue with the endwall approach up to this point was the concern 

that the endwall might cause a significant vertical flow in the wind tunnel, meaning the 

pressure distribution and thus heat transfer distribution would not be uniform along the 

entire testing region. As a whole, the testing region would only need to be around 0.1 m, 

-30

-25

-20

-15

-10

-5

0

5

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

C
p

 

s/C 

Engine Conditions

Wind Tunnel Scale, Unaltered

Wind Tunnel Scale, Added
Contoured Wall



 36 

so a 0.1 m region both far enough from the top wall as well as the contoured endwall to 

not experience any wall effects was all that was needed. To check this, streamlines were 

visualized in the CFD model as can be seen in Figure 21. The streamlines gave very 

positive results that there existed more than enough room to test without too high of non-

uniformity in the vertical direction, though the real result of this would not be known till 

the uncertainty of the laterally average heat transfer data from the actual test model was 

taken. 

 

 
Figure 21: Streamlines were run through the CAD model to predict how much vertical 

flow would be present in the test rig 

2.4 – FINALIZED ENDWALL DESIGN 

With the endwall geometry finally settled, the next step was to model an actually 

manufacturable endwall with CAD software. The finalized design is shown in Figure 22. 

Being an infinite cascade, the two geometries of the suction and pressure side had to be 
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merged in the gap between subsequent vanes. To achieve this, an extrude boss connection 

was added between them using the two profiles on either ends as reference starts as so no 

discontinuities or too sharp of angles existed to disrupt the flow. Another important 

design aspect to the model was the need to allow for movement of the walls and 

blockages, as this is a simulated cascade facility only and relies on the movement of the 

walls to fully match pressure distributions. Thus, the endwall was designed to fit 

perfectly while at the most inward wall setting. 

 
Figure 22: Finalized CAD design of contoured endwall used in this set of experiments 

 

 The main design hurdle that had to be overcome was figuring out how to diffuse 

the endwall out back to original operating height before being recirculated. In a wind 

tunnel, care is taken to minimize pressure loses as they decrease the maximum velocity of 

the tunnel. One major area of pressure lose is due to separation regions caused by a too 

sharp of a diffusion downstream of the test section. Normally, diffusion angles should be 
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design to be kept at around 7
o
 to minimize loses. Due to the setup of the test facility, if 

the endwall was to be diffused out just to the end of the test section, a 36
o
 angle would be 

required, creating very large pressure loses. To prevent this, it was decided instead to 

increase the angle of the diffuser which is right after the test section as seen in Figure 23. 

The diffuser was designed with a 7
o
 angle. The endwall was designed so that it began 

diffusing right after the last vane. By increasing the angle of the existing diffuser, the 

contoured endwall could now diffuse out by 14
o
. 

 
Figure 23: Plan to increase slope of existing diffuser to allow for endwall to diffuse out at 

a lower angle 

2.5 – MANUFACTURING OF ENDWALL 

The endwall was manufacture in five main parts as seen in Figure 24. This was 

done for two main reasons: ease of installation and cost. The endwall was required to be 
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an easily removable part of the wind tunnel assembly. Due to the overall large size of the 

endwall and small ports easily available in the tunnel assembly, a modular design allowed 

for the smaller parts to be placed easier into the tunnel before being assembled. In terms 

of cost, the modular design also allowed for different parts of the endwall to be 

manufactured in different ways and by different materials depending on the importance 

of the tolerance. 

 

 

 

 

 

 

 

 

 

 

 
Figure 24:  The five components that the endwall was made up from 
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 Parts 1, 2, and 3 were the actually curved geometry of the endwall and as such 

required the most care and attention. These three parts were manufactured out of 

machinable polyurethane foam known as Last-a-Foam R3318, made by General Plastics. 

An in-house 3 axis CNC machine was used to machine each part to specification. Parts 4 

and 5, due to their large size and simple geometries, were manufactured from wood in an 

effort to save cost. This also allowed the parts to be hollow which significantly cut down 

on weight. The five parts where joined together using bolts after being placed in the 

tunnel. Parts 2 and 3 bolting to part 5, and part 1 bolted to part 4. Parts 4 and 5 in term 

were secured by screws to the wind tunnel floor. This assembly process allowed most of 

the stress of holding the endwall down to be placed on the wooden parts, saving the more 

delicate and higher cost curved parts made from foam. Additionally, weather stripping 

was added to the outer walls of parts 4 and 5. The stripping, having a high 

compressibility rate, allowed for a large range of motion of the outer wall as the pressure 

coefficient was being set. All seams between the parts were spackled once in place to 

ensure no discontinuities. The increased angle of the diffuser was achieved by an 

additional part manufactured from wood and secured to the diffuser through the use of 

metal cross beams and bolts. This assembly was then sealed using high strength tape to 

ensure no leakage.  
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Chapter 3: Experimental Procedures and Uncertainty Analysis 

The following section will describe all experimental setups and procedures. The 

test section and test article will be described, exact procedures for testing will be laid out, 

and uncertainty analysis used in the testing will be explained. 

3.1 - TEST FACILITY DESCRIPTION 

The experiments conducted for this study were performed on the model turbine 

airfoil test facility at the University of Texas’ Turbulence and Turbine Cooling Research 

Laboratory (TTCRL). 

3.1.1 – Primary Test Loop Description 

Experiments were conducted using a closed loop wind tunnel as seen in Figure 

25. Mainstream flow was provided by a 37 kilowatt variable pitch single stage fan. The 

mainstream flow then passed through a water supplied, fin cooled heat exchanger whose 

purpose was to regulate the heat in the mainstream as to prevent the motor from 

overheating. Air then flowed through multiple conditioning screens and a honeycomb 

section that were used to reduce turbulence of the flow heading into the test section. 

Beyond the screens was a contraction nozzle used to accelerate the flow heading into the 

test section. Past the test section was a diffuser used to then decelerate the flow as it 

headed back into the fan. The test loop was described in great detail in Dees (2010), 

though the vane test section has since been changed. 
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Figure 25: Schematic of closed-looped wind tunnel assembly 

3.1.2 – Model Vane Test Section 

The test section used for these experiments was designed to simulate an infinite 

cascade of turbine vanes, a schematic of which can be seen in Figure 26. As previously 

mentioned, most cascade facilities that exist achieve the infinite cascade ability through 

the use of a large number of model vanes, such as the 12 vane setup described by Giel et 

all (2004). However, this results in a very high required mass flow rate or much smaller 

scale model which is often hard to machine and measure data from. Instead, for this test 

facility, CFD was first used to get a pressure distribution of a simulated infinite cascade. 

Then, using a model with an array of pressure taps for measurements, the tunnel was 

manipulated to ensure that the stagnation lines on all the leading edges of the test vanes 

are positioned correctly and to create a matching pressure distribution on the test vane. 
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The test section itself was made primarily out of clear acrylic, which allows the 

user to visually inspect the models even while the wind tunnel is running. The section is 

located at one corner of the tunnel loop, allowing for a turning of the flow as one goes 

downstream. The height is a constant 549 mm. The test facility consists of three models. 

The test model is the center model. On the pressure side of the test model is a full sized 

dummy vane while there is a partial sized dummy vane on the suction side of the test 

model. These dummy models have the same geometry as the test vane and are used in 

achieving the simulated cascade effect. The models were set up to have a pitch of 457 

mm within the tunnel. All three models are set up in cartridge-like systems in which they 

are attached to acrylic lids. Additionally, the test vane had an acrylic base. For this set of 

experiments, the base was solid, but the base could be changed to allow for a plenum to 

provide internal flow to the vane. This cartridge system meant that the vanes could be 

quickly removed and inserted into the test section. It also allows for future film cooling 

hole experiments to be done with no change of the test section itself. 
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Figure 26: CAD schematic of model vane test section used for this set of experiments 

The manipulation of the pressure distribution of the test vane to simulate an 

infinite cascade is achieved through a variety of components in the test section. First is 

the moveable wall as seen in Figure 26. The wall is on the suction side of the test vane 

and consists of five flat, solid sections connected by flexible hinges. These sections each 

were controlled by four screws at each corner of the section. This allowed for each 

section to be moved independently while still locking them in place, giving very precise 

control of the pressure distribution of the test vane to the user. In order to set the correct 

stagnation points on all of the model vanes, an inner blockage and variable speed 490 W 

blower connected to the outer passage were used. The motor would be adjusted to either 

increase or decrease the flow in the outer passage, in turn either increasing or decrease 

the amount of flow going along the suction side of the test vane. Likewise, the inner 

blockage could be closed or opened to adjust the amount of air going between the dummy 
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model and the wall, which would also in turn affect the amount of air going between the 

dummy and model vane. The outside blockage was left all the way open and not used in 

this set of experiments. All these variables allowed for very good control of the pressure 

distribution of the vane to the user. 

In order to allow for infrared camera measurements of the model surface 

temperatures, multiple ports along both the side walls and top of the test vane were 

installed to allow for viewing by the infrared cameras. The ports consisted of windows 

made from either sodium chloride (NaCl) or zinc selenide (ZnSe), both which high a high 

transmission rate in the infrared spectrum. 

3.2 – PRESSURE MODEL 

This section will describe the pressure model vane used in this experiment, 

including its purpose, design, and final manufacturing. 

3.2.1 – Purpose 

The “pressure model vane” was used to measure the static pressure distribution 

around the test vane inside the wind tunnel. This served two purposes. First, it gave 

dynamic feedback as the movable wall and blockages in the tunnel were being adjusted to 

get an exact pressure match. It also served as data collection for proving that the 

contoured enwall achieved the goal of matching the wind tunnel vane pressure 

distribution to that of the real turbine engine vane. As a whole, the pressure model’s main 

purpose was to ensure correct conditions were present in the wind tunnel. 

3.2.2 – Design and Manufacturing 

The pressure model used pressure taps located all along the vane. A total of 21 

taps were used, and they were spaced as to have closer spacing in areas where Cp 

gradients were expected to be the largest. The location of all the taps can be seen in 
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Figure 27. The pressure model vane spanned the entire height of the tunnel, giving it a 

height of 549 mm. The pressure taps were located all on the same plane at z/H = 0.72. 

This location was decided on based on CFD results showing that minimal to no vertical 

flow effects would be present here. Additionally, this would eventually also be the 

midline of the data collection region for future tests. 

 
Figure 27: Model showing location of pressure taps on the pressure model test vane 

The pressure taps were made from a combination of steel and EVA tubing. 

Stainless steel 0.05” outside diameter, 1” long, elbowed tubes were glued into the model. 

As will be discussed in a future section, the model was made out of sections, with one 

section having slots cuts out. The steel tubing was placed in these slots and made to be 

flush with the surface. As all the pieces had identical geometry and guide vanes were 

used, this ensured that the taps were flush on the final model as well. These were then 

Pressure Tap Locations 

Guide Rods 
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connected to 0.05” inside diameter EVA tubing on the inside of the vane, and the tubing 

was led out the top of the vane to an array of pressure transducers. The steel tubing was 

locked in place to the vane using high strength epoxy, and the steel and EVA tubings 

were connected using heat shrink connectors. 

The body of the model itself was made from machinable polyurethane foam 

known as Last-a-Foam R3318. The machining was done in house using a three axis CNC 

machine. The foam was 76 mm thick, so the pressure model was made up of eight total 

layers. Seven of the layers were identical. One of the layers had special trenches 

machined in that were used to insert the previously discussed pressure taps. All the layers 

of the model were in turn attached using gorilla glue, and the model was painted a flat 

black. Additionally, as can be seen in Figure 27, five guide rods were included in all of 

the layers. These rods served two purposes. First, they ensured that all layers lined up 

during build up. Second, these rods were threaded and used to attach the foam model to 

an acrylic base and acrylic lid. The base had threaded inserts in it while the lid had 

through holes. As shown in Figure 28, the lid had the same internal cutout as the vane 

model to allow the tubing to be fed out of the top of the model. 
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Figure 28: Internals of the pressure model vane used in this experiment 

3.3 – HEAT TRANSFER MODEL 

This section will describe the pressure model vane used in this experiment, 

including its purpose, design, and final manufacturing. 

3.3.1 – Purpose 

The “heat transfer test vane” was used to measure the heat transfer coefficient 

along the vane. The model used an electrically heated constant heat flux stainless steel 

foil. The heat generated by this plate in turn was then dissipated in three ways: 

conduction into the vane, convection off the vane surface, and radiation from the vane to 

the surroundings. This can be seen in Equation 3.1 and Equation 3.2. 

 

𝑞"𝑡𝑜𝑡𝑎𝑙 =
𝐼𝑉

𝐴
 

 

(3.1) 



 49 

𝑞"𝑡𝑜𝑡𝑎𝑙 = 𝑞"𝑐𝑜𝑛𝑑 + 𝑞"𝑐𝑜𝑛𝑣 + 𝑞"𝑟𝑎𝑑 

 

The current, I, was measured as the current from the power supply to the heat flux plate. 

The voltage, V, was the voltage drop across the heat flux plate, and A was the area of the 

heat flux plate. While only interested in finding the convection coefficient, it was 

required to know how much conduction and radiation heat flux was generated as to then 

factor those out. To correct for conduction, Equation 3.3 was used.  

 

𝑞"𝑐𝑜𝑛𝑑 =
𝑘(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑇𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙)

𝑤
 

 

The conductivity of the foam, k, and thickness of the foam, w, were all know quantities. 

The Tsurface was surface temperature of the vane while the Tinternal was the internal wall 

temperature of the model vane. Additionally, to correct for radiation heat flux from the 

vane to the surroundings, Equation 3.4 was used.  

 

𝑞"𝑟𝑎𝑑 = 𝜖𝜎(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
4 − 𝑇∞

4) 

 

The emissivity, ε, of both the acrylic and flat black paint used on the model were both 

assumed around 0.95 due to manufacture specifications. Again, Tsurface was found from 

the IR images. The T∞ was mainstream temperature and was found using the average of 

three thermocouples placed upstream of the vane. With all the correction data know, the 

heat transfer coefficient could finally be found using Equation 3.5 

 

𝑞"𝑐𝑜𝑛𝑣 = ℎ(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇∞) 

 

(3.2) 

(3.3) 

(3.4) 

(3.5) 
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Again, the mainstream temperature and surface temperature are knowns. By finding qconv 

locally around the entire vane though the use of power input to the heat flux plate as well 

as the local conduction and radiation corrections, the local heat transfer coefficient, h, 

could be found. In all, the overall percentage breakup of each heat flux component as 

compared to the overall can be seen in Table 2. 

 

Table 2: Breakdown of heat flux components and their contribution to total heat flux 

Component Percentage of qtotoal 

 qconv 90% 

 qrad 8% 

 qcond 2% 

 

3.3.2 – Design and Manufacturing 

The heat transfer model contains a heat generating plate that spans the vane. A 

diagram of the general layout of the plate can be seen in Figure 29. The plate was 204 

mm wide and went all the way around the vane, only not covering the very tail end of the 

vane, a region which was not of interest as separation of the flow had already occurred by 

that point. Only the middle 50% of the heat flux plate was used as the test area, ensuring 

that effects due to the plate edge would not affect data collection. The plate itself was 

made of 0.004” thick stainless steel shim. Special care was taken to attach the stainless 

steel shim to the blade as the shim would experience large variations in heat that would 

cause thermal expansion in the stainless steel. A thin base layer of high temperature 

epoxy was applied to the vane in the region the heat flux plate would be placed to create a 

hard solid surface. Then, double sided 3M VHB tape was applied over this epoxy and the 

heat flux plate was laid down on top of the tape.  
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Figure 29: Diagram of heat transfer model layout 

The buildup of the heat transfer model was very similar to that of the pressure 

model. The heat transfer model also was made from eight sections of Last-a-Foam that 

were machined in house, and these sections were adhered together using Gorilla Glue S-

13783. The model once again had guide rods that were threaded and attached to the 

acrylic lid to the model. Images of the final heat transfer model can be seen in Figure 30. 
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Figure 30: Pictures of finalized heat transfer model vane 

At the trailing edge, on both the pressure and suction side, 1/8” deep vertically 

running channel were cut at the end of the heat flux plate. In these channels, two 1/16” by 

½” 110 copper bars were used to sandwich the heat flux plate and provide a current to the 

plate as shown in Figure 31. Also in the channel, threaded inserts were placed and sealed 

in using high temperature epoxy. Holes were drilled through both the copper bars and 

heat flux plate, and copper screws were used to both hold heat flux plate between the two 

copper bars as well as fasten the entire assembly down to the vane using the previously 

mentioned threaded inserts. While the top copper bars ran only the length of the heat flux 

plate, the bottom bars continued up to the top of the vane, through the lid, and out the top 

of the vane model. Protruding three inches out of the model, holes were cut into the tops 

of the two bottom bars. These holes were then used to attach a power source that would 

create a current across the entire assembly. Silver grease was put between all components 

to ensure even transfer of current. The copper having a very low resistance as compared 

to the stainless steel shim meant that most of the voltage drop occurred across the shim, 

though voltage readings were still taken on the stainless steel plate itself to ensure that 
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only the drop across the plate was being measured. The silver grease ensured that this 

voltage drop was very close to uniform. This created a way to have a uniform heat 

generation across the entire vane which in turn could be used to find the heat transfer 

coefficient across the vane. 

 

     
Figure 31: Bus bar and heat flux plate assembly on the heat flux model 

As can be seen in Figure 30, the entire heat transfer model was painted flat black. 

This was important as measurements were taken on the model using IR imaging, and the 

uniform black’s very high emissivity of 0.95, per manufacturer’s specifications, creates 

very accurate IR temperature data. The only non-black on the vane was guide markings. 

A solid line was placed on both the top and bottom of the test region, then marks were 
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placed at designated length spans. These lines were used as an exact form of reference for 

when IR images would be taken, providing position reference and allowing for 

compensation for curved surfaces. This was done using a silver paint pen, so the very 

high reflectivity meant that the markings would stand out very dominantly in the IR 

images. 

Also, nine E-type surface thermocouples were placed on the internal cavities of 

the heat transfer model. The thermocouples were spaced out evenly around the vane and 

were all placed at the centerline of the testing region. The thermocouple wires were then 

run out through the top of the model. The purpose of the thermocouples was to correct for 

conduction, as previously described. 

3.4 – COOLANT HOLES MODEL DESIGN AND MANUFACTURING 

This section will discuss the purpose and design of a coolant hole model for the 

model vane geometry. While designed, the coolant hole model build up and testing was 

not include in the part of this project. 

3.4.1 – Purpose 

The coolant holes model was designed for the purpose of testing the effectiveness 

of the film cooling holes configuration. Film cooling is an integral part of turbine cooling. 

However, it is very difficult to predict with CFD and thus requires experimental 

validation. It is important to note that while the model was designed, the actual testing 

was not a part of this thesis. Actual film cooling testing will be done in future 

experiments. 

3.4.2 – Design 

The coolant holes model consisted of an array of 15 rows of holes, both simple 

round holes and more complex shaped holes. Five rows of round holes were in the 
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showerhead region, six shaped hole rows were on the pressure side, and four shaped hole 

rows were on the suction side. However, it was desired for the holes to be changeable in 

the future so alternative cooling layouts could be tested, so a system of hatches was 

designed to allow various configurations be tested on the same test vane. An image 

showing the body of the vane and an example hatch can be seen in Figure 32. A total of 

five hatches were designed: two in the showerhead region, two on the pressure side, and 

one on the suction side. The hatches were all designed to have a 1.5” edge all the way 

around to create on overlap region with the main body of the test vane. Also, the 

corresponding edge region on the body was inset by 0.2” so weather stripping could be 

installed. This should allow for an air tight seal, which is necessary in film cooling in 

order to accurately track mass flow rates. The only deviation from this was the showered 

region, where, due to lack of space because of the high hole density, the two hatches were 

designed to overlap each other. The hatches in turn will be held in place using threaded 

inserts that will be placed inside the vane model body. Eight screws will be used to hold 

down each hatch, four per left and right side, spaced evenly across the vertical span. 
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Figure 32: CAD design of coolant hole model body and one example hatch 

3.5 – INSTRUMENTATION SYSTEM 

This section discusses the instrumentation used in this set of experiments. It 

includes descriptions of both the pressure transducers used in the pressure testing as well 

as the infrared cameras used in heat transfer coefficient testing. 

3.5.1 – Pressure and Flow Measurements 

Pressure measurements were necessary for both finding mainstream flow velocity 

of air in the test section as well as finding the pressure distribution around the vane while 

testing the pressure vane model. Flow measurements of the mainstream velocity were 

taken at both the inlet and the exit of the test section using pitot-static probes attached to 

pressure transducers connected to a DAQ system. For the inlet, an Omega PX2650D-

0.5D5V transducer was used while an Omega PX2650D-2D5V was used at the outlet. 

The 0.5 and 2 before the D in the name represent that the maximum pressure readings of 
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the transducers or 0.5 inAq and 2 inAq respectively. By using transducers that would 

experience measurements at the high end of their operational range, uncertainty was kept 

at a minimum. For the pressure measurements on the pressure model, an array of 21 

additional pressure transducers was used. In order to determine the required pressure 

transducer for each, Figure 33 was used. It shows the expected pressure coefficient (Cp) 

at each pressure tap location. For this set of experiments Cp was defined as the difference 

between local and inlet static pressure normalized by inlet dynamic pressure as follows: 

 

𝐶𝑝 =
𝑃𝑠,𝑙𝑜𝑐𝑎𝑙−𝑃𝑠,𝑖𝑛𝑙𝑒𝑡

𝑃𝑑,𝑖𝑛𝑙𝑒𝑡
 

In the end, however, only two transducers in the 0-10 inAq range were available, so the 

next transducer size up had to be used. Thus, eight PX2650D-2D5V, four PX2650D-

5D5V, two PX2650D-10D5V, and seven PX2650D-25D5V were used, with Omega 

being the manufacturer of all the pressure transducers.  

 

(3.6) 
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Figure 33: Cp diagram with pressure taps used to determine optimal pressure transducer 

array for the pressure model 

All of the pressure transducers were calibrated in house in order to relate the 0-5 

V output of the transducers to a pressure reading. All of the transducer up to the 0-10 

inAq ones were calibrated using a Meriam A-1087 micromanameter while the 0-25 inAq 

transducers were calibrated with a Meriam 30P610TM manometer. A typical calibration 

curve for a pressure transducer can be seen in Figure 34 which is a calibration curve for 

the PX2650D-2D5V used to measure the outlet mainstream flow. The curve is offset 

because all of the transducers up to the 0-5 inAq ones were two way transducers, 

meaning they could measure ±5 inAq. The 0-10 inAq and 0-25 inAq transducers were 

one way transducers, meaning they could only measure +10 inAq or +25 inAq 

respectively, and had a calibration curve that went through the origin of the graph. It was 

found from these calibrations that all of the pressure transducers used in this experiment 
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had uncertainties from ±0.018 inAq to ±0.031 inAq. The higher uncertainties were for the 

0-25 inAq transducers due to the necessity to calibrate beyond the range 

micromanameter, but these transducers were also measuring the highest pressure drop 

regions, meaning a larger uncertainty was fine. 

 

 
Figure 34: Example calibration curve for a pressure transducer 

3.5.2 – Surface Temperature/ IR Measurements 

All of heat transfer data for this set of experiments was collected using an array of 

four infrared (IR) cameras. Table 3 shows the names and information of all the cameras 

used. Thermographic images were taken with these cameras at the same time as 

mainstream temperature and velocity measurements were being saved through the DAQ 

system. The images were saved on internal memory cards in the camera or through the 
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use of FLIR proprietary software on the computer. Examples of how these images looked 

can be seen in Figure 35. The images in turn were processed using another proprietary 

FLIR software, ThermaCAM Researcher Pro 2.7, to convert the data in each recorded 

image into temperature data. However, these were not true temperatures due to the 

windows not letting through all infrared waves, so a calibration was applied, which is 

described in detail later. 

Table 3: List of IR cameras used for testing 

Camera Name Reference Name Resolution 

FLIR SC325 Camera 1 640x480 

FLIR P20 Camera 2 320x240 

FLIR T620  Camera 3  640x480 

FLIR A655SC Camera 4 640x480 

 

      
Figure 35: Example raw IR images used in heat transfer coefficient testing 

The placement of the cameras was done to accomplish two main goals: cover as 

much blade area as possible and always have an overlap region between the two cameras. 

The coverage area can be seen in Figure 36. As the figure shows, much of the back end of 

the vane, especially on the suction side, was not imaged. All of the existing ports on the 

sidewalls of the wind tunnel were at midlevel. However, the data collection area for the 
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heat transfer model, as discussed earlier, was offset due to the endwall. This caused some 

of the required camera angles to be very extreme, minimizing the area they could cover. 

Additionally, as mentioned earlier, the endwall goes up to 46% of the tunnel height at the 

trailing edge, so some of the ports at the trailing edge region were not usable. 

 
Figure 36: Diagram showing IR coverage of the vane model in s/c 

As previously mentioned, the salt and zinc selenide windows were used in the 

viewing ports to allow the IR spectrum of light to get through and data to be collected. 

However, this caused some attenuation to the infrared light going the windows, meaning 

the factory calibrations were no longer valid. For this reason, in house calibrations were 

done for the IR cameras. For the calibrations, a set of nine E-type surface thermocouples 

were placed along the vane at the vertical midpoint of the measurement region as 

diagramed in Figure 36. It was set up so that every camera would see three 

thermocouples, with a thermocouple being in every overlap camera region and being seen 

Camera Name 

-   SC325 (Camera 1) 

-  P20 (Camera 2) 

-  T620 (Camera 3) 

-  A655SC (Camera 4) 
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by two cameras. It was also ensured that a thermocouple was at the edge of the data 

collection range of all the cameras so a calibration correlation did not have to be 

extrapolated. These thermocouples were placed directly onto the heat flux plate. They 

were held down using a series of different tapes. First, a double sided tape was applied to 

the vane. The thermocouple was then placed on top of this. Then, a piece of black 

electrical tape was applied over this. This system ensured that the thermocouples were 

held in place, and the system did not leave any residue or take off any of the flat black 

paint from the heat flux plate which would have affected the IR camera data. A step by 

step description of how the calibration was run can be found in Section 3.6. The 

calibration would result in both a set of images from the cameras and thermocouple data 

taken simultaneously at various set temperatures on the heat flux plate. Using 

ThermaCAM Researcher Pro 2, temperature data for the region just below each 

thermocouple, on the painted surface was found from the IR images. This was then 

plotted against the thermocouple data acquired at the same time as each image. 

 This resulted in getting a calibration curve at each thermocouple location and 

three calibration curves for each camera Figure 37 shows the three calibration curves for 

camera 2. These results represent a typical result of what was seen. As seen in the figure, 

all the curves fit very closely onto linear curve fits, having R
2
 values that were practically 

1. This led to the conclusion that higher order polynomial curve fits were unnecessary 

even though there was no technical reason that the curve fits had to follow a linear 

pattern. Also, the curves all followed a distinct pattern based on viewing angle. For this 

camera, thermocouple 4 was at the center and thus at the shallowest viewing angle. 

Alternatively, thermocouple 5 was at the most extreme angle as it was well upstream of 

the placement of the camera. This trend was seen throughout all the cameras, with higher 

angle calibrations being lower than low viewing angle calibrations. 
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Figure 37: Example calibration curve for a single point on the IR image 

Since each camera had three calibrations that were sensitive to viewing angle, the 

calibrations were interpolated along the vane which would account for this increased 

viewing angle as one went along the vane. This interpolation took the both the A and B 

values (assuming the standard 𝑦 = 𝐴𝑥 + 𝐵 form for each calibration) at each 

thermocouple and interpolated those values to the next A and B values at the next 

thermocouple. The interpolation was passed off of s/C values. This created a changing 

calibration that decreased as the view angle of the camera went up. This calibration was 

applied to all cameras. 

3.6 – TEST PROCEDURES 

This section will discuss the procedures used for testing. It describes how pressure 

tests were performed as well as the steps taken in the heat transfer coefficient testing. 
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3.6.1 – Pressure Distribution Testing 

For pressure distribution testing, the pressure model, dummy vanes, and 

contoured endwall assembly were all placed into the tunnel. The tunnel was then set to 

the operating conditions listed in Table 4. 

 

Table 4: Test parameters for pressure distribution testing 

Experimental Parameter Value 

Mainstream Inlet Velocity 11.2 m/s 

Reynolds Number at Exit 1.1*106 

Mainstream Temperature 306 K 

 

The first step was to apply tufts to each of the model vanes in the region of the 

stagnation point predicted by the CFD. The tufts were sets of five strands of fishing line 

2” in length and 1/2” apart. They allowed the user to see the location of the stagnation 

point, as the strands would be pushed towards the suction or pressure side of the vane 

depending on which side of the stagnation line they were on at the time. The user then 

would adjust both the inner blockage and speed of the blower until the stagnation point 

was at the correct location for both of the dummy vanes. This was an iterative process as 

adjustment of either the blockages or blower would affect all three vanes in various ways. 

It was found generally best to first adjust the inner blockage to get the stagnation line on 

the full sized dummy set, then adjust the blower while leaving the outer blockage 

completely open. For this set of experiments, the out blockage remained completely open 

the entire time. 

Once the stagnation lines were set on the dummy vanes, the next step was to 

adjust the outer wall in order to match the stagnation line and Cp seen in engine 

conditions. In order to accomplish this, the engine condition Cp graph was put into the 
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LabVIEW program, and the data being collected was overlaid in real time. This was then 

transmitted to a monitor above the wind tunnel, allowing the user to see how the 

movement of the walls affected the Cp and how close the Cp of the test model was to that 

of the desired engine conditions. In terms of adjusting the wall itself, it was once again a 

matter of a iterative process. It was found that it was easiest to start from the most 

downstream portion of the wall, trying to match the trailing edge Cp, and then move 

upstream along the wall making adjustments. After each adjustment of the outer wall, 

stagnation lines on the model vanes were once again checked and adjusted for if needed. 

Once the tunnel was set to create a Cp that matched engine conditions, data was collected 

through the use of LavVIEW software. 

3.6.2 – Heat Transfer Coefficient Testing 

Heat transfer coefficient testing was done after pressure distribution testing, as the 

pressure model was necessary to get the wind tunnel set correctly. For this test, the heat 

transfer model was placed inside the tunnel instead of the pressure model. Additionally, 

an array of IR cameras, described in the previous section, was set up around the tunnel 

for data collection. The SC325 and A655SC IR cameras were linked to the computer for 

data collection while the T620 and P20 cameras used internal memory cards to store the 

data. Additionally for this test, the water fed heat exchanger was used as necessary to 

keep the temperature around the 306 K test parameter. This temperature was chosen as it 

was the lowest temperature the tunnel would run at with the heat exchanger going at full 

flow. 

The first step for any heat transfer test was calibrating the cameras. More 

information on the importance of calibrating the IR cameras can be found in a previous 

section. For the calibration, the wind tunnel was turned on to the lowest setting which 
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allowed flow to go over the vane without having the taped on thermocouples cause any 

significant flow effects on the surface of the vane. The heat flux plate was turned on, and 

had its temperature varied by around 35 degrees, with the midpoint being the expected 

temperature for the heat flux test. Along this range, seven temperatures were set for the 

heat flux plate. For each temperature point, first the power supply to the heat flux plate 

was adjusted to get the exact heat flux plate temperature. Next, the heat exchanger’s flow 

rate was adjusted to account for the change in heat being put into the tunnel by the heat 

flux plate. The model was then left running for around 20 minutes until everything 

reached steady state. Once at steady state, a picture was taken on each IR camera, and 

data for the external thermocouples was collected through the DAQ. The external 

thermocouple data would later be compared to the IR images to create a calibration curve 

as previously described. 

When the calibration was complete, the external thermocouples were removed 

with care being taken that no paint was removed from the heat flux plate. Also, care was 

taken to not move the IR cameras for the entire test, as this would have affected their 

calibration and increased uncertainty. The tunnel was now turned on to the test conditions 

previously mentioned in Table 4. To achieve this, the heat exchanger had to be set at its 

highest flow rate of cold water. The heat flux plate was turned on to its test temperature. 

The test temperature ideally is the one that gives the largest temperature difference 

between the heat flux plate and mainstream flow, but an exact temperature was not 

necessary. For this test, the heat flux plate was set to be around 330 K at the stagnation 

point. This was thought to be high enough to get low uncertainty data while low enough 

to not harm any of the adhesives used in the heat flux plate assembly. Again, once set, the 

tunnel was allowed to run until steady state was achieved. The internal thermocouples 



 67 

were the slowest response time, so steady state was determined defined as when all 

internal thermocouples changes less than 0.05 K per minute. 

Similar to the calibration, both IR images and thermocouple data were collected 

once at steady state, and the power supply’s voltage and current were found using a 

multimeter and recorded. Additionally, the voltage drop across the heat flux plate was 

recorded. To get this, a small patch of paint on either side of the vane at the very end of 

the heat flux plate was removed, and the multimeter leads were physically placed inside 

the tunnel onto the heat flux plate. This ensured that only the voltage drop across the heat 

flux plate itself was recorded. The voltage drop and current along with the local 

temperature difference between the mainstream and heat flux plate were used to 

determine the local heat transfer coefficient as described earlier in this chapter. 

3.7 – UNCERTAINTY ANALYSIS 

This section describes the uncertainty analysis for this set of experiments. The 

exact steps taken to determine the uncertainty in both pressure coefficient and heat 

transfer coefficient are defined. Additionally, overall uncertainty examples are presented. 

3.7.1 – Pressure Coefficient Uncertainty 

As seen in Equation 3.6, the pressure coefficient is only a function of pressure 

measurement inputs. Thus, the uncertainty in the pressure coefficient measurement is a 

result of the uncertainties of the individual pressure measurements. Using the method as 

described by Moffat (1988), the individual pressure uncertainties could be propagated 

into the pressure coefficient uncertainty. 

The bias uncertainty comes from the fossilized bias created during the calibration 

of the pressure transducers. The calibration process was described in a previous chapter. 

In it, a calibration curve at varying pressures was created, and the standard error of fit 
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was found for the curve and used as the bias due to the pressure transducer. Only two 

pressure reading were required as the transducers measure pressure differences, so the 

numerator seen in Equation 3.6 was found using a single Δp pressure reading from the 

pitot-static probe. 

The precision uncertainty for this measurement comes from the fact that multiple 

data points were collected. To minimize precision uncertainty, 10 measurements were 

taken with each collecting 5000 data points. This was done at a data rate of 833 Hz. Table 

5 shows an example of the uncertainty of one of the Cp readings. As can be seen in the 

table, the uncertainty was dominated by the fossilized bias caused by the calibration of 

the pressure transducers. 

 

Table 5: Example of uncertainty in the pressure distribution measurements 

Uncertainty Type Value 

Fossilized Bias of Ps,local-Ps,inlet 7.8 Pa 

Fossilized Bias of Pd,inlet 1.4 Pa 

Precision of Ps,local-Ps,inlet 0.20 Pa 

Precision of Pd,inlet 0.13 Pa 

Uncertainty of Cp 0.26 

3.7.2 – Heat Transfer Coefficient Uncertainty 

The uncertainty in the heat transfer measurements contained far more factors than 

in the pressure coefficient measurement. Due to the more complicated calibration 

process, the bias due to the calibration, δTIR, actually had multiple sources of uncertainty. 

First, there was the standard uncertainty that comes from the IR cameras which was 

known to be ±0.36 K from previous testing done in this facility with the same equipment. 

Additionally, the thermocouples used in the calibration had uncertainty as well. The 

thermocouples were all calibrated in a glycol bath over a range of temperatures and had a 



 69 

linear curve fit applied. The uncertainties of the thermocouples were then found from the 

curve fits, and were usually around ±0.05 K. Then, using the root sum squared method; 

the two uncertainties were combined to get δTIR. This in turn, was propagated using 

Equation 3.5 into δhIR. 

Since the data was laterally averaged, the uncertainty in this lateral averaging 

process, δhnonuniform, had to be included. However, when plotting the vertical temperature 

profile, it was found that an increase in temperature and thus decrease in heat transfer 

coefficient existed up the heat flux plate as seen in Figure 38. This chart was from 

towards the end of the measurement region on the suction side at s/C = 1, and thus 

represented a worst case scenario in term of vertical variation as this was the area with 

the most prominent spanwise flow due. However, since this increase was expected with 

the inclusion of the endwall, instead of simply taking the standard deviation of the data, a 

linear curve fit was applied to the data and the uncertainty was found from the deviation 

from that linear curve. This was decided to be the best method as averaging over this 

vertical line will give a more accurate value than indicated by the scatter. 
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Figure 38: Typical vertical scattering of heat transfer data across the vane 

The mainstream temperature uncertainty was another major factor in the overall 

uncertainty of the heat transfer coefficient. For the mainstream temperature, three gas 

thermocouples collected data, one at the midspan of the wind tunnel just upstream of the 

vane and the other two on either the suction side or pressure side of the wind tunnel also 

just upstream of the vane. Data was collected by all of them and averaged. T∞,mean 

throughout the calibration and  into the data collection varied anywhere from 305.8 K to 

306.1 K. This value was found to be repeatable as it was taken multiple times through the 

calibration and into the test itself. Also, each average mainstream temperature was an 

average of already averaged data, with each of the three gas thermocouples collecting 

5000 samples per averaging process. The uncertainty in the averaging process then was 

determined to be the uncertainty of the average mainstream temperature. The 

thermocouples also had a bias uncertainty from being calibrated, but the calibration 

uncertainty was proved to be insignificantly small as compared to the uncertainty of the 

averaging process. This temperature uncertainty was then propagated into a heat transfer 

coefficient uncertainty, δhT∞. 

Uncertainties from the conduction correction, δhcond, and the radiation correction, 

δhrad, also had to be taken into account. As can be seen in Equation 3.2 and Equation 3.3, 

the main source of uncertainty for both of these would be temperature measurements 

using thermocouples. Each of these components overall effect where shown earlier in 

Table 2, with radiation being responsible for 8% of the heat loss while conduction was 

responsible for a 2% of the heat loss. In term of uncertainty, this  

Finally, uncertainty in the heat flux measurement was also taken into account. 

This uncertainty included multiple parts. It took into account the uncertainty in the 
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voltage and current measurements. It also took into account uncertainty in area of the of 

the heat flux plate. All these were combined into a single uncertainty, δhheat flux. 

Table 6 shows an example of an uncertainty measurement used in this 

experiment, including all of the components. All of the components were combined using 

the root mean square method. As the table shows, the uncertainty due to variations in 

mainstream temperature and non-uniformity of the heat transfer coefficient spanwise had 

the largest impact on uncertainty.  

 

Table 6: Example of uncertainty in the heat transfer measurements 

Source of Uncertainty Value 

δhheat flux 0.66 W/m
2
K 

δhcond 0.034 W/m
2
K 

δhrad 0.13 W/m
2
K 

δhIR 0.37 W/m
2
K 

δhT∞ 0.79 W/m
2
K 

δhnonuniform 0.89 W/m
2
K 

Total δh 1.4 W/m
2
K (or 2.1%) 
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Chapter 4: Experimental Results 

The following chapter presents pressure distribution results with the contoured 

endwall in the test section. This pressure distribution is then compared to three 

dimensional CFD data as well as engine conditions data. Additionally, heat transfer 

results are presented in two forms. First, a plot of heat transfer coefficient measurements 

across the entire viewing area is presented. This plot shows variation across the entire 

vane, and, most importantly, show if any vertical variation is present. Second, this data is 

then presented as laterally averaged heat transfer coefficient measurements. 

4.1 – PRESSURE DISTRIBUTION RESULTS 

As previously discussed, pressure distribution measurements are most important 

as experimental validations that the wind tunnel being used in experiments truly is 

matching engine conditions. In this set of experiments, the pressure distribution 

measurements were used to validate the use of contoured endwalls inside of the simulated 

infinite cascade facility. Test conditions can be seen in Table 4 of the previous section 

while results can be seen in Figure 39. As seen in the figure, the tunnel with the inclusion 

of the contoured endwall was in fact able to achieve an engine condition pressure 

distribution. In fact, the test model was able to even better match the Cp of engine 

conditions than predicted by the CFD due to the capabilities of the adjustable simulated 

infinite cascade used in this experiment. The only point where the test vane pressure 

distribution started to fall away from the engine conditions was at the very trailing edge 

of the suction side. This could be due to multiple factors. Flow in this region is very hard 

to predict as it is right before the flow separates off the trailing edge. Thus it is possible 

that the CFD used to design the endwall failed to correctly predict this region. It is 

expected that further iterations on both the endwall design and tunnel wall movements 
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could narrowed the gap in data at that point. However, this region is well beyond the 

region being looked at in the heat transfer test. 

 

 

 
Figure 39: Pressure distribution results as compared to engine conditions 

While in this testing not all parameters could be matched to engine conditions, 

matching Cp had the important effect of matching boundary layer growth. The boundary 

layer of growth around a vane or blade is dictated by the pressure distribution around that 

vane or blade. By showing that the Cp of the model test vane matches that of the engine 

condition vane, it was shown in turn that the test then was in fact modeling engine 

condition boundary layer growth, and boundary layer growth is a very important dictator 

of heat transfer rate on a vane. 
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4.2 – HEAT TRANSFER COEFFICIENT RESULTS 

The heat transfer coefficient testing aimed at using conditions as similar as 

possible to the pressure distribution testing. The exact parameters used can be seen in 

Table 7. While four different IR cameras were used, the images were combined together 

to get a final contour of heat transfer coefficient across the heat flux plate. This 

combination process included the averaging of the overlap regions of the cameras. This 

was averaging was allowed due to the very similar overlap regions being recorded by the 

cameras, as seen Figure 40. This figure shows individual heat transfer coefficient plots of 

all the cameras, and shows how there are very large similarities where the cameras meet 

and overlap. Similar results were seen in other overlap regions except one as will be seen 

later in this section, but that discontinuity was considered to be from the extreme angle of 

one camera and as such the data of that camera was not factor into the overlap averaging 

region. 

 

Table 7: Experimental parameters recorded during heat transfer coefficient testing 

Experimental Parameter Value 

Mainstream Inlet Velocity 11.2 m/s 

Reynolds Number at Exit 1.1*106 

Mainstream Temperature 306.2 K 

Voltage Across Heat Flux Plate 4.15 V 

Current to Heat Flux Plate 30.7 A 
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Figure 40: Heat transfer coefficient contour plots of two cameras showing similarity in 

the overlap region 
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The final overall heat transfer coefficient contour can be seen in Figure 41. The 

figure shows that the heat transfer coefficient does not vary greatly vertically along the 

vane. This validated the concept of modeling a contoured endwall through CFD to match 

boundary flow effects through the matching of Cp. It was considered validated due to the 

fact that minimal vertical flow was seen as was shown by the spanwise uniformity of the 

heat transfer coefficient, and this minimal vertical flow was previously predicted through 

the streamlines created in the CFD simulation.  

 

 
Figure 41: Contour of heat transfer coefficient on vane surface 

The final result of this study was to find the test vane’s laterally average heat 

transfer coefficient. Though Figure 41 showed that the heat transfer coefficient data was 

already nominally uniform in the spanwise direction, lateral averaging was preferred as it 

provided more accurate values, and the test vane was intended to be modeling only the 

midspan of the real engine model. This result can be seen in Figure 42. The most striking 

and unexpected feature is the sharp dip in heat transfer coefficient seen on the pressure 

side at around s/C = -0.2. This drop represented a 60% decrease in overall heat transfer as 

compared to the stagnation point just a few centimeters away. As described in various 
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other vane cooling studies, such as the one performed by at the von Karman Institute 

(Arts, Duboue, & Rollin, 1998), the sudden drop in the heat transfer coefficient was 

expected to be due to separation and reattachment of the flow at this point due to the 

concave nature of the vane. This created a recirculation bubble at this point, greatly 

decreasing heat transfer rate. This recirculation bubble is something very undesirable in 

real turbine engine design as it represents a probable failure point. 

 

 
Figure 42: Laterally averaged heat transfer coefficient across the test vane 

It appeared that the suction side had a laminar boundary layer all the way through 

the testing area, as it is typical for the heat transfer coefficient to jump up at a point when 

the flow transitions from laminar to turbulent (Arts et al., 1998). This extended distance 

of laminar flow was likely caused by the acceleration of the flow as it rounded the 

surface, as an accelerated flow tends to stay laminar and is even capable of transitioning 
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back from turbulent to a laminar flow. However, as can be seen in Figure 42, 

measurements for this experiment only went up to s/C = 1 on the suction side, only 

around half of the entire length of the side. Beyond s/C = 1, the flow no longer 

accelerates and thus transition likely occurs. 

Also of note in Figure 42 was the inclusion of the uncertainty bars on the graph 

and stitching together of the four camera results. As the graph shows, the uncertainty of 

the measurements was very low as a whole, usually only being up to around 2% of the 

overall measurement value. Additionally, looking at the uncertainty and overlap regions, 

the heat transfer coefficient results of the cameras all fall within uncertainty of one 

another with one exception being the overlap of cameras 1 and 2. This was attributed to 

the extreme viewing angle in camera 1 at the overlap region, as this was the region with 

the most extreme angle out of all the measurements taken. Due to this, it was assumed 

that camera 2 data was the accurate data and as such was used for the heat transfer 

coefficient contours. 
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Chapter 5: Summary and Conclusions 

This chapter provides a comprehensive summary of both the computational 

simulations and experimental results of the study, and provides conclusions from these 

results. Additionally, recommendations for further research beyond that done in this 

study are provided. 

5.1 – RESULTS OF THE STUDY 

This study consisted of four main components. First, two dimensional CFD 

simulations were used to compare a simulated wind tunnel sized test article to an engine 

condition vane and determine the source of discrepancies in the pressure distributions. 

Next, three dimensional CFD modeling was used to design a contoured endwall to force 

the pressure distribution of the test article to match that of the engine scale data. 

Experimental measurements were made with this endwall and test vane to see if the 

contoured endwall did in fact create a matching pressure distribution. Finally, heat 

transfer coefficient measurements around the vane were made using another model. The 

following are the conclusions found from the study: 

1. Two dimensional CFD results showed that there are indeed issues with 

attempting to model a turbine engine vane that has flow approaching Mach 

1.0 by simply scaling up the geometry and matching Reynold’s number in a 

low speed facility. Two main issues were found with this. First, 

compressibility effects seen in engine conditions could not possibly be 

matched in a low speed simulated cascade facility. Additionally, turbine 

engine vanes experience three dimensional flow effects due to the inclusion 

of contoured endwalls which traditionally have not been accounted for in 

said facilities. 
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2. Three dimensional CFD results showed that creating a three dimensional 

contoured endwall that was unique on both the pressure and suction side that 

could force the Cp of the test vane to match that of engine conditions can be 

achieved using an iterative design process with 15 iterations. Additionally, a 

literature review showed that the designed endwall shared many characteristics 

with other endwalls in literature such as going up to around 46% of the test 

section height and having the suction side increase at a much faster rate more 

upstream.  

3. Testing of the pressure distribution confirmed that the endwall used together with 

the low speed simulated infinite cascade facility was able to match the pressure 

distribution to engine conditions. This showed that the test vane would have very 

similar boundary layer growth to engine conditions as boundary layer growth is 

dictated by pressure distribution. Towards the very trailing edge on the suction 

side, the wind tunnel model did deviate from the expected CFD results, showing 

limitation of CFD endwall modeling in that region. This does not affect use of 

endwalls in testing as this region is generally not of interest for low speed facility 

tests. 

4. The heat transfer coefficient results showed very good spanwise uniformity, 

showing no three dimensional flow effects were created in the test region by the 

endwall which matched prediction from the streamlines produced in the 

computational model. This further validated the CFD predictions and ability to 

use CFD in the design of contoured endwalls for Cp matching. 

5. Heat transfer coefficient testing suggested a separation bubble on the pressure 

side of the vane model. The separation bubble caused a spike in the local 

temperature of the vane, greatly decreasing the heat transfer coefficient. 
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Additionally, due to the acceleration of the flow around the vane, the area imaged 

did not show a transition from laminar to turbulent flow, but only 50% of the 

suction side was imaged and it was assumed that transition occurred further down 

the vane in an un-imaged region. 

5.2 – RECOMMENDATION FOR FUTURE STUDY 

As described in Section 3.4, a coolant hole model of the test vane has been design 

but not built. The next step for a future study is to manufacture and test the coolant hole 

model. Special attention should be paid to the spanwise, hole-to-hole uniformity. It is 

possible but not predicted that the contoured endwall could cause a noticeable upwards 

flow of the coolant, creating a non-uniform mass of coolant along a row of holes. Also, 

the study should see if the separation region seen in the heat flux testing has noticeable 

effects on the coolant in this region. 

Additionally, studies also could be performed to test the reason behind the 

separation region seen on the heat flux plate. It is possible that the separation region seen 

in wind tunnel testing would not correlate to a separation in the actual turbine blade. 

Further studies on the use of contoured endwalls as an option of bridging the gap 

between high speed turbine conditions and low speed testing facilities should be 

performed. This set of experiments serves as a proof of concept that in fact endwalls are a 

viable option, but further studies should apply this same technique to more vane 

geometries and varied engine conditions. It would be of interest to see if the endwalls 

required to match conditions of vanes in other turbines were similar to the ones created in 

this project, and, if that is the case, it could be possible to create a universal contoured 

endwall design capable of being used on most vane models with rather good success. 
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This idea could then be applied to first stage turbine blades, which naturally have very 

different geometries than vanes due to having a different purpose. 
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