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Abstract 

In many regions of the high-pressure gas turbine, film cooling flows are used to 

protect the turbine components from the combustor exit hot gases. Endwalls are 

challenging to cool because of the complex system of secondary flows that disturb surface 

film coolant coverage. The secondary flow vortices wash the film coolant from the surface 

into the mainstream significantly decreasing cooling effectiveness. In addition to being 

effected by secondary flow structures, film cooling flow can also affect these structures by 

virtue of their momentum exchange. In addition, many studies in the literature have shown 

that endwall contouring affects the strength of passage secondary flows. Therefore, to 

develop better endwall cooling schemes, a good understanding of passage aerodynamics 

and heat transfer as affected by interactions of film cooling flows with secondary flows is 

required. This experimental and computational study presents results from a linear, 

stationary, two-passage cascade representing the first stage nozzle guide vane of a high-

pressure gas turbine with an axisymmetrically contoured endwall. The sources of film 

cooling flows are upstream combustor liner coolant and endwall slot film coolant injected 

immediately upstream of the cascade passage inlet. The operating conditions simulate 

combustor exit flow features, with a high Reynolds number of 390,000 and approach flow 

turbulence intensity of 11% with an integral length scale of 21% of the chord length. 

Measurements are performed with varying slot film cooling mass flow to mainstream flow 

rate ratios (MFR). Aerodynamic effects are documented with five-hole probe 

measurements at the exit plane. Heat transfer is documented through recovery temperature 

measurements with a thermocouple. General secondary flow features are observed. Total 
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pressure loss measurements show that varying the slot film cooling MFR has some effects 

on passage loss. Velocity vectors and vorticity distributions show a very thin, yet intense, 

cross-pitch flow on the contoured endwall side. Endwall adiabatic effectiveness values and 

coolant distribution thermal fields show minimal effects of varying slot film coolant MFR. 

This suggests the dominant effects of combustor liner coolant. show dominant effects of 

combustor liner coolant on cooling the endwall. A coolant vorticity correlation presenting 

the advective mixing of the coolant due to secondary flow vorticity at the exit plane is also 

discussed. 
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ε Turbulent Kinetic Energy Dissipate Rate [m2/s3] 

λ Taylor Microscale [m] 

 Kinematic Viscosity [m2/s] 

w Frequency of Energy Density Spectrum [Hz] 

ws Sampling Frequency [Hz] 

μ Dynamic Viscosity [Pa.sec] 

Ω Vorticity [s-1] 

  

Subscripts  

0 Located at Passage Inlet Plane 

1 Located at Passage Exit Plane 

w Located at wall (z=0) 

film Film coolant flow property 

∞ Mainstream flow property 
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x Located at Passage Axial Coordinate [m] 

y Located at Passage Pitchwise Coordinate [m] 

z Located at Passage Spanwise Coordinate [m] 

s Relative to streamwise direction [m] 
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Chapter 1  

Introduction 

1.1 Motivation 

  As oil and gas prices continue to decrease, gas turbine engines continue to be one 

of the world’s favorite sources for power generation. Today, gas turbine engines are among 

the most effective power sources widely used on land, sea, and in air. With the global 

increase in power demand and the ever-increasing CO2 emissions, the need for more 

efficient gas turbines has increased. A main contributor towards increasing a gas turbine’s 

specific power and thermodynamic efficiency is the increase of turbine inlet temperature, 

which is always limited by the turbine components’ thermal loading capabilities. Over the 

past few decades, innovative development of internal and external cooling schemes 

allowed turbines to operate at an inlet temperature of around 1700 °C, which is higher than 

the melting point of the turbine materials. Operating at temperatures that high requires 
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continued development of the cooling schemes to ensure that cooling is supplied in the 

most effective manner. Also developments in turbine aerodynamics, more so on the low 

pressure turbines, but also on the first stages of the high pressure turbines, through 

managing the secondary flows by endwall contouring, for instance, yielding lower total 

pressure loss.  

Flow over first stage’s hub endwalls, in particular, is very complex involving a 

system of secondary flows and vortices that effect passage aerodynamics and heat transfer. 

The complex system of secondary flows near the vicinity of the endwall surface disturbs 

film coolant coverage over it. This makes it difficult to use discrete hole film cooling 

techniques since, unlike film cooling on vanes and blades, at the endwall, vortices wash 

the coolant to the mainstream, destroying the cooling film. Also, the passage vortex and 

secondary flows lead to flow deviation and entropy generation in the form of total pressure 

loss. For endwall flow, heat transfer cannot be addressed separately from aerodynamics. In 

fact, endwall film cooling and secondary flows have close-coupled interactions. The 

injection of film coolant affects formation of secondary flows; which, in turn, affects film 

coolant coverage over the endwall. Therefore, studying the passage aerodynamics and the 

coolant migration and mixing in the vicinity of the endwall (and their potential for cooling 

the endwall surface) in the presence of endwall contouring will help understand the flow 

physics of the interaction of coolant flows with endwall flows and the effects of contouring. 

This will help gas turbine designers develop better cooling schemes and secondary flow 

management systems. 
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1.2 Objective 

The present study, which is mainly experimental but supplemented with 

computations, aims to provide gas turbine designers a better understanding of the flow 

physics in the vicinity of an axisymmetrically-contoured endwall through studying the 

effects of film coolant injection with various mass flow to mainstream flow rate ratios 

(MFR) on endwall aerodynamics and heat transfer. The study is performed on a first stage 

linear nozzle guide vane cascade with one of the endwalls contoured. The cooling flows 

are introduced on the contoured endwall side. The operating condition is chosen to match 

low-NOx combustor exit conditions, which include; high Reynolds number, high 

turbulence intensity with large eddy length scales. Also, an approach temperature profile 

is employed to simulate the effects of combustor liner coolant. Passage aerodynamics is 

analyzed using passage exit plane measurements and computations. Heat Transfer is 

analyzed through thermal fields and endwall adiabatic effectiveness values.  
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Chapter 2  

Background 

2.1 Endwall Aerodynamics 

Several early efforts between mid-1940s and 1950s such as those by Carter et al. 

[1] and Squire et al. [2] tried to validate theoretical models of losses induced by secondary 

flows in turbine cascades. While theoretical results did fairly agree with experiments, the 

detailed secondary flow mechanisms were not yet well understood. From extensive 

research work done since the 1950s, our understanding on secondary flows has evolved. 

The system of secondary flows in turbine passages is found to involve generally four main 

features; horseshoe vortex, passage vortex, corner vortex, and endwall cross flows. The 

formation and interaction of these flow features in the presence of cascade pressure 

gradients and flow turning make passage flow a very complex, yet interesting topic. 
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2.1.1 Formation of the Horseshoe Vortex 

To better understand passage flow physics, a review on the fundamentals of 

secondary flow formation is important. To simulate the endwall flow around the leading 

edge of an airfoil, many efforts have documented the flow behavior in close proximity to 

a cylinder-flat wall junction. Early efforts by Sedeny and Kitchens [3] lead to some good 

flow visualization and interpretation of the interaction boundary layer flow with an obstacle 

(see Figure 2.1). As flow over a surface approaches a cylindrical obstacle (or any obstacle 

with a rounded leading edge, i.e. can be airfoil), the mainstream flow stagnates over a 

“symmetry line” transferring all of its dynamic pressure into high stagnation static pressure. 

Since the boundary layer flow is at a lower speed (with a gradient) than the mainstream, 

the boundary layer dynamic pressure, and, hence, stagnation pressures are lower than the 

mainstream dynamic and static pressures. This creates a pressure gradient that drives the 

mainstream stagnant flow toward the boundary layer which then turns at the surface to flow 

opposite to the mainstream flow direction, creating a recirculation zone at the junction. The 

recirculation further induces other recirculation and stagnation zones (also called saddle 

points) upstream of the junction.  

Figure 2.1: (a) Top view of a flow visualization showing separation and attachment lines around a 
cylinder and (b) flow interpretation of the side view showing flow recirculation zones from Sedeny 
and Kitchens [3] 

(a) (b) 
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According to Goldstein and Karni [4], the number of recirculation zones between 

the first separation point and the last attachment point (labeled “S” and “A,” respectively, 

on Figures 2.1 and 2.2) are not fixed and can be between one to seven zones. The horseshoe 

vortex originates from these recirculation zones as the flow rolls and traverses around the 

obstacle. The intensity and size of the horseshoe vortices originating from this system vary, 

however. Usually a single dominant vortex having the same-order of magnitude in size as 

the boundary layer (shown as V1 in Figure 2.2) is easily identified, while others, such as 

V2 in Figure 2.2, are too small (in size, not necessarily in intensity) and are often neglected 

or overseen by researchers as explained by Goldstein and Karni [4].  

 

Other efforts on this flow, including those of Gaugler and Russell [5], Pierce and 

Shin [6], Eckerle and Langston [7], and Pierce and Harish [8], have documented similar 

flow patterns. All observed a single dominant vortex traversing around the obstacle, while 

other vortices are of much smaller sizes and seem to dissipate relatively quicker.  

Figure 2.2: (a) Plane symmetry and (b) three-dimensional representation of the horseshoe vortex 
system from Goldstein and Karni [4] 

(a) (b) 
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2.1.2 Turbine Passage Flows 

Many studies in the literature disscused the features of passage flow in turbine 

cascades. Early flow visualization efforts by Herzig and Hansen [9] presented a detailed 

physical description of the secondary flow pattern in a cascade. They observed that the 

upstream endwall boundary layer near the airfoil pressure side rolls up three-dimensionally 

and is swept across the pitch and towards the trailing edge of the suction side in the form 

of a passage vortex. Also, they noted that the passage vortex tends to resist the passage 

turning by separating from the endwall and the suction side of the airfoil as it approaches 

the trailing edge.  

Langston [10] and Langston et al. [11] presented the main features of passage flow 

(Figure 2.3). Since the passage vortex is an evolved horseshoe vortex, its main formation 

mechanism is similar to that explained in the previous section. As the upstream endwall 

boundary layer approaches the junction with the airfoil, a saddle point is created just ahead 

of the airfoil leading edge. Between the saddle point and the airfoil, the boundary layer 

rolls up creating two legs for the horseshoe vortex; each migrating on their respective side 

Figure 2.3: Secondary flow model by Langston [10] 
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of the airfoil. The pressure side leg evolves while moving downstream to become the 

passage vortex as it convects towards the suction side, meeting with the suction side leg of 

the horseshoe vortex, being strengthened by endwall crossflow. 

The Langston model for turbine passage flow has been confirmed by many studies 

done later. Over the years, many efforts elucidated details of the system of secondary flows 

(see Figure 2.4). Sharma and Butler [12] proposed that not only a suction side leg of the 

horseshoe vortex originates from the inlet boundary layer to migrate around the airfoil 

suction side, but a second vortex induced by a second recirculation zone nearer to leading 

edge of the airfoil also sweeps around the suction side wall, residing on top of the passage 

vortex (see Figure 2.4 (a)). The existence of this vortex agrees with fundamental work on 

boundary layer-cylinder interaction and is probably the same vortex as that labeled V2 on 

Figure 2.2. The vortex V2 was described by Goldstein and Karni [4] as a small, yet a very 

intense, vortex, which could be the reason why Sharma and Butler managed to observe it 

in their model. Also, in their model, the suction side leg of the horseshoe vortex, which 

itself is counter rotating, wraps around the passage vortex, rotating as a whole in the same 

direction as the passage vortex. 

Goldstein and Spores [13] revealed a more complex model which now includes 

leading edge and in-passage corner vortices labeled “4”, “5”, “6”, and “7” on Figure 2.4 

(b). The suction side leading edge vortex is the same vortex as that identified by Sharma 

and Butler [12] as “flow from inner region of inlet boundary layer”. Further flow 

visualization efforts by Wang et al. [14] lead to the development of the famous, and widely 

accepted secondary flow interpretation figure shown in Figure 2.4 (c). They proposed in 

their model that the pressure side leg of the horseshoe vortex – or vortices – periodically 



9 
 

vary between one and two vortices. Their model, unlike Goldstein and Spores’ [13] model, 

confirmed the wrapping of the suction side leg of the horseshoe vortex around the passage 

Sharma and Butler (1987) [12] 

Goldstein and Spores (1988) [13] 

Wang et al. (1997) [14] 

(a) (b) 

(c) 

Figure 2.4: Secondary flow model progression 
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vortex. 

Turbine passage flows, being very complex with a rich system of secondary flows, 

are subjected to many losses. With the two main loss mechanisms categorized as “profile” 

and “endwall” losses, it is not surprising that secondary flows are suspects for major 

contributions to endwall irreversibilities in turbines. Endwall losses are significant and can 

contribute from one-third to up to nearly two-thirds of the total loss according to Burd [16]. 

A comprehensive review on loss mechanisms in turbomachinery was given in 1993 by 

Denton [15]. He summarized the components for turbine endwall losses as: 

 Entropy generation in the turbine annulus wall boundary layer 

 Mixing of endwall inlet boundary layer at the airfoil leading edge 

 Losses induced by increases in secondary flow kinetic energy (s.k.e.) 

 Local flow separations 

 Blade surface boundary layer losses induced by secondary flows. 

Overall, the endwall loss mechanisms in turbines are very complex and highly dependent 

on flow and geometry characteristics. For instances, the inclusion of leakage flows changes 

the factors leading to endwall losses. In the present study, s system of coolant flows is 

injected near the endwall, and their effects on aerodynamics losses are documented, which 

will aid in further understanding of endwall loss mechanisms.   

2.1.3 Endwall Contouring for Secondary Flow Manipulation 

In the literature, different flow manipulation techniques were introduced to either 

redirect the secondary flow (mainly for heat transfer enhancement purposes), or to lower 

its strength in an effort to achieve better aerodynamics and heat transfer performances. 
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Boundary layer fences for example were employed in experiments to obstruct the 

secondary flows from migration towards the suction side (Chung et al. [17], Chung and 

Simon [18], kawai et al. [19-20]). One of the methods that showed great potential is endwall 

contouring. The main concept behind endwall contouring is basically modifying the 

endwall’s surface pressure gradient by altering its shape. The contouring can either be 

axisymmetric (similar to the one employed in the present study) or non-axisymmetric. 

Theoretically, axisymmetric contours manipulate the secondary flows by mainly 

accelerating and thinning the boundary layer, and hence, decreasing the endwall cross 

flows and reducing secondary flows. Also, acceleration leads to the stretching of secondary 

flow vortices. Non-axisymmetric contouring aims on manipulating the pitchwise pressure 

gradient to lower endwall crossflows and weaken passage vortex. In addition to lowering 

the strength of passage vortex, non-axisymmetric contouring is used to redirect the vortices 

by generating localized pressure gradients through surface crests and troughs. 

The literature is filled with studies on the effects of axisymmetric and more 

recently, non-axisymmetric contoured endwalls on aerodynamics and heat transfer 

performances in turbines. However, as explained before, the dependence of each study on 

specific cascade geometry and flow conditions makes it complicated to reach general 

conclusions from study results. A summary of some of the contoured endwall designs 

found in the literature are shown in Figure 2.5.  
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Early efforts including, those of Deich et al. [22] and Ewen et al. [23], investigated 

cascades with varying spanes between leading and trailing edges. Both studies reported an 

increased turbine efficiency of about 3.5%. Morris and Hoare [24] employed different 

endwall contours for low aspect ratios, one of which was a flat endwall. They found that 

Figure 2.5: Some of the contoured endwall designs employed in cascade studies. Studies listed on 
the right. Taken from Burd [54] 
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in cascades with a contoured endwall installed on one side, the loss reduction is greatest on 

the flat endwall side. They reported an overall loss reduction of 25% for the axisymmetric 

contoured endwall. While loss reductions were still reported on the flat endwall side of the 

non-axisymmetric contoured endwall cases, the extra losses generated on the contoured 

endwall side surpassed the reduction. A detailed study by Kopper et al. [25] found similar 

conclusions with a reported loss reduction of 17%, most of which is on the flat endwall 

side of a contoured-flat endwall setting.  

Dossena et al. [26] reported similar results. The cascade with one of the endwalls 

contoured performed better aerodynamically compared with an all-flat-endwall cascade. In 

the contoured endwall case, they reported a higher loss reduction near the flat endwall side 

compared with the contoured side. Burd and Simon [27] presented detailed exit plane 

velocity, pressure, flow angles, and turbulence measurements of a nozzle guide vane 

cascade with a contoured endwall. The endwall design (see Figure 2.6 (c)) is similar to the 

design incorporated in the Kopper et al. [25] and Dossena et al. [26] studies. Their results 

revealed a smaller passage vortex near the contoured endwall side, compared with that on 

the flat endwall side as shown in Figure 2.6 (a). The velocity vectors shown in Figure 2.6 

(b) reveal that the pitch-wise flow near the contoured endwall side are less intense, 

compared with that on the flat endwall side. This is consistent with a smaller passage 

vortex. Piggush and Simon [28] employed smoother endwall contouring in a nozzle guide 

vane cascade. The passage exit plane total pressure loss plots suggest a smaller passage 

vortex on the contoured endwall side, which is consistent with other studies. 
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2.1.4 Effects of Blowing on Endwall Aerodynamics 

Film cooling holes/slots and leakage slots exist in high pressure turbines. These 

holes and slots act as sources for endwall blowing (or suction). While their main purpose 

is to provide film cooling to protect the endwall from the combustor exit hot gases, blowing 

(c) 

(a) (b) 

U/Umid-span 

Figure 2.6: (a) Streamwise velocity ratio and (b) secondary flow vectors measured at x/Cax=0.9 
in a linear cascade with a (c) contoured endwall used by Burd and Simon [27] 
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also affects endwall flow. As will be discussed here and in the next section, blowing effects 

the formation and strength of secondary flows, which, in turn, affects the film cooling 

coverage and aerodynamic performance. This section will focus on aerodynamic effects, 

section 2.2 will talk more about heat transfer. 

In the literature, there are many studies on cascades with endwall blowing, mainly 

for film cooling measurements; some of which also documented aerodynamic effects. Blair 

[29] documented the effects of film cooling with coolant injected from a slot just upstream 

of the inlet passage of a nozzle guide vane. The endwall is flat and the coolant is injected 

at a 30° angle with surface. Blair also added a bleed slot upstream of the film coolant 

injection slot to remove any approach boundary layer, and, hence, generated a new laminar 

boundary layer at the entrance of the passage. This allowed him to artificially trip the 

boundary layer at any desired location to trigger transition. He found that film coolant 

injection and the transition location had limited effects on the “influence” of a passage 

vortex on his results. While his measurements were merely for heat transfer, they gave 

some insight on aerodynamic effects. Goldman and McLallin [30], Seiverding and 

Wilputte [31], and Bario et al. [32], on the contrary, with aid of exit plane pressure loss 

contours and velocity vectors, found that injected film coolant flows could have more 

pronounced effects on secondary flows, actually decreasing their effects.  

A remarkably detailed study by Biesinger and Gregory-Smith [33] revealed that 

upstream flow injection at various angles relative to the surface and various blowing ratio 

affect passage secondary flows. In their study, they plotted pressure loss coefficients and 

velocity vectors at different axial planes within the passage. At low blowing ratios and high 

injection angles, the injected flow thickens the boundary layer, which, in turn, enhance the 
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formation of horseshoe vortices, and, hence, enhances passage secondary flows. As the 

blowing ratio increases and the injection angle decreases, the high momentum injected 

flow energizes the near endwall flow resulting in a thinner approach flow boundary layer. 

The thinner boundary layer results in a smaller region over which the pressure gradient at 

the airfoil leading edge acts, and hence a less prevailing horseshoe vortex is formed, 

leading to a weaker passage vortex. They argue however, that when considering the energy 

required in injecting the flow at high blowing ratios into the cascade, the losses surpass the 

aerodynamic gains, and hence using upstream blowing solely for enhancing the 

aerodynamic performance is impractical. However, optimizing film cooling slots and holes 

to lower secondary flows while still maintaining cooling capability, can lead to an overall 

favorable outcome. Friedrichs, et al. [34] confirmed findings of the Biesinger and Gregory-

Smith study, where increasing the injection rates from film cooling holes upstream of the 

cascade helped weakening the secondary flows. They noted that the optimum injection rate 

is when the streamwise velocity component matches the free stream.  

In a computational study, Knost and Thole [35] investigated the combined effects 

of upstream slot and in-passage film cooling holes on secondary flows in a nozzle guide 

vane. They examined cases where they injected through the upstream slot and the in-

passage film cooling holes, both separately and combined. They found that the secondary 

flow field for each case is different, suggesting that different blowing types affect the 

secondary flows differently. This is significant, mainly for heat transfer, because different 

flow fields mean superposition of the cooling performance from various endwall cooling 

sources will not predict the actual performance. 
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Most of the studies presented above employed a flat endwall. However, some 

studies in the literature analyzed the effects of blowing in conjunction with a contoured 

endwall. Burd and Simon [37] were among the first to study the effects of upstream 

blowing over a contoured endwall. They noted that the injected film coolant resulted in a 

slight localized improvement over the contoured endwall, but overall, it had limited effects 

on the passage total pressure loss. Later, Piggush and Simon [28] employed both upstream 

and slash-face blowing (between airfoils on the endwall) over a contoured endwall. Among 

many of their studies which involved miss-alignment steps and blowing, a study with no 

steps, with and without nominal blowing (0.5% MFR from both upstream and slashface 

slots) reveals an increase in the overall total pressure loss. The increase in losses is on the 

contoured endwall side, which is also the side where the slots are installed. While a study 

with no steps while each slot blows separately was not conducted, conclusions from cases 

with steps suggest that the increase in losses is mainly due to slashface blowing. 

Erickson and Simon [39] examined the effects of increasing upstream blowing over 

two different contoured endwalls for a rotor cascade. The upstream slot they used is in fact 

a disc cavity, which is large compared to the slots used for nozzle guide vane studies. The 

contouring is mainly upstream, extending into the cavity, and, hence, essentially changing 

the slot/cavity shape. Their results show that the effects of increased blowing on passage 

total pressure loss is minimal. The slight changes in the total pressure loss for each case 

reveal that blowing affects the pressure losses differently with different endwall contours. 

El Gabry et al. [40], using a five-hole probe, studied aerodynamic effects of 

blowing from some and all film cooling holes and slots present in a nozzle guide vane. The 

blowing sources include: upstream slot, slashface slot, in-passage holes, and a series of 
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discreet holes on the vane itself. Unlike many other studies, both of the endwalls of their 

cascade are contoured. They found that the endwall cooling flows dominate the flow field. 

by which there were no effects on the flow field when other cooling sources were operating 

in conjunction with endwall cooling. 

As described above, manipulating turbine passage flows is very complicated. Many 

parameters change how the secondary flow form, migrate, and interact. The specificness 

of the geometries and the flow conditions of different cascades makes it hard to reach to a 

universal secondary flow manipulating technique. However, it is generally agreed that by 

appropriate endwall contouring and blowing, favorable aerodynamic results may be 

achieved. 

2.2 Endwall Heat Transfer 

Heat transfer is a very important topic in high pressure turbines. There is always 

need for enhancing heat transfer performance to protect the high pressure turbine 

components and to allow operation at higher combustor exit temperatures, which lead to 

higher thermodynamic efficiency of the gas turbine engine. Over the years, many cooling 

schemes have been employed to cool different components in the engine. Endwalls, 

however, are one of the most challenging components to cool. The system of secondary 

flows and separation lines inhibits good coverage of the film cooling flows.  

Given the importance of the topic, there are many studies in the literature that focus 

on endwall heat transfer. Early efforts by Blair [29] revealed with low resolution 

measurements and a laminar approach boundary layer, high heat transfer near the airfoil 

leading edges. This is mainly due to the high mixing of the recirculating flows ahead of the 
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leading edge junction, and the subsequent horseshoe vortices that roll up from these zones. 

Graziani et al. [41] supported Blair’s findings by generating a more detailed plot for 

Stanton numbers in a turbine passage, shown in Figure 2.7. Ahead of the passage inlet, 

uniform Stanton numbers can be observed. Approaching the passage, a wedge shaped 

region of uniform heat transfer is clearly observed in Figure 2.7 (a) bounded with higher 

Stanton numbers near the leading edges of the airfoils and a thin region extending from the 

pressure side leading edge to suction side mid-passage. This thin region of high Stanton 

numbers is coincident with the passage vortex migration trail (refer Figure 2.4), hence 

indicating that heat transfer is locally enhanced by mixing of the passage vortex. This 

agrees with convective heat transfer theory. Beyond this region, Stanton numbers drop 

drastically, mainly near the pressure side, with nominal heat transfer still present near the 

suction side and increasing toward the trailing edge. It can be also concluded by comparing 

Figures 2.7 (a) and (b), that the Stanton number distribution over the endwall is dependent 

on the approach flow boundary layer thickness. Goldstein and Spores [13] supplemented 

Graziani et al.’s work with a mass transfer study. Their findings confirmed the Blair and 

Graziani et al. results and identified more details such as corner vortices and airfoil wakes.  

 Figure 2.7: Stanton number distribution by Graziani et al. [41] 

(a) (b) 
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2.2.1 Film Cooling: Flat Endwall 

Being one of the most effective way for turbine component cooling, film cooling 

has been investigated widely for endwall protection. The early comprehensive study by 

Blair [29], already referenced in a couple previous sections, utilized a film cooling slot 

upstream of the passage. The coolant was injected into a newly-formed laminar boundary 

layer as explained in the second paragraph of section 2.1.4. The film cooling effectiveness 

plot showed non-uniform pitchwise coolant coverage with more concentration near the 

suction side, as shown in Figure 2.8. Blair attributes the non-uniform coolant distribution 

to endwall secondary flows.  

 

Similar studies conducted later, including those of Takeishi et al. [42], Granser and 

Schulenberg [43], and Jabbari et al. [44] confirm Blair’s findings. Takeishi et. al placed a 

series of film cooling holes aligned perpendicular to the flow at three locations in and near 

Figure 2.8: Effectiveness distribution taken 
from Blair [29] 
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the passage, one of which was upstream of the passage. They presented the film coolant 

coverage when only the upstream row of holes operated (Figure 2.9). Less coolant coverage 

over the pressure side is evident as we progress downstream into the passage. The low 

effectiveness values near the suction side leading edge are due to the high mixing of the 

developing horseshoe vortex.  

 

Granser and Schulenberg [43] examined the effects of Blowing and momentum 

flux ratio between the injected coolant and the mainstream. Plots presented in Figure 2.10 

(b) are for film cooling effectiveness measurements taken at locations over the length of 

the passage at mid-pitch as shown in Figure 2.10 (a). From the plots they conclude that at 

all streamwise locations, increasing the momentum flux ratio enhances the film cooling 

effectiveness until a ratio of 2.5 where further increase has no effect. However, it is 

important to note that due to the non-uniform nature of the film cooling coverage, their 

discreetly taken measurements at mid-pitch locations only, are not a complete 

representative of the actual performance. 

Figure 2.9: Film cooling effectiveness distribution (blowing 
ratio=1.95) taken from Takeishi et al. [42] 
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Thrift et al. [45] studied the effects of upstream slot blowing angle and position 

with varying mass flow rate ratios on film cooling effectiveness. They examined 45° and 

90° slot injection at a fixed location (x/Cax=-0.17) and varied the location of the 90° slot. 

Figure 2.11 shows a summary of their results. As expected, the 45° injection angle 

outperforms the 90° slot for all MFR cases. Also, the closer the slot is to the passage, the 

higher the effectiveness values. Particle image velocimetry measurements near the leading 

edge of the airfoils reveal different vortex structures for the 45° and the 90° slots. The 90° 

injection induced approach boundary layer stagnation and recirculation which resulted in 

larger leading edge horseshoe vortex strength. 

(a) 

(b) 

 

Figure 2.10: (a) Experimental results for film cooling effectiveness with varying momentum flux 
ratio taken at locations shown in (b); taken from Granser and Schulenberg [43] 
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The combined effects of slots and film cooling holes on film cooling coverage were 

also investigated in the literature. Knost and Thole [46] are among the first to conduct this 

investigation. They used an upstream slot and two patterns of in passage discrete film 

cooling holes. Different cases were investigated, including cases with various MFRs and 

no slot blowing. The cooling from slot covers a considerable region near the suction side 

of the passage (the wedge region previously described), and, hence, film cooling holes are 

not useful in that region. They suggested that the pressure side and the leading edges are 

difficult to cool. A representative set of their results is shown in Figure 2.12. A study by 

Chen et al. [47] included a slashface slot.  They ran cases with combined operation of 

upstream a film cooling slot, passage discrete film cooling holes, and coolant blown 

Figure 2.11: Effects of varying MFR on Film cooling 
effectiveness at (a) 90° injection angle and (b) 45° injection 
angle; taken from Thrift et al. [45] 
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through the slashface slot. The effects of varying mass flow ratio and density ratio from 

the different sources were documented. 

 

2.2.2 Film Cooling: Contoured Endwall 

The results discussed above are for a flat endwall. The noticeable effects of endwall 

contouring on the flow field has made film cooling effectiveness over contoured endwalls 

a topic of interest. Burd and Simon [37, 38] studied film cooling through a slot ahead of a 

nozzle guide vane passage with a contoured endwall. They generated 2D thermal plots at 

three axial locations within the passage to examine the effects of varying film cooling mass 

flow to mainstream mass flow ratios (MFR) on film coolant migration. The significant 

finding is; at low MFR values, film coolant concentrates more near the suction side, slightly 

spreading over the suction side airfoil surface. As MFR increases, the coolant gains more 

momentum and is able to partially overcome the endwall crossflow and passage vortex 

mixing by spreading over a larger surface over the endwall. With a further increase in MFR, 

Figure 2.12: Cooling from combined slot flow (0.5% MFR) 
and film cooling holes (0.5% MFR) for two different hole 
patterns (a) and (b); taken from Knost and Thole [46] 
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the coolant fully overcomes endwall crossflows and even passage turning by remaining 

near the pressure side endwall and spreading over the pressure side airfoil surface.  

Piggush and Simon [48] studied the combined effects of misalignments, upstream 

slot film cooling, and slashface film cooling on adiabatic film cooling coverage over a 

contoured endwall of a nozzle guide vane cascade. They found that having forward or 

backward steps created by the upstream or slashface slots had minimal effects on coolant 

coverage compared with increasing the upstream slot MFR. Erickson and Simon [39] 

examined the effects of varying leakage MFR from an upstream disc cavity on the film 

cooling effectiveness over two different contoured endwalls (dolphin nose and shark nose 

shapes) in a rotor cascade. They documented endwall adiabatic effectiveness and generated 

thermal fields at different axial locations within the passage. They found that, along all 

MFR cases, the coolant coverage over the dolphin nose contoured endwall is slightly better 

than with shark nose contouring. 

2.3 Computational Efforts 

As computational resources improve, utilization of computational methods for 

turbomachinery design becomes more attractive. Turbomachinery experiments are often 

not easy and are time consuming to set up and conduct. This is true because of the many 

details that are required to accommodate a turbomachinery experimental set up such as, 

accurate and consistent approach flow properties, periodicity, rotation effects, etc. The time 

required for manufacturing and setting up a design (a non-axisymmetric contoured endwall 

for instance), makes it almost impossible to optimize through experiments. Therefore, 

researchers have no choice but to utilize CFD codes for optimization studies, for instance. 

On the other hand, turbomachinery simulations are not very easy or accurate either. The 
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most common equations used by industry, Reynolds Averaged Naiver Stokes (RANS), 

cannot always capture the vital flow details, especially in the first stage high pressure 

turbine. Here, correct turbulence simulation is vital for accurate flow and heat transfer 

predictions, and RANS turbulence models don’t always perform favorably. Some of the 

results presented in the previous sections are computational. This section will briefly focus 

on efforts that compared endwall flow experimental data with predicted results. 

The study by Kalitzin and Iaccarino [49] was among early efforts for simulating 

flow and heat transfer in a high pressure turbine cascade. They employed two RANS 

turbulence models; the Spalart-Allmaras one-equation model and Durbin’s four-equation 

v2-f model. Endwall Stanton numbers, shown in Figure 2.13, reveal that both turbulence 

models qualitatively predict heat transfer features, such as; high Stanton number near the 

leading edge, uniform heat transfer in the wedge-shaped region, increased heat transfer at 

Figure 2.13: A comparison of RANS computational results for two different turbulence 
models with experimental measurements for Stanton number distribution by Kalitzin and 
Iaccarino [49] 
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the airfoil wake and the effects of corner vortices. While performing fairly well on features, 

both models fail to capture the quantitative values. 

Knost and Thole [35] computed flow and heat transfer in a first stage nozzle guide 

vane. The computational model included film cooling from an upstream slot and discrete 

film cooling holes within the passage. They solved using RANS while employing RNG k-

ε turbulence model with non-equilibrium wall-functions. Among other results presented, a 

comparison between experimental and computational data for adiabatic endwall 

effectiveness with only the upstream slot operating was made. As shown in Figure 2.14, a 

slight under-prediction of coolant coverage can be observed, nevertheless, the 

computations did a very good job both qualitatively and quantitatively. It is very important 

however to note that they used a low freestream approach turbulence (1% turbulence 

intensity at the computational domain inlet in both the computation and experiment). With 

Computatio Experiment 

Figure 2.14: A comparison for predicted and measured 
adiabatic effectiveness contours for a cascade with 1.0% 
MFR slot flow by Knost and Thole [35]  
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a low freestream turbulence, it is expected that RANS, employed with the appropriate 

turbulence model, will perform favorably. However, in today’s gas turbines, low 

freestream turbulence in first stage turbine vane is hardly a reality. 

Among other efforts, measurements and simulations by Roy et al. [50] showed that 

upstream coolant migrated more towards the pressure side. El-Batsh et al. [51] were able 

to accurately predict the location of the passage vortex at the exit of the passage through 

static pressure coefficient plots. El-Gabry and Ameri [52], using a k-ω turbulence model, 

found that time-averaged, unsteady RANS calculations of endwall flow with passing wakes 

had negligible effects on endwall pressure and recovery temperature distributions when 

compared with steady RANS calculations of the same case without wakes. 

To summarize, the literature is packed with studies that enhanced our understanding 

of cascade secondary flows. The present study includes cooling of a nozzle guide vane 

axisymmetric contoured endwall by an upstream film cooling slot in the presence of a thick 

combustor exit temperature profile. It can be concluded from the literature review that 

endwall contouring and upstream slot blowing have potential in enhancing the 

aerodynamics and cooling performances in turbine cascades if appropriately employed. 

Numerically, no RANS calculations for endwall flow with high freestream turbulence were 

found in the literature. This adds to the significance of the present study, which evaluates 

the performance of RANS numerical modeling in predicting flow and heat transfer in a 

nozzle guide vane with an engine representative approach flow, which includes high 

freestream turbulence with large eddy scales. This is done by generating detailed 

experimental data and RANS numerical results for comparison.  
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Chapter 3  

Experimental Test Facility 

The experiment was conducted at the University of Minnesota well-equipped Fluid 

and Heat Transfer Laboratory. A wind tunnel in the laboratory, shown in Figure 3.1, is 

employed for this test. It is a subsonic, open return type wind tunnel that includes a flow 

supply segment, a turbulence generator, a nozzle, a test section, and a diffuser. The wind 

tunnel in its current state has a prominent history in gas turbine flow research where it has 

been extensively employed by Burd [54], Oke [55], Piggush [56], Erickson [57], Ayaskanta 

[58], and Saxena [59] for endwall flow related studies, each installing a different test 

section with slight modifications to the turbulence generator, the nozzle, and the diffuser 

segments to fit the respective studies’ flow requirements. The following sections of this 

chapter will describe in detail the design of the wind tunnel segments used in this study in 

streamwise order, starting upstream with the main flow supply, the test section, and 

reaching the diffuser. 
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3.1  Test Section Main Flow 

To deliver flow to the test section with characteristics matching flow in a typical 

high pressure gas turbine, careful wind tunnel setup is required. High Reynolds number, 

high turbulence intensity, and large turbulence eddy scale are all key flow characteristics 

in a real high-pressure nozzle guide vane. Therefore, to simulate these flows in the 

experiment a series of powerful fans and a turbulence generator followed by a nozzle are 

employed upstream of the test section. 

3.1.1 Main Flow Supply 

High pressure nozzle guide vanes operate at high Reynolds number, typically 

380,000 to 450,000. Supplying flow with high Reynolds number requires a powerful series 

of fans. The main flow is supplied by four fans in total; two main and two auxiliaries. At 

the wind tunnel entrance, a general purpose centrifugal fan type 183 ACF rated at 5 hp (3.7 

kW) manufactured by New York Blower supplies the intake flow from the room. The flow 

is then directed through a 90° rectangular duct to an axial fan, type 29-17-1770AP rated at 

Figure 3.1: Test facility overview 
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7.5 hp (5.6 kW). The axial fan, which is manufactured by Joy Manufacturing Company, is 

controlled by a motor speed controller that controls the rotational speed of the fan with 0.1 

Hz increments between 0-70 Hz.  

The flow, which is now aligned with the axis of the body of the wind tunnel, is 

delivered through a long, round-to-square transition duct. Ahead of the transition duct is a 

heat exchanger followed by a series of screens to break down the flow turbulence and swirl. 

The heat exchanger, which is built into the wind tunnel, is not being used in this study, and 

while it provides unwanted flow blockage, removing it is a major modification to the wind 

tunnel. Ahead of the screens is the turbulence generator, which is discussed in the next 

section. In the turbulence generator, flows from two auxiliary centrifugal fans are mixed 

with the flow coming from the upstream fans creating the main approach flow supplied to 

the nozzle ahead of the test section. The two auxiliary centrifugal fans, which are 

manufactured by Dayton Electric Manufacturing Company (model no. 4c330) are rather 

powerful, each rated at 5 hp (3.7 kW), both drawing air from the room and together 

delivering roughly 60% of the main flow into the wind tunnel.  

All flows drawn from the room pass through air filters before entering the fans’ 

intake. This is to ensure a flow free from dust and debris inside the wind tunnel ,which can 

destroy the very delicate hot wires that are used for velocity measurements or clog pressure 

measuring tubes. 

3.1.2 Turbulence Generator (low NOx combustor simulator) 

To accurately simulate conditions in a nozzle guide vane cascade, accurate 

approach flow features must be simulated. In particular, simulating accurate approach 

turbulence is vital, for it has been found that endwall flow and heat transfer is highly 
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dependent on freestream turbulence [60, 61, 62]. For this study, a dry low-NOx type 

combustor is assumed to be upstream of the real nozzle guide vanes. Dry low-NOx 

combustors (Figure 3.2) are being employed by gas turbine operators more frequently 

presently to satisfy the low emission requirements set by environmental agencies. They are 

characterized by having primary and secondary fuel injection stages. The main purpose of 

the primary stage is to deliver a well-mixed, lean, un-burned air-fuel mixture to the 

secondary stage. Doing so lowers the amount of NOx produced. In the secondary stage 

more fuel is added to the mixture and burned. Downstream of the second stage is a large 

recirculation and dilution air zone which aids to stabilize the flame. The large recirculation 

and dilution zones are the sources of turbulence in the combustor, which is characterized 

by large eddies formed by the venture’s downstream wake and the injected dilution air.  

 

In the current test facility, the aim of the turbulence generator is to generate similar 

turbulence features found at the entrance of a real nozzle guide vane, which are essentially 

the turbulence at the exit of a dry low NOx combustor. Thus, the turbulence generator may 

Figure 3.2: A Dry Low NOx Combustor [72] 
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be loosely identified as a combustor simulator. The two key turbulence characteristics that 

are to be simulated are the high turbulence intensity (i.e. Tu>10%) and the large eddy 

length scales. 

Based on the recommendation of Ames [63], Chung [64], and Wang [65], the 

turbulence generator (shown in Figure 3.3) is manufactured as a large mixing volume or 

chamber where flows from discrete holes and relatively larger rectangular orifices (can also 

be identified as discrete slots) mix together to generate one large bulk flow entering the 

contraction nozzle downstream. The turbulence generator is a slightly modified version of 

the one employed by Erickson [57] in the same wind tunnel. The modifications were made 

by Saxena [59] and are mainly to accommodate the smaller airfoil span used for this study. 

The dimensions of the current mixing chamber are 64.5 cm × 91.4 cm × 53.3 cm (25 in × 

36 in × 21 in), which is 11.7 cm (5 in) smaller in width than Erikson’s chamber. 

 
Figure 3.3: Turbulence generator 
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To describe the operation and set up of the turbulence generator, let’s break down 

the flows into core and cross flow jets. The core flow jets’ source is the flow downstream 

of the screens generated by the main upstream centrifugal and axial fans described in 

section 1.1.1. These powerful streamwise jets are created by passing all of the highly 

pressurized main flow through twelve rectangular slots with openings normal to the flow. 

The slots are distributed around the edges of the chamber front face (also called “cap”). 

The rectangular slots dimensions are shown in the front view (c) of Figure 3.4. Generally, 

the slots’ sizes are 17.2 cm × 8.9 cm (6.75 in × 3.5 in), which corresponds to roughly 

0.47C×0.24C (“C” is the nozzle guide vane chord length, it is expected that the turbulence 

length scale will be of that order, which is sufficiently large). The slots are oriented so that 

the longer edge is always aligned with the chamber perimeter. The spacing between the 

slots are typically 2.5 cm (1 in). There are two slots that are noticeably smaller than the 

others. These slots are small because of the modification made to the original turbulence 

generator manufactured for Erickson [57]. As explained earlier, the modification was made 

by Saxena [59] to accommodate the smaller airfoil span. This is done by merely sliding 

one of the side walls (which is the wall aligned with the contoured endwall side of the 

cascade) into the chamber. Doing so, affected the four slots adjacent to that wall. The two 

center slots of the four slots affected were re-machined to return their opening dimensions 

to the original design, while the other two remained as they were (not much could be done 

here, due to space limitations). 
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As it can be already deduced, the introduction of the core flow jets through discrete 

slots near the edges of the chamber cap not only allow turbulence generation through the 

shear layer mixing of the jets with adjacent wakes created by the spacing between the slots, 

but also through the creation of a large recirculation zone along the axis of the wind tunnel 

(a) Top view 

(c) Front view 

(d) Side view 

Figure 3.4: Turbulence generator dimensions; mainstream flow direction is shown in (b) 

(b) Isometric view 
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flow in the vicinity of the chamber, as shown in Figure 3.5. This, in principle, is similar to 

the type of flow found in gas turbine combustors, where swirlers (or bluff bodies are used, 

as in the past) generate a turbulent recirculation zone to effectively mix the fuel with air 

and to stabilize the flame. 

 

To add more unsteadiness to the already-turbulent core flow jets, high momentum 

jets from two rows of discrete holes located around perimeter surfaces of the chamber are 

blown normal to the flow into the mixing volume, as shown. These cross flow jets simulate 

the dilution process in a gas turbine combustor and generate the associated small-scale and 

large-scale turbulence features, such as counter-rotating vortex pairs and horseshoe 

vortices. They greatly enhance mixing in the chamber (which is desired in a real combustor 

to serve the purpose of changing the air-fuel ratio). The top (a) and side (b) views of Figure 

3.4 show the dimensions of the perimeter surfaces with the cross flow holes. All holes are 

similar in sizes with diameter of 3.81 cm (1.5 in), this corresponds to approximately 0.104C 

(again, “C” is the nozzle guide vane true chord length). 

Figure 3.5: CFD generated (a) velocity contours and (b) recirculating flows’ 3D stream bands in 
the turbulence generator 

(a) (b) 
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The uniqueness of the current turbulence generator design is the use of streamwise 

discrete slot jets and cross flow jets to not only induce unsteadiness, but essentially both 

form the main flow bulk advecting downstream. The fact that the flow is made up of jets 

is important because these jets maintain turbulent shear layers which preserve the 

turbulence in the flow, a feature that could not be simulated with stationary turbulence 

grids. 

3.1.3 Nozzle 

Downstream of the turbulence generator, a nozzle (Figure 3.6) adapting the 

turbulence generator exit area to the test section entrance area is installed. While the main 

purpose of the nozzle here is the adaptation of the change in areas in the wind tunnel, it 

also serves to flatten the velocity profile at the entrance of the test section. In real gas 

turbines, usually the area contracts at the exit of the combustor (see Figure 3.2), so, while 

it was not intentional, the nozzle does complete the last stage of the loosely-defined 

“combustor simulator.”  

 
Figure 3.6: Wind tunnel nozzle 
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This 2D rectangular nozzle, which is originally developed by Erikson [57], is made 

of 13 gage (2.3 mm/0.09 in. thickness) 304 stainless steel. The contours are designed such 

that the first and second derivatives of the contour curves are zero at the end points. This 

resulted in third order polynomials shown in Figure 3.7. To accommodate the smaller test 

section width (compared to Erikson’s test section), as with the turbulence generator, the 

present nozzle was modified by Saxena [59]. The modification is by, principally, moving 

one of the walls (the wall adjacent to the modified turbulence generator wall) into the 

mainstream to match the edge of the turbulence generator wall. This is done by adding 

laser cut ribs and layering it with flexible clear acrylic sheet, as shown in Figure 3.6. The 

final contour of the modified nozzle matches the contour of the original nozzle (Figure 

3.7). The area ratio of the final nozzle is 2.1:1. 

 
Figure 3.7: Nozzle wall contours from [57] 
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3.2 Test Section 

The approach flow is properly established at the exit of the nozzle. The test section 

is next in line. The test section can be thought of mainly as a nozzle guide vane simulator, 

scaled up from a mid-sized gas turbine. The goal of the test section is to mimic the volume 

between the last flat edge of the combustor liner and the trailing edge of the first stage 

nozzle guide vane hub endwall. It includes important design features that are at the hub 

endwall side, such as a combustor-vane interface gap with endwall contouring, experiment-

specific features which include the endwall cooling slot, and supplementary features, such 

as the approach flow temperature control slot and vertical resistance heaters. Figures 3.8 

and 3.9 show the test section and a schematic of it, respectively. The following subsections 

will discuss in details the test section features in streamwise order, starting upstream with 

the combustor exit temperature profile simulator.  

To maintain an adiabatic condition, all walls adjacent to the flows in the test section 

are made up of either from clear acrylic plastic (to allow visual access) or wood. One 

exception is the use of aluminum rings around the rotating acrylic discs to support their 

integrity and structure (explained later: theses rotating discs allow access into to the wind 

tunnel). While aluminum is a good conductor of heat, it is on the opposite side of the wall 

of interest, and so the effects of heat transfer for that matter is negligible. Also the ring area 

is small. 
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Figure 3.8: Test section overview 

Figure 3.9: Test section schematic 
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3.2.1 Combustor Exit Temperature Profile Simulator 

As has been explained in the previous sections, the nozzle guide vane approach 

flow characteristics are very important toward proper simulation of this experiment. In 

sections 3.1.2 and 3.1.3, the careful generation of combustor exit turbulence features has 

been emphasized. For the thermal measurements part of this study, simulating combustor 

exit thermal features are equally important [66].  

As the hot gases exit the combustor of an actual engine, they carry large packets of 

combustor liner coolant that has been feed into the combustor to protect its walls. The 

mixing of the hot gases with the combustor coolant creates a temperature profile between 

the hot core and the relatively colder near wall flow (see Figure 3.10). In this study, we are 

interested in the mixing and migration of the coolant flows, no actual heat transfer 

measurements are attempted. Hence, to mark the coolant flows in the test section, they are 

heated 7~9 °C above the mainstream, which is kept close to room temperature. More details 

on this procedure will be discussed in Chapter 4. As it can be seen in Figure 3.10, the 

typical engine temperature profile is thick, extending to the midspan. To generate a similar 

temperature profile, the approach flow temperature must be elevated in a manner that will 

allow high temperatures not only near the wall, but also into the mainstream. To do so, two 

heating mechanisms are employed; introduction of near-wall heated slot flow and 

installation of resistance heaters in the mainstream. 
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Approach Heated Slot Flow 

The near-wall fluid is heated by delivering a flow at a higher temperature than the 

mainstream through an upstream slot located axially at x/Cax = -1.72, as shown in Figure 

3.11. The plenum labeled “thermal profile plenum” in Figure 3.11, supplies the heated slot 

flow from air moved by a 1.5kW (2 hp) centrifugal blower supplied from the room (i.e., 

this is an extra flow delivered into the wind tunnel from the room).  The centrifugal blower 

is manufactured by Cincinnati Fan and Ventilator Company Inc. and is controlled by a 

MagneTek GPD333 speed controller. Between the exit of the blower and the plenum, the 

air moves through a 10 cm (4 in) diameter class B gas vent pipe. Throughout its 2.3 m 

(7.5ft) journey in the pipe, the air is heated using 8 heating elements installed in the pipe 

Figure 3.10: Experimentally collected circumferentially-averaged temperature distribution at 
the inlet of a first stage high pressure turbine. Shown is a profile in a real engine, a profile in 
a simulator in which distortions due to discrete fuel and dilution air injection are active (OTDF1 
& OTDF2), and a profile measured in the simulator when the inlet temperature distortion 
mechanisms are not active (measured uniform) [91] 
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that are capable of providing a heating power of up to 2.8kW. The heating elements are 

controlled using a variable autotransformer (Variac). Just upstream of the plenum, a 

perforated aluminum sheet is installed mainly to even the supply of air into the plenum. 

The slot, which spans throughout the height (pitch) of the test section is oriented such that 

the flow is injected at 45° into the mainstream. Figure 3.11 (b) shows a detailed view of 

the slot, and the first column of table 1.1 summarize its dimensions. 

 

(a) 

(b) Thermal profile plenum 

Figure 3.11: (a) Detailed top view of the test section (b) Dimensions of the 
approach flow temperature profile slot (c) Dimensions of the design cavity 
opening and the film cooling slot (values given in Table 3-2) 

(c) Film cooling plenum 
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Table 3.1 Dimensions of temperature profile slot and film cooling slot (refer figure 3.11) 

 

Approach Flow Resistance Heaters 

The heated slot flow does a good job in maintaining an elevated temperature near 

the wall, however, since flow is already out of the “combustor simulator” and there is not 

much room for this flow to mix and diffuse into the mainstream to create the thick 

temperature profile shown in Figure 3.10, an artificially thick profile is created (for that 

matter, technically, everything is artificially simulated). This is done by installing three 

vertical resistance heaters into the mainstream (two only were eventually operated for the 

required profile). The resistance heaters that span throughout the height (pitch) of the test 

section are located at 2.5 cm, 5 cm, and 8 cm (corresponding to roughly 7%, 15%, and 24% 

of the local width/span of the test section) away from the wall at axial location x/Cax= -

1.72. The resistance heaters are made by winding a Nichrome wire on a 1 cm diameter non-

conducting rod. The heating power of each rod is controlled using a variable 

autotransformer (Variac). In an effort to reduce the vortex shedding of the resistance 

heaters, a small flat plat is installed behind the rods. The wake created by the heaters is 

overwhelmed by the large scale turbulence that is already present in the flow. From 

previous experience with the wind tunnel, wake effects dissipate before reaching the 

cascade. Controlling the power supplied to each rod, along with the heated near wall slot 

D1, D2 (Distance of film cooling slot exit from vane 

and endwall leading edges respectively) 

3.22 cm, 

1.09 cm  

X (Slot height) 2.95 cm 

L1 (Film cooling slot length) 4.97 cm L2 (Temperature profile slot length) 1.8 cm 

d1 (Film cooling slot width) 0.25 cm d2 (Temperature profile slot width) 0.9 cm 

A1 (Film cooling slot inclination angle) 40˚ A2 (Temperature profile slot inclination angle) 45˚ 

H1 (Film cooling plenum height) 10.24 cm H2 (Temperature profile plenum height) 10 cm 
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flow, allows modification of the approach temperature profile shape. In fact, this region 

can be considered part of the approach flow generation. 

3.2.2 Combustor-Vane Interface 

Up until the previous subsection, the flow could be thought of as being carefully 

prepared to enter this region. From this region onwards, actual geometric features found in 

the engine are employed, namely, the features that are at the hub endwall (contoured 

endwall) side and vanes. In this subsection, details of the combustor-vane interface, which 

includes the design cavity and the film cooling supply for the contoured endwall, will be 

discussed. 

Design Cavity 

In a real gas turbine, the “design cavity” shown in Figure 3.11 (a) is basically a 

clearance and a step which separate the combustor from the turbine. It is present in the real 

engine to provide room for thermal expansion. The geometric features of this cavity, and 

all subsequent geometric features in the test section are given by the gas turbine 

manufacturer. In the real engine, this rather large cavity may be a source for leakage flow 

(in or out). However, as recommended by the gas turbine manufacturer, the flowrate 

through this cavity is minimal and thus, not simulated. There is no flow supply from this 

cavity into the test section. However, the cavity is made with a large area just to simulate 

the flow instability, recirculation, and mixing that might by induced by the presence of the 

clearance in the real engine. In fact, from numerical simulations conducted of this test 

facility, the cavity proved to have some mixing effects where near wall flow from high 

pressure regions in the test section enters the cavity and swirl within it before exiting into 

the mainstream to lower pressure regions (see Appendix I). 
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Film Cooling Supply 

The endwall cooling, as presented in chapters 1 and 2, is challenging. Many 

techniques have been investigated for endwall cooling, as presented in chapter 2. For this 

study, film cooling through staggered film cooling sources located upstream of the passage 

inlet is investigated. The staggered film cooling holes located in the real engine are 

simulated with a slot in the test section extending throughout the pitch of the cascade (i.e. 

the height of the test section), as shown in Figure 3.12. Details of the film cooling supply 

plenum are shown in a top view of the test section presented in Figure 3.11 (c), and the 

associated dimensions are listed in the left column of Table 1.1. All dimensions and overall 

design are given by the gas turbine manufacturer. 

 

Figure 3.12: Film cooling slot extending throughout the height of the 
cascade (slot opening shown within the dashed ellipse) 
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The film cooling plenum is supplied with air that is moved from the room by a 

centrifugal blower (i.e. this is an extra flow supplied into the wind tunnel). The centrifugal 

blower is of the same size, power, and made by the same manufacturer as the blower used 

for the flow through the upstream “temperature profile flow plenum” described in section 

1.2.1. Similar to the upstream heated slot flow for the approach temperature profile, here 

also, the film cooling flow is marked by being heated 7~9 °C above the mainstream. To do 

so, the air is heated with heating elements in a wooden chamber before entering the plenum. 

The heating elements are controlled using a variable autotransformer (Variac). For this 

study, the aerodynamic and thermal effects of various film cooling flow rates are tested, 

hence, it is important to accurately measure and control the flow rates supplied to the 

plenum. To achieve this, before the air is passed through the gas vent pipe, it is passed 

through a laminar flowmeter that is installed after the centrifugal blower and connected 

with a PVC pipe. The laminar flow meter is manufactured by Meriam (Model 50MC2-4). 

The flowrate is controlled by controlling the blower rpm, which is done through a 

MagneTek GPD333 speed controller. To even the flow supplied into the plenum a 

perforated aluminum sheet is installed at the entrance of the plenum. 

3.2.3 Cascade 

The cascade used in this study represents a first stage high pressure nozzle guide 

vane. Nozzle guide vanes are stationary (well, relative to the gas turbine), and, hence, a 

stationary cascade is a simulation of the actual case. Two main features of the cascade are 

the 2D cascade layout and the hub endwall which will be discussed in the following 

subsections. 
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2D Cascade Layout 

The nozzle guide vanes are in the first stage turbine, and, hence, as the name 

implies, the vanes guide the axial flow coming from the combustor by turning and aligning 

it with the rotor blade inlet. This is done, of course, while accelerating the flow. Three 

vanes are employed in this study’s cascade, creating two passages. The vanes are laid out 

such that the top and bottom vanes (will also be called first and third vanes in this thesis) 

bound the wall of the wind tunnel as shown in Figure 3.13.  The cascade dimensions and 

Figure 3.13: Cascade Layout [59] 
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geometric details are listed in Table 1.2. The geometry of the vanes is of an actual transonic 

design, modified for low-Mach-number tests. It is a scaled up version of the actual vane 

sizes. The scaling factor is 4.9, which is determined by comparing the actual and 

experimental pitches. The main reason for the scaling is to achieve the desired inlet Rec. 

The vanes are moderately loaded with a Zweifel Coefficient of 0.91. It is important to note 

that the vanes’ aspect ratio is low, which makes the profile pressure distribution more 

vulnerable to secondary flow effects. The aspect ratio is not necessarily a replica of what 

is found in the real engine, but is close. The vane span throughout the cascade varies due 

to the endwall contoured shape (discussed later). Span-wise bleed slots are opened in front 

of the first and third vanes to provide a better flow periodicity of this two passage cascade. 

They are adjusted to create proper stagnation line on vanes 1 and 3. 

Table 3.2 Nozzle Guide Vane Cascade Dimensions (refer Figure 3.13) 

Scale Factor (with respect to actual engine size) 4.91 

Vane True Chord Length (C) 36.538 cm (14.385 in) 

Vane Axial Chord Length (Cax) 20.534 cm (8.084 in) 

Cascade Pitch (P) 32.25 cm (12.697 in) 

Vane Inlet Span (Si) 33.72 cm (13.276 in) 

Vane Exit Span (Se) 31.304 cm (12.324 in) 

Vane Aspect Ratio, Inlet (Si/C) 0.922 

Vane Aspect Ratio, Outlet (Se/C) 0.857 

Space-Chord ratio (P/C) 0.883 

Vane Inlet Angle (α, angle between cascade centerline axis 

and camber line at leading edge) 

0˚ 

Vane Outlet Angle (β, angle between cascade centerline and 

camber line at trailing edge) 

72.33˚ 

Inlet Passage Height (Hi) 64.50 cm (25.394 in) 

Vane-Endwall fillet radius 0.3 cm (3 mm) 
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The Vanes 

The nozzle guide vane profile, which essentially are airfoils, are provided by the 

gas turbine manufacturer. Saxena [59] presented the design and manufacturing of the vanes 

used in this study. They are manufactured from acrylic plastic (Polymethyl methacrylate). 

Acrylic is chosen mainly for is good machinability and its low thermal conductivity (0.19 

W/mK at room temperature) [67]. Computer numerical control (CNC) vertical and 

horizontal milling machines are used in conjunction with Mastercam software to carefully 

and accurately manufacture forty-five identical airfoil short slabs. Fifteen airfoil slabs are 

used to make one vane as shown in Figure 3.14. Seven of the fifteen slabs are drilled with 

0.476 cm (0.1875 in) diameter holes around the boundary. These holes serve as a pressure 

Figure 3.14: Vane assembly 
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channels converging from the vane mid-span. The channels are open to the vane surface at 

mid-span through carefully-drilled 0.05080 cm (0.02 in) diameter, 0.73 cm (0.29 in) long 

square edged holes. This is done based on recommendations of Shaw [68] and Goldstein 

[69]. To align the hole with the surface of the vanes, which is essential for accurate static 

pressure measurements, a specifically designed 3D printed drill jig is used, as shown in 

Figure 3.15. The holes, which are now pressure taps, are distributed so that all features of 

the pressure profile can be captured. The distribution of the pressure taps over the vane 

surface is shown in Figure 3.16. 

 

(b)  

Figure 3.15: (a) Vane acrylic slabs during manufacturing [58] (b) A close up on drill jig used 
for pressure taps on vane surface [58] Detailed geometry of pressure tap [59] 

(a)  

(c)  
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Hub Endwall (also called Contoured Endwall) 

The hub endwall is a critical component of this study. It is the region where the 

cascade aerodynamics study is focused. It is the wall that is exposed to film cooling. In this 

study the hub endwall is axisymmetrically contoured, i.e. the variation in shape is in the 

axial direction only. As with other components of the test section, the endwall profile is 

given by the gas turbine manufacturer. The contour shape is shown in Figure 3.17. The 

main characteristic of the contour is that it initially contracts the passage before slightly 

expanding it. The outlet vane span is shorter than the inlet span, which leads to an overall 

acceleration of the flow due to contouring to add to the acceleration due to the airfoil shape 

Figure 3.16: Static pressure tap locations; ‘P’ is pressure 
side, ‘S’ is suction side, and ‘S.P.’ is stagnation point [59]
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and stagger angle. As with other regions in the test section, no geometric details are 

simulated on the opposite side endwall; therefore, the opposite endwall is flat.  

 

The contoured endwall is manufactured from Medium Density Fiberboard (MDF), 

chosen mainly for its low thermal conductivity (0.15 W/mK), essential for adiabatic 

measurements. The endwall is fabricated as one large piece with airfoil shaped slots cut 

through it. Careful CNC machining is utilized for fabricating and creating the endwall 

contour and airfoil cuts. Details on the manufacturing of the endwall are presented in [59]. 

The finished endwall is shown in Figure 3.18. Its surface is carefully sealed with 

polyurethane sealant and painted to close the MDF pores. 

The contoured endwall and vanes are assembled by fitting the vanes into the airfoil 

slots in the endwall. The gaps around the vanes and the slots are sealed with self-adhesive 

pliable caulk sealant, which creates a round fillet of radius 0.3 cm. The fillet, which mainly 

serves the purpose of sealing, eliminates the unrealistic 90° junctions between the airfoil 

and the endwall. The vane-endwall structure is then carefully positioned in its place in the 

Figure 3.17: Contoured endwall (blue) and its relative position to the nozzle guide vane 
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test section and is supported by a thick wooden frame, which itself is supported with a 

system of Unistrut® frames bolted to the workbench carrying the test section. 

 

3.2.4 Test Section Access 

The test section is accessed through the flat endwall side of the cascade. The flat 

endwall side is made up of four rigid panels, a moveable hole panel, and a rigid supporting 

wall. The panels and the moveable hole panels fit tightly into the supporting wall, as show 

in Figure 3.19. The panels are designed in a way such that they allow locating the movable 

hole panel at any location within the test section’s area of interest. The tight fit of the panels 

with each other, and the panels with the supporting wall, ensures no leakage. As an extra 

Figure 3.18: Finished endwall [59] 
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precaution, duct tape is placed over the matting edges. All rigid panels and the rigid 

supporting wall are made of clear acrylic to allow visual access, and to minimize heat 

transfer.  

 

The moveable hole panel is a special panel that is designed carefully by Piggush 

[56], and has been a dynamic part of the wind tunnel since the concept was first observed 

by our lab personnel at NASA Glenn and bought to our lab. The main purpose of the 

moving hole panel is to allow locating a utility hole anywhere on the circular face of the 

panel while maintaining a sealed test section. The utility hole is used to insert almost all 

Figure 3.19: Front view of the test section showing the access panels (the panels are fully 
transparent but the transparency in this view is slightly dimmed to distinguish them from the 
supporting cover) 
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kinds of probes relevant to gas turbine studies such as; hotwire anemometers, 

thermocouple, and various pressure tubes. The panel is basically two internally tangent 

disks that rotate independently as shown in Figure 3.20. The probe access hole is through 

the internal disk. The rotation of both disks locates the hole at any position within the larger 

disk. The diameter of the internal disk is equal to the radius of the larger disk plus the hole 

diameter so that the center of the hole can pass through the center of the larger disk. The 

frame of this panel is made up of aluminum for rigidity. The disks rotate with the aid of 

ball bearings. The reader is advised to refer Piggush [56] for more details on this panel. 

 
Figure 3.20: Moveable hole panel [56] 
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3.3 Exit Flow Management 

3.3.1 Tailboards 

To reduce the pressure load on the wind tunnel, which, in turn, increases the flow 

velocity in the cascade (the aim is to reach high inlet Rec), the flow coming out of the 

cascade must be carefully directed and diffused as it departs the tunnel. To do so, the flow 

downstream of the vanes is directed with two tailboards to a multi-vane diffuser which is 

open to the room pressure. The ends of the tailboards are connected to the trailing edge of 

the top and bottom vanes creating a channel, as shown in Figure 3.21. The connection was 

made in such a way that the end of the board is at the midpoint of the rounded edge of the 

vane end. The contoured endwall side of the channel is essentially an extended part from 

the diffuser endwall which is connected smoothly with the contoured endwall. The opposite 

side is an extended part of the large acrylic surface used for wind tunnel access (explained 

in the next section). The tailboards are made from thin acrylic sheets with weatherproof 

sealing material fillets installed on the sides for sealing purposes.  The profiles of the 

tailboards are determined upon an iterative procedure to ensure periodicity through the 

passage (discussed in chapter 4). 



58 
 

 

3.3.2 Diffuser 

To achieve the desired high Reynolds number in the test section, pressure recovery 

must to be maximized. Ideally, if there is ample room in the lab, the flow will be carefully 

diffused without separation with a long, straight, single channel diffuser. With the limited 

space in the lab, a short multi-channel (three channel) diffuser is considered according to 

Blevins [70], with the flow discharged to the ceiling. The presence of a fire protection pipe 

in the ceiling area of the lab further limited the possibility of designing a straight diffuser, 

and hence a multi-channel curved diffuser was needed to avoid the pipe. To further 

complicate the development journey of the diffuser which was used with the current test 

section, after a lab renovation which happened halfway through the study, the original 

diffuser (Diffuser I) had to be taken down due to changes in ceiling layout, and a second 

Figure 3.21: Tailboards (the tailboards are made of clear acrylic sheets but the 
transparency here is dimed for presentation) 

Tailboards 
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diffuser (Diffuser II) was designed such that it is curved in the opposite direction to that of 

the original diffuser. To orient the reader with time frames, for the thermal measurements 

part of this study, Diffuser I was installed, while for the aerodynamics measurements, 

Diffuser II was installed. The test section flow conditions for both diffusers were matched 

(apart from a slight increase in Rec when the second diffuser was installed), to ensure that 

the experimental measurements were independent of the diffuser installation. The design 

and manufacturing of both diffusers are discussed in the following sections. 

Diffuser I 

As discussed above, a multi-channel diffuser is employed to maximize pressure 

recovery in a limited space. The curvature is made such that the diffuser inlet plane is 

perpendicular to the flow streamlines coming from the tailboard bounded channel and then 

the diffuser vanes were gradually curved as the flow diffuses. They were curved to avoid 

the fire protection pipe that is in the ceiling area.  

The diffuser vane curves are essentially arcs with different radii and centers. The 

arc radii and centers are optimized based on experimental work done by Fox et al. [71] and 

thorough 2D CFD simulations. For the CFD simulations, commercial code ANSYS Fluent 

was employed to solve the 2D RANS equations with an appropriate turbulence model. By 

estimation, the velocity and turbulence intensity at the inlet were set as 43 m/s and 4%, 

respectively. The simulations are used to iteratively find the optimum vane arcs and 

channel area ratios for maximum pressure recovery.  The calculated velocity and pressure 

distributions for the final design are shown in Figure 3.22. The final design area ratio is 

2.9. The diffuser length based on center-line arc length is 1248 mm (49.13 in). The curve 

angle of the diffuser center-line arc is 30°. It is important to note that the exit plane angle 
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is skewed by 15° to allow all channels to be of equal length, thus minimizing differences 

in velocities between the channels at the diffuser exit; as a result, the angle between the 

inlet and exit plane is 15° (instead of 30° if the exit plane was perpendicular to the exit 

streamlines). 

 

The diffuser endwalls are made of plywood, and the vanes are made of acrylic 

sheets. The diffuser is assembled by placing the acrylic sheets in curved grooves that were 

grooved on both endwalls of the diffuser. Since the curves are essentially arcs, the grooves 

were made by using a skill saw tied to a cable. The cable length is adjusted according to 

the arcs radii, and is supported at the respective arc center locations. Two acrylic sheets 

made one vane. The acrylic sheets are supported in the grooves by compression and epoxy 

resin. Figure 3.23 shows the final assembly of the diffuser. 

(a)  

 

Velocity   [m/s] Pressure     [Pa] 

Figure 3.22: Diffuser I calculated (a) velocity and (b) static pressure distribution 

(b)  



61 
 

 

Diffuser II 

As explained at the beginning of this subsection, after a lab renovation (part of the 

mechanical engineering building renovation), the originally designed diffuser (Diffuser I) 

did not fit with the test section due to a major change in the ceiling layout. To accommodate 

the change, a new diffuser is needed. Unfortunately, a straight diffuser design is still not 

viable even with the new ceiling layout, and ironically, the new diffuser should be curved 

towards the opposite direction of the old one. As annoying it is to go through the same 

process again, re-making the diffuser allow for the utilization of experience and knowledge 

gained in designing the first one, to design an even better diffuser. 

The new diffuser inlet plane geometry remained the same as the old diffuser’s 

geometry. Similar to the old diffuser, the diffusion section is fragmented into three channels 

and is curved 30°, but this time to the opposite direction, avoiding duct work in the ceiling. 

As before, the diffuser outlet plane is skewed 15° to allow equal channel lengths. The 

(b)  

Figure 3.23: Diffuser I; (a) and (b) are different views 

(a)  
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design procedure is similar to the procedure described in Diffuser I, but this time, a 3D 

(instead of 2D) CFD analysis was made to aid with the design. The CFD domain included 

the ceiling blockages, which are water supply pipes with thick insulation. The CFD 

boundary conditions are now more accurately defined (compared with Diffuser I CFD) 

where velocity and turbulence data collected from the test section were imposed at the inlet. 

After many design iterations, the calculated velocity and pressure distributions of the final 

design at mid-span are shown in Figure 3.24. A comparison between the old and new 

diffuser performances is important, this is because if the new diffuser showed a marginally 

poorer performance, an alternative design should be considered. To do the comparison, a 

simulation of the new diffuser is made with the boundary conditions used for the old 

diffuser’s CFD.  Comparing the pressure distributions at the inlet of both diffuser’s 

computational domains (i.e. the pressure required to achieve the velocity forced at the inlet) 

showed comparable performances.  

 

(b)  

Figure 3.24: Diffuser II calculated (a) velocity and (b) static pressure distribution at mid-span 
(note the shorter second vane from the left which is a result of the design iterations, the 
shorter vane allowed flow from the first channel to escape the blockage more smoothly) 

(a)  



63 
 

The manufacturing concept for Diffuser II is similar to Diffuser I. Now with more 

experience, better cutting and assembly procedures were employed. One long acrylic sheet 

was used for each vane instead of using two short sheets. This is a vital change in the design 

because the two sheets used in the old diffuser caused discontinuities when uninform 

compression was applied on the diffuser endwalls (the acrylic sheets are supported mainly 

by compression). With the new design having one acrylic sheet, the channels are perfectly 

continuous and the diffuser are more rigid. Also, a different procedure was employed in 

manufacturing the new diffuser endwalls. Instead of cutting grooves into a one-piece 

endwall (a technique that made it hard to assemble the vanes, and induced structural issues 

for the groves were shallow to hold the sheets in place), each endwall for the new design 

was made from two thinner sheets, one of which is cut through with the vanes’ curves, to 

form slots. The acrylic sheets are then inserted into the slots and the two thin endwalls (one 

with slot and one without) are bonded with wood glue and bolts to form one endwall. As 

with the old diffuser, the acrylic sheets are supported mainly by compression. Figure 3.25 

shows the final assembly of the diffuser. 

 

(b)  

Figure 3.25: Diffuser II; (a) and (b) are different views 

(a)  
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Chapter 4  

Experimental Theory and Procedure 

A successful experimental study requires the appropriate use of experimental 

techniques and practices. This chapter discusses equipment calibration and techniques 

employed for the different basic measurements of the present study. The procedure for the 

aerodynamic and thermal measurements of the experiment are also discussed here. 

4.1 Calibration   

Step zero for measurements is knowing where the raw measurement values are 

compared to a standard. Many of the instrument calibrations in this study are, essentially, 

translating measured variables, such as velocity and pressure, to electric signals that can be 

read by a precise voltmeter and stored in a computer. This section will discuss the 

calibration of the four types of measurements, relevant to this study; pressure, temperature, 
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hot-wire anemometer, and five-hole probe. From these measurements different variables 

can be derived such as flow velocity, flow angles, turbulence levels, total pressure loss 

coefficients, adiabatic effectiveness values, etc. The following subsections will discuss the 

theory behind each measurement, the instruments used, the calibration procedure and 

relevant results. 

4.1.1 Pressure Measurements 

Pressure is indeed a fundamental quantity measured extensively in this study. While 

pitot tubes measure velocities and five-hole probes measure flow angles, pressure is the 

basic quantity measured by these instruments from which the other quantities are derived. 

In this study, pressure is measured to find the film coolant flow rate, the vanes’ static 

pressure profiles, the flow velocities downstream of the cascade, the total pressure at the 

inlet and exit of the cascade, and the flow angles at the exit of the cascade. 

Theory 

 While the theory here is rather simple for a reader who is expected to know much 

of the background knowledge, it is included for completeness. Pressure, which is basically 

a force over unit area, in theory is measured through measuring a displacement of an object 

or a liquid column due to the difference of pressure. In manometers, which is basically a 

u-shaped tube (or some version of it) with liquid, the liquid level in both sides are equal 

when the pressures applied over both sides of the tube are equal. When pressures are not 

equal, the higher pressure side pushes the liquid towards the lower pressure side creating a 

height difference. The height difference between the levels on both sides of the manometers 

is related to the difference pressure by the simple equation: 
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∆ = ∆  Eq. 4.1 

where ∆P is the pressure difference, ρ is the liquid density, g is the gravitational 

acceleration and ∆y is the liquid level height difference between the two sides of the tube. 

In this study, all pressures measured are relative, so the above equation will suffice.  

Manometers are one of the simplest ways to measure pressure, but are not practical 

when pressures rapidly fluctuate, and are mainly used for manual readings. In many parts 

of this study, pressure transducers are used instead of manometers to measure pressure.  

They more convenient, precise, and allow the pressure measurements to be stored directly 

in a computer for further analysis. The pressure transducer translates pressure into volts 

through a deformable diaphragm. The diaphragm, which is typically made of a 

magnetically permeable stainless steel, deforms according to the difference in pressure 

supplied across surfaces of the diaphragm (when pressures are equal the diaphragm does 

not deform). The deformation creates a magnetic reluctance that varies the inductance in a 

coil embedded in a diaphragm enclosure.  The change in inductance leads to a change in 

volts over a circuit connected to the transducer. Hence, measuring the volt changes 

indicates the difference in pressure supplied across the sides of the diaphragm, or the 

transducer which contains it. This implies that when one side is open to the atmosphere, 

the measured pressure supplied to one end is basically the gauge pressure. 

Instrumentation 

The manometer used in this study is an inclined manometer (shown in Figure 4.1) 

made by Dwyer Co. model 246 and contains the Dwyer red gage oil of specific gravity 1.0. 

The scale printed on the inclined section is the pressure difference between the ends of the 

manometer in terms of inches H2O.  The pressure range of the inclined manometer is 6.0 
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inches H2O (1493 Pa) which is sufficient for this study. The reported accuracy is 0.01 

inches H2O (2.5 Pa). 

 

The transducers used for this study are made by Validyne Engineering Corporation 

Model DP15 (shown in Figure 4.2). A total of five transducers are employed for this study, 

which allows the measurement of up to five different pressures, simultaneously. The 

diaphragms inside the transducers are changeable, depending on the required pressure 

range. For this study the diaphragms installed are capable of withstanding a pressure 

difference range of ±6.0 inches H2O (±1493 Pa). Connected to the transducer is a carrier 

demodulator also made by Validyne Engineering Corporation model CD15. The carrier 

demodulator demodulates the AC signal coming from the transducer and outputs a DC 

voltage along with polarity which can be read by a voltmeter. The range and zero of the 

Figure 4.1: Inclined manometer by Dwyer 
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demodulator output can be adjusted. When zero is accurately adjusted at zero pressure 

difference, voltage polarity indicates the pressure difference direction. 

 

Calibration Procedure 

Trusting the manufacturer’s scale and reported specific gravity, the inclined 

manometer is the standard instrument against which the transducers are calibrated against. 

To calibrate the transducers, an air pressure source is connected to a calibration jet device 

(shown in Figure 4.3) that has a fine valve that allows control of the pressure supply. The 

calibration jet device transforms supplied pressures into a very uniform air jet through 

series of screens and carefully designed nozzles. At the end of the calibration jet device a 

pressure tap is installed, right before the exit. Here the calibration jet device is serving only 

the purpose of generating a uniform non-fluctuating pressure that can be controlled with a 

Figure 4.2: Pressure Transducer made by 
Validyne Engineering Corporation. Shown are 
five transducers arranged in a row. 
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valve. The generated jet is not being used at this stage but will be used for hot-wire 

calibration, as explained in section 4.1.2. 

 

A tygon tube is connected to the pressure tap on the calibration jet device. The tube 

is divided into two tubes through a tee connector. One tube goes to one side of the inclined 

manometer, and the other goes to one side of the transducers through a series of tee 

connections, so that all transducers and the inclined manometer are experiencing the same 

pressure from one side and are open to the atmosphere on the other side. An Agilent 

34970A DAQ (digital voltmeter) is used to read the voltage from the transducers’ 

demodulators. Figure 4.4 shows a schematic of the connections.  

Figure 4.3: Calibration Jet device from [84] 
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The calibration procedure is as follows: 

1. The demodulators’ zero is adjusted at zero pressure difference 

2. The pressure is increased to the full scale i.e. 6 inches H2O and the 

demodulators’ range is adjusted so that the voltage output is 10 Volts. 

3. Starting from zero pressure, the pressure is increased by 0.5-inch H2O 

increments and the voltage output is recorded for 30 second at each 

increment with the DAQ up to 6 inches H2O. 

Figure 4.4: Pressure transducer calibration connections 
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4. The tygon tubes connected to one side of the transducers are now switched 

to the other side and step 3 is repeated, except this time the pressure is 

decreased with the same increments as before starting with 6 inches H2O. 

After going through the above steps, the collected measurements are reduced and plotted 

on a pressure-voltage chart. A pressure-voltage relationship is then described with a curve 

passing through, typically, most, if not all, the points.  

It is important to check for hysteresis error coming from the transducer diaphragm. 

When present, the diaphragm would not behave as it should mainly due to over pressurizing 

the transducer at a previous time. Hysteresis error can be identified by comparing the same 

pressure at both sides of the transducer. Ideally, when switching the same pressure input to 

the other side, a pressure (in terms of voltage) of equal magnitude and opposite sign should 

be read. 

Calibration Results 

A sample calibration curve for one of the transducers (total of five curves were 

made for the five transducers) is presented in Figure 4.5. The diaphragm deforms linearly 

with pressure, so a linear relationship is expected, nevertheless, a high order polynomial is 

used to fit the data to include all points in the curve. A summary of the calibration curve 

fitting equations of the five transducers are listed in table 4.1. The hysteresis error for each 

transducer is checked by comparing the positive and negative pressure curves labeled A 

and B on Figure 4.5. 
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Table 4.1: Pressure Transducers Calibration Relations 

Transducer Number Relation (P in inches H2O and V in Volts) 

1 = 0.0045102 + 1.325775 + 0.0116025 

2 = −0.0002556 + 0.536890 + 0.01405027 

3 = −0.0006581 + 0.537481 + 0.0161396 

4 = 7.08817 10  + 0.527842 + 0.0113674 

5 = −0.0014428 + 0.5420816 + 0.0191256 

 

4.1.2 Temperature Measurements 

Temperature is another fundamental quantity measured extensively in this study. 

Thermocouples are used for all temperature measurements in this study. Just like pressure 

measurements, accurately measuring absolute temperatures is not a target for this study. 

Figure 4.5: Calibration curve for one of the pressure transducers. A and B are measurements 
for pressure supplied to each side of the transducer 
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Quantities such as film cooling effectiveness and temperature profiles are dependent on 

differences in temperature between two locations at any moment. And so, the following 

sub sections will discuss temperature measurements in this context. 

Theory 

Thermocouples utilize thermoelectric effects, specifically the Seebeck effects to 

interpret temperature. When two wires of different materials are connected at two 

junctions, one junction maintained at a cold temperature and the other is exposed to a hotter 

temperature, the current generated through the two different wires will be different creating 

an electric potential referred to as the electric motive force (emf). The electric potential 

generated is low, in the order of millivolts, but is relatively precise. Now, measuring the 

electric potential (Voltage) generated directly corresponds to the temperature difference 

between the hot and cold junction. 

Instrumentation 

The thermocouple used is a Type E (chromel-constantan) which has a measuring 

temperature range of 3-1150 K. This is well within the operating range in this study, which 

is between room temperature and approximately 10 K above it at the most. While the cold 

junction is usually an ice bath, for this study the cold junction is embedded electronically 

in a data acquisition unit used in conjunction with the thermocouple. The voltmeter by 

DAQ Agilent 34970A has cold junction compensation which is adjusted according to the 

type of thermocouple connected. The built-in temperature-to-voltage conversion is based 

on N.I.S.T. data by Burns et al. [82]. Previous Agilent 34970A calibration test made against 

a mercury thermometer performed in the same lab by Erickson [57] suggested an 



74 
 

uncertainty of 0.024˚C in ΔT and 0.1˚C in absolute temperature. Since all measurements 

are this study is performed in terms of ΔT, using the Agilent 34970A’s embedded cold 

junction compensation is justified. 

4.1.3 Hot-wire Anemometry Measurements 

Hot-wire anemometry is used for velocity measurements. While, the velocity can 

essentially be derived using only pressure measurements (static and total pressures), the 

main reason a hot-wire is employed to measure velocity is its preciseness and its ability to 

measure velocity changing at high-frequencies which is essential for turbulence 

measurements. 

Theory 

The concept of hot-wire anemometry relies on using the knowledge of heat transfer 

between a wire and a flow passing around it to derive flow velocity. Following this concept, 

different types of hot-wire anemometers are available; constant temperature anemometry 

(employed in this study), constant current anemometry, and constant voltage anemometry. 

Constant temperature anemometry involves a circuit with a thin electrically resisting wire 

which acts as the velocity sensing element. The wire temperature is directly related to the 

resistance in the wire. Fixing the temperature implies fixing the resistance in the wire, 

which means the supplied voltage is constantly adjusted to maintain a constant resistance 

and, thus, constant temperature in the wire. When the wire is placed in a flow, the increased 

heat transfer due to the moving fluid changes the amount of resistance change required to 

maintain the temperature, and so the voltage. Hence, measuring the voltage supplied to the 

wire indicates the fluid velocity. The relation between the fluid velocity and the supplied 

voltage was found by King [83] to follow the expression: 
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= +  Eq. 4.2 

where u is fluid velocity (small script u is used because flow is assumed to be measured in 

one direction), V is voltage, A, B are calibration constants and n is a constant that is typically 

0.43-0.46 for practical hot-wires. Equation 4.2 is also called King’s Law. 

 Instrumentation 

 The hot-wire anemometer system used for this study is by TSI Inc. It is a Constant-

Temperature Anemometer (CTA), Model 1750. Two hot-wire probes are used according 

to the type of application; Model 1210, a General Purpose Probe and Model 1218, a 

Standard Boundary Layer Probe (both shown in Figure 4.6). Both probes measure only the 

major component of velocity. The General Purpose Probe uses a straight wire and is ideal 

to measure velocities away from the wall. The Boundary Layer Probe, as the name suggest, 

is ideally used to measure velocities near the wall. While technically both probes can be 

used near and away from the wall, the probes are designed to take into account the delicate 

nature of the hot-wire, and so is costume made according to the application. The General 

Purpose Probe main feature is the minimum interference of the probe with the flow. The 

main feature of the Boundary Layer Probe is the protective stem which creates a 0.13 mm 

clearance between the hot-wire and the wall when the stem ‘touches’ the wall. Following 

the recommended setting for air, the hot-wires are maintained at 250 ˚C. According to TSI 

Inc., the hot-wire at this setting optimizes sensitivity, signal-to-noise ratio and hot-wire 

life. 
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 Calibration Procedure 

 The Setup 

 The aim for calibrating the hot-wire is to find the calibration constants of Eq. 4.2. 

To do so, the probes are subjected to flows of varying known speeds and the voltage 

supplied to the probe is recorded. A key characteristic of the flow for calibration is to be 

uniform (i.e. flat velocity profile), have no, or very low, turbulence, have a uniform and 

known direction throughout the course of the calibration, and s flow speed that can be 

accurately measured by a standard instrument (in this case an inclined manometer). A 

calibration jet device developed by Wilson [84] (shown in Figure 4.3), which has the 

required characteristics is utilized for hot-wire probe calibrations. The device generates 

flow from an air pressure supply that is connected at the device entrance and is controlled 

by coarse, followed by a fine, valves connected in series. The calibration jet device includes 

Figure 4.6: Hot-wire probes used for the approach velocity 
and turbulence measurements [89] 

(a) 

(b) 
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a flow straightener followed by a porous sintered plate, which filters out any debris in the 

flow. Ahead of the plate is a series of screens followed by an elliptical contraction which 

serve the purpose of dampening turbulence and accelerating the flow.at the exit of the 

chamber is another elliptically contoured nozzle that is designed to generate an exit flow 

with a flat velocity profile. Between the first and second elliptically contoured nozzles is a 

chamber where a static pressure tube and a thermocouple can be connected. The jet velocity 

at the exit of the calibration jet device can be derived from the measured pressure and 

temperature at the chamber. This is done through using the chamber pressure to ambient 

pressure difference with nozzle constants calibrated by the device developer Wilson [84]. 

The fluid properties for the analysis are accurately determined based on the temperature 

measurements and room humidity. 

The Agilent 34411A data acquisition unit is used to read the voltage of the 

anemometer and the temperature from the thermocouple installed in the calibration jet 

device. An inclined manometer for pressure measurements, as stated before is used. One 

side of the manometer is connected to the static pressure tap in the calibration jet device 

chamber, the other is opened to the ambient pressure. Figure 4.7 shows a schematic of the 

setup connections. 
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The Procedure 

Now that the calibration flow jet is set, as a first step, the anemometer pulse 

frequency response must be checked. This is done through passing a square-wave at 1 kHz 

to the anemometer circuit and checking the response on an oscilloscope. After a 

satisfactory response, the connecting cable resistance is adjusted to the recommended 

resistance to generate the recommended wire temperature of 250 ˚C. This is done to setup 

the anemometer in general, not for calibration purposes only. When the anemometer has 

the right response to the pulse, its dynamics are optimum – no ringining and not sluggish 

in its response. 

Figure 4.7: Hot-wire calibration setup 
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The calibration data collection starts with holding the probe, with the hot-wire part 

of it in front of the calibration jet and ensuring that it is steady. Beginning from zero 

pressure, the pressure on the inclined manometer scale is increased by 0.06 inches H2O 

increments and the voltage output is recorded for 30 second at each increment with the 

Agilent unit up until 2 inches H2O. The thermocouple temperature is also recorded for each 

increment. 

Results 

 The velocity is found from the pressure and temperature for each increment. The 

square of the voltage is plotted against the velocity raised to n=0.453. The data are then 

fitted with a least-square fit method to form a straight line from which the slope and the y-

intercept are the calibration constants in Eq. 4.2 (King’s law). Figure 4.8 shows the 

calibration curve. 

 
Figure 4.8: Sample hot-wire calibration curve 
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4.1.4 Five-hole Pressure Tube Measurements 

To measure the flow angles and corrected total pressure (a total pressure that is 

corrected to account for the deviation of flow direction from a pressure probe), a five-hole 

pressure tube is used. Measurements with this probe are used for the aerodynamic 

measurments for the cascade. 

Theory 

As the name implies, the five-hole probe is a pressure probe with five holes at the 

tip. The holes are typically laid out as a cross where one is in the center and the other four 

are aligned in pairs, each pair on an axis perpendicular to the other. The center hole is 

oriented such that when the probe is aligned with the flow, the opening faces the flow 

perpendicularly just like a normal total pressure tube. The two pairs are oriented such that 

one pair is flanking the center hole on the yaw plane and the other pair is flanking the center 

hole on the pitch plane, as shown in Figure 4.9. The concept is; the center hole measures 

some component of the total pressure and the other two pairs each measure a component 

of the flow angle of attack relative to the probe (yaw and pitch). The center hole pressure, 

which would be the total pressure if the angle of attack were zero, is corrected with the 

pressures read by the four flanking holes to yield the true total pressure. For each pair of 

the flanking holes, the difference in pressures between the two holes is used to indicate the 

flow direction on the respective planes of the holes (yaw and pitch). With knowledge about 

true total pressure, yaw and pitch angles, and a static pressure measured separately with a 

static pressure tab, much useful information relevant to this study can be derived, such as 

secondary flow vectors and vorticity. 
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In this study, the total pressure, pitch angle, and yaw angle measurements are made 

with a “non-nulling” technique. In this technique, the probe tip direction is fixed throughout 

the experiment sequence and for each measurement point in the sequence, the flow angle 

relative to the probe tip in the pitch and yaw directions are measured. As an alternative, the 

same measurements could be made by real time adjustment of the probe tip throughout the 

experiment sequence so that the flow angle of attack on the probe is always zero. This is 

done through real time measurements and reduction from the flanking holes. The latter 

method is impractical for this study. While the non-nulling technique chosen provides 

simplicity in measurement acquisition, careful calibration of the probe for both yaw and 

pitch angles is required.  

The flow direction and total pressure are defined using velocity-independent 

pressure coefficients. According to Treaster and Yocum [85], the flow total pressure and 

Figure 4.9: Conical five-hole probe used in this study (drawing provided 
by United Sensors Corp.) 
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angles can be normalized by the difference between the center hole pressure and the 

average of the pressures read from the other four holes, − : 

 
=

−
−

 Eq. 4.3 

 
=

−
−

 Eq. 4.4 

 
=

−
−

 Eq. 4.5 

where,   
 

=
+ + +

4
 Eq. 4.6 

 

, , , , and indicate the pressures read at the respective hole numbers shown in 

Figure 4.9. Here,  is a total pressure coefficient factor, which, when known, the 

center hole pressure ( ), and average pressure ( ), are used to find the corrected total 

pressure ( ). 

Instrumentation 

The five-hole probe used in this study is the conical probe shown in Figure 4.9. It 

is manufactured by United Sensors Corp. The probe is 30 inches (76.2 cm) long and has a 

tip diameter of 0.095 inches (2.41 mm). The sensing holes are 0.012 inches (0.305 mm) in 

diameter. The flanking holes are equidistant from the center hole. 

To employ the non-nulling technique, the probe must be calibrated over a range of 

pitch and yaw combinations. To do so, a five-hole probe calibration rig is designed and 

manufactured (Figures 4.10 and 4.11). The calibration rig is designed to allow the probe to 

be positioned with ±45° yaw of 1° increments and ±35° pitch with 5° increments (even-
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though only ±30° with 5° increments in both planes are used for the current probe 

calibration). Angles are defined with indentations that are precisely cut with a laser cutter 

(yaw angles) or 3D printed (pitch angles), through which pins are manually inserted to lock 

the positions of the manually operated arms. The axes of rotation of the arms are aligned 

with the center of the nozzle so that the probe can rotate while the probe’s tip remains at 

the center. The air flow is generated with a separate fan and delivery tunnel (a leaf blower). 

The tube of this tunnel is filled with flow-straighteners to break up any swirl in the flow 

imparted by the fan. A 3D printed nozzle specifically designed for the calibration rig is 

fitted at the end of the tube to ensure a flat velocity profile at the exit. The maximum flow 

exit velocity is 52 m/s, which fairly matches the velocity at the passage exit plane in the 

test section where the calibrated probe will be used. 

 

Figure 4.10: CAD drawing of the rotating arm system used for the five-hole probe 
calibration. Blue parts are 3D printed. 
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Calibration Procedure 

The five-hole probe is first carefully installed in the calibration rig arms so that the 

probe angles match the arm angles (done when both arms are at 0°, for simplicity). It is 

important to also adjust the axial location of the probe tip so that it is at the center of the 

(a) 

(b) 

Figure 4.11: (a) Five-hole probe calibration rig overview, (b)probe tip at the nozzle. For accurate 
angle measurements for the probe setup, a digital angle finder is employed as shown in (c). 

(c) 
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nozzle, which also means it is aligned with the axis of rotation. Great care is taken while 

installing the probe and a precise digital inclinometer is used to ensure accuracy. Once the 

five-hole probe is installed, tygon tubes are connected to the five ends of the probe and the 

five calibrated pressure transducers described in section 4.1.1. The opposite ends of the 

pressure transducers are open to the ambient pressure. An Agilent 34970A DAQ is used to 

read the voltage from the transducers’ demodulators. 

For this study, the five-hole probe is calibrated over the range ±30° for pitch and 

yaw angles with 5° increments. This yields a total of 169 (13 yaw × 13 pitch) calibration 

points. The calibration range for the probe is considered reasonable knowing that the flow 

angle range expected in the region where the probe is going to be used is within these 

bounds. Due to the probe’s small holes (which are due to the small tip) and the long probe 

tube, the probe’s response is relatively slow. From a response test, it is found that this 

particular probe in the current setup with the tygon tubes and the transducers takes around 

20 ~ 25 seconds to pressurize. Noting the responsiveness of the probe, at each calibration 

location, the probe is left at least 25 seconds before the measurements are recorded. 

Thereafter measurements are recorded for 20 seconds, and averaged. The measurements 

are then changed from voltage to pressure with the transducers’ calibration curves, and 

, , and  are found at all calibration yaw and pitch angles. Yaw angle 

( ) is then plotted three dimensionally as a dependent variable against  and ; 

similarly pitch angle ( ) is also plotted against  and . Then,  is plotted 

as a dependent variable against yaw and pitch angles. 
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Calibration Results 

The five-hole probe calibration curves are shown in Figures 4.12 through 4.14. The 

curves show smooth trends. The pitch and yaw angles strictly increase or decrease with 

 and , as expected. Symmetry in total pressure correction factor ( ) is 

observed. The total pressure correction factor curve is flattened at low angles (-20o to 20o), 

as seen in Figure 4.14, as expected for a total pressure probe. A fifth-order polynomial 

surface fitting is used to define the pitch and yaw angles in terms of  and . 

Once the flow angles are determined, the total pressure correction factor ( ) can be 

found from the fitted surface. A summary of the calibration relations is listed in Appendix 

II. 

 Figure 4.12: Surface fitting for the pitch angle 
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4.2 Test Section Qualification Techniques 

It is important to first qualify the test section and document the approach flow 

aerodynamics and thermal features to ensure that the experiment is operating under the 

desired conditions. This is, of course, done before any measurements related to the actual 

study (i.e. passage aerodynamics and passage thermal measurements) are taken. The test 

section qualification involves:  

Figure 4.13: Surface fitting for the yaw angle 

Figure 4.14: Surface fitting for the total pressure correction coefficient 
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1. Measuring the cascade Reynolds number (Rec) and ensuring that it satisfies the high 

Reynolds number conditions 

2. Adjusting tailboards and measuring vane static pressure profiles to ensure the 

periodicity of the cascade 

3. Documenting the approach flow velocity profile and turbulence features 

4. Qualifying endwall adiabatic characteristics and documenting the approach flow 

temperature profile 

The following sub-sections will go through the above points. 

4.2.1 Cascade Reynolds Number Measurement 

As step zero, the cascade’s Reynolds number is first determined. This is vital 

because the wind tunnel design has emphasized achieving a high cascade Reynolds number 

where viscous effects are minimal as in the actual gas turbine. For a first stage nozzle guide 

vane, the Reynolds number is typically higher than 350,000. This, of course, varies, 

depending on the size and design of the gas turbine. According to the manufacturer that 

provided the geometries, the design Reynolds number for the current setting is around 

400,000. 

To achieve the current Reynolds number aim (i.e. 400,000) with current fan power 

available, the wind tunnel was slightly modified as described in chapter 3. This included 

incorporating a shorter span for the cascade than that for the previous cascade which was 

installed on the same wind tunnel (cascade used by Erickson [57], Arya [58]). The previous 

cascade was for a rotor of the same stage and, typically, the rotor has a slightly larger span 

than the nozzle guide vane preceding it. Also, installing a carefully designed multi-vanned 
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curved diffuser allowed for maximum recovery of pressure within the limited space of the 

lab.  

To measure the cascade Reynolds number, a pitot tube is surveyed downstream of 

the test section. The pitot tube is positioned in the flow core, away from the vane wakes 

and tailboards. The static and total pressure ports of the pitot tube are connected to both 

ends of one DP15 pressure transducer and the measurements are recorded for 30 seconds 

and averaged. This measure the downstream velocity. The test section area ratio is then 

utilized to find the approach mean velocity, from which the Reynolds number is calculated 

as: 

=  Eq. 4.7 

where V  is the approach or cascade inlet velocity and C is the vane chord length. It is 

important to note that after installing the new diffuser (diffuser II), as discussed in section 

3.3.2, the same procedure is performed to ensure that cascade is still performing at the 

desired high Reynolds number.  

4.2.2 Vane Static Pressure Profile Measurements 

The ensure cascade periodicity, the downstream tailboards are adjusted and the 

vane static pressure profiles at the mid-span for both passages of the cascade are measured. 

This is vital because the current cascade has only two passages, so to ensure that the 

experiment represents a real round rig (the linear approximation of the round rig indeed 

since it’s a linear cascade), the flow through each passage must be repeatable (i.e. periodic). 

This means equal flow must pass through each passage and when this is achieved, the 

vanes’ static pressure profiles of both passages match.  
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The vanes’ static pressure profiles are measured using mid-span tabs located on the 

surface of the vanes as described in the vane, design part of section 3.2.3. The locations of 

the tabs are shown under the same section in Figure 3.16. The tabs are connected with 

tygon tubes to a marked switchboard which has one output connected to one DP15 pressure 

transducer. The switchboard has series of two-way pneumatic valves (model TV-2S) made 

by Clippard which allow for manual choice of the pressure tap to be measured. The other 

end of the pressure transducer is connected to one of the tabs that make the reference 

pressure of the transducer inside the wind tunnel (not ambient). This is done to account for 

any transient changes of pressure inside the wind tunnel. The pressure readings are 

digitized using an Agilent 34970A Digital Multimeter and are recorded and averaged over 

a period of 30 seconds. 

The pressure profiles are measured along the suction side of the first (top) vane, 

pressure side of the second (mid) vane, suction side of the second vane, and pressure side 

of the third (bottom) vane. The profiles are then compared and the tailboards are adjusted 

until the suction side and pressure side profiles of the adjacent vanes match. This is an 

iterative process. The profiles are presented in terms of a pressure coefficient Cpvane: 

[ ] =
[ ] −
1
2

 Eq. 4.8 

The pressure coefficient normalizes the difference between the pressure at the vanes’ 

stagnation points ( ) and static pressures along the vane ( ), with the approach dynamic 

pressure ( ). 
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4.2.3 Approach Flow Velocity and Turbulence Measurements 

Mean velocity and turbulence are important characteristics of a cascade’s approach 

flow. It greatly defines the mixing, which certainly affects the secondary flows and, more 

profoundly, the coolant distribution in the cascade. The velocity and turbulence 

measurements also act as boundary conditions in the computational part of this study. The 

inlet mean velocity and turbulence measurements are taken at a plane located 10 mm 

upstream of the design cavity (x/Cax = -0.67) as shown in Figure 4.15. The measurements 

are taken at pitch-wise locations that are upstream of the upper (test) passage, only. 

 

4.2.3.1   Mean Velocity and Turbulence Intensity Measurements 

The velocity measurements are collected with the constant-temperature hot-wire 

anemometer TSI Model 1750 described in section 4.1.3. The velocity is measured at a 

Figure 4.15: Inlet plane location for velocity and turbulence measurements shown 
as a dashed green line 
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plane divided into 224 measurement grid points. The measurement points are distributed 

so that generally finer grid points are near the contoured endwall side, as shown in Figure 

4.16. For adequate velocity and turbulence intensity measurements, the velocity at each 

point is measured for 40 seconds sampling at 200 Hz with Agilent 34970A unit. From the 

measurements, mean velocity, root mean square velocity fluctuation, and turbulence 

intensity are found: 

[ , ] =
1

[ , , ] Eq. 4.9 

[ , ] =
1

( [ , , ] − )  Eq. 4.10 

[ , ] =
[ , ]

[ , ]
 Eq. 4.11 

where [ , , ] denotes velocity taken over time t at each location [y, z] in the plane, and 

N is number of samples taken over 40 seconds. 
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4.2.3.2   Energy Density Spectrum and Turbulence Length Scale Measurements 

Flow approaching a first stage turbine cascade cannot be characterized by 

turbulence intensity alone, as described by Equation 4.9 through 4.11. The turbulent 

features, such as the turbulence length scales, greatly affect the turbulence dissipation and 

mixing in the cascade. The turbulence energy and momentum are mainly transported with 

the large eddies in the flow. Flow coming out of a low-NOx combustor typically consists 

of large eddies; and, with turbulent mixing surpassing molecular diffusion, neglecting the 

Figure 4.16: Approach velocity measurements location on the plane shown in Figure. The 
measurements are for the upper passage, only. Here “Width” is the test section width at the 
plane location. 
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large eddies already present in the real engine while conducting the experiment will lead 

to unrealistic conclusions specially in the thermal aspect of it. As it will be discussed later 

through the computational analysis part of this study, when RANS turbulence models that 

don’t accurately simulate large length scales are employed for CFD, under-predicted 

mixing of the coolant in the cascade is calculated. 

Experimentally, to accurately simulate the turbulent length scales, a turbulence 

generator as described in section 3.1.2 is designed to generate turbulence (and flow) by 

mixing jets into a mixing chamber which advect downstream creating the mainstream flow. 

The jets preserve the turbulence production in the flow by maintaining turbulent shear 

layers. In this study, as part of the approach flow qualification - in addition to the turbulence 

intensity distribution already described in the previous section - the turbulent kinetic energy 

distribution (Energy Density Spectrum), the integral length scale Ʌ, the energy length scale 

Lu, and the Taylor microscale λ are documented. The later three are essentially found from 

the Energy Density Spectrum. 

The turbulence intensity distribution is readily found from the hot-wrie velocity 

measurements described in the previous section and defined by Equations 4.9 through 4.11. 

However due to the limited frequency of those measurements (200 Hz) they are not fit for 

energy density spectrum or length scales analysis. For this matter a higher frequency 

measurement is made with a quicker DAQ. The Agilent 34411A digital multimeter allows 

measurement recording speed of up to 10 kHz. It is used with the same constant 

temperature hot-wire anemometer Model 1750 used for the velocity and turbulence 

intensity measurements described in the previous section. The only reason it was not used 

for the velocity and turbulence intensity measurements is that it was not available at that 
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time. The high frequency measurements is made at one axial locations (i.e. at one point in 

space) and recorded for 60 seconds (recorded twice at the same axial location and the 

spectral distributions are averaged for noise reduction). Velocity recorded in this manner 

follows Taylor’s “frozen turbulence” hypothesis. 

The raw measurements are instantaneous velocity [ ] from = 0  to = 60 . 

The velocity fluctuations [ ] about the mean velocity  represents the turbulence in the 

flow. The mean velocity and velocity fluctuations are defined as: 

=
1

[ ] Eq. 4.12 

[ ] = [ ] −  Eq. 4.13 

Where N is number of samples over 60 seconds. 

To perform a spectral analysis, velocity fluctuations [ ] are converted from the 

time domain to a frequency domain.  This is done by applying Discrete Fourier Transform 

(DFT) to [ ] which is implemented using the Fast Fourier Transform (FFT) code on 

matlab. The transformation is given by: 

[ ] =
1

√
  Eq. 4.14 

Where, 

 is transformed coefficient indexed with k and is a function of  
 is fluctuation frequency 
 is velocity fluctuations about mean 

 is number of samples of  at t=60 seconds 
 is  sample number (n=1,2,3, … N) 
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Here  is a complex number where the real part is the amplitude and the imaginary part is 

the phase between the sample k and [0]. Now from the transformed complex coefficients, 

the Energy Density Function [ ] is: 

[ ] =
2 [ ] + [ ]

 Eq. 4.15 

where  is the sampling frequency (10 kHz) and  is the fluctuation frequency and is 

defined as: 

=  Eq. 4.16 

 

Now [ ] can be plotted against  to generate the Energy Density Spectrum chart, 

where the units of [ ] here is (m2 / s2 Hz) and  is (Hz). Sample Energy Density Spectra 

from different experiments are shown in Figure 4.17. The Energy Density Spectrum 

presents the different eddie length scales in the flow and the corresponding frequency in a 

log-log scale. The larger eddies are captured at low frequencies while smaller ones are 

captured at higher frequencies. It is expected that the number of eddies captured decrease 

with decreasing frequency. This is so because as the frequency decrease, the eddies get 

larger and so their time scale passing through the hot wire is also large. 
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The turbulent length scales are now found by analyzing the Energy Density 

Spectrum. According to Hinze [78], the integral length scale, Ʌ, which defines the largest 

eddies can be found by: 

Ʌ =
4

lim
→

[ ]
 Eq. 4.17 

Figure 4.17: Energy density spectra for different experiments [90]. Note that in the 
Kolmogorov region and beyond, all data behave the same. Subscript “1” indicates 
that all data are based on only primary velocity component. 
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where  value corresponding to the low frequency flat region of the spectrum is applied to 

Equation 4.17. 

The smaller length scales (energy length scale Lu, and the Taylor microscale λ) lies 

in the decreasing region of the Energy Density Spectrum curve. The decreasing curve is 

due to the kinetic energy dissipation which from [79] can be found by: 

=
16.2 / /

 Eq. 4.18 

The subscript  corresponds to point taken in the “inertial sub range”. At this region the 

turbulent kinetic energy cascades down the turbulent eddies, where energy from larger 

eddies feed the smaller ones and so on.  At the end of the inertial sub range, the turbulent 

kinetic energy starts dissipating as it transfers from the smallest eddies into the viscosity 

through dampening. This energy cascade process is well described by L.F. Richardson's 

famous poem: 

“Big whirls have little whirls that feed on their velocity, 

and little whirls have lesser whirls and so on to viscosity.” 

According Kolmogrov [87], the inertial region of this process (i.e. the transfer of 

energy between larger eddies to smaller ones) can be approximated with a line of a -5/3 

slope on the log-log plot. This is the inertial sub range and since the slope is constant, any 

point on this line can be used to evaluate Equation 4.18. 

After defining the energy dissipation, the energy length scale Lu which is a function 

of the dissipation and the root mean square velocity, is found from a definition given by 

Ames and Moffat [86]:  
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= 1.5  Eq. 4.19 

This length scale represents the eddie sizes with mean energy over the spectrum. The 

Taylor micro scale λ defines the smallest eddies in the flow where viscosity plays a role, 

and so in its definition a viscosity term is present and hence is defined by Hinze [78] as: 

=
15

 Eq. 4.20 

 

4.2.4 Thermal Qualification Measurements 

To thermally qualify the test section t, two important set of measurements are made; 

the adiabatic performance of the contoured endwall, and the cascade approach flow 

temperature profile documentation. All temperature measurements of this section are made 

with the same thermocouple described in section 4.1.2 and are digitized with DAQ Agilent 

34970A for at least 20 seconds. 

Contoured Endwall Adiabatic Performance Measurements 

The aim of this measurement is to ensure that the temperature gradient approaches 

zero near the wall. To measure the adiabatic performance of the contoured endwall, a 

calibrated thermocouple described in section 4.1.2 is used to measure the wall and near 

wall temperatures. The measurements are made up to 0.45 cm away from the wall and are 

repeated at random location over the contoured endwall. For the course of the 

measurements, the film cooling slot is active and blowing film cooling air at temperature 

Tc to create an overall temperature difference between the contoured endwall and the 

mainstream. The results are presented in terms of a dimensionless recovery temperature: 
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=
−
−

 Eq. 4.21 

where  is the film coolant recovery temperature,  is temperature surveyed in the z 

direction away from the wall,   is the mainstream temperature, and  is the film coolant 

temperature. 

Approach Flow Temperature Profile Measurements 

To document the combustor liner coolant presence in the cascade, an approach 

temperature profile is measured. The combustor liner coolant is simulated through heated 

upstream slot flow and two vertical resistance heaters installed into the mainstream as 

described in section 3.2.1. The aim is to simulate a thick temperature profile extending 

from the wall and roughly half span. To do this, the vertical resistance heaters’ power along 

with the upstream slot flow heating power are adjusted. To ensure discontinuity in the 

temperature profile approaching the cascade, the film coolant slot power for each mass 

flowrate ratio (MFR) is also adjusted. The measurements are taken at mid-pitch 

immediately downstream of the film cooling slot (x/Cax = -0.12), as shown in Figure 4.18. 
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The results are presented in terms of a dimensionless recovery temperature, 

normalized with the temperature difference between the wall and the mainstream: 

=
−
−

 Eq. 4.22 

where  is the dimensionless recovery temperature based on wall temperature,  is 

temperature surveyed in the z direction away from the wall,   is the mainstream 

temperature, and  is the wall temperature. 

4.3 Aerodynamic Measurements Procedure 

As discussed earlier, flow in a high pressure turbine cascade is complex involving 

different secondary flow features and passage vortices. These features are mainly dominant 

Figure 4.18: The axial location where approach temperature profile is measured, shown 
as a green dashed line. The measurements are taken at mid pitch of the upper passage. 
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near the walls of the cascade. For this study, understanding the aerodynamic interaction 

near the contoured endwall in particular is important because, as the literature suggests, 

endwall aerodynamics are effected by the endwall’s geometry and the momentum of the 

injected film coolant. Of course, this is in turn effects the mixing of the film coolant itself 

as it migrates through the passage. In this study, endwall aerodynamics are studied by 

documenting the passage total pressure loss and secondary flows at the passage exit plane. 

 

4.3.1 Total Pressure Loss Measurements Procedure 

To document the aerodynamic losses within the passage, the upstream and 

downstream total pressures are recorded and compared.  The passage inlet (upstream) and 

Figure 4.19: The axial location where the aerodynamic 
measurements are taken 
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outlet (downstream) planes where the pressures are recorded are shown in Figure 4.19. The 

upstream total pressure is measured with a mid-span stagnation pressure tap located on the 

vane, as shown. The downstream total pressure is recorded at locations that are finely 

distributed near the walls and coarsely distributed near the center of the exit plane, as shown 

in Figure 4.20. After the first set of measurements were taken, more locations were 

assigned at regions with strong total pressure gradients.  

 

Figure 4.20: Five-hole probe measurement locations on the passage exit plan (refer to Figure 
4.19 for plane location). The dot sizes represent the five-hole probe tip diameter, 
approximately. Here “Span” is the cascade Span at the plane location. Note that, due to the 
probe’s geometry, measurements do not extend to z/Span=1. 
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A five-hole probe is used to measure the total pressure and flow angles. The probe 

is set at a fixed angle in the exit plane throughout the experiment and the total pressure is 

found by reading the pressure from the center hole, correcting it through knowledge about 

the flow angle read by the other four flanking holes. The working principle and the process 

of total pressure correction is discussed previously in section 4.1.4. The reader is highly 

encouraged to read that section for a better understanding of the five-hole measurement 

technique employed for this study. The downstream static pressure is measured with a 

static pressure tap located on the suction side of the blade bounding the passage. As 

described in section 3.2.3 (Figure 3.15), the static pressure tap is carefully fabricated such 

that the tap opening axis is normal to the flow streamlines and the exits are sharp and 

square-edged. Here, the streamlines are without curvature so this static pressure equals the 

static pressure anywhere on a plane perpendicular to that surface. Tygon tubes are 

connected from the five ends of the five-hole probe to five calibrated pressure transducers 

described in section 4.1.1. The opposite ends of the pressure transducers are connected with 

tygon tubes to the static pressure tap on the vane. Because only five pressure transducers 

are available, the upstream total pressure is not recorded at the same time as the pressures 

from the five holes of the probe are recorded. To overcome this, a Clippard pneumatic 

toggle switch is installed on one of the pressure transducers that will switch the pressure 

input to the transducer between the five-hole probe center hole pressure and the upstream 

total pressure. Since this is a manual process, for practicality, the upstream total pressure 

is recorded twice for each row of measurements; one while the five-hole probe is extended 

to the contoured endwall, and the other is when the probe is almost mid-span. It is important 

to note that, even though the total pressures are recorded at slightly different times, the fact 
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that all measurements are recorded with reference to a static pressure tap in the tests section, 

accounts for the transient changes in total pressure in the test section. Agilent 34970A DAQ 

is used to read the voltage from the transducer’s demodulators. The pressure readings are 

taken at 20 Hz for 25 seconds, and averaged, for each measurement. 

The pressure measurements are normalized according to the following equation: 

[ , ] = , − , [ , ]

, − ,
 Eq. 4.23 

where  is the pressure loss coefficient, ,  is total pressure at the inlet plane (x/Cax = 

0), , ( , ) is the total pressure at y, z locations of the exit plane (x/Cax = 1.0), and ,  is 

the static pressure at the exit plane. Assumed in this definition is that the upstream total 

pressure, , , equals the downstream total pressure in the inviscid core of the passage flow. 

Thus, , − , = , , − , = 1/2 , where “core” means “in the inviscid core.” 

The experiment is repeated for four different MFR rates: 0%, 0.5%, 1.0%, and 1.5%. The 

data are then used to generate total pressure loss coefficient contours at the outlet plane for 

each of the four MFR rates. 

4.3.2 Secondary Flow Measurements 

To analyze the secondary flows at the passage exit plane, flow angles are 

documented. The flow angles are measured using the same five-hole probe used for the 

total pressure measurements at the exit plane. This implies that the flow angles 

measurements are readily available from the total pressure loss measurements, so no new 

set of measurements are taken for this analysis. The flow angles are made at the exit plane 

as shown in Figure 4.19. As described in the previous sub section, the flow angles are 

recorded at locations that are finely distributed near the walls and coarsely distributed near 
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the center of the exit plane where less action is expected as shown in Figure 4.20. The more 

locations that are assigned to refine the total pressure measurements after the first set of 

measurements were taken, are also chosen to yield better resolution for the flow angles. In 

fact, the main reason that more points are assigned in the first place is to capture regions 

with high secondary flows action after the first set of measurements were taken. 

 

The experimental setup and data collection procedure is similar to the description 

provided in the previous sub section (section 4.3.1). As described earlier, the probe is set 

at a fixed angle throughout the experiment and the angles are measured relative to that 

angle. The fixed angle of the probe is aligned with the core flow angle, so that when the 

Figure 4.21: Five-hole probe position on 
the exit plane for core flow alignment 
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probe is in the center of the plane (i.e. away as possible from all inviscid regions), the flow 

pitch angle of attack on the probe is zero as shown in in Figure 4.21. This is an important 

definition because it means that the flow measured is in a plane perpendicular to the vane 

surface, even though the plane surveyed. So when interpreting the results, it is important 

to keep in mind this orientation, which implies moving through many planes that are 

perpendicular to the vane surface as shown in Figure 4.22. The reason for this un-natural 

orientation is mainly driven by the need to measure the total pressure at this plane to find 

the passage total pressure loss. Also the fact that the endwall is contoured asymmetrically 

makes it more convenient, to conduct measurements at a fixed axial location so that the 

endwall profile doesn’t change throughout the height of the plane, which if it did change 

will lead to an uneven plane shape (instead of a typical rectangular one). So there are 

advantages and disadvantages of using this plane to represent the secondary flows in this 

unique cascade geometry, and is merely a choice made over other limited options. Ideally 

the best presentation would be by complimenting this axial plane with a plane that is 

perpendicular to the vane surface. However, recognizing that it takes more than a month to 

measure one plane for all the MFR cases, this is certainly a time consuming process, and 

hence an uneasy thing to do within the time frame of this study. 
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To generate useful information on the secondary flow, further analysis on the five-

hole probe flow angles are made. The raw results after applying the five-hole probe 

calibration relations are the total pressure, the pitch angle, and yaw angel. First to find the 

flow velocity, the total pressure is used with the static pressure collected from the vane 

surface as follows: 

Figure 4.22: Five-hole probe traverse across the exit plane, showing 
sample of planes normal to the flow that the probe ‘sees’ while traversing. 
The flow angle measurements are relative to the flow normal planes. And 
so, the results may be interpreted as how the flow would appear for 
someone aligned with the flow direction, looking at the exit plane. 
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| | =
2 , − ,   Eq. 4.24 

this gives the flow absolute velocity magnitude at the outlet plane | |. Knowing the 

velocity magnitude and the flow directions, the velocity components can be found: 

= | | cos cos  Eq. 4.25 

= | | sin  Eq. 4.26 

= | | cos sin  Eq. 4.27 

where , , and  are velocities in the x, y, and z directions relative to the probe angle, 

i.e.  is in the streamwise direction. From  and , secondary flow vectors at all [ , ] 

locations at the exit plane shown in Figure 4.20 are plotted. Note that points [ , ] are 

relative to test section coordinate system where [x] is the axial direction. This is different 

than [ , ] which basically states the coordinate system relative to the streamwise 

direction. The coordinate systems are shown in Figure 4.22. 

Flow rotation describes vortices in the passage. To get an idea on the passage 

vortices as seen at the passage exit plane, the following definition is used for vorticity 

coeffecient: 

= −  Eq. 4.28 

Note that the above definition is not a true vorticity because the distances  is not the 

distance on the plane normal to the flow ( ≠ ). However, as explained before this is 

an issue that cannot be dealt with due to the nature of the measurement plane. And, hence, 
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the above equation is used only to get an approximate of the vorticity distribution and 

strength at the exit plane. 

The secondary flows are flows that are not in the streamwise direction. This means 

these flows do not produce effective flow work and their energies eventually dissipate. 

These useful energies are in the form of cross-stream kinetic energies. And so describe 

these losses, a secondary flow kinetic loss coefficient is defined: 

=
−

 Eq. 4.29 

4.4 Thermal Measurements Procedure 

For this study, thermal measurements are used to characterize the coolant mixing 

and migration into the cascade. There is no actual heat transfer measurements, but rather 

the scalar mixing of the coolants is documented. The scalar here is temperature, so both 

the combustor coolant and the film coolant are marked with higher temperature (7~9 °C 

higher) than the mainstream (~26 °C), as described in sections 3.2.1 and 3.2.2. The test 

section is allowed enough time to reach thermal equilibrium before any measurement is 

taken. At the entrance of the cascade (i.e. at the start of the endwall contouring which is 

x/Cax=-0.12) both coolants (combustor and film coolant) are merged together to be one 

coolant bulk. It is hard to distinguish them at this point, and so the measurements analyze 

the mixing and migration of this coolant bulk into the cascade. This said, the word 

“coolant” hereafter refers to the mixed coolant from the two sources that the cascade sees.  

Coolant mixing and migration is studied through documenting the complex flow in 

the vicinity of the endwall and the cooling potential of the coolant. This is done through 

thermal field measurements across the passage, and endwall adiabatic effectiveness 
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measurements. All measurements are made for the upper passage of the cascade only. And 

all procedures are repeated for the three MFR cases: 0.5%, 1.0%, and 1.5%. The following 

sections will discuss the procedures of both measurements. 

4.4.1 Adiabatic Endwall Effectiveness Measurement Procedure 

The thermal fields describe the coolant mixing and diffusion into the mainstream 

as it migrates through the passage. This gives a good description of the flow physics in the 

vicinity of the endwall, but alone does not describe the effectiveness of the coolants in 

cooling in the endwall. To assess cooling potential of the coolants on cooling the endwall, 

the coolants coverage over the endwall is studied. To do this, temperature measurements 

on the endwall surface are collected. These temperature measurements are used to find 

endwall adiabatic effectiveness values using the following equation: 

= ,
−

 @ . −
 Eq. 4.30 

The above relation is same as the thermal fields’ dimensionless recovery temperature (Eq 

4.30) except now the temperatures (
,

) are taken only at the wall. As described before, 

 @ .  is the maximum wall temperature just slightly downstream of the film 

cooling slot, i.e. it is the temperature of the film coolant and the upstream combustor 

coolant mixture at their highest concentration. 

The endwall adiabatic effectiveness distribution is found by measuring Equation 

4.31 at 113 locations over the endwall with finer resolution near the leading edge of the 

suction side of the vane, as shown in Figure 4.24. The sources for uncertainty associated 

with the effectiveness values and the method of uncertainty computation remain the same 

as those for the passage thermal fields, leading to a value for  of 0.014. 
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4.4.2 Passage Thermal Field Measurement Procedure 

When discussing film cooling potential, often the coverage of the coolant on the 

surface being cooled is the only type of measurement discussed. While coolant coverage 

over the surface is important and is discussed in the next subsection, it does not describe 

the coolant mixing into the mainstream.  

Thermal fields allow the gas turbine designers to see how the coolant is being 

diffused and mixing away from the surface and design accordingly. At any axial location 

in the cascade, a thin layer of coolant above the surface means that the coolant will quickly 

diffuse into the mainstream and lose its potential, while a thicker layer implies more coolant 

Figure 4.23: Endwall adiabatic effectiveness measurement grid. x and y units 
are centimeters. [92] 
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potential that can be used further downstream. Also, by examining the differences in 

distributions between two axial locations in the cascade, knowledge about secondary flows 

that moves the fluid (including the coolant in this fluid) from one region to another can be 

gained. And so, for this study, the temperature distributions near the vicinity of the endwall 

is measured at different axial locations within the cascade. The thermal fields are generated 

at five axial planes (x/Cax = -0.104, 0, 0.317, 0.612, and 0.990) that cover the entire passage 

starting slightly upstream of the passage inlet and ending at the passage outlet as shown in 

Figure 4.23. The temperature distribution is made dimensionless using the following 

equation: 

=
, , −

 @ . −
 Eq. 4.31 

where  @ .  is the maximum wall temperature at the first plane, which is also just 

slightly downstream of the film coolant slot exit, i.e. it is the temperature of the film coolant 

and the upstream combustor coolant mixture at their highest concentration. 
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It is important to note that the measured temperature at the thermocouple tip is the recovery 

temperature and, therefore, equation 4.30 is dimensionless recovery temperature. The 

reported thermal fields’ uncertainty value is low because the measurements are based on 

temperature differences between two locations in the flow. The sources of uncertainty in 

thermal measurements are due to lags in temperature associated with variability in 

atmospheric conditions during measurement. This is small so the uncertainty in passage 

thermal field, , measurements is low, 0.014. The uncertainty computation is based on 

the propagation method by Moffat [88]. 

4.5 Film Coolant Mass Flow Rate 

As seen in the previous sections, film coolant mass flow rate to mainstream flow 

ratio (MFR) is an important parameter that is being changed throughout the course of the 

experiments. The aerodynamic measurements are repeated for four MFR cases (MFR= 

Figure 4.24: Thermal field locations and measurement grid [92] 
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0.0%, 0.5%, 1.0%, and 1.5%) and the thermal measurements are repeated for three MFR 

cases (MFR= 0.5%, 1.0%, and 1.5%). Here MFR is for the film coolant only, the upstream 

combustor coolant is fixed for all cases as discussed before. 

To measure the film coolant flow rate, a laminar flowmeter is installed in the supply 

pipe to the film coolant plenum as described in section 1.2.2. In principal, laminar 

flowmeters work by forcing the flow through thin tubes with a diameter small enough such 

that the flow going through the tube is laminar. This create the classical Hagen–Poiseuille 

flow which is one of the few types of flows that have an exact analytical solution for 

velocity from the Navier-Stokes equation. The solution depends on the tube diameter, 

pressure gradient, and the fluid’s viscosity. By knowing the tube dimensions, the fluid 

viscosity, and measuring the pressure drop across the tube, the flow rate can be found.  

The laminar flowmeter used in this study, which is made by Meriam (Model 

50MC2-4) one pressure tab each at the entrance and exit of the laminar flow elements in 

the flowmeter which measure the pressure drop across the laminar flow elements. Instead 

of trying to measure the tube dimensions and do the necessary relations, the manufacturer 

has provided a relation that is specific to the flowmeter design that relates the measured 

pressure difference ( ) to the total flowrate ( ) across the flowmeter: 

 = (50.0651 − 0.0692834 )  Eq. 4.32 

where  is standard dynamic viscosity of air, which is the dynamic viscosity at 70 °F 

(21 °C), and  is the dynamic viscosity of air at the lab ambient conditions. To find the 

viscosity of air at lab ambient conditions ( ), a HH311 Humidity Temperature Meter 

provided by Omega Engineering Inc is used to measure the temperature and humidity in 
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the lab. From the temperature and humidity, the air viscosity is found. The pressure 

difference ( )  is measured with an inclined manometer. The relation given by the 

manufacturer is based on a calibration of the laminar flowmeter against a National Institute 

of Standards and Technology (NIST) traceable master flowmeter. The reported uncertainty 

of the calibration is 0.72% with 95% confidence level. The film coolant mass flow rate to 

mainstream flow ratio (MFR) is now found from the following relation: 

=
 

 Eq. 4.33 

where  is the mean velocity of the mainstream in the test section (upstream of the 

cascade) and  is the cross-sectional area of the test section at the location of  

measurement. Note that the relation has no densities because the mainstream fluid and the 

film coolant fluid are both air of similar temperatures, so the density ratio is ~1. 

Other important relation defining the film coolant injection is the momentum flux 

ratio, I, and is defined as follows: 

= =  Eq. 4.34 

where  is the coolant injection speed and  is the exit area of the film coolant slot. 
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Chapter 5  

Test Section Qualification Results 

It is important to qualify the test section before performing the actual experiment. 

This ensures that the experimental conditions are as desired. As described in Section 4.2, 

the test section qualification involves:  

5. Measuring the cascade Reynolds number (Rec) and ensuring that it satisfies the high 

Reynolds number conditions 

6. Adjusting tailboards and measuring vane static pressure profiles to ensure the 

periodicity of the cascade 

7. Documenting the approach flow velocity profile and turbulence features 

8. Qualifying endwall adiabatic characteristics and documenting the approach flow 

temperature profile 
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The detailed procedure for each of the above points are described in section 4.2. The 

following sections will present the results of the test section qualification measurements. 

5.1 Cascade Reynolds Number 

The cascade Reynolds number is the most important parameter to be matched with 

the real nozzle guide vane cascade. For this study, a high Reynolds number (~400,000) is 

desired. This is high compared to the lab wind tunnel facility, and so achieving it is pushing 

the wind tunnel to its limits. Section 4.2.1 describes the procedure for measuring the 

Reynolds number. Because two different diffusers where installed for the wind tunnel over 

the course of the experiment as explained in section 3.3.2, the Reynolds number had to be 

measured twice. The Reynolds numbers based on inlet velocity and vane cord length is: 

Diffuser I: = = ,   

Diffuser II: = = ,   

The Reynolds number are found when the wind tunnel fans are running at full 

power, which is their setting throughout the course of the experiment. The slight difference 

in Reynolds number is due to the better performance of the newer diffuser (Diffuser II). As 

Explained in section 3.3.2, Diffuser I is installed for the thermal measurements and 

Diffuser II is installed for the aerodynamic measurements. 

5.2 Vane Static Pressure Profiles 

For this study, the vane’s static pressure profiles were measured twice, once at the 

beginning of the experiment, and again after Diffuser II was installed. The procedure for 
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the measuring the vane static pressure profiles is described in Section 4.2.2 and the results 

are presented in Figures 5.1. 

 

For both cases, the pressure profiles for both passages match (they were forced to 

match by iterating the tailboard location as described in Section 4.2.2). While for both cases 

slight differences exist at x/Cax = -0.45 and -0.6 on the suction side, the difference is 

Figure 5.1: Vane mid-span passage static pressure profiles for Diffuser I and Diffuser II. 

Diffuser I 

Diffuser II 
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satisfactory. This qualifies the cascade periodicity. Also the pressure profile shapes for both 

cases match to a good extent, which confirms that the when installing the new diffuser, the 

test section is still operating at the same state. 

5.3 Approach Flow Velocity and Turbulence Intensity 

It is important to document the test section approach flow velocity and turbulence 

intensity to ensure that the cascade is operating at the desired conditions. Also fully 

defining the approach flow, serves as a boundary condition for the numerical study (chapter 

7). Section 4.2.3 describes the procedure for measuring the velocity and turbulence. The 

inlet plane velocity and turbulence level distributions are shown in Figure 5.2 and 5.3 

respectively.  
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Figure 5.2: Inlet plane velocity distribution [m/s]. Pressure and suction sides of the vanes 
downstream are at y/P=0 and y/P=1, respectively. 
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The velocity distribution shows a velocity gradient extending from the flat endwall 

(z/W=1) to z/W~0.8. This is due to a wall-dampening effect on the large eddies. This leads 

to an “eddy size boundary layer” thickness of ~8 cm, which is comparable with the eddy 

sizes in the flow. The mean turbulence intensity is 11%. The root mean square velocity 

distributions show very little variation in velocity or turbulence intensity along the pitch, 

with lower velocities and higher turbulence near the endwall side (z/W~ 0.05 to 0.5). This 

higher turbulence and corresponding lower velocity is due to the relatively close proximity 

of the plane to the upstream heaters that causes vortex shedding. These vortices are 

expected to dissipate and the wakes are expected to smooth in this highly-turbulent flow 

as the passage inlet plane is approached.  
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Figure 5.3: Inlet plane turbulence level distribution [m/s]. Pressure and suction sides of the 
vanes downstream are at y/P=0 and y/P=1, respectively. 
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The turbulence kinetic energy distribution (Energy Density Spectrum) is shown in 

Figure 5.4 and a summary of the inlet flow conditions are listed in table 5.1. The 

determination of the length scales is described in details in section 4.2.3.2. Note that 

because of the relatively low data in the integral length scale (the largest turbulence scale), 

Von Karman interpolation law is applied at two points, one that matches the inertial 

subrange best, and one that matches the integral range best. This resulted in a range of 

integral length scales, Ʌ, of 0.055 m to 0.0929 m. which is ~21% of the vane true cord 

length. This is similar to the turbulence found at the exit of a low-NOx combustor. 

 

Figure 5.4: Energy Density Spectrum adapted from [59] 
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Table 5.1: Approach flow characteristics 

Bulk Inlet Flow Properties Turbulence Characteristics 
Umean  [m/s] 15.3 Umean  [m/s] 15.3 
urms [m/s] 1.63 urms [m/s] 1.63 

Tu 11% Tu 11% 
Rec 390,000 Rec 390,000 

 

5.4 Thermal Qualification Results 

For the endwall adiabatic effectiveness measurements, it is important to ensure that 

the endwall is adiabatic. Also the approach flow temperature profile is documented. The 

procedure for the thermal qualification is described in section 4.2.4. Figures 5.5 and 5.6 

show the adiabatic performance and approach flow temperature profiles respectively. 

 

It can be seen that the temperature gradient is almost zero near the endwall, 

qualifying its adiabatic performance. The approach temperature profile for all MFR cases 

Figure 5.5: Endwall normal temperature profiles at randomly selected 
locations at the endwall surface [59] 
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is thick extending to mid-span. The near-wall temperature gradient is close to zero for all 

the cases, given the adiabatic conditions of the wall. A slight ‘bump’ in the profile around 

z/S~0.15 to 0.3 is observed. This is due to discrete locations of upstream heating. This 

‘bump’ is of little consequence, especially since the knowledge of the actual engine profile 

is limited. 
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Figure 5.6: Approach flow temperature profiles for MFR=0.5%, 1.0%, and 1.5% cases 
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Chapter 6  

Experimental Results and Discussion 

6.1 Aerodynamic Results 

One part of this study is investigating the aerodynamic features of the cascade in 

the presence of endwall contouring and at various film coolant injection rates. This is done 

through studying the total pressure loss between the inlet and exit planes of the nozzle 

guide vane passage and studying the secondary flows at the exit plane. This is important 

because an accurate understanding of the flow at the exit plane gives insight on the overall 

effects of the film coolant injection and endwall contouring on the cascade performance, 

allowing the designers to develop the nozzle guide vane endwalls and the cooling schemes, 

accordingly. The measurements were made for the full plane up to z=0.92Se (92% of the 

exit span), so all near-wall flows are captured except for the flow in the near vicinity of the 

flat endwall. The following sections go over the aerodynamic results. 
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6.1.1 Passage Total Pressure Loss 

The drop in total pressure across the cascade passage for various film coolant 

injection rates can be found by comparing passage upstream and downstream total 

pressures. The detailed procedure is described in section 4.3.1. Calculations are by 

Equation 4.23. Figures 6.1 through 6.4 present the total pressure loss coefficient 

distributions at the passage exit plane for MFR=0.0%, 0.5%, 1.0% and 1.5% cases, 

respectively. 
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Figure 6.1: Total pressure loss coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=0.0%. For this case, the slot is open. 

 

(MFR=0.0%) 
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Figure 6.2: Total pressure loss coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=0.5% 

 

(MFR=0.5%) 
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Figure 6.3: Total pressure loss coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=1.0% 

 

(MFR=1.0%) 
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Generally, for all the MFR cases, a large inviscid region can be identified by a near-

zero pressure drop in the core of the plane extending between y/P= 0.75 and 0.9 and 

z/Se=0.05 and 0.15. This is the inviscid core of the flow, where very low values of losses 

and variations in flow angles are found, as will be discussed in the following section. Near 

the walls, flow boundary layers are identified as regions of higher total pressure loss. The 

flow adjacent to the suction surface of the vane has the largest region (not magnitude) of 

Figure 6.4: Total pressure loss coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=1.5% 

 

(MFR=1.5%) 
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total pressure loss and, hence, the thickest boundary layers. This is expected because of the 

adverse pressure gradient on the suction surface of the vane. Also, a relatively thin, yet 

more intense, total pressure loss region is observed in the pressure-side flow. This region 

carries the vane’s wake (the exit plane is slightly downstream of the vane trailing edge 

x/Cax=1.02). The boundary layer over the contoured endwall is the thinnest; thinner than 

that in a typical flat endwall boundary layer. This can be attributed to the endwall shape, 

which has a smooth axisymmetric increase of the hub radius, accelerates the near-wall flow 

as it moves through the cascade. A small region near the suction side slightly away from 

the contoured endwall is observed to have a higher total pressure loss than that of its 

neighboring regions. This loss core is the result of a strong passage vortex migrating from 

the upstream pressure side to the downstream suction side of the passage. This strong 

vortex, which is always present in airfoil-endwall bounded flows, results in major total 

pressure losses. The presence of a similar region near the flat endwall side is also observed. 

Even though the loss core near the flat endwall is not fully captured (due to a probe shape 

limitation), some conclusions can be drawn regarding the expected shape; which, if the 

observed trend continues as expected, would be larger compared to the loss core on the 

contoured endwall side. This is not a solid conclusion because of the lack of data, but if it 

holds true, then this can be easily explained by the acceleration of the flow in the vicinity 

of the contoured endwall side which would shrink and stretch vortices in this region, 

leading to a smaller, yet more concentrated, loss core on the contoured endwall side 

compared to that on the flat endwall side. Another smaller and less intense loss core is 

observed just below the large loss core near the contoured endwall. This can be identified 
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as a counter rotating vortex that could have evolved from the suction leg of the horseshoe 

vortex. 

Comparing results from the different MFR cases shows that the passage vortex core 

grows slightly with increasing MFR. This seems to be true on both sides of the passage. 

Also, the less intense loss core (counter rotating vortex) moves progressively toward the 

passage vortex loss core with increasing MFR. Generally, other than these changes, not 

much variation in the total pressure loss distribution can be observed. 

6.1.2 Passage Exit Plane Secondary Flow Field 

To analyze the secondary flows at the passage exit plane, flow angles and velocities 

are measured from which the secondary flow vectors, vorticity and secondary flow kinetic 

energy loss coefficients are found. Figures 6.5 through 6.8 show the raw results for absolute 

velocity, pitch, and yaw angles at the exit plane for MFR=0.0%, 0.5%, 1.0% and 1.5% 

cases. It can be seen that the velocity plots are essentially similar to the total pressure loss 

coefficient plots. This is expected because the dynamic pressure is the dominant pressure 

loss. The velocity and flow angles will be discussed in context of the secondary flow field 

that is generated from them. 
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Figure 6.5: Absolute velocity (top), pitch angle (bottom left), and yaw angle (bottom right) at the 
exit plane (x/Cax=1.0) for MFR=0.0%. The injection slot is open. 

(MFR=0.0%) 

| | [ / ] 

 [deg]  [deg] 
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Figure 6.6: Absolute velocity (top), pitch angle (bottom left), and yaw angle (bottom right) at the 
exit plane (x/Cax=1.0) for MFR=0.5% 

(MFR=0.5%) 

| | [

  



136 
 

 

Figure 6.7: Absolute velocity (top), pitch angle (bottom left), and yaw angle (bottom right) at the 
exit plane (x/Cax=1.0) for MFR=1.0% 

(MFR=1.0%) 
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Figures 6.9 through 6.12 show the secondary flow velocity vectors and vorticity 

fields for MFR=0.0%, 0.5%, 1.0% and 1.5% cases. Generally, passage secondary flow 

features are observed through flow moving adjacent to the endwall from the pressure side 

to the suction side, and adjacent to the vane surfaces from the endwall to the mainstream. 

This is observed for all MFR cases. A very thin, yet strong, cross-pitch flow region is seen 

Figure 6.8: Absolute velocity (top), pitch angle (bottom left), and yaw angle (bottom right) at the 
exit plane (x/Cax=1.0) for MFR=1.5% 

(MFR=1.5%) 

| | [
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near the contoured endwall moving the fluid from pressure side to suction side and away 

from the endwall. A series of vortices and counter vortices are observed near the junction 

of the suction wall and the contoured endwall.  These vortices may include the passage 

vortex that forms with the pressure leg of the horseshoe vortex and a counter-rotating 

corner vortex. It is difficult to clearly identify the actual origins of these vortices, due to 

the complex interaction and migrational nature of these vortices through the passage. The 

locations of these combined vortices match the total pressure loss core location. This 

implies that these vortices are stretched throughout their journey through the passage, 

becoming more intense and leading to stagnation pressure drop on the exit plane. 
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Figure 6.9: Secondary flow field and Vorticity coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=0.0%. The injection slot is open. 

(MFR=0.0%) 
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Figure 6.10: Secondary flow field and Vorticity coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=0.5% 

(MFR=0.5%) 
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Figure 6.11: Secondary flow field and Vorticity coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=1.0% 

(MFR=1.0%) 
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It is rather interesting that the vorticity distribution is almost invariant among the 

cases of difference MFR values. This implies that, between MFR=0.0% and 1.5%, the 

injected film coolant does not greatly enhance losses in the boundary layers near the 

endwall.  This might be attributed to the orientation of the film coolant injection slot 

relative to the endwall, shown in Figure 3.11. Flow injected into the mainstream tends to 

thicken the boundary layer. This is especially true if the injected flow is perpendicular to 

Figure 6.12: Secondary flow field and Vorticity coefficient distribution at the exit plane 
(x/Cax=1.0) for MFR=1.5% 

(MFR=1.5%) 
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the mainstream. However, when injecting flow nearly parallel to the wall, as in this case, 

the portion of the boundary layer closest to the wall will have a more uniform velocity 

profile due to added momentum from the injected fluid, and, hence, when the boundary 

layer approaches the airfoil- endwall junction, a smaller horseshoe vortex is formed. For 

the current geometry, the coolant is injected with a sizeable velocity component that is 

parallel to the endwall, making it almost a wall jet flow. The boundary layer thickening 

due to the injected coolant and the near-wall velocity profile uniformity by virtue of the 

coolant’s momentum act against each other. Both increasing as MFR increases, leading to 

minimal change. The momentum flux values of the injected coolant evaluated with 

equation 4.34 for the different MFRs are listed in Table 6.1. 

Table 6.1: Film coolant momentum flux 

MFR 0% 0.5% 1.0% 1.5% 

I 0 0.27 1.07 2.41 

 

6.1.3 Cascade Losses 

Quantifying the losses of this study’s cascade helps designers to compare its 

performance with other cascade designs. The main distinct geometric feature of this 

cascade is the axisymmetric contoured endwall. The main running conditions include an 

approach flow with high turbulence and a film cooling flow injected upstream of the 

endwall at various rates. These are the conditions that characterize the loss quantities 

presented in this section that add to the literature library of losses. Since measurements 

where made across the span to up to 0.92Se, only one side of the passage (the contoured 

endwall side) will be considered for the loss analysis.  
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In turbine cascades there are many mechanisms for losses, as highlighted by Denton 

[15]. The type of losses that are relevant for this study and can be calculated with available 

data are: 

 Half-passage total pressure losses 

 Passage vane profile losses (without wakes) 

 Contoured endwall total losses (which include losses due to endwall 

boundary layers and secondary flows) 

 Secondary kinetic energy loss – s.k.e (which are “potential” losses due to 

secondary flows, which will eventually dissipate) 

It is very challenging to exactly quantify the losses that are on one endwall side because 

the effects of the endwalls may extend differently into the span of the cascade, depending 

on the endwall design and flow conditions. However, for simplicity, it will be assumed that 

the endwall effects on the flow do not extend beyond mid-span, and hence an exact half-

passage (x= 0 to 0.5Se) as indicated in the title of the losses listed above will be considered 

as the contoured endwall side for loss analysis. The definitions of the above losses are 

discussed in the following subsections and the results are listed in Table 6.2. 

Table 6.2: Nozzle guide vane cascade loss coefficients 

MFR 0% 0.5% 1.0% 1.5% 

Yt 12.30% 12.50% 12.34% 13.04% 

Yp 4.74% 5.61% 5.16% 7.28% 

Ye 7.56% 6.89% 7.18% 5.76% 

 6.54% 6.59% 6.79% 7.42% 
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6.1.3.1  Half-passage Total Pressure Losses 

The mass-averaged total pressure loss coefficient for the contoured endwall side is 

defined by: 

=
| | 

.

| | 
.  Eq. 6.1 

Where P is the cascade pitch and  is the passage exit span. The results of the above 

definition for this study are shown in Table 6.2. It can be seen that the parameter MFR has 

minimal effects on the mass-averaged total pressure loss for the MFR range tested. 

Between MFR= 0.0% and 1.0%, the mass averaged total pressure loss coefficient is 

constant 12.30%~12.50%. Between MFR=1.0% and 1.5%, the value is slightly increased 

and 13.0%. 

6.1.3.2  Passage Vane Profile Losses  

The passage vane profile losses are the losses associated with the nozzle guide vane 

surface boundary layers. This study’s measurements do not capture wakes because the 

measurement plane is immediately downstream of the passage exit. This means that the 

profile losses presented here are losses within the passage and do not include wakes (hence 

the name “passage vane profile losses”). The passage vane profile losses are evaluated by 

mass averaging the total pressure loss coefficient at the mid span: 

=
| | 

| | 
.

 Eq. 6.2 

Where P is the cascade pitch and  is passage exit span.  Embedded in the above definition 

are the endwall effects on profile losses which may be large due to the close proximity of 
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the mid-span to the endwalls. The results of the above definition for this study are shown 

in Table 6.2. Between MFR= 0.0% and 1.0%, the passage vane profile loss is 4.7%~5.6%. 

Between MFR=1.0% and 1.5%, the value is increases tremendously to 7.3%. Again, it is 

important to note that Yp here captures some of the endwall loses because of the close 

proximity of the endwalls to the mid-span. The true passage vane profile losses must be 

constant (or very close to constant) with MFR, and hence it is safe to say that the higher 

value for Yp for the MFR=1.5% case is due to endwall losses that extend to the mid-span 

and captured by Equation 6.2. 

6.1.3.3  Contoured Endwall Total Losses 

The contoured endwall total losses are defined here as the combined losses due to 

the endwall boundary layers and secondary flows. This quantity captures losses in total 

pressure that are not attributable to the profile (airfoil wall) losses: 

= −  Eq. 6.3 

It follows that since some of the endwall losses may have been already captured by the 

definition of profile losses as evaluated by Equation 6.2, the definition of  is not exactly 

the contoured endwall losses but slightly lesser. The results of the above definition for this 

study are shown in Table 6.2. Similar to the passage profile loss discussion, between MFR= 

0.0% and 1.0%, the endwall total losses are 6.9%~7.6%. As expected, the total endwall 

losses are higher than the calculated passage vane profile losses. Between MFR=1.0% and 

1.5%, the total endwall losses decrease to 5.8%. Again, the main reason for this low value 

is the high passage vane profile loss for this case, which hase already captured some of the 

endwall losses.  
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6.1.3.4  Secondary Kinetic Energy Loss 

The secondary flows that are generated in the passage are initially not losses by 

themselves. They carry and transfer kinetic energy of the flow which can be considered to 

be useless cross-stream kinetic energies. These kinetic energies are associated with vortices 

that eventually dissipate in the form of total pressure losses. Some of the secondary kinetic 

energies dissipate within the length of the passage and some continue further downstream 

before dissipating. The dissipated secondary kinetic energies are readily captured by the 

total pressure loss, , as secondary losses. The remaining secondary kinetic energies that 

will be eventually lost may be estimated by: 

=
| | 

.

| | 
.   Eq. 6.4 

where  is the secondary kinetic energy loss coefficient evaluated by equation 4.29. The 

results are shown in Table 6.2. It can be seen that the secondary kinetic energy loss 

coefficient strictly increases with MFR. The coefficient  is much higher for the 

MFR=1.5% case compared with values for the other cases. This, when added to the passage 

total pressure loss (Yt), indicates that MFR=1.5% has the highest overall aerodynamic 

penalty on the cascade. For the other MFR cases, just like the passage total pressure loss 

(Yt), the variations in  is minimal. A lengthier discussion of the effects of momentum 

flux on secondary flows was in the preceding section 6.1.2. 

6.1.3.5  Comparison of Mass-Averaged Losses with Literature 

In comparing the mass-averaged results with the literature, the mass-averaged total 

pressure loss for different endwall shapes, including cascades representing a turbine rotor 
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are presented. Figure 6.13 show the mass-averaged total pressure loss coefficients for 

different studies that involved contoured endwall and slot film coolant injected upstream 

of the cascade inlet at various MFR. For all the cases in Figure 6.13, the film coolant was 

injected at the contoured endwall side of the cascade. The current study results for Yt 

compares well with the Erickson [57] results for two cascades (dolphin nose contouring, 

and shark nose contouring). Piggush [56] results for Yt, on the other hand, is off by almost 

the double. This could be a characteristic of the cascade employed in his study. For all 

cases where measurements for contoured and flat endwall sides of the same cascade are 

available, the contoured endwall side (which is also the side with the coolant injection) 

shared the larger passage total pressure loss when compared to the flat endwall side. Hence, 

this may be expected for the current study’s cascade too. When comparing the effects of 

MFR on losses, it can be seen that there is no general trend for all the cascades. Erikson’s 

shark nose endwall for instance had the highest Yt value at MFR=1.0% while the dolphin 

nose endwall had the lowest value for Yt at MFR=1.0%. Hence it is evident that coolant 

injection interaction with passage aerodynamics is highly dependent on the endwall 

geometry. The fact that the relation between passage total pressure loss and coolant 

injection is not strictly direct, seem to be only a characteristic of coolant being injected 

upstream of the endwall as highlighted by Friedrichs et al. [34]. In their study they 

compared the effects of coolant injection from different rows of film cooling holes 

upstream and in-passage. They found that for the coolant injected through the upstream 

holes, unlike the injection through other holes, resulted in an increase in losses between 

M=0 and M=1, and then a reduction between M=1 and M=2. This supports the findings of 

this study. 
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6.2 Thermal Results 

Endwalls are very challenging to cool for reasons highlighted in Chapter 2. The 

present study addressed some aspects of design of a cascade that is directly exposed to the 

combustor exit hot gasses and, hence, designing an effective cooling scheme that protects 

the components is essential, and a rather top design priority. To design better cooling 

schemes, an understanding of the flow physics, and mixing and migration of coolants is 

helpful. The coolants’ mixing and migration through the passage and their coverage over 

the endwall are investigated in this study through temperature measurements in our 

cascade. Here, “coolants” or “coolant” refers to the mixed coolant bulk, sources of which 

are the combustor liner coolant and endwall upstream film coolant from a slot upstream of 
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Figure 6-13: A comparison of mass-averaged total-pressure loss coefficient for 
different studies 
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the passage, both entering the passage. The combustor liner coolant is supplied at a constant 

rate while the film coolant is supplied at various rates given by MFR=0.5%, 1.0%, 1.5%. 

The temperature measurement collection process and data analysis was a teamwork effort 

done by a group that included former research assistant Ms. Reema Saxena, visiting scholar 

Dr. Zhao Liu, and the present author. The thermal results presented in the following 

subsections comes from the same data that were presented in Saxena et al. [92]. 

6.2.1 Endwall Adiabatic Effectiveness 

The procedure and measurement locations for the endwall adiabatic effectiveness 

are discussed in section 4.4.1. The endwall adiabatic effectiveness values are evaluated 

with Equation 4.30 such that a value of 0 is no coolant and a value of 1 is high coolant 

concentration. Endwall adiabatic effectiveness distributions for MFR 0.5%, 1.0% and 1.5% 

are shown in Figure 6.14. The detailed effectiveness values are shown in Figures 6.15 

through 6.17 and the pitch-averaged endwall adiabatic effectiveness values for the three 

MFR cases are shown in Figure 6.18. 
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Generally, for all MFR cases, skewing of the coolant from the pressure side to the 

suction side is visible in the passage, beginning upstream of the passage entrance. This is 

due to the pressure gradient driving the flow from pressure side to suction side. Starting 

upstream, there are regions along the pitch of the slot that appear to have zero coolant 

outflow. This indicates that the passage pressure gradient effects are extended into the film 

coolant slot, which redistribution of ejected coolant along the pitch. This is true even-

though the slot design is thin, compared with other slots desgins in the literature. 

Nevertheless, if the slot were wider, the coolant distribution at the exit of the slot will be 

even more non-uniform. Higher coolant coverage is observed near the suction side of the 

slot. This is due to the pressure gradient and general migration of flow from pressure side 

to suction side. This results in relatively less coolant coverage in the endwall regions near 

the pressure side making them more vulnerable to damage from thermal loading. Near the 

0.5 1.0 1.5

Figure 6.14: Endwall adiabatic effectiveness for MFR=0.5%, 1.0%, and 1.5%. (refer Equation 
4.30 for ). Presented in [92]. 
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vane suction side-endwall corner at mid passage, a reduced coolant coverage is observed 

(for example, see data for the MFR 1.5% case showing an effectiveness drop from 0.95 to 

0.80). This may be attributed to emergence of a suction side corner vortex strengthened by 

the passage vortex, causing coolant to mix with the mainstream. Slightly downstream to 

this region, the coolant appears of “reattach” to the suction side corner. This may be 

explained by the lift-off of the suction side corner vortex from the endwall into the 

mainstream and the movement of coolant from lower pitch-wise locations to the suction 

side corner by virtue of cross-stream pressure gradient, filling the corner vortex space. 

Beyond this region, coolant concentrations drastically decrease. This is due to separation 

line created by the intense pressure side leg of the horseshoe vortex that migrate diagonally 

towards the suction side. Nevertheless, the coolant concentration beyond this separation 

line is still high compared to results found in the literature. This may be attributed to the 

endwall contouring which weakens the secondary flow strength. The aerodynamic results 

show a total pressure loss core on the contoured endwall side that appears to be smaller 

than on the flat endwall side (see Figure 6.2 through 6.4). A thick upstream region of high 

combustor liner coolant concentration dominates cooling of the endwall. 
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Figure 6.15: Endwall adiabatic effectiveness values at different axial locations 
for MFR= 0.5%. Lines are from suction side (left) to pressure side (right). Each
of the vertical axis zeros are shifted 1.0 from the more upstream plot. Presented 
in [92]. 

Figure 6.16: Endwall adiabatic effectiveness values at different axial locations 
for MFR= 1.0%. Lines are from suction side (left) to pressure side (right). Each
of the vertical axis zeros are shifted 1.0 from the more upstream plot. Presented 
in [92]. 
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Figure 6.17: Endwall adiabatic effectiveness values at different axial locations 
for MFR= 1.5%. Lines are from suction side (left) to pressure side (right). Each
of the vertical axis zeros are shifted 1.0 from the more upstream plot. Presented 
in [92]. 

Figure 6.18: Pitch averaged endwall adiabatic effectiveness values at different 
axial locations for MFR= 0.5%, 1.0%, and 1.5%. Presented in [92]. 
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A comparison of the MFR cases results shows that the variation of coolant coverage 

with film coolant MFR is minimal. At the passage upstream regions, MFR 1.0 and 1.5% 

case results show slightly higher coverage compared with the MFR 0.5% case. This is 

mainly due to the considerably higher film coolant momentum flux. The pitch-averaged 

endwall adiabatic effectiveness values (Figure 6.18) show maximum coolant coverage in 

the case of 1.0% MFR. The slight decrease in effectiveness for the MFR 1.5% case may be 

explained by the relatively higher momentum flux for this case, which causes more coolant 

penetration into the mainstream, even with the increased mass flowrate. Nevertheless, the 

most important observation from this study is not in the small variations just discussed, but 

that the coverage is so weakly affected by changes in MFR, which implies dominance of 

the combustor liner coolant over injected coolant on endwall cooling. 

6.2.2 Passage Thermal Fields 

To understand the role of coolant migration through the passage, thermal fields are 

measured at different axial locations. The fields give insight into mixing of coolant with 

the mainstream and the effects of secondary flows. The procedure and measurement 

locations for the thermal fields are discussed in section 4.4.2. The coolant distribution is 

presented in the form of a dimensionless recovery temperature calculated with equation 

4.29. A value of 0 corresponds to no coolant and a value of 1 corresponds to high 

(complete) coolant concentration. Thermal fields for MFR 0.5%, 1.0% and 1.5% are shown 

in Figures 6.19 through 6.21, respectively. The figures present thermal field planes in a 3D 

plot as they would appear in the passage. On the same figures, detailed views of the thermal 

field planes are presented separately as 2D plots as they would appear looking downstream. 

The 2D fields are plotted on the same 2D axis such that the relative locations and sizes of 
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the planes are to scale. The 2D plots are staggered on diagonal line (marked with a dashed 

line) representing the third dimension (axial dimension). The locations of the plots on this 

line are approximately to scale (except for plane 2 which has been positioned further away 

to show details). The first plane is at the beginning of the endwall contouring and the last 

the plane is at the passage exit (refer to figure 4.24). 
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Figure 6.19: Coolant thermal fields for MFR=0.5%. The top and bottom bounds of the planes 
are suction and pressure sides, respectively. The left bound of the planes is the contoured 
endwall surface and, hence, the offset of the planes from y/P represents the height of the 
endwall from the datum plane (plane 1). 
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Figure 6.20: Coolant thermal fields for MFR=1.0%. The top and bottom bounds of the planes 
are suction and pressure sides, respectively. The left bound of the planes is the contoured 
endwall surface and, hence, the offset of the planes from y/P represents the height of the 
endwall from the datum plane (plane1). 
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Figure 6.21: Coolant thermal fields for MFR=1.5%. The top and bottom bounds of the planes 
are suction and pressure sides respectively. The left bound of the planes is the contoured 
endwall surface and, hence, the offset of the planes from y/P represents the height of the 
endwall from the datum plane (plane 1). 
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Cross-stream pressure gradient effects are seen as the coolant is driven toward the 

suction side as marked with thicker regions of higher θ values near the suction side for all 

planes. The non-uniform distribution of coolant on x/Ca = -0.104 plane, which is upstream 

of the passage (just downstream of the film coolant slot), is a result of the extended effects 

of the passage pressure gradient, which redistributes the coolant as it exits the slot. Moving 

from x/Cax= -0.104 to x/Cax= 0, the effects the horseshoe vortex formation and associated 

separation lines are visible as the coolant is divided into two highly concentrated regions 

at y/P=-0.2 (for example, see plane 2 of MFR 0.5% case). Moving further downstream, the 

effects of the suction side leg of the horseshoe vortex is observed as it rapidly mix out the 

coolant in the region closer to the suction side. This is seen at x/Cax= 0.317 where out of 

the two highly concentrated regions seen at x/Cax= 0, only the region away from the 

suction side makes it to this plane. This is visible with region of relatively high θ values 

near the surface slightly away from the suction side. A very interesting effect is observed 

at x/Cax =0.612 where the coolant away from the suction side becomes thicker and less 

concentrated than the previous plane, forming a “blob” like feature. This may be due to the 

washing effects of the pressure side leg of the horseshoe vortex which, at this position is 

expected to be large, migrating towards the suction side. At the x/Cax= 0.990 plane, the 

mixing effects of the system of passage vortex is clearly observed as the coolant is now 

extended further into the mainstream, becoming less concentrated. Here, two thick regions 

are visible indicating the effects of two vortices advectivly mixing the coolant. This agrees 

with the aerodynamic measurements collected at this plane, particularly the total pressure 

loss coefficient distribution (see Figures 6.2 through 6.4) where two distinct loss cores are 

visible. 
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In comparing the different MFR cases, generally, no significant changes are 

observed. This is expected since the endwall adiabatic effectiveness values discussed 

earlier also show no significant variation with MFR. It has been indicated earlier that one 

of the reasons for this invariance with film coolant MFR is the dominating effects of the 

combustor liner coolant in cooling the endwall. This can be explained now with the 

upstream thermal field plane (plane 1) which show no significant variation of the coolant 

approaching the passage with MFR (other than a slightly skewed coolant towards the 

suction side for the MFR 0.5% case). Also consider discussion of the aerodynamic results 

for the effects of varying MFR. Nevertheless, slight variation with MFR may be observed 

at some planes. Looking at fourth plane (x/Cax =0.612), the pressure side leg of the 

horseshoe vortex is seen to effect the coolant distribution differently with different MFR. 

Between MFR 0.5% to 1.0%, the mixed coolant “blob” on this plane seems to move closer 

to the suction side. As the MFR increase to 1.5%, the “blob” moves away from the suction 

side to a position that is, when compared to the MFR 0.5% case, closer to the suction side. 

This indicates that film coolant injection rate effects the passage vortex differently. The 

effects of varying MFR is also observed at the passage exit plane (plane 5). The small thick 

coolant region away from the suction side, seem to stretch and moves closer to the suction 

side as MFR increase. 

6.3 Assimilation of Aerodynamic and Thermal Results 

When designing a high pressure gas turbine, aerodynamics and thermal loading are 

two important design aspects. In particular, it is hard to separate effects of endwall film 

cooling from passage aerodynamics and vise-verse. A good aerodynamic design leading to 

reduction of secondary flows either through endwall contouring or other techniques, does 
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not necessarily mean good endwall cooling. A contoured endwall that weakens the passage 

vortex, but shifts it closer to the endwall surface, would lead to a coolant performance 

penalty. Thus, it is important to discuss the aerodynamic results along with film cooling 

effectiveness results. Much of the thermal results discussions of the preceding section have 

already related to the aerodynamic results. This section is going to focus on a more detailed 

analysis of the exit plane where aerodynamic and thermal measurements exist 

concurrently. 

To understand the effects of secondary flows on the coolant distribution, the 

secondary flow fields are imposed on the exit plane thermal fields, as shown in the top row 

of Figure 6.22. It can be seen that, as with the vorticity distributions (Figures 6.10 through 

6.12), increasing MFR has a limited effect on coolant distribution at the exit plane. This is 

expected to some degree since the film coolant distribution is a result of scalar mixing in 

the passage flow field. An intense cross-pitch flow drives the coolant toward the suction 

surface in regions very close to the endwall. Slightly away from the endwall, the flow 

moves from the suction side (where more coolant is present) to the pressure side, while 

moving closer to the endwall. These secondary flows carry coolant from the suction side 

to the pressure side and to the junction with the contoured endwall, which may explain the 

coolant distribution over the endwall near the pressure side - a region that is typically not 

well cooled. 
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To get a more complete picture on the effects of secondary vortices on coolant 

coverage, a new correlation coefficient is introduced: 
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Figure 6.22: Top: Coolant distributions in the form of temperature field (θ=0 means no coolant) 
and coolant vorticity coefficient distribution at the exit plane (x/Cax=1.0) for MFR= 0.5%,1.0% 
and 1.5%. Pressure and suction sides of the vanes are at y/P=0 and y/P=1, respectively. 
Contoured Endwall is at z/Se=0. 
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  Eq. 6.5 

The Coolant Vorticity Correlation, is simply the product of the vorticity field normal to 

the streamwise flow with the coolant concentration. It is a form of coolant advective 

dispersion by the vortices identified in the time-averaged flow in the passage. The above 

definition implies that when = 0, there is no coolant mixing due to such vorticity, 

either because the vorticity is zero or there is no coolant to be mixed. A positive value of 

 is counter clockwise mixing, and a negative value is clockwise mixing. The 

distributions of  at the exit plane for various MFR values are shown in the bottom row 

of Figure 6.22. It can be seen that for all cases, the secondary flows induce high mixing of 

coolant near the endwall, driving the coolant that is nearest the endwall towards the suction 

side. Relatively high coolant mixing is observed near the pressure side, extending into the 

mainstream. This suggests that the coolant in this region is intensely mixed and dissipated 

into the mainstream. Away from the endwall there are no effects of secondary flow 

vorticity on coolant mixing. This is true even through some coolant still resides there, as 

shown in the thermal fields. This is due to the relatively low vorticity. This suggests that 

the coolant close to the endwall may be confined to the large blue region for a long 

streamwise distance without being advectively mixed quickly with the mainstream. This 

may lead to consideration of some of this coolant for cooling the endwall of the rotor stage 

downstream of the nozzle guide vane. This conclusion indeed must be supported by 

analyzing  at different planes within the passage to understand the effects of  in 

mixing from plane to plane, before extrapolating the effects downstream. Such 

measurements may be part of a future study.  
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Chapter 7  

Cascade Numerical Analysis 

Being significantly advanced over the past decades at an ever-increasing rate, it is 

safe to say that industry today heavily depends on computational methods for design of 

thermal systems. Gas turbine engines are highly complicated systems involving many 

parameters and allowing room for optimized designs. In high pressure turbines, the 

complexity of secondary flows and the involvement of different cooling schemes makes it 

hard to rely on experiments alone for design optimizations. On the other hand, because of 

the complex nature of the flow in turbomachinery, numerical model validations are 

constantly required to prove their applicability. In this numerical study, the applicability of 

RANS computational models for nozzle guide vane endwall flow and heat transfer analysis 

is discussed. A computational model of the experimental test facility used in this study is 

developed. Exact geometric features and inlet conditions are matched. The computational 
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study is done only for the 1.0% MFR case, as representative, for the numerical model 

performance. In the following sections, details on the computational setup are discussed, 

and results for temperature fields, endwall adiabatic effectiveness values and passage 

aerodynamic losses at the exit plane are presented and compared with the measurements. 

7.1  Computational Domain 

The geometry used for the numerical study is the same geometry fabricated for the 

experimental test facility with all the fine details. The 3D domain includes the upstream 

design cavity, the injection plenum and its discharge path to the passage (the film cooling 

slot) and two passages bound by the contoured endwall, the flat endwall and the suction 

and pressure walls of the first and third airfoils, as shown in Figure 7.1. The domain inlet 

plane is set to be at the axial location where the velocity and turbulence were measured in 

the experimental test facility, which is just upstream of the design cavity (x/Cax = -0.67). 

The exit plane is perpendicular to the exit flow direction and is 0.744C downstream of the 

first airfoil trailing edge. The domain is discretized into 6.5 million nodes, with more nodes 

clustered near the walls, mainly in close proximity to the contoured endwall, and in regions 

where stronger secondary flows are anticipated. Mesh independency tests shown in Table 

7.1 validate the chosen grid size. The final generated grid is shown in Figure 7.2. 



167 
 

 

Table 7.1: Mesh independency test 

Mesh Endwall mean effectiveness,   

Coarse 0.791 

Fine (current) 0.838 

Very Fine 0.836 

 

Figure 7.1: Computational domain 
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7.2 Computational Method and Boundary Conditions 

The computational study was performed with ANSYS Fluent 17.0, using the 

University of Minnesota’s supercomputing resources (Minnesota Supercomputing Institute 

- MSI). Being widely employed in industry, a Reynolds-Averaged Navier-Stokes (RANS) 

solver was applied for this study. As concluded by El-Gabry and Ameri [52], time-averaged 

unsteady and steady RANS calculations produced similar results for pressure and recovery 

temperature in high pressure endwall studies; therefore, in this study, RANS is solved with 

a steady, RNG, −  turbulence closure model. To adhere to standard wall function 

requirements, near-wall mesh sizes were set so that 50 > y+ > 30. While all measures have 

been taken in accurately predicting the turbulence, the high-freestream, large-eddy-scale 

turbulence found in the experiment is not well replicated in this RANS study, as explained 

Figure 7.2: Computational grid on the endwall and airfoils 
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in the following paragraph. Therefore, the computational results presented in this thesis 

should be treated as results that are more applicable to a low freestream turbulence case.  

A Note on Turbulence Prediction 

Accurately predicting endwall flow and heat transfer in a first stage nozzle guide 

vane is highly dependent on simulating correct turbulence. Unfortunately, the mainstream 

turbulence throughout the domain is not correctly replicated due to the over-dissipative 

nature of RANS turbulence models (Haase et al. [53]), which fail to capture the proper 

roles of the large eddies found at the exit of low-NOx combustors, a characteristic simulated 

in the experimental cases’ approach flows. RANS models assume well-established 

turbulence, and, hence, large dissipation is computed by the models when high turbulence 

is imposed. In the experimental cases of this study, the high turbulence resides more so in 

the large eddy range of the turbulence spectrum. In that range, unlike the RANS model 

calculations, dissipation is low. Thus, it is important to keep in mind the lower-than-real 

mixing yielded by the model while interpreting the results presented here. 

Boundary Conditions 

The boundary conditions are derived from the experimentally-collected data 

presented in Chapter 5. The velocity profile at the inlet plane is forced to match the 

experiments. The turbulence at the inlet plane is derived from knowledge about the root 

mean square velocity field and energy spectra derived from the experiment. The average 

turbulence intensity at the inlet plane is 11%, with values extending between 8% and 15%, 

and the energy length scale is 10.3 cm. The temperature profile at the inlet is essentially 

one-dimensional, with the spanwise temperature profile is set to match the experiment and 
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the same profile is applied to all pitchwise locations, as shown in Figure 7.3. It is important 

to note that the temperature profile employed was collected experimentally at the cascade 

inlet plane (immediately downstream of the film coolant). When applied to the 

computational domain inlet plane, slight modification of the temperature profile was done 

to remove the film coolant effects that were captured near the wall in the experiment.  

 

For the film coolant to be injected at 1.0% MFR, a uniform velocity of 0.413 m/s 

is defined at the beginning of the injection plenum (note that the density ratio is 1.0). From 

the design of the film coolant supply, it is believed that the flow is uniformly feed into the 

injection supply plenum, so a uniform velocity profile is a good assumption at that location. 

Including the injection plenum and the slot in the computational domain allows enough 

Figure 7.3: Velocity (left) and temperature (right) profiles used for defining CFD boundary 
conditions 
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room for the film cooling flow to become well establish as it flows into the plenum and the 

slot in accordance with the slot exit pressure gradient.  

7.3 Results and Discussion 

The computational results for this study are analyzed by comparing the calculated 

aerodynamic and thermal results at locations where the measurements are available. 

Computationally generated flow visualization figures of interesting regions of the test 

section are presented in Appendices I and III. 

7.3.1 Aerodynamic Results 

For the aerodynamic part of this study, the computed and measured aerodynamic 

results at the exit plane are compared. First, the velocity profiles at the exit plane are 

compared (Figures 7.4). Generally good agreement in magnitude and qualitative features 

is observed. The calculated spanwise locations of the low velocity core (associated with 

the loss core discussed in chapter 6) match very well with the measurements. One main 

difference between the measured and calculated velocity is in the suction side boundary 

layer thickness. The computed boundary layer thickness on the suction side (as identified 

by a thick green layer) appears to be much larger than that of the measured boundary layer 

with a great difference in velocity magnitudes. This also leads to a shifting of the low 

velocity cores further from the suction side. It is important to note that the measured 

velocity is, in fact, an approximate of the true velocity. This is because the local static 

pressure is not measured to find the velocity, but a static pressure tap on the suction surface, 

near the trailing edge of the airfoil is used instead where its opening is parallel to the 

streamlines passing through the exit plane, as explained in section 4.3.1. If the same 
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procedure were applied to calculate the velocity from the computational results, a much 

better comparison would be observed, as shown in Figure 7.5. Here, the computed suction 

side boundary layer thickness is much closer to the measured boundary layer thickness 

with all other features remaining the same, regardless of the method of velocity evaluation 

employed. Thus, one can learn from the computational results that employing the technique 

highlighted in section 4.3.1 to measure the static pressure for all locations at the exit plane 

will lead to a higher than real measured velocity near the suction side. This remark may be 

kept in mind for future cascade exit plane static pressure measurements.  
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Figure 7.4: Measurement and computation of total pressure loss coefficient distribution at 
the exit plane (x/Cax=1.0) for MFR=1.0% case. 
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Figure 7.5: Measurement and computation of velocity at the passage exit plane (x/Cax=1.0) 
for MFR=1.0% case. The numerical result for velocity is evaluated using the calculated 
static pressure at the same approximate location where the static pressure for the 
experimental velocity distribution was collected as shown in Figure 4.19. 

| | [ / ] 

Experimental Measurement 

Numerical Result 



175 
 

The measured and computed total pressure loss coefficient distribution at the exit 

plane are shown in Figure 7.6. Similar to the velocity profile comparison, generally good 

agreements in magnitude and qualitative features are observed between the calculated and 

measured data. The spanwise locations of the two largest computed loss cores match very 

well with the experiment. Also the fact that the loss core is larger on the flat endwall side 

compared with the contoured endwall side is consistent in both measured and computed 

data. With the good matching features, the computations seem to over-predict the profile 

losses observed, with a thick total pressure loss region at the suction side near the mid-

span. Also, an interesting feature not replicated in the computations is a smaller loss core 

under the larger loss core near the contoured endwall side. This indicates that for the 

computations, either this smaller loss core is embedded in the larger loss core and appears 

distinctly, or the experimentally determined losses associated with the vortex (probably the 

suction side leg of the horse-shoe vortex) and related loss cores are undepreciated in the 

computations. 
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Figure 7.6: Measured and computed total pressure loss coefficient distributions at the exit 
plane (x/Cax=1.0) for MFR=1.0% case. The numerical result for  distribution is 
generated using the calculated static pressure at the same approximate location at which 
the static pressure for the experimental  distribution was collected, as shown in Figure 
4.19. 
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Figure 7.7 shows the measured and computed streamwise vorticity distributions at 

the exit plane. The computed secondary flow field is shown Figure 7.8. Generally, some 

computed flow field features and vorticity magnitudes match very well with the 

experiment. The cross-stream flow near the endwalls from pressure to suction sides is 

observed in both the measurements and computation. The numerical results whow a more 

symmetric vorticity distribution, compared with that of the experiment. The thin, yet 

intense, negative vorticity extending from the pressure to suction side on the contoured 

endwall is replicated well with the computations. A smaller, thin, yet intense, positive 

vorticity near the contoured endwall extending from y/P=0.65 to y/P=0.9 is observed in the 

numerical results, suggesting a counter-rotating vortex. This region is not observed in the 

experimental data, which suggests that it might not exist in the real case, or it exists in a 

region that is not well captured by the measurement grid, or the flow is sufficiently 

unsteady to be captured with the five-hole probe used, which has a slow response. 
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Figure 7.7: Measurement and computation of secondary flow vorticity coefficient 
distributions at the exit plane (x/Cax=1.0) for MFR=1.0% case. The secondary flow velocity 
vectors for the numerical results are shown separately in the next figure. 
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Figure 7.8: Measurement and computation of secondary flow velocity vectors at the exit 
plane (x/Cax=1.0) for the MFR=1.0% case. 
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Generally, the computational model employing the chosen turbulence closure 

model (RNG −  model) does a good job in predicting the exit plane aerodynamics. The 

calculated velocity, total pressure loss, and vorticities are all in good agreement with the 

measurements. This is true even-though, as highlighted earlier, the highly turbulent flow 

with large eddies, as present in the experiment, is not well replicated with RANS models. 

Replicating the turbulence more accurately using LES, for example, may enhance the 

results’ agreement with the measured data, especially in the suction side boundary layer, 

which is relatively thicker due to the “believed” lower freestream turbulence simulated, 

compared with the experiment (as discussed in section 7.2). Nevertheless, this 

improvement will not be very significant because the numerical results are already in good 

agreement with the experiment. Good use of the computational model entails recognizing 

the effects of using a static pressure measured through a tap on the airfoil suction surface 

as a representation of the static pressure of the flow in the exit plane. It is observed through 

the computational results that using this technique for experimental measurements may 

overestimate the static pressure near the suction side (hence overestimate velocities and 

underestimate loss coefficients). It is relatively hard to experimentally measure the static 

pressure at each location on the exit plane because of the slightly varying flow angles and 

sensitivity of a static pressure measurement probe to flow angle. This, however, can be 

overcome by using the computational model for correction. 

7.3.2 Thermal Results 

To compare the computational results to the experimental data, computed 

temperature fields and endwall adiabatic effectiveness values are extracted. Figure 7.9 

shows measured and computed endwall adiabatic cooling effectiveness plots. Clear 
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differences in temperature values between computation and experimental data are 

observed. The numerical results predict very high adiabatic effectiveness values, with 

values between 0.72 and 0.82 at the exit plane. The predicted coverage is relatively much 

more uniform than that shown by the measurements. While not as significant as in the 

measurements, the computations still show some skewness of coolant towards the suction 

side. The computations clearly fail to capture the secondary flow separation lines which, 

in the measurements, contain the coolant within a wedge-shaped region (identified with 

dotted lines on Figure 7.9). This leads to predicting considerably better coverage near the 

pressure side than measured. 

 

The axial thermal fields within the passage allow a more detailed comparison of 

experiment and computation. An overview of the measured and computed thermal fields 

for the MFR=1.0% case is shown in Figure 7.10. A detailed side-by-side comparisons of 

the thermal fields are shown in Figures 7.11 and 7.12. The computed thermal fields are 

(a) (b) (c) 

Experiment Computation 

Figure 7.9: Experimental measurement (left) and computational results (right) for endwall 
adiabatic effectiveness values for the MFR=1.0% case. The color scales for (a) and (b) 
match, but the color scale for (c) is different to better show the color play. 
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generated at the same axial locations as used in the experiment, but the fields’ spans may 

not necessarily match. At all planes, the computed results show better coolant coverage on 

the surface than in the experiment; thus, the cooling performance is over-predicted. It can 

be seen from the first axial plane that the calculations predict a thicker and significantly 

more uniform pitchwise distribution of coolant near the endwall just downstream of the 

slot while the measurements show higher values near the suction side at the endwall and 

further into the mainstream. A consequence of under-predicted mixing of the coolant with 

the mainstream upstream of the passage is the over-prediction of coolant coverage further 

downstream. 

 

Figure 7.10: Measurements and computation of coolant thermal fields at various planes 
within the passage for the MFR=1.0% case. 

Experiment Computation 
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Figure 7.11: Measurements and computation of coolant thermal fields at planes 1 through 3 
for the MFR=1.0% case. The top and bottom boundaries of the planes are suction and 
pressure sides, respectively. The left boundaries of the planes are the contoured endwall 
surfaces.  
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In comparing the results for Plane 4, one sees that the effects of the passage vortex 

can be identified in the measurements and the computations as small regions of higher 

Figure 7.12: Measurements and computation of coolant thermal fields at planes 4 and 5 for 
MFR=1.0% case. The top and bottom boundaries of the planes are suction and pressure sides, 
respectively. The left boundaries of the planes are the contoured endwall surfaces.  
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coolant concentration being washed up into the mainstream near the suction surface. 

Interestingly, at the passage exit plane (Plane 5), the thermal fields show the best qualitative 

comparison between measured and predicted data at all locations within the passage. The 

main feature at this location is the strong mixing of flow near the suction side, which is 

presumed to be due to the upwash of coolant toward and up the suction side airfoil wall by 

secondary flows, and the flow mixing by the passage vortex in that region. This is well 

captured by the computation. The computed in-passage thermal fields predict some trace 

of coolant flow over the pressure side airfoil wall throughout the passage. This is not seen 

in the measurements and, as explained earlier, is a consequence of the more uniform 

temperature distribution at the passage inlet. 

Generally, unlike passage exit aerodynamics, there are large differences in 

magnitude between computed and experimental recovery temperature. The main reason 

for the disagreement in magnitudes lies in the computed mixing of coolant and passage 

flows. A key contributor to the diffusive mixing of coolant flows into the mainstream in 

the experiment is the large-scale turbulence. As discussed earlier, RANS models with high 

levels of turbulence are based upon data that have a well-established turbulence spectrum 

(turbulent energy distributed according to turbulence length scale). Accordingly, high 

turbulence levels lead to high turbulence dissipation. This leads to under-prediction of 

turbulent mixing in the passage as computed with the model, which, in turn, leads to higher 

than real film cooling effectiveness values. Proper simulation of such transport 

characteristics will require resolving of scales, such as in a Large Eddy Simulation (LES). 
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Chapter 8  

Conclusions 

An experimental and numerical study of a three-vane, two-passage linear cascade 

with endwall slot film cooling has been conducted. The endwall subjected to the film 

coolant is contoured. The study mainly focuses on the effects of film cooling injection rate 

on endwall aerodynamics and endwall coolant migration and mixing within the passage. 

This is done through measurements and calculations of aerodynamics at the passage exit 

plane, endwall adiabatic effectiveness values and passage thermal fields at different axial 

locations. The operating conditions are chosen to match low-NOx combustor exit 

conditions, which include; high Reynolds number (390,000), high turbulence intensity 

(11%), large eddy integral length scale (~0.21C) and a representative combustor exit 

temperature profile. For the experimental study, the slot film coolant is injected with Mass 

Flow Ratios (MFR) of 0.0%, 0.5%, 1.0% and 1.5% for the aerodynamic analyses and 
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MFR=0.5%, 1.0% and 1.5% for the thermal analyses. For the numerical study, RANS 

modeling is used with a steady, RNG, −  turbulence closure model.  The computational 

domain is a replica of the experimental test section and the inlet conditions are set to match 

measured velocity, turbulence and temperature conditions. Only a MFR=1.0% case is 

considered for the numerical study and the results are compared with the experimental 

results to assess the applicability of the RANS model to simulate turbine endwall flow. 

Aerodynamics 

The effects of film coolant injection rate on passage aerodynamics is documented 

with measurements of distributions of total pressure, velocity and secondary flows at the 

passage exit plane. The total pressure loss coefficient distributions at the passage exit plane 

show some slight changes near the suction-side corner with the endwall with changes in 

MFR magnitude. As MFR increases, the passage vortex loss core size slightly increases 

and a small loss core, identified as a counter-rotating vortex, moves toward the passage 

vortex loss core. Other than these slight changes, the total pressure loss distributions remain 

essentially invariant with MFR. The velocity flow fields and vorticity distributions show a 

rather large, thin and intense corner vortex at the contoured endwall side, which leads to a 

cross-pitch flow from the pressure side to the suction side in close proximity to the endwall. 

The minimal variation with MFR is due to the shape of the film cooling injection region, 

which injects flow with a significant velocity component in the local streamwise direction 

over the contoured endwall.  

The numerical study for passage aerodynamics reveals that steady RANS with an 

RNG −  turbulence model does a good job in predicting the exit plane aerodynamics of 

this study’s test section. The calculated velocity, total pressure loss, and vorticities are all 
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in good agreement with the measurements. The main shortcoming is the prediction of the 

suction side boundary layer thickness. The numerical model resulted in a thicker boundary 

layer compared with the experiment, which leads to an over-prediction of total pressure 

losses. Also, a smaller, less intense loss core that probably evolved from the suction side 

leg of the horseshoe vortex is not visible in the numerical results. One of the outcomes of 

the numerical study is documentation of the effects of experimentally using a single static 

pressure location on the trailing edge of the airfoil suction surface as representative of the 

exit plane static pressure. It is found that following this experimental technique 

underestimates the total pressure losses. This underestimation is only in regions near the 

suction side on the exit plane where the true static pressures are high than estimated. 

Heat Transfer 

The cooling potential of upstream combustor liner coolant flow plus film coolant 

flow is documented via endwall adiabatic effectiveness values and passage thermal fields. 

The endwall adiabatic effectiveness values show skewing of the flow towards the suction 

side. This is due to the cross stream pressure gradient. Good coolant coverage is observed 

throughout, reaching even the downstream regions near the pressure side. This is attributed 

to the thick approach temperature profile, which simulates the effects of combustor liner 

coolant. The passage thermal fields show more coolant coverage near the vane suction side 

upstream of the cascade for all the MFR cases. This is attributed to the cross-stream 

pressure gradient in the passage. Downstream, the coolant coverage reduces due to the 

diffusive mixing of the coolant with the highly-turbulent, large-mixing-scale mainstream 

flow and the advective mixing by secondary vortex structures. The effects of the pressure 

side leg of the horseshoe vortex are quite visible at mid passage as it washes the coolant 
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into the mainstream. Nevertheless, with all the mentioned mixing mechanisms, the coolant 

coverage for current geometry is relatively good. The thin film cooling slot geometry 

supplies coolant flow with a high momentum flux at an angle that is almost parallel with 

the endwall departure angle, which enables the coolant to remain near the endwall surface 

for a long streamwise distance. The contoured endwall also contributes to effective 

coverage by initially accelerating the flow, thinning the inlet boundary layer and weakening 

the influences of the vortices forming in that region. While this leads to increased cooling 

in upstream regions, the slight diffusing shape of the contoured endwall in the mid-passage 

region has an opposite effect, but to a lesser extent. The endwall adiabatic effectiveness 

and passage thermal fields show minimal effects of coolant coverage with MFR. This 

suggests that the combustor liner coolant is dominating the cooling coverage over the 

endwall. 

The numerical study for endwall adiabatic effectiveness values and passage thermal 

fields reveal significant differences in magnitude between computed and measured values. 

The computations predict higher endwall adiabatic effectiveness values and noticeably 

more uniform coverage. Unlike the measurements, the computed thermal fields show a 

thin, poorly-mixed layer of coolant across the pitch at almost all axial locations within the 

passage. The reason for the mismatch of predicted and experimental coolant distributions 

is considered to reside with the RANS simulations of the dynamics of high-level turbulence 

with large length scales. The RANS modeling predicts a too-rapid decay of the turbulence 

and fails to capture the mixing associated with large eddies in the passage. The effects of 

this shortcoming are seen also in the aerodynamic results but to a lower extent, where the 

lower-than-real turbulence results in a thicker boundary layer on the suction side of the 
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passage exit plane. A more accurate simulation of the high turbulence, with lower 

dissipation, as found in the experiment, may be accurately computed with Large Eddy 

Simulation (LES). However, establishing the proper turbulence features for the LES 

upstream boundary condition is a present development step being addressed by researchers 

in the field.  

Assimilation of Aerodynamics with Heat Transfer 

The aerodynamic results were discussed in context with the exit plane thermal field. 

The weak effect of MFR on the exit plane flow implies a dominating effect on coolant 

distribution of the secondary flows, which also are invariant with MFR (over the MFR 

range tested). A new correlation is introduced ( ), which scales the vorticity with the 

coolant distribution and hence relates coolant advective mixing by secondary flow vortices. 

Values of  at the exit plane show intense mixing of coolant in a confined region near 

the endwall. Away from this region, moving span-wise, one sees low values of , even 

in the presence of higher concentrations of coolant, suggesting low mixing. Distributions 

of  can give insight into the evolution of coolant distributions downstream of the exit 

plane. It is hypothesized that coolant in the high-mixing zone may not dissipate quickly 

into the mainstream because mixing in this region is limited to a small region near the 

endwall. This must be supported by analyzing coolant distributions at different planes 

within the passage to understand the effects of . Such measurements can be part of a 

future study.  
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Appendix I: Effects of the Design Cavity 

The design cavity in the real engine is a combustor-turbine clearance gap. As a 

follow up to chapter 7, a CFD simulation has been performed to study the effects of the 

design cavity on the present test section. This is done by changing the wall temperature of 

the design cavity to 10 degrees higher than the mainstream (flow out of the cavity) and 

setting the inlet plane at a constant temperature (i.e. no temperature profile - uniform 

approach temperature). Therefore, only the fluid entering the cavity is heated (and hence 

marked) and will exit at a higher temperature than the mainstream. This will show where 

flow is exiting the cavity. Refer chapter 7 for details about the CFD domain, turbulence 

model, and inlet velocity. Figure I-1 shows the results of the study. 
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Figure I-1 flow leaving the design cavity with heated cavity wall [represented by: ℎ  =
 

   
 ] 

As it can be seen, at the top regions of the test section (towards the vane suction side), flow 

from the cavity enters into the mainstream, which means flow must be entering the cavity 

at lower regions of the test section. This skewness is similar to the skewness seen out of 

the film cooling slot. This phenomenon is driven by the pressure gradient of the cascade. 

Hence, in a real engine, colder flow near the wall at the pitch-wise regions near the pressure 

side of the vane will enter the cavity and will shoot out at regions near the suction side of 

the vane. This means more cooling from upstream combustor coolant will act on the 

endwall near the suction side, assuming the cavity walls are adiabatic. 
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Appendix II: Five Hole-Probe Calibration 

Constants 

A surface fitting is used to fit the calibration data of the five-hole probe. The surface fitting 

general equation is: 

=  00 +  10 ∗  +  01 ∗  +  20 ∗ ^2 +  11 ∗ ∗  +  02 ∗ ^2 +  30 ∗ ^3 +  21
∗ ^2 ∗  +  12 ∗ ∗ ^2 +  03 ∗ ^3 +  40 ∗ ^4 +  31 ∗ ^3 ∗  +  22
∗ ^2 ∗ ^2 +  13 ∗ ∗ ^3 +  04 ∗ ^4 +  50 ∗ ^5 +  41 ∗ ^4 ∗  +  32
∗ ^3 ∗ ^2 +  23 ∗ ^2 ∗ ^3 +  14 ∗ ∗ ^4 +  05 ∗ ^5 

 

Where PA is the dependent variable, and a and b are the independent variables. The results 

are as follows: 

Pitch Angle 

= , = , = , coefficients (with 95% confidence bounds): 

       p00 =     -0.9888  (-1.102, -0.8757) 
       p10 =       26.54  (26.35, 26.73) 
       p01 =     -0.5246  (-0.7702, -0.279) 
       p20 =     0.08946  (-0.1036, 0.2825) 
       p11 =      0.6235  (0.4585, 0.7884) 
       p02 =     -0.3864  (-0.6257, -0.1471) 
       p30 =       -3.39  (-3.614, -3.167) 
       p21 =     0.03045  (-0.1411, 0.202) 
       p12 =       -2.34  (-2.58, -2.1) 
       p03 =     -0.2332  (-0.6399, 0.1735) 
       p40 =    -0.04502  (-0.141, 0.05094) 
       p31 =     -0.1061  (-0.1828, -0.0295) 
       p22 =    -0.06925  (-0.1718, 0.03327) 
       p13 =    0.008439  (-0.08386, 0.1007) 
       p04 =      0.1751  (0.05043, 0.2998) 
       p50 =      0.4086  (0.3216, 0.4956) 
       p41 =    0.009298  (-0.05707, 0.07567) 
       p32 =     -0.2182  (-0.3385, -0.09786) 
       p23 =     -0.0249  (-0.1409, 0.09109) 
       p14 =       0.569  (0.4451, 0.6929) 
       p05 =      0.1236  (-0.04763, 0.2948) 
 

Goodness of fit: 
  R-square: 0.9997 
  Adjusted R-square: 0.9997 
  RMS Error: 0.3365 
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Yaw Angle 

= , = , = , coefficients (with 95% confidence bounds): 

       p00 =     -0.3156  (-0.4893, -0.142) 
       p10 =      0.8214  (0.5282, 1.115) 
       p01 =       26.41  (26.04, 26.79) 
       p20 =     0.08867  (-0.2077, 0.3851) 
       p11 =       1.343  (1.09, 1.596) 
       p02 =     -0.1409  (-0.5084, 0.2265) 
       p30 =     -0.1867  (-0.5295, 0.1561) 
       p21 =     -0.5175  (-0.7809, -0.254) 
       p12 =       0.165  (-0.203, 0.5331) 
       p03 =      -2.546  (-3.171, -1.922) 
       p40 =     0.02634  (-0.121, 0.1737) 
       p31 =     -0.1356  (-0.2533, -0.01791)  
       p22 =    -0.06933  (-0.2268, 0.08811) 
       p13 =     -0.3412  (-0.4829, -0.1994) 
       p04 =     0.07873  (-0.1127, 0.2702) 
       p50 =     0.01813  (-0.1155, 0.1517) 
       p41 =      0.1952  (0.09326, 0.2971) 
       p32 =    -0.03015  (-0.2149, 0.1546) 
       p23 =      -0.321  (-0.4991, -0.1429) 
       p14 =     -0.0746  (-0.2648, 0.1156) 
       p05 =      0.1171  (-0.1458, 0.38) 
 

Total Pressure Correction Factor 

= , = , = , coefficients (with 95% confidence bounds): 

       p00 =   -0.005075  (-0.009569, -0.0005812) 
       p10 =  -0.0008712  (-0.001349, -0.000393) 
       p01 =  -0.0003579  (-0.0008361, 0.0001203) 
       p20 =  -0.0002236  (-0.0002434, -0.0002037) 
       p11 =   1.904e-05  (3.146e-06, 3.494e-05) 
       p02 =  -0.0001793  (-0.0001991, -0.0001594) 
       p30 =  -4.765e-07  (-2.094e-06, 1.141e-06) 
       p21 =   -2.43e-07  (-1.446e-06, 9.603e-07) 
       p12 =   2.444e-06  (1.241e-06, 3.647e-06) 
       p03 =   8.407e-09  (-1.609e-06, 1.626e-06) 
       p40 =  -3.216e-07  (-3.423e-07, -3.01e-07) 
       p31 =   6.001e-09  (-1.122e-08, 2.322e-08) 
       p22 =  -6.142e-07  (-6.309e-07, -5.976e-07) 
       p13 =  -2.484e-09  (-1.971e-08, 1.474e-08) 
       p04 =   -3.36e-07  (-3.567e-07, -3.154e-07) 

Goodness of fit: 
 R-square: 0.9993 
  Adjusted R-square: 0.9992 
  RMSE: 0.5167 
 

Goodness of fit: 
 R-square: 0.9979 
  Adjusted R-square: 0.9976 
  RMSE: 0.01566 
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       p50 =  -4.868e-10  (-1.858e-09, 8.846e-10) 
       p41 =   3.612e-10  (-7.438e-10, 1.466e-09) 
       p32 =  -2.366e-09  (-3.404e-09, -1.327e-09) 
       p23 =    1.11e-09  (7.131e-11, 2.148e-09) 
       p14 =  -3.453e-09  (-4.558e-09, -2.348e-09) 
       p05 =    1.93e-10  (-1.178e-09, 1.564e-09) 
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Appendix III: CFD Flow Visualization 

It is important to document the effects of having the upstream design cavity on the 

flow approaching the passage. Even though, this was previously done in Appendix I, Figure 

III-2 and the discussion presented here serve as a supplement to Appendix I. Figure III-2 

shows streamlines that pass through 200 equidistant points located on plane 1 in the 

passage (refer to Figure 4-24 for the plane-1 location). As it can be seen from the figure, 

flow from the lower part of the test section enters the cavity and swirls its way toward the 

center of the passage due to the pressure gradient in the test section. It then mixes with the 

mainstream flow at a region that is nearer the suction wall of the test section. This indicates 

that in the engine, colder combustor liner coolant fluid near the wall will enter the cavity 

at regions near the pressure side of the nozzle, traverse pitchwise, and leave at regions 

nearer the suction side, increasing the overall cooling of the endwall nearer the suction side 

at the expense of pressure-side endwall cooling. This is similar to the endwall coolant flow 

distribution, where more fluid exits the slot nearer the suction side and farther from the 

pressure side.  
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Figure III-1: Front view (looking downstream) streamlines near the vicinity of the endwall passing 
through the cascade. All lines shown here pass through the top passage inlet plane, and hence 
the streamlines closer to the endwall is back tracked showing some of the flow originating from 

the cavity (i.e. flow from mainstream entering and leaving the cavity) 

 

Examining the fluid in the vicinity of the interface (at which the contoured endwall 

begins to rise off the flat upstream endwall) reveals some important features of the flow. 

Figure III-3 shows a top view of the streamlines at the entrance of the contoured endwall, 

colored according to temperature. A flow recirculation zone is created by coolant flow 
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separation and attachment at the intersection of the flat endwall section and the beginning 

of the contoured endwall section. This recirculating region is expected to be a source of 

aerodynamic losses upstream of the passage inlet, which are expected to increase as MFR 

increases. Its relatively close proximity to the nozzle leading edge would suggest that it 

could also affect the strength of the passage vortices. Looking at the recirculation zone in 

3D reveals an even more interesting phenomenon. Shown in Figure III-3 is that there is a 

pressure gradient directing, with swirling motion, the fluid in that zone from the pressure 

side to a low pressure region nearer the suction side. The swirling flow, which is mostly 

coolant flow, leaves the recirculating region at one location, creating a streak of 

concentrated coolant flow that continues through the passage. The effect of this 

phenomenon can be seen in the computed endwall adiabatic effectiveness and thermal 

fields plots (Figures 7-9 and 7-11) in which the streak of coolant flow, in addition to the 

overall pitchwise pressure gradient, create a thin region of colder fluid in the passage closer 

to the suction side. 

Thus, the CFD simulations inform us of potentially important flow features to study 

as we continue with our thermal measurements in this cascade.  
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Figure III-2: Streamlines at mid-pitch showing recirculating flow at the start of the contoured 
endwall. Red streamlines mean hotter, and hence more film coolant flow. (Left figure color does 

not represent any variable) 
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Figure III-3: Swirling streamlines at the recirculating flow zone formed by the endwall interface 
step leading to a coolant flow streak. All streamlines shown exit through the top of the figure 

 


