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A B S T R A C T 

Increasing the efficiency in gas turbine engines requires constant improvement in 

the design tools currently available to the industry. One area for potential increases in 

efficiency deals with the film-cooling effectiveness in the high-pressure turbine section o f 

the engine and the push to increase the temperature at the inlet o f the turbine. Modeling 

of film-cooling effectiveness for incorporation into advanced CFD codes to be used for 

film effectiveness predictions and subsequent design of advanced engines is currently a 

major activity within the engine community. For the codes to be implemented as design 

tools one must gain confidence in their validity. One method that has been used for this 

purpose is to compare predictions obtained using these codes with experimental results 

obtained under as realistic conditions as is possible within the confines o f controlled 

laboratory experiments. Under support o f the NASA/DoD URETI, the OSU GTL has 

undertaken the task o f performing detailed surface-pressure and surface heat-transfer 

measurements on the vane surfaces, on the blade surfaces, and on the stationary shroud of 

a fu l ly cooled high-pressure turbine stage operating at design corrected conditions. 

Several significant changes have been made to the OSU Gas Turbine Laboratory 

blowdown turbine facility and to the operating mode of that facility in order to make film 

effectiveness measurements. One o f the major facility changes was the incorporation o f a 

coolant gas supply system (LCF) into the facility. The major changes in operating mode 

involved operating in blowdown mode instead o f shock tube mode. In order to achieve 
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this major change in operating procedure, it was necessary to incorporate a resistance 

heater into the rig just ahead of the high-pressure turbine vane inlet so that a resistance 

heater instead of the reflected shock could heat the test gas. The next major task was to 

sequence the main test gas f low with the coolant gas f low so that one could achieve the 

proper f low physics. This thesis w i l l focus on the operation and integration o f the LCF 

into the blowdown facility and on the experimental results acquired during the initial 

film-cooling experiment. Operation of the LCF is divided into three distinct areas: fast 

acting valve operation and sequencing with the main facility fast acting valve, cooling 

cycles, and facility controls. Successful integration of the LCF has been achieved and 

w i l l be illustrated by the results o f the initial film-cooling experiment. Through these 

experimental results and accompanying uncertainty analysis conducted as part o f this 

thesis significant knowledge has been gained and w i l l be applied to future film-cooling 

measurement programs. 

With the demonstrated successful operation of the OSU turbine test facility in 

conjunction with the LCF, the OSU G L L is capable of conducting the critical 

experiments necessary to provide critical verification information for ongoing film 

effectiveness modeling and CFD code development. 
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C H A P T E R 1 

B A C K G R O U N D I N F O R M A T I O N AND D I R E C T I O N O F R E S E A R C H 

Gas turbines are used in many applications ranging f rom aero and marine 

propulsion to power generation. Most gas turbine engines operate wi th the same basic 

underlying principles and physics, so they also tend to have similar limitations for 

performance. A n exception to this might be a propulsion engine specifically designed for 

supersonic flight applications. One of the primary limitations in all gas turbines is the 

melting temperature o f the hot section (combustor and high-pressure turbine) 

components, specifically the high-pressure turbine nozzle guide vanes and blades located 

directly behind the combustor as circled in red below in Figure 1. 

Fan Bypass stator 

Figure 1. Two-shaft high bypass engine [1] 
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The turbine inlet temperature is continuously increasing with successive 

generations o f engines because raising the turbine inlet temperature is one o f the easier 

ways to achieve higher efficiency. For decades this temperature has been well above the 

melting temperature of the material used to construct the vanes and blades. It is possible 

to operate in this manner because cooling schemes like thermal boundary coatings 

(TBC), intemal cooling, and extemal f i l m cooling have been developed by the engine 

companies to protect the components. However, the technical problems associated wi th 

protecting these components are far f rom solved and there is significant research activity 

ongoing in the area. 

A n intemal cooling scheme within airfoils directs the cooling gas through small 

channels prior to exiting the gas through extemal f i l m cooling holes. Turbulators 

designed to trip the boundary layer are incorporated into these channels in order to 

increase the amount o f heat that can be removed from the airfoil surface. The concept 

behind extemal film cooling is to bleed core f low air from the high-pressure compressor 

section of an engine and to direct that air through intemal ducting to discrete holes in the 

surface o f the blades, vanes, and shroud. The intent is to create a film o f cool gas over 

the surface o f the metal airfoil in order to reduce the local heat transfer coefficient. As 

long as the boundary layer is not blown o f f the surface by the introduction o f this cold-

gas film (a process which tends to entrain hot extemal gas), the metal w i l l be offered 

some degree o f protection from the higher temperatures o f the main gas f low. Figure 2 is 

a sketch o f a typical gas turbine blade with both intemal cooling channels and external 

film cooling holes and slots. Figure 3 illustrates a conceptual two-dimensional model o f 
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how the cooling gas exits through a discrete hole to form the protective film along the 

surface. In principle, this idea works since machines have been operating successfully 

for years with the turbine inlet temperature in excess o f the material melting temperature. 

The primary intent o f the ongoing research activity in this area is to significantly extend 

the useful operational l ife o f current hot section components and to obtain more efficient 

cooling systems to allow for higher combustor exit temperatures. Focus o f this thesis is 

placed on the experimentation related to the extemal film cooling so particulars o f 

intemal cooling schemes are not discussed. 

Figure 2. Typical cooled aircraft gas turbine blade [2] 
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Constant Pressure 
Coolant Plenum 

Figure 3. Two-dimensional coolant slot model with unsteady external pressure field 
[3] 

1.1 Film Cooling Research 

Film cooling research facilities can be broken down into three general categories, 

which reflect the complexities o f the experimental apparatus: flat plates, cascades, and 

rotating rigs. Flat plate experiments are very useful for displaying the general physics 

and principles of film cooling along with making comparisons between configurations. 

Investigations of the effects o f different cooling-hole geometries are often done in these 

types o f facilities and the results used for various cooling models that are subsequently 

implemented into CFD codes. However, due to the simplicity o f the flat plate it can be 

diff icult to apply the results obtained in this manner directly to engine airfoils. This leads 

to much of the empiricism in this area o f work, where results from flat-plate experiments 

are extrapolated based on engineering experience and implemented in airfoil designs 

without any further verification. 
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Cascade experiments are a step closer to the real world application than flat-plate 

experiments since these measurements capture the 3-D characteristics o f the airfoil , 

specifically pressure gradient. These cascade experiments are very useful for film-

effectiveness model development for the vane. However, several authors Dring et al. [4], 

Abhari and Epstein [3] and Takeshi et al. [5] have shown that cascade measurements for 

a rotating blade do not capture the importance o f secondary f low on the pressure surface 

of the airfoil . To get as close to the real world environment as possible in the laboratory, 

the industry has an interest in fully-cooled high-pressure rotating turbine film cooling 

measurements in order to model film effectiveness and to develop the next generation o f 

film cooling modeling for implementation into CFD predictive codes for design purposes. 

Because o f the complexity o f experimental rigs capable o f performing these 

measurements and the cost o f operation, only a few laboratories have invested in the 

infrastructure necessary to perform these experiments. 

Short-duration facilities have been very successful in the past in obtaining f u l l -

stage rotating surface-pressure and heat-transfer measurements for uncooled high-

pressure turbines. There have even been some measurements reported for limited cooling 

gas injection ([3], [4], [5], [6], [7], [8]), but none for a fu l ly cooled stage. Both the 

experiment and the data interpretation and analysis of this type o f an experiment are 

complex issues. A team of experimentalists and modelers/analysts working closely 

together w i l l be required to achieve a successful outcome to this endeavor. 

1.2 Film Cooling at The Ohio State University Gas Turbine Laboratory 

Under support o f the NASA/DoD URETI, the OSU GTL has undertaken the task 

of performing surface-pressure and surface heat-transfer measurements on the vane 
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surfaces, on the blade surfaces, and on the stationary shroud o f a fu l ly cooled high-

pressure turbine stage. In addition, the pressures and temperatures intemal to the vane 

and blade coolant gas flows are measured since these parameters are important to the data 

analysis task. The OSU Turbine Test Facility (TTF) in which these measurements are 

performed, has been used by the researchers at the OSU GTL for the past twenty-one 

years, but significant modifications were necessary for this particular measurement 

program including obtaining a representative film cooled high-pressure turbine stage and 

designing, constructing, and putting into operation the supporting equipment. One o f the 

necessary pieces o f supporting equipment was a cooling gas (or cold gas) supply system. 

A facility o f this type (known as the Large Calibration Facility [LCF]) was initially 

designed and constructed in 1997 [9] for use in film cooling experiments on the horizon, 

but it lay dormant until the first fu l ly film cooled rig was operational at OSU in 2004. A 

significant portion of this thesis deals with the detailed integration o f the cold-gas supply 

system into the film effectiveness measurement program. 

1.3 Experimental Goals 

Film cooling experiments can be separated into two categories; optimization and 

code verification. Examples o f optimization experiments include; comparing different 

geometries for the cooling hole, optimizing blowing ratios, and comparing new cooling 

schemes to existing cooling schemes. These involve changing one parameter o f an 

experiment and are run in facilities capable o f accommodating a flat plate configuration 

or in facilities capable of accommodating a cascade of airfoils due to the ease of making 

changes to the hardware. Code verification experiments may also be performed using a 

flat plate or a cascade configuration. One o f the current efforts ongoing at the OSU GTL 
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is concerned with creating a valid data set for a ful ly cooled high-pressure turbine stage 

that w i l l be used for CFD code verification. With the successful incorporation o f the 

coolant gas supply, it is now possible to perform fu l l stage rotating film cooling turbine 

experiments in the short duration TTF. Preliminary results w i l l be presented in this thesis 

to demonstrate this capability along with some insight into the future o f film cooling 

measurement programs. These data sets, along with others to follow, w i l l be the primary 

data sets used by several o f the engine companies for film cooling modeling and for film 

effectiveness predictions using selected CFD codes. 

1.4 Thesis Goals 

This thesis develops the physical parameters and experimental methods required 

to create and utilize short-duration fully-cooled rotating rig data. It also bridges the gap 

from the industry side which tends to focus on empirical design tools, towards the more 

academic aspects by discussing the key non-dimensional parameters that must be 

matched from a stage perspective in this environment. The information covered w i l l 

include the current experimental technology, integration and operation o f a coolant gas 

supply, particulars o f conducting an experiment, and interpretation o f the measurements. 

Current experiments are ongoing that w i l l provide aerodynamic and heat transfer data 

results primarily on the first stage airfoil surfaces (vane and blade) and for the stationary 

shroud. Future experimental focus w i l l expand to other portions of the stage to include 

the blade recessed tip and hub regions. 
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C H A P T E R 2 

D E S C R I P T I O N O F P R O B L E M 

For gas turbine efficiencies to continue increasing, the engine designers need 

improved models and design tools capable of predicting the film effectiveness for the 

high-pressure stage. These new techniques are currently being created, but upon 

completion they must be verified by comparison with realistic experiments. The desire is 

to acquire these verification measurements within an environment for which the f low 

physics is as close to the engine environment as is possible for a controlled laboratory 

experiment. To this end, the facilities and the experience at the OSU GTL is a reasonable 

solution. There are a few other laboratories that could also perform comparable 

measurement programs as discussed in the following section. Section 2.1. 

2.1 Current Technology of Experimental Facilities 

Early turbine computer models were based on the underlying physics o f simple 

experiments done in wind tunnels or blowdown facilities using flat plates or grouped 

airfoils (cascade) in the test section. Engine designers have used experimental results 

obtained using flat plates or cascades as the test vehicle to develop film-cooling models 

since film-cooling studies began in the mid 1940^. Increased computational power o f 

modem computers has allowed incorporation of significantly more f low physics resulting 

in rather detailed CFD codes that have recently been shown to do a credible job o f 
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predicting pressure and heat transfer distributions for portions o f the blade not previously 

attacked [10], [11]. The current state o f the art commercial codes, like Fluent and STAR-

CD, use a fu l l 3-D Navier-Stokes solver to predict pressure distributions and heat 

transfer. The expanded abilities of modern CFD codes have generated an increased need 

for more accurate and pragmatic experimental data sets that capture as much of the f l ow 

physics as is possible. 

Historically there have been two separate methods for understanding gas turbine 

engines: analytical and empirical. Academia focuses on the analytical perspective o f the 

physics in a gas turbine and their experiments tend to lean more toward the scientific 

side, and almost always involve a test article consisting o f a flat plate or cascade. In 

some cases, the results o f this effort are difficult to implement into real engines. The 

turbine industry follows a more empirical method that relies highly on past design 

experience with some support f rom their intemal laboratories that may include a wide 

range of experimental facilities. Because the techniques developed by the engine 

companies for design purposes are highly proprietary, little data is published by industry 

in the open literature compared to the multitudes o f publications by academia. The 

background information o f this thesis w i l l focus on the information available in the open 

literature. 

2.1.1 Facilities Designed for Flat Plate Measuements 

Of the various types o f experimental configurations to be discussed in Chapter 2, 

flat plate, cascade, and full-stage rotating, the facilities used to perform the flat plate 

measurements are by far the simplest and most economical. A typical flat plate facility 

for film cooling studies w i l l consist o f a wind tunnel or short duration blowdown tank, 
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flat plate with various cooling hole configuration(s), boundary layer bleed, and a cooling 

gas supply. Figure 4 is a sketch o f the facility at the University o f Texas [12]. 

Recirculating Wind Tunnel 
50 hp axial fan 

Test Section: 0.6m x 0.6m x 2.4m 

Mainstream • 
300K 

Cooling 
Water 

r Leading 

Screens and 
I T L Suction Honeycomb 

Liquid 
Nitrogen 
Container 

Jet Test Plate 

Plenum 
Chamber 

Orifice 
Flowmeter 

Heat 
Exchangers 

> 

Blower 

Figure 4. Film cooling test facility at University of Texas [12] 

Flat plate facilities have some very economical advantages for film cooling 

experiments. The two biggest advantages are that only a small simple wind tunnel is 

required and the plate is simple, unlike airfoils with complex cooling hole configurations. 

Another advantage of the fiat plate experiments is the simplicity o f the instrumentation 

due to the quasi-steady f low characteristics. The instrumentation and data acquisition 

requirements are less stringent in flat plate experiments compared to the requirements o f 

more sophisticated facilities. These facilities are commonly used for investigations 

dealing with hole geometry configurations as Sen et al. [12] has done. Results obtained 

using these flat plate experiments have proven to be instrumental in verifying very 
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detailed CFD models describing the f low physics o f individual cooling holes in cross 

f low. Some of the researchers involved in this area and reference to their work are 

Leylek and Zerkle [13], Bemsdorf et al. [14], Burdet [15], and Montomoli et al. [16] 

Along with the flat plate experiments are partial air fo i l curvatures configuration 

studies similar to Albert et al. [17] study o f the leading edge model and Berhe and 

Patankar [18] with a curved-plate model. In Albert's et al. [17] experiment, instead o f 

using traditional instrumentation like thermocouples and RTD's they used an IR camera 

to measure the surface temperature so that the film effectiveness on a leading edge model 

could be calculated. For this experiment the uncertainty in the temperature 

measurements were ± 4 . 7 0 C . This is typical of optical measurement techniques, which 

tend to show more quantitative results with contour plots but lack the accuracy o f 

traditional measurement devices. The setup and model used in the experiment are shown 

below in Figure 5 (a) and (b). 
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(a) (b) 

Figure 5. (a) Schematic of wind tunnel facility at University of Texas, (b) Side view 
of leading edge model [17] 

2.1.2 Cascade Facilities 

The facilities in which the flat plate experiments and the cascade experiments are 

performed are in many ways similar, but the geometry o f the test article as it influences 

pressure gradient and the velocity vectors of the f low is significant. These variations can 

make a significant difference in the results depending upon the experimental goals. 

Figure 6 shows a schematic o f the test section and blowdown facility at Texas A & M . 

Comparison o f Figure 5 and Figure 6 suggests that an obvious difference between a flat 

plate facility and a cascade facility is the way in which the exit f low is turned. Cascade 

experiments are very popular because they are the closest representation to an engine 

configuration without introducing the complexity and expense o f rotation. 

12 



Compressed Air 

0 

Pressure Controller 
, —Pneumatic 

Pressure Feedback 

Figure 6. Schematic of blowdown facility at Texas A & M University [19] 

A wide variety o f experiments have been conducted using cascades and these 

measurements have proven to be very useful to engine designers. Over the past 60 years, 

literally thousands of different measurement programs have been performed for different 

vane and blade configurations using either uncooled or cooled geometries. The main 

parameters set by the investigator are the inlet Reynolds number and temperature ratios 

between the main f low and the coolant f low (in the case o f cooled experiments) and/or 

the wall. When using a blade as the test article, the blade is fixed with a rotated 

orientation in order to obtain the proper incidence angle. When investigating problems 

related to blades, some researchers have used an upstream row of rotating bars to 

simulate vane wakes and shocks [20], [21], [22], [23], [24]. It is much more diff icul t to 

simulate the relative motion at the blade/outer air seal interface, but some authors have 

used a moving wall [25]. When using a vane as the test article, the missing piece o f the 

f low physics is the multiple reflection o f the wave system (which w i l l be shock and 
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expansion waves in the case o f a transonic turbine) from the downstream blades, but this 

effect is most important on the suction side o f the vane and can sometimes be rather 

significant. 

From this point on, the discussion w i l l be confined to airfoils with film cooling 

and the immediate discussion w i l l deal with the blade o f the high-pressure turbine. For 

discussion purposes the airfoil w i l l be divided into five separate parts: pressure surface, 

suction surface (not seen in figure), tip, leading edge, and platform (hub) as labeled in 

Figure 7 on a sketch o f a GE CF6 high-pressure turbine blade. 

Tip 

Holes 

I T r a i l i n g 
Edge 

Film Cooling 

Figure 7. The Stage-1 High-Pressure Turbine Blade for the G E C F 6 [26] 
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2.1.2.1 Pressure and Suction Surfaces 

Limited data exists on the pressure and suction surfaces for rotating blades that 

have the same geometry as cascade data. Dring et al. [4], Takeishi et al. [5], and Abhari 

and Epstein [3] were the first to compare film cooled blade data taken in a rotating 

environment to film cooled blade data taken in a cascade facility. It is important to make 

note that the rigs operated by Dring and by Takeishi were not run at design corrected 

conditions corresponding to a high-pressure turbine, but that the facility operated by 

Abhari and Epstein was operated at the proper design corrected conditions. A l l three o f 

the comparisons show little difference between the rotating and cascade data for the 

suction surface as demonstrated by results f rom the three measurement programs, which 

are shown in Figure 8, Figure 9, and Figure 10. Figure 8 illustrates that on the pressure 

surface o f the blade, the film effectiveness is dramatically less than that o f the cascade 

data. This decrease in effectiveness is felt to be a direct result o f the influence o f the 

blade secondary f low on the coolant f low. Takeishi et al. [5] also mentions this 

phenomenon in his discussion, but due to difficulties with the experiment he had 

insufficient data to publish a conclusive result. For the results presented in Figure 9, the 

gauge locations on the rotating blade were at constant span between cooling holes so the 

red rotating data should be compared to the blue cascade data. Takeishi et al. [5] noted 

the clear 30% drop in effectiveness at a non-dimensional distance o f x/d=60 near the 

trailing edge on the suction surface in Figure 9. Conclusions drawn from the Abhari and 

Epstein experiment included reduced heat transfer on the suction surface o f the rotor 

compared to the cascade and the time-resolved data revealed that the cooling both 

reduced the time-averaged level of heat transfer and changed the shape o f the unsteady 
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wave form. The unsteady driver for film cooling on the pressure surface has been shown 

to be caused by the vane/blade interactions [3]. 

M = 0.5 
R~1.0 

Figure 8. Decay of maximum effectiveness (experiment by Dring et al. [4]) 
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Figure 9. Film Cooling Effectiveness on Suction Surface Takeishi et al. [5] 
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Figure 10. Uncooled and Film Cooled Rotating Stage Measurements Compared 
with those from a Cooled Linear Cascade Abhari and Epstein [3] 
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One method attempted by cascade experimentalists to create the vane/blade shock 

interaction is with the use o f rotating bars. By rotating a wheel wi th multiple rods, 

(approximately 0.125-in diameter) pressure wakes generated by the rods can be seen on 

the blade. The concept is shown in Figure 11 and Figure 12 with results o f an Oxford 

cascade experiment with rotating bars compared to an M I T rotor in Figure 13 and Figure 

14. From the results, the phase and magnitude o f the pressure disturbance produced by 

the rotating bars is inconsistent with that produced from the vane/blade interaction in the 

rotating experiment. 

Figure 11. Rotating Bar Wake Generator [22] 
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Figure 12. Conceptual view of unsteady wake effect on a model blade with film 
holes [24] 

4 0 0 0 

3 0 0 0 

M I T R o t o r , x / s « 0 . 3 1 

O x f o r d C a s c a d e , x / s = 0 .31 

I 2 3 

T i m e ( B l a d e P a s s i n g s ) 

Figure 13. Comparison at x/s = 0.31 on suction surface of M I T rotor and 2-D bar 
passing cascade test at 4% free-stream turbulence [27] 
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I 2 

T i m e ( B l a d e P a s s i n g s 

Figure 14. Comparison on suction surface of M I T rotor (x/s = 0.08 to 0.12) with that 
from 2-D bar passing cascade test (x/s = 0.08) at 4% free-stream turbulence [27] 

2.1.2.2 Tip Region 

Blade tip cooling receives a significant amount o f attention within the gas turbine 

community because of the high heat transfer levels in this location and because of the 

desire to continually reduce the tip/shroud clearance in order to improve aero 

performance, which merely aggravates the heat transfer situation. The f low environment 

in the tip region is responsible for a significant percentage o f blade failures. Insufficient 

cooling at the tip leads to increased thermal stresses and when combined wi th the 

potential for an occasional tip/shroud rub sequence, causes a portion o f the blade to 
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eventually liberate. Blade tip loss increases the gap between the tip and the stationary 

shroud, resulting in a direct loss of power and efficiency o f the turbine [28]. 

Many different experimental configurations and facilities have been and are being 

used for tip region investigations. These studies frequently involve varying the blowing 

ratios, the tip gap, the tip geometries (as shown in Figure 15), and different film cooling 

schemes like cooling the tip with injection o f the film coolant f rom the pressure surface 

as investigated by Kwak et al. [29] in Figure 16. While many of the tips w i l l be 

compared to a plane tip geometry the global goal is to adequately cool the squealer tip 

geometry. The squealer tip is greatly preferred because in the case o f an unfortunate tip 

rub significantly less damage is done to the blade i f the tip is recessed as opposed to 

being flat. However, in the process o f selecting the proper recessed tip configuration, i t is 

important to understand the accompanying f low physics. Figure 17 contains a schematic 

of potential air patterns in the recessed (squealer) tip cavity predicted by Kwak and Han 

[30] based upon their experimental results. 

0.229cm - - 10.508cm 

PS SS 

Section AA 

(a) C L squealer 

, 0.229cm 

08cm' 
PS SS 

Section AA 

(b) PS squealer 

0.229cm - 0.508cm 0.229cm -

A A 

O.SOecm 0 2 2 9 c m - - 0 508cm o.229cm . 0.508cm 

PS S S PS S S P S S S PS SS 

Section AA Section AA Section AA Section AA 

(c) SS squealer (d) PS+SS squealer (e) C L + P S squealer (f) CL^-SS squealer 

Figure 15. Different geometries of squealer tips [29] 
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Figure 16. Geometry of film cooling holes [30] 
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(a) The cavity closer to tnillng edge 

(b) The cavity closer to leading edge 

Figure 17, Conceptual view of flow in tip cavity [30] 

Researchers using cascade facilities to perform blade tip investigations, whether 

cooled or uncooled, emphasize that the pressure difference f rom the pressure to the 

suction surface drives the physics o f the tip f low. Yaras and Sjolander [25] used a 

cascade setup and added a moving outer belt to simulate the influence o f rotation on the 

tip gap. The results o f this study indicated that relative motion has a significant effect on 

the tip leakage vortex and passage vortex structures [31]. Molter et al. [11] modeled the 

tip region for an uncooled rotating blade which demonstrates the complexities involved in 
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the f low field that affect heat transfer. The f low field predicted by Molter over a recessed 

tip is shown in Figure 18. 

Figure 18. Uncooled rotating recess tip flow field [11] 

2.1.2.3 Leading Edge Region 

The leading edge of the vane is subjected to the relatively high turbulence 

generated by the combustor and the leading edge of the blade is subjected to what is left 

of this combustor turbulence, to the injected cooling gas (especially f rom the vane trailing 

edge slots), and to the wakes and shock wave reflections f rom the trailing edge o f the 

vane which presents a very unsteady f low field environment to the blade. Since the 

turbulence at the leading edge of the vane is very difficult to measure in an operating gas 

turbine, experimentalists have run multiple experiments varying the turbulence levels to 

measure the effect of turbulence on film cooling. To simulate the unsteadiness at the 

leading edge of the blade cascade experimentalists have come up with a couple o f 

creative solutions. Either using rotating bars as discussed in Section 2.1.2.1 or with a 

separate shock generator to simulate the pressure wakes and shocks associated with the 

24 



upstream vane and blade rows impinging on the leading edge of a downstream airfoil 

[32]. The experimental setup for using a shock generator is shown in Figure 19 along 

with the cascade facility at Virginia Polytechnic Institute and State University in Figure 

Figure 19. Cascade and shock apparatus at Virginia Tech 132] 
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Wind Tunnel Facility 

Figure 20. Wind tunnel facility at Virginia Tech [32] 

Both the spinning rod method and the shock generation technique have produced 

unsteadiness in the air f low to the leading edge of the airfoil . But it has yet to be 

demonstrated that either method can produce an unsteady effect consistent wi th that 

experienced in an engine. 

2.1.3 Rotating Facilities 

As compared to the multitude o f cascade facilities in operation, only a few 

rotating facilities exist. This is primarily due to the complexity o f the rigs, cost to build 

and operate each rig, and the amount o f time involved from initial design to completion 

of the experiment. However, these facilities are capable o f producing results for an 

environment representative o f the f low physics associated with an engine including the 

vane blade interaction, tip and shroud interaction, and the centrifugal and Coriolis effects 

on the secondary (coolant) f low. 
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In 1980, Dring et al. [4] conducted the first set o f f i l m cooled turbine experiments 

at the United Technologies Research Center (UTRC). Some of the key features o f the 

setup were that the airfoils were approximately five times engine size, the speed was 405 

RPM, and the study focused on the cooling f low from a single hole. As mentioned in 

2.1.2.1, the results were compared to cascade data and are presented in Figure 8. The 

findings proved to be very valuable for understanding the centrifugal and Coriolis effects 

on the secondary f low. 

Unti l now, the most comprehensive film cooling experiment and analysis 

conducted at engine corrected conditions was completed by Abhari and Epstein [3] at the 

Massachusetts Institute of Technology (MIT) . The parameters o f the experiment are 

compared to a full-scale turbine in Table 1. Some of the key features o f this facility and 

experiment are that it included cooling gas from the trailing edge o f the vane, but not 

f rom individual holes on the vane; utilized new double sided heat f lux gauges as 

developed by Epstein et al. [33], and generated high frequency response heat transfer 

data, shown in Figure 21. The geometry o f the blades is the same as the cascade 

experiment conducted by Rigby et al. [34] at Oxford University which allowed for the 

comparison to the rotating bars in a cascade facility in Figure 13 and Figure 14. 
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MIT BLOWDO WN TURBINE SCALING 
Full Scale MIT Blowdown 

Fluid Air Ar-Fr12 
Ratio specific heats 1.28 1.28 
Mean metal temperature 1H8 0 K (1550oF) 295 0 K (72 T ) 
Metal/gas temp, ratio 0.63 0.63 
Inlet total temperature 1780oK (2750oF) 478° (400 0F) 
True NGV chord 8.0 cm 5.9 cm 
Reynolds number* 2.7x106 2.7x10 6 

Inlet pressure, atm 19.6 4.3 
Outlet pressure, atm 4.5 1.0 
Outlet total temperature 1280oK (18440F) 343 0 K (160oF) 
Prandtl number 0.752 0.755 
Eckert number** 1.0 1.0 
Rotor speed, rpm 12,734 6,190 
Mass flow, kg/sec 49.0 16,6 
Power, watts 24,880,000 1,078,000 
Test time Continuous 0.3 sec 

* Based on NGV chord and isentropic exit conditions 
**(V-1)M2T/AT 

Table 1. M I T blowdown experiment scaling parameters [3] 
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Figure 21. M I T Time-resolved rotor heat transfer measurements [3] 

Takeishi et al. [5] at the Takasago Research & Development Center were the next 

to conduct a film cooled rotating experiment. Similar to Dring, this experiment was done 

in conjunction with a 2-D cascade experiment for comparison as mentioned in 2.1.2.1. 

The facility is a wind tunnel with a water brake attached to the rotor for setting the proper 

speed (up to 6260 rpm) and pressure ratio across the stage. The cross section o f the test 

rig in Figure 22 shows the complexity involved with rotating experiments. As opposed to 

the traditional measurement techniques, Takeishi used suction taps to pull a small amount 

of gas from the boundary layer and analyzed the concentration for the CO2 gas that was 
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used as a tracer. From the measurement technique used the experiment was limited to 

time-averaged data and could not attain the time-resolved data as did Abhari and Epstein. 

The Scanivalve used to collect the gas from the rotor is limited by channel count as well 

as to the fact that it can only take one sample for each suction tap, resulting in the 

inability to measure the unsteadiness o f the core flow. 

Figure 22. Cross section of the rotating test equipment Takeishi et al. [5] 

Von Karman Institute ( V K I ) has multiple facilities for cascade and rotating 

turbine research, but only the isentropic compression tube annular cascade facility (CT-3) 

has the capability o f accommodating film cooling experiments. A diagram of this facility 

can be seen in Figure 23. To date the only cooling experiments performed using this 

facility were partially cooled and have included a vane trailing edge discharge with hub 
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cavity f low, [7], [8]. The facility currently has two key limitations with a top rotor 

speed of 6500 rpm and only 16 rotating channels o f data acquisition f rom the rotor that 

are limited in frequency response to 78 kHz. 

Figure 23. Isentropic compression tube annular cascade facility at V K I 

Another Isentropic Light Piston Facility (ILPF Figure 24) is in operation at 

QinetiQ with the University o f Oxford. This facility can easily reach speeds o f 9500 rpm 

and has 150 total data channels. Currently, incorporation o f film cooling into the 

experiments has not been published for this facility. 

31 



Figure 24. (a) Isentropic light piston facility at QinetiQ [35), (b) Current working 
section [36] 

The most newly operational rotating facility is located at the Wright Patterson A i r 

Force Base in Dayton Ohio. The TRF (Turbine Research Facility shown in Figure 25) 

was designed and built to be the all-encompassing facility for film cooling high-pressure 

gas turbine experiments and features high-speed capabilities with an eddy brake and 

boundary layer bleeds. The researchers at Wright Patterson have recently (2004) 
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conducted their first experiment which involved studying details o f the unsteadiness 

caused from the vane blade interactions. 

Figure 25. Sketch of advanced turbine aerothermal research rig ( T R F ) 
configuration [37] 

The shock tube facility (TTF for turbine test facility) at The Ohio State University 

is extremely unique compared to the other rotating facilities because the design was 

derived f rom other shock tunnels used for hypersonic research. The TTF was design and 

built at the Calspan Corporation (Buffalo, N Y ) in 1983 then moved to OSU with the 

creation o f the OSU GTL in 1995. The facility consists o f a shock tube that is 18.5-in 

diameter and 100' long with a FAV connecting to a Mach 6 nozzle and a 33' long by 9-ft. 

diameter dump tank, which contains the test rig. Dunn et al. [38] provides a detailed 

description o f the facility which is shown in Figure 26. When the shock tube was used to 

heat the gas that would eventually pass through the turbine stage, researchers would send 
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a shock wave down the tube to heat the supply gas in reflected-shock mode, and then 

open a FAV to allow the shock processed gas to pass into the dump tank, and 

subsequently close the F A V approximately 100 milliseconds later. Operation in this 

mode allowed approximately 36 milliseconds of time over which data could be acquired. 

The key features o f the TTF are the high speed capabilities, large number o f high 

frequency data acquisition channels with a total of 640 channels wi th up to 300 rotating 

channels (assuming two slip rings per channel), and the ability to adapt each set o f 

experimental goals with a new rig for each rotor. 

Figure 26. Shock tube facility ( T T F ) at the O S U G T L 

2.2 Film Cooling at the O S U G T L 

Conducting film cooling experiments at the OSU GTL requires three major 

changes in facility operation: use o f the TTF in blowdown mode rather than in shock 
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mode, construction o f an electrical convective heater, and incorporation o f the LCF to 

supply the film cooling gas. Operation o f the TTF in blowdown mode allows for 

potentially longer test times compared to the 36 milliseconds supplied by operating in 

shock mode. However, it should be noted that the f low establishment process is a bit 

slower when operating in blowdown mode compared to shock mode. Also, by 

eliminating the uncertainty associated with rupture of the two diaphragms used when 

operating in shock mode, the initiation o f the core f low gas is controlled with precise 

timing by the FAV. The use o f the convection heater has added the option o f introducing 

hot streaks to more accurately simulate real combustors. Details o f the design, 

construction, and controls o f the convective heater can be found in [39]. The heater can 

be seen in a sketch o f the current facility layout shown in Figure 27 and a cross-section o f 

the experimental rig in Figure 28. The process involved in incorporating the LCF with 

the TTF is described in detail in Chapter 4. 

LCF 

n 
Super-Cooler, 

Fast Acting Valves 
Shock Tube 

I I 

Dump Tank Heater 

Turbine 

Figure 27. Sketch of current OSU G T L Layout 
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C H A P T E R 3 

P A R A M E T E R S I M P O R T A N T F O R F I L M C O O L I N G E X P E R I M E N T S 

One of the primary reasons for performing the measurement program described 

herein is to assist in the development of CFD codes that w i l l be used to provide advanced 

thermal protection designs for machines o f the future. For the industry to have 

confidence in the capability o f these CFD codes, reasonable comparisons between 

prediction and measurement must be demonstrated for cases that closely represent the 

f low physics associated with a gas turbine engine. To this end, properly run experiments 

can produce non-dimensional results that can be incorporated into the CFD codes in order 

to explain the f low physics representative of an engine by operating at design corrected 

conditions with as many other relevant parameters as possible duplicated. In order for 

this comparison to be meaningful to the turbine designer, the measurement program must 

duplicate several o f the key non-dimensional parameters noted below. The primary 

m J f j f Z 
parameters typically matched are f low function ( — — — ) , pressure ratio across the 

VL 
turbine stage, important temperature ratios, Reynolds number ( — ) , blowing ratio 

v 

( ^ ^ ) in the case o f film cooled measurements, and corrected speed ( , /' /"' ). a V ^ v T T f , 

Other parameters that may be duplicated include Prandtl numbers, specific heat ratio ( / ) , 
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Mach number, and density ratio o f coolant gas to the main f low ( — T h e parameters 
Poo 

duplicated w i l l depend upon the experimental goals and the facility's capabilities. 

3.1 Key Film Cooling Results 

Cooled high-pressure turbine experimental goals focus primarily upon the film 

effectiveness results along with the heat-transfer and surface pressure measurements. 

Whether film effectiveness is presented in terms o f NHFR (Net Heat Flux 

q" St 
Reduction, 1 — ) , SNR (Stanton Number Reduction, 1 — ) , or adiabatic 

H 0 O i 0 

^ . T -T 
effectiveness {rim, = — —) the two key parameters f rom the cooling perspective are 

the coolant temperature and the blowing ratio. Both o f these parameters are controlled by 

the coolant gas supply which makes the functionality o f the LCF critical for conducting 

film cooling experiments. 

3.1.1 Blowing Ratio 

The blowing ratio parameter is a non-dimensional parameter designed to 

characterize the coolant f low, which also serves as an indicator o f the likelihood o f the 

coolant f low penetrating the boundary layer and entraining hot freestream gas that could 

potentially result in a significant increase in the local heat transferred to the airfoil 

surface. Film cooling effectiveness is therefore closely linked to the blowing ratio, which 

leads to the importance o f the parameter. Film cooling effectiveness results are often 

presented as a function o f the blowing ratio as can be seen f rom Figure 29. Note Figure 
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St St 
29 presents the results as —— instead of 1 — but the blowing ratio clearly affects the St0 St0 

f i l m effectiveness. 
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Figure 29. The effect of blowing ratio on single-row and double-row injection 
through different hole configurations [40] 

In the case o f the fu l l stage ful ly cooled experiments described in this thesis, the 

value o f the blowing ratio parameter is a function o f specific location on the airfoil , and 

thus it is not reasonable to present the resulting film effectiveness as a function o f a single 

global blowing ratio, but rather the results are presented as a function o f local blowing 

ratios for each row of cooling holes at a given span. Global blowing ratios are much 

simpler to calculate since the mass f low and total area o f cooling holes are measured. 

However, rotating rigs w i l l have the same pressure ratios across the stage and pressure 

gradients along the surfaces of an airfoil as an engine and the supply coolant f low to all 
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parts o f the blades come from a single supply, leaving blowing ratios ranging f rom 1.4 to 

6.4. Due to the large fluctuation in the local blowing ratio the global blowing ratio is of 

little use for comparing to other experiments like flat plate experiments and cascade 

experiments where the local blowing ratio is easily calculated. Measuring the local 

blowing ratio in a rotating experiment leads to the uncertainty o f measuring the velocity 

of the cooling gas in the holes along with measuring inherent mass f l ow leaks caused by 

rotation. Two assumptions are made to calculate the velocity o f the coolant gas in the 

holes, first is to assume the static pressure on the exterior surface o f the airfoil is 

equivalent to the static pressure in the cooling holes. The second assumption made is to 

estimate the total coolant gas pressure in the airfoil . The total pressure can either be set 

as a constant which indicates the intemal chamber is acting as a plenum to the cooling 

holes (Method A) or in the case o f the blade the total pressure can be set equal to the 

intemal channel pressure which varies with vane passing (although slightly) and would 

imply the f low is slow but cannot be treated as a plenum (Method B). The calculation 

details and results are presented in Chapter 5 for both assumptions. Ideally the blowing 

ratio should always be presented on the local level but the important information 

resulting f rom the blowing ratio is how much it changes between experiments. For this 

purpose either the global blowing ratio or the normalized coolant mass f low (with core 

mass f low) is sufficient for adjusting the blowing ratio between experiments in rotating 

rigs. 

3.1.2 Cooling Gas Mass Flow 

The coolant gas mass f low to the rig is set by the temperature and pressure o f the 

LCF and with six venturi chokes which divide the f low into the three sections: inner 
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vane, outer vane, and rotor. The mass f low is also calculated at the airfoil exit holes for 

each section using the data from each experiment prior to the start o f the core f low. Prior 

to introducing the core f low, the cooling gas f low through the holes is choked due to the 

vacuum in the dump tank setting the Mach number equal to 1. Comparing the mass f low 

at the venturi chokes with the mass f low at the airfoils allows the experimentalists to 

conduct a useful check on the system to find any possible leaks along with verifying a 

proper cooling supply setup. Mass f low calculations are carried out in detail in Chapter 

5. 
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C H A P T E R 4 

O P E R A T I O N AND I N T E G R A T I O N O F T H E L C F 

The LCF was designed and built at the OSU GTL in 1997 with the primary 

purpose o f running in conjunction with the TTF for film cooled turbine experiments. In 

order to properly link the LCF to the main facility and to the turbine rig inside (Figure 

30), there were three major areas that had to be addressed: (1) coordination o f a fast 

acting valve (FAV) with the primary f low coming from the TTF, (2) definition o f the 

proper cooling cycles to provide the desired temperature and pressure o f the cooling gas 

at the vane and blade, and (3) establishment o f controls for interfacing the LCF with the 

TTF facility. The FAV was built and in reasonably good working order prior to initiation 

of the 2004 measurement program, but there was no information for t iming and 

operation. 
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Figure 30. L C F Connected to T T F for Film-Cooling Experiment 

4.1 Initial Design 

The cooling gas supply tank used for the f i l m cooling experiments was initially 

designed for a dual purpose. First purpose is to be used in conjunction with the TTF for 

supplying cooling gas for film cooling gas turbine experiments. Second purpose is for 

the unit to be used as a large calibration facility with different test sections similar to the 

Small Calibration blowdown Facility (SCF) still in use at the OSU Gas Turbine 

Laboratory. 

Ideally the LCF tank would be sized accordingly for each experiment in the TTF 

so the time constant o f the shock tube and the LCF would be approximately the same. 

This would result in constant blowing ratios f rom the film cooling to the freestream f low 
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as the total pressures decrease during longer experiments. However, since the LCF w i l l 

be used in many future experiments it was sized as large as feasible at the time of 

construction resulting with an intemal volume of 45 ft3. The core design o f the LCF calls 

for a triple jacketed tank with the inner tank as the main pressure vessel, the second to 

circulate f lu id , and the third to contain the insulation as shown in Figure 31. A l l three 

jackets o f the tank came from the same batch o f stainless steel so the thermal expansion 

coefficient of each jacket is the same. The rest of the LCF can be broken up into three 

distinct areas: Fast Acting Valve (FAV), Coolant System, and Controls. 

I n s u l a t i o n 

Figure 31. Breakdown of Internal L C F Construction 

4.2 Fast Acting Valve 

The two primary design parameters of the FAV are fast actuation for operating in 

conjunction with the TTF and for smooth clean air f low for calibration purposes. 

The valve is a fast acting sleeve valve that was designed for pneumatic actuation and 

opens in about 10 ms with clean air f low at the exit of the valve. To get clean air f low at 

the exit o f the valve the f low path was designed with an elliptical shape and modeled in 
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Star-CD [9]. The contour o f the f low path can be seen in both Figure 32 (a) and Figure 

33. 

Black and Silver Marks for Position Sens or 

Figure 32. F A V in the open position (a) and the closed position (b) 
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Figure 33. Cross-sectional view of F A V with sleeve in the open and closed position 

The motion o f the valve is controlled with timers that actuate two 3-way solenoid 

valves which fill and vent the intemal chambers to move the sleeve. Movement o f the 

sleeve uses air pressure in the chambers to push and catch the sleeve. To open the FAV, 

the first 3-way control valve is activated which fills the aft chamber and pushes the sleeve 

to the open position. Then activating the second 3-way valve for 0.1 s puts a small burst 

o f air into the fore chamber and catches the sleeve before it can slam into the endplate. 
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For closing the sleeve the process is reversed using the second 3-way valve to move the 

sleeve and the first 3-way valve to catch the sleeve. A schematic o f the t iming sequence 

for the 3-way solenoid valves is shown in Figure 34. The chamber pressures are recorded 

along with the fiber optic sensors (explained on page 51) and are displayed in Figure 35 

for the F A V when operated at room temperature. The intemal chambers that move the 

sleeve can be seen in the cross-section view of the valve in Figure 33. To operate the 

LCF with the TTF, the timers are triggered with a constant 5 volt signal that allows the 

LCF FAV to open and fill all intemal cooling cavities in the rig and establish cooling 

f low before the FAV for the TTF opens and releases the core f low. 

Example o f l ining S e q u e n c i n g 
f o n 3 -way Solenoid V a l v e s 

E x t e r n a l 
T r i g g e r ( T o ) . 

40 ns delay — 

E x t e r n a l 
T r i g g e r ( T o ) -

PRS 1 

•T 1-

Sleeve 
open ing 

V a l v e 1 
r-PRS 1 r- PRS 2 
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and s t o p p e d 

V a l v e 2 

r-PRS 2 

4 T 2 H 

Sleeve being 
s lowed down 

-T 2-
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V a l v e 
A c t i v a t e d 
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Figure 34. Timing sequence for F A V 3-way solenoid control valves 
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Figure 35. F A V internal chamber pressures and fiber optic sensors 

In order for the LCF to operate in conjunction with the TTF the FAV must be 

very reliable and consist of very repeatable opening times. With proper operation and the 

proper timing o f the 3-way control valves the F A V has had successful activation in 

excess o f 300 runs which has included experiments to determine proper timing scenarios 

with different operation cycles and preliminary experiments measuring mass f low and 

understanding the f low characteristics from the LCF into the rig. Throughout the 

experiments the opening sequence of the FAV has proven to open repeatable to within 6 

milliseconds when operated at consistent conditions (primarily tank temperature and 
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valve activation pressures). This degree of repeatability is sufficient for the purposes o f 

these experiments. 

A new phenomena, referred to as a "hic-cup", begun appearing after about 100 

activations where the sleeve either slows down or pauses moments after motion begins as 

in Figure 36. The sleeve motion is governed by the pressure difference between the 

intemal chambers and friction acting on the intemal seals. Figure 37 suggests that the 

pressure difference in the intemal chambers is not the cause as there is no jump in the 

close chamber pressure which places focus on the friction. In an effort to characterize the 

"hic-cup" an extensive test matrix (included in Appendix A with results) was conducted 

that varied LCF pressure, LCF temperature, valve activation pressure, test section 

pressure, and a test section bleed. The experiments produced inconclusive results as to 

which variable may be the driving factor. The intemal seals in the valve are the only 

variables unaccounted for in the test matrix and with the "hic-cup" slowly fading over 

time it is believed this change in friction may have been caused from the seals becoming 

broken in. Even with the slowly changing friction the valve has proven to be very 

repeatable run to run and is reliable for the turbine film cooling experiments. 
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Figure 36. F A V "hic-cup" while opening (a particularly severe case) 
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Figure 37. Internal chamber pressure difference during "hic-cup" 

Other key features o f the valve include the coating and fiber optic sensors. Valve 

parts were coated to decrease both friction and wear acting upon the seals and sleeve o f 

the valve. The coating consisted o f Teflon impregnated into an anodized aluminum oxide 

formed on the surface by the electrochemical reaction o f aluminum with oxygen [9]. 

Position o f the valve is tracked with three fiber optic sensors. Two of these sensors are 
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used as "clear indicators" to tell the operator that the sleeve is either in the fu l ly open or 

fu l ly closed position. The third sensor reads the silver and black lines that are 0.1 inches 

wide on top o f the sleeve as seen in Figure 32b. Output o f this sensor can be tracked on a 

computer to measure how far the sleeve has moved (within 0.1 inches) as shown in red in 

Figure 35. The disadvantage of this sensor is the silver and black marks w i l l wear o f f on 

the seals with time. For this reason a Philtec D-170 position sensor was investigated as a 

possible replacement. The comparison o f the output o f the Philtec D-170 sensor with the 

fiber optic sensor is shown in Figure 38 where the position pulses were converted to 

distance. Based upon these results, a Philtec D - l 71 (better model for intended use but 

unavailable as demo) w i l l be installed into the valve when time allows. 
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Figure 38. Philtec sensor compared to current fiber optic pulse position sensor. 

Valve operation for the URETI experiment uses an activation o f 40 ms as 

opposed to the 10 ms that is theoretically possible by design. Three options exist to allow 

for more rapid operation o f the valve. The first is to replace the two 3-way solenoid 

valves with valves that have larger openings; the control valves presently being used have 

open areas of 0.1 i n 2 and cause a choke point from the intemal chambers to the extemal 

pressure supply and vacuum tank. The second option is to increase the activation 

pressure; for example f rom the normal 75 psia to 122 psia w i l l open the valve 35 ms 

faster as seen in Figure 39. The third option is to utilize the two extra ports (already 
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existing in the valve) to the opening chamber and a single unused port to the closing 

chamber to accommodate extra control valves allowing more mass f l ow of the activation 

gas into the intemal chambers which w i l l speed up the sleeve motion. A fourth option to 

increase the activation speed was implemented prior to conducting the experiments 

determining the proper activation timing. This option added plugs to block o f f the 

unused ports near the intemal chambers effectively reducing the chamber volume for the 

activation gas to fill. This successfully reduced the time for initiation o f sleeve motion by 

30 milliseconds as seen in Figure 40. For the URETI film cooling experiments, a delay 

of the TTF is needed to allow coolant passages in the rig to fill and f l ow to establish. 

Due to this delay the slower activation o f the valve is sufficient and preferred for the l ife 

o f the valve. 
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E f f e c t o f I n c r e a s i n g V a l v e A c t i v a t i o n P r e s s u r e 

Figure 39. Effect of increasing the valve activation pressure 
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Difference in Valve Activation from Plugging 
Extra Ports at Internal Chambers 

Figure 40. Difference in valve activation when extra ports at internal chambers are 
plugged 

4.3 Coolant System 

Cooling the gas contained within the LCF for film cooling experiments was 

intended to serve two purposes; (1) to obtain the necessary cold temperatures for film 

cooling gas and (2) to provide sufficient mass f low for large rigs. Cooling the LCF to 

cryogenic temperatures can be done with either o f two recirculating chillers on top o f the 

LCF. The FTS unit has proved to reach lower temperatures but allows water into the 
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Syltherm X L T (heat transfer fluid) which collects on the heat transfer plates. This water 

accumulation causes a steady decay of the heat extraction capability o f the unit and does 

not allow the LCF to remain at low temperatures as shown in Figure 41 (the temperature 

begins to increase at the right side o f the figure). To f ix the water issue a molecular sieve 

was added to the side o f the LCF to remove the water from the heat transfer fluid when 

the facility is at room temperature. The Julabo unit is rated for higher heat reduction 

capabilities and prevents water f rom getting into the system but the price one pays is that 

it is not possible to reach the desired lower temperatures due to the slow pumping o f the 

unit. The cooling curve for the Julabo unit is in Figure 42, which covers a 50-hour time 

span but the unit has proven to only increase 3-4 degrees f rom a maximum low when 

operated continuously for 2 weeks. A booster pump may be added to the Julabo chiller to 

increase the cooling capabilities o f the LCF but for the current set o f experiments the 

Julabo chiller is used alone to cool the facility and assist in attaining the necessary mass 

flows required. In the case o f the URETI experiments, reduction o f the cooling gas 

temperature was assisted by installation of a liquid nitrogen cooled heat exchanger 

downstream of the LCF as is described below. 
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Figure 41. Time history ofthe F T S unit chilling the L C F coolant gas 

Julabo Cooler Date Started: 9-20-04 
Fluid: Syltherm XLT 
Cooler Settings: -80 C 
Initial Temp of LCF: 58 F 

Figure 42. Time history of the Julabo unit chilling the L C F coolant gas 
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A minimum coolant gas temperature was obtained by using the Julabo chiller to 

cool the gas to -43 0F and then tuming on the FTS chiller to reduce the temperature 

further to -56 0F. However, this minimum temperature was obtained with the LCF 

isolated such that the F A V connection was well insulated. Since the chillers are 

operating at maximum capacity, connecting anything to the LCF w i l l potentially result in 

a heat source and thus increase the minimum temperature that can be attained. As an 

example, plumbing the LCF to the TTF and then to the rig containing the turbine stage 

for the URETI experiments has resulted in minimum coolant gas temperatures o f -30 oF 

from the Julabo chiller alone and -45 0F when using the FTS unit along with the Julabo. 

From preliminary experiments the long multiple tubes required to get the coolant 

gas f rom the LCF into each turbine section (inner vane, outer vane, and rotor) proved to 

be a very good heat exchanger that resulted in room temperature gas at the exit o f the 

film cooling holes on the vanes and blades, which was clearly an unacceptable situation. 

To fix this problem a liquid nitrogen heat exchanger (super-cooler) was designed to lower 

the temperature o f the gas leaving the LCF, shortened the tubes carrying the gas from the 

LCF to the turbine, and heat was extracted from the tubes extending to the turbine via 

conduction. Using the super-cooler in conjunction with the LCF lowered the cooling gas 

to I7 .3 0 F at the exit o f the vane and blade cooling holes. Operation o f the LCF with the 

super-cooler still requires using the Julabo chiller to cool the LCF coolant gas in order to 

obtain the proper mass f low into the turbine stage. 

4.4 L C F Controls 

Controls for the LCF were designed and built for total control o f the facility f rom 

either within the control room or next to the facility. This is important for the different 
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operating modes o f calibration or film cooling experiments. Total control includes the 

ability to fill the tank with different gases, vent the tank fast or slow, and operate the 

FAV. Fill ing the LCF is controlled with three valves, one for dry shop air, one for 

compressed gas f rom a bottle (size K ) , and the third for evacuating the tank. Using relays 

the control panel has built in delays and safeties to assure only one valve can open at a 

time and the vacuum valve cannot open i f the tank pressure is above 16 psia which 

protects the vacuum pump from positive pressure. Venting the LCF can be done in a fast 

action by opening a 1" diameter pneumatic valve or in a slow controlled manner using a 

finely adjustable valve which can be used for pressure calibrations. Activation o f the 

F A V can be conducted by using the timer controls for fast activation and an extemal 

trigger source or using a manual toggle switch to slowly open and close the valve. The 

facility is protected against over-pressurization (tank rating 464 psia) wi th three devices, 

a rupture disc (486 psia, above tank rating but acceptable due to factor o f safety in tank 

design), a blow-off valve (454 psia), and an adjustable pressure switch currently set to 

open the fast vent valve at 434 psia. The control panel has digital meters to visually 

inspect the tank temperature and the valve activation pressures for the FAV. Using a PC 

the intemal temperature, pressure, and FAV chamber pressures can be monitored or 

recorded at high sampling frequency during an experiment. 

4.5 Integrating the L C F with the T T F 

In conducting a film cooling experiment, many operating parameters must be 

matched in preparation for an experiment. These parameters include tunnel pressure, 

LCF pressure, LCF temperature, super-cooler temperature, and heater temperature. 

Operating the LCF in conjunction with the TTF requires intricate timing and the 
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activation of both facilities and multiple data acquisition systems. Once the rotor is 

rotating at the proper speed the LCF FAV is activated first to allow coolant passages to 

fill and for the cooling film to be established. With the use o f three adjustable timers the 

TTF F A V is activated 1.5 seconds after the LCF. Data acquisition is divided into three 

sets; monitor, coolant f low, and main flow. The monitor data is recorded at low sampling 

frequency throughout the experiment to measure initial conditions o f the system. Coolant 

f low path and LCF sensors are recorded at high sampling frequency and are initiated with 

the triggering o f the LCF FAV. With the activation of the TTF F A V the main f low high 

sampling frequency data acquisition system is triggered. To conclude an experiment, 

both FAVs close and the remaining gas in the TTF and LCF are vented. 

Future film cooling experiments are expected to be conducted similar to the one 

described above. So as a design aid to future experiments the mass f l ow capabilities o f 

the LCF was characterized using a series of charts located in Appendix B. The charts 

plot the mass f low as a function of time for a given choke area, initial pressure, and initial 

temperature. Initial temperature values were determined from the current experimental 

setup by using the low temperature attainable from only using the Julabo chiller (-30 oF) 

and using both the Julabo and the FTS chillers (-45 0F). 
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C H A P T E R 5 

D I S C U S S I O N O F C A L C U L A T I O N S AND R E S U L T S 

The two key calculations related to the f i l m cooling gas are the blowing ratio and 

the mass f low calculations as discussed in Chapter 3. This chapter w i l l show the 

successful integration o f the LCF with the TTF and discuss the calculation details o f the 

blowing ratio and the mass f low calculations along with the uncertainties associated with 

these values. A l l calculations and results presented in this chapter are f rom the initial 

fu l ly cooled single stage high-pressure turbine experiment conducted using the newly 

integrated TTF/LCF system. 

5.1 L C F Integration Results 

Successful integration o f the LCF with the TTF is best described f rom the data 

results presented in Figure 43 and Figure 44. Figure 43 displays the upstream and 

downstream total temperature measurements starting when the trigger signal was given to 

the LCF. This data also clearly shows the 1500 ms delay between the TTF and the LCF 

trigger signals. The pressure measurements in Figure 44 start at 1500 ms on Figure 43 

and display some of the pressure measurements obtained during the activation o f the core 

flow. From these two graphs it can be concluded that the timing and activation o f the 

F A V on the LCF was successful. 
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Figure 43. Flow Path Temperature Rake Measurement 
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Pressure Measurements 

Blade (Channel 1) Internal Pressure 
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Figure 44. Stage Pressure Measurements 

5.2 Estimates of Blowing Ratio and Mass Flow 

5.2.1 Blowing Ratio on the Blade 

Calculation of the blowing ratio for various locations on the blade is based on the 

local freestream density and velocity, and the coolant gas density and velocity at the exit 

o f the individual cooling hole as defined in Equation 1. The freestream density is 

calculated based upon the static pressure distribution as measured (normalized 

distribution in Figure 45) and CFD predictions o f the local Mach number (Figure 46) and 
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local static temperature. Local freestream velocity is calculated based on the Mach 

number and the local static temperature predictions using Equation 2. 

pc*K Blowing _ Ratio = 
p *V 

Equation I . Blowing Ratio 
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Figure 45. Normalized Static Pressure Distribution on Blade 
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Figure 46, Local Mach Number Distribution C F D Prediction 
(provided by Honeywell) 

V V 
M=- = 

Equation 2. Mach number / velocity relation 

Calculating the density and velocity o f the cooling gas at the exit o f the cooling 

hole requires a couple o f assumptions as described in Section 3.1.1. To refresh, the first 

assumption is to set the static pressure at the hole exit equal to the local static pressure on 

the blade surface (from Figure 45). The second assumption is to estimate the total 

pressure in the intemal channels of the airfoil , which can be done in two ways. First 

(Method A ) by assuming the total pressure is constant or second (Method B) by setting 
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the total pressure equal to the intemal pressure measured which fluctuates to a relatively 

small degree with each vane passing. The cooling gas velocity and density is calculated 

with both methods by using Equation 3 (a) to calculate the Mach number based on the 

total pressure and the static pressure on the airfoil surface. Using the calculated Mach 

number and total temperature with Equation 3 (b) the static temperature can be 

calculated. From the static temperatures and pressures the density and velocity o f the 

cooling gas are calculated. 

. J L 
T r - l , 

b.) ^ = 1 + ^ — 
T 2 

Equation 3. Isentropic flow equations (a.) Pressure (b.) Temperature 

Blowing ratio results for the suction surface gill holes (cooling holes located next 

to leading edge shower head holes) are displayed in Figure 47 with the surface static 

pressure and the internal pressure (from the channel which supplies the cooling gas to 

that row) normalized with the upstream total pressure. Cooling holes in this location are 

designed for a blowing ratio o f 1.44 on this particular turbine, which is higher than the 

1.05 average as calculated suggesting that the initial pressure in the LCF was set too low 

for this particular experiment. This issue w i l l be revisited in a later discussion. The 

peaks in the surface pressure are a clear display of the vane wake passing over the blade 

which corresponds to a drop in the blowing ratio. As w i l l be illustrated later in this 

chapter, the blade internal pressure measurements and the FFTs o f the blade intemal 

pressure histories also show a dominant signal at vane passing frequency suggesting that 

a.) ^ = 1 + y-i M' 
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the coolant supply cavity is well aware o f disturbances coming f rom the vane 

wakes/shocks. 

Method A 
Method B 

Surface Pressure 
— Intemal Pressure (Ch.1) 
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Figure 47. Estimated Blowing Ratio for Suction Surface Gill Holes 

From the results presented in Figure 47 the two methods appear to be equivalent 

implying that the assumptions between Method A and B are comparable near the leading 

edge of the suction surface. The results presented in Figure 48 indicate the two methods 

average a slight difference of 0.1 at the mid-chord location on the suction surface. 

However, the results in Figure 49 for the pressure surface near mid-chord suggest that the 

two Methods are clearly different. Method A indicates an average blowing ratio o f 1.24 

which is well below the design blowing ratio of 2.3 indicating a low pressure in the LCF. 

Method B shows an unreasonably high fluctuation in the blowing ratio (investigated in 
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uncertainty analysis) and indicates probable ingestion when the pressure ratio drops to 

zero. From the nature o f the calculations the blowing ratio is limited to zero which 

explains the incapability o f the graph to show a negative value when the core f l ow is 

ingested through the cooling holes. 
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Figure 48. Estimated Blowing Ratio for Suction Surface Mid-Chord Holes 
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Figure 49. Estimated Blowing Ratio for Pressure Surface Holes near Mid-Chord 

A n interesting feature o f this experiment is the ability to observe the unsteadiness 

in the intemal blade passages caused by the vane wakes. To the author's knowledge, this 

is the first time that intemal coolant passage pressure measurements have been presented 

as in Figure 50 and the FFTs in Figure 51. Three key results noted in the intemal 

pressure measurements are the phase differences in channels 1 and 2, the wake effect o f 

the vane is barely noticeable in channel 6 compared to the leading edge (1), and the lower 

pressures closer to the trailing edge. The phase difference in channels 1 and 2 are 

believed to be a result o f the intemal geometry o f the blade where the fluctuation in 

channel 2 is a forced response of the fluctuation in channel 1. The pressure drop in the 

channels indicates that the assumption of a constant coolant total pressure may be 
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incorrect but the result could also be a result of the f low speeding up due to less mass 

f low in the channels. Unsteadiness in the channels is a clear result o f the vane 

wakes/shocks as demonstrated by the FFTs in Figure 51, which also demonstrates 

different levels o f unsteadiness in each channel. 

Time (ms) 

Figure 50. Internal Channel Pressure Measurements 
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Figure 51. F F T of Internal Pressure Measurements in Blade 

Twice in the above discussion, implications were made to the initial pressure in 

the LCF being set too low for this particular experiment. Figure 52 displays the 

normalized intemal pressures for the inner vane, outer vane, rotor, and the LCF pressure 

during the experiment. From the data the rotor blade pressures increased and stabilized 

as expected. However, as mentioned in Section 3.1.2 the mass f low is divided into the 

three sections using six venturi chokes and requires a pressure ratio o f approximately 2 

across the venturi for the f low to remain choked. The inner vane cavity (which feeds the 

leading edge cooling holes) pressure measurements indicate that the pressure was stable 
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during the run hut clearly did not maintain the pressure ratio wi th the LCF and unchoked. 

The outer vane cavity (which feeds the trailing edge slots) pressure measurements also 

unchoked late but increased throughout the experiment and stabilized late indicating that 

the section was starved o f coolant gas. Due to the unchoking o f the inner and outer vane 

sections at the venturi chokes the supplied mass f low is unknown after the initiation o f 

the core f low. 
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Figure 52. Cooling Gas Internal Pressures 

5.2.2 Coolant Gas Mass Flow Calculations 

The coolant gas mass f low to the rig is set by the temperature and pressure o f the 

LCF and with six venturi chokes that divide the f low into the three sections between the 

exit of the LCF and the entrance to the super-cooler. Calculation of the mass f low is 

done at these venturi chokes and then again at the cooling exit holes for each of the three 
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sections. Verification that the mass flows are equivalent at both locations is a useful 

check done on each section to verify continuity in the experiment and to calculate the 

inherent leaks in the system feeding the rotor blades and the vane sections. 

Calculating the mass flow supplied by the LCF first requires measuring the 

effective area o f the venturi chokes with the super-cooler downstream using a blowdown 

experimental method (Equation 4 where Cg is a constant that is a function o f temperature 

and gamma). Using in-house LabVIEW virtual instruments, the time constant (Tau) is 

calculated based upon the differential pressure drop with time. With Equation 5 the mass 

f low is calculated using the effective area calculated from the blowdown experiments. 

Density is calculated f rom the static temperature and pressure measurements f rom 

Equation 3 where Mach number equals 1 and the total properties are measured f rom the 

LCF conditions. And velocity is calculated in the chokes where the Mach number equals 

1. The mass f low delivered to each section o f the rig is calculated using an area ratio o f 

the venturi chokes with the total mass flow. Calculations are presented in Appendix C. 

Choke _ Area = ^OU*n* , Cg = JyRf0 

lau * Cg 
f r - V ] ( 2 1 
[ 2 ) U + i J 

2r-2 

Equation 4. Blowdown experimental relation [41] 

m = pAV 

Equation 5. Mass Flow 

A discharge coefficient o f 0.95 intrinsic to the super-cooler was measured by 

conducting area verification experiments using the blowdown experimental methods with 

the super-cooler connected downstream o f the chokes. The verification experiments also 
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revealed several small leaks in the super-cooler, but when measured, all leaks were 

determined to be negligible. 

Finding the mass f low at the blades and vanes is possible by using the 

measurements obtained after the cooling f low is established but before the core f low 

begins. During this time the pressure in the intemal coolant plenums is sufficiently high 

to choke the f low through the cooling holes making the Mach number equal to 1 and the 

mass f low a simple function of the integrated cooling hole area and the supply 

temperature and pressure (Equation 5). The cooling hole area was previously measured 

for all of the blades using the blowdown experimental method previously discussed with 

Equation 4. However, only a few vanes were able to be f l ow tested due to time and 

experimental difficulties so the calculations were performed with the vane cooling hole 

areas in question. 

For the vane, the intemal coolant pressure and temperature sensors measure the 

static f low properties prior to entering the intemal chambers o f the vanes. Using the area 

Mach number relation in Equation 6 the Mach numbers at the sensors locations were 

small enough to deem the measurements as total properties o f the coolant f low. The 

blade sensors are located inside the labyrinthine coolant passages o f the blade where the 

cross-sectional area o f the f low is unknown. Using an approximate cross sectional area 

and the area Mach number relation an approximate Mach number o f 0.3 was obtained but 

as this is an assumption the effects w i l l be investigated in the uncertainty analysis. The 

intemal pressure used for the blade calculations is from channel 3 which is the only 

channel that measures the f low prior to any cooling holes exiting to the surface. With the 

isentropic gas f low equations shown in Equation 7 the static temperature and pressure 
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measurements at the f i l m cooling hole exits can be calculated. Mass f low is then 

calculated using these values where the velocity is obtained f r o m using^yRT* . The 

mass f low calculations for all three sections are carried out in Appendix C. 

A * 
\ A ) 

M' 
2 ( y - 1 , ^ 

1 + -^-—-M 
7 + 1 

Y+\_ 
r - i 

Equation 6. Area Mach number relation 

2 
a-) — = • 

L 7 + 1 
b.) = 

Po 

f 2 ^ 

r + 1 

y-1 

Equation 7. Isentropic gas flow equations with Mach number equal to 1 
a.) Temperature b.) Pressure 

The results of the mass f low calculations are located in Table 2. Calculations for 

the blade show an 8% difference between the mass f low supplied f rom the LCF and the 

mass f low calculated at the blade cooling exit holes. This difference is a combination of 

leaks and uncertainty of the calculations. As previously mentioned the results of the vane 

calculations are questionable due to the uncertainty of the cooling holes measured f rom 

the blowdown experiments. 

Section Mass Flow (Ib/s) 
Difference (Ib/s) Section 

From L C F At Airfoils 
Difference (Ib/s) 

Inner 
Vane 0.2354 0.2105 0.0249 
Outer 
Vane 0.1296 0.0860 0.0436 
Rotor 0.2227 0.2046 0.0181 

Table 2. Mass flows at venturi chokes and at the vanes and blades 
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5.3 Uncertainty Analysis 

Each uncertainty analysis wi l l be comprised of two key parts: an error 

propagation analysis for parameters of the experiment conducted and a characterization 

of the behavior of the influence coefficients to aid in the direction of future experiments. 

The error propagation analysis uses influence coefficients to determine the key variables 

driving the uncertainty of the function. The influence coefficient is found f rom 

multiplying the partial derivative of a variable to the variable divided by the function. 

Overall uncertainty in the function is then calculated using Equation 8. Appendix D 

contains the error propagation analysis for the blowing ratio and mass f low calculations. 

Uncertainity_in_function := I ( in f luence_coef f icen ts -parameter uncertainty) 

Equation 8. Error Propagation Analysis 

5.3.1 Uncertainty in Blowing Ratio 

The results of the error propagation analysis on the blowing ratio at the suction 

surface gill holes (cooling holes near leading edge) yield the influence coefficients given 

in Table 3. Uncertainties in the parameters are based on a peak to peak range of the 

measurements and are 0.25 psia for pressure measurements, 5 .4 0 Ffor temperature, and 

approximated as 10% for the Mach number prediction. The total uncertainty in the 

blowing ratio as calculated is 11% with the key parameters influencing this error 

according to the influence coefficients is the pressure data and the Mach number. 
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Blowing Ratio Error Propagation Analysis at SS Gill Holes 
Influence 

Coefficient Parameter Uncertainty (%) 
Static Pressure on Blade 
Surface 1.19 2.7 
Coolant Gas Total Pressure 1.19 3 
Core Flow Mach Number 1 10 
Coolant Gas Total 
Temperature 0.5 1.1 
Core Flow Static Temperature 0.5 0.9 

Table 3. Error Propagation Analysis for SS Gil l Holes Blowing Ratio 

To characterize the effect the different variables have on the influence coefficients 

the coefficients are solved symbolically without any parameter input. I f the result is a 

constant then the coefficient wi l l not change for different operating conditions. This is 

the case of the temperature parameters and core f low local Mach number where the 

influence coefficients are 0.5 (temperature parameter) and 1 (Mach number parameter) 

for all operating conditions. 

The influence coefficients associated with the coolant gas total pressure and the 

static pressure on blade surface are equal and a function of the coolant gas total pressure, 

static pressure, and gamma of the coolant f low. To characterize the coefficients that vary 

based on three variables the influence coefficient was plotted using a contour plot while 

holding different parameters to constant values. The plots (Appendix D. 1) indicated an 

increase in the coefficient when the static pressure on the blade surface approached the 

coolant gas total pressure. Using this knowledge the coefficient function was rewritten as 

a function of gamma and a pressure ratio as displayed in Figure 53. From the results, 

gamma (x-axis) has very little effect on the coefficient but as the static pressure gets near 

the total pressure the influence coefficient increases dramatically. This serves as a clear 
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explanation of the unrealistic blowing ratio found in Figure 49 (Method B). Another look 

at the influence coefficients of the static and total pressure variables with a constant 

gamma (1.4) is displayed in Figure 54, which reveals the singularity between the 

variables. The lesson learned from Figure 53 and Figure 54 is to design experiments with 

a static-to-total pressure ratio below 0.9 for the coolant f low that also results in higher 

velocities of the coolant gas at the cooling hole exit. 

Influence Coefficient for the Pressure Ratio 
0.S9-

0.91. 

0.83-

0.76-

0.68-

0.6-
1.35 1.38 

lnK^ ,Pr ) := 

1.4 1.43 1.45 

- ••yc - -
2 2 

v y 

Pr 

(TC-1) 

yc-

( 7 C - 1 ) 

V P r 7 

1.48 1.5 

Figure 53. Influence Coefficient for the Static to Total Pressure Ratio in Blade 
Cooling Hole (x-axis: yc, y-axis: Pr) 
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Influence Coefficient for Static and Total Pressure Gamma=1.4 

1.5-10J 

13710-

1.3310-

i.iio5-! 

9.(5710-

8.3310+-| 

Figure 54. Influence Coefficient for Static and Total Pressure Variables 
(Gamma=1.4) (x-axis: P s , y-axis: P o c ) 

5.3.2 Uncertainty in Mass Flow Supplied by L C F 

Conducting the error propagation analysis on the mass f low supplied by the LCF 

reveals that all of the parameters with the exception of gamma equally contribute to the 

overall uncertainty in the mass f low calculations which total 1.2%. Parameter 

uncertainties for these measurements are calculated based on accuracies of 0.075 psia for 

pressure (calibration accuracy), 0.45 oF for Temperature (RTD calibration), and 0.5 s for 
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the time constant (Tau) as in Table 4. Symbolically solving for the influence coefficients 

shows the coefficient associated with gamma varies as a function of gamma alone and the 

other coefficients remain constants. Figure 55 is a plot that shows that the change in 

influence coefficient verse gamma remains small enough that when combined with the 

uncertainty in gamma it is sufficiently small and the parameter can be neglected in the 

total mass f low uncertainty calculation. 

Error Propagation Analysis for Mass Flow Supplied by LCF 
Influence Coefficient Parameter Uncertainty (%) 

Total Pressure 1 0.2 

Total Temperature 1 0.1 

Tau 1 0.6 
Volume of LCF 1 1 

Gamma 3,452 0.04 

Table 4. Error Propagation Analysis for Mass Flow Supplied by L C F 

In f luence Coe f f i c ien t A s s o c i a t e d w i t h G a m m a 

4.5 

2.9 — 

2.7 

2.5 \— — r 

1.3 1.32 1.34 1.36 1.38 1.4 1.42 1.44 1.46 1.48 1.5 

Gamma 

Figure 55. Influence Coefficient for Gamma 
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5.3.3 Uncertainty in Mass Flow at Rotor Blade Cooling Holes 

The error propagation analysis on the mass f low calculations at the blade cooling 

holes exposes the integrated effective area of the cooling holes and the pressure 

measurement as the two key parameters driving the overall uncertainty of 4%. 

Uncertainties in the parameters were calculated using the peak to peak variation 0.25 psia 

for the pressure and 5.4 0F for the temperature. The uncertainty in the area measurements 

was calculated by using the average of peak to peak variations on each blade for multiple 

blades. A standard deviation of the blade area or a peak to peak variation over all of the 

blades would not accurately describe the uncertainty in cooling hole area since the blade 

cooling hole configurations vary slightly. The 10% uncertainty in the Mach numbers 

over the sensors was selected to be a conservative value. 

Error Propagation Analysis for Mass Flow at the Rotor Blade Cooling Holes 
Influence Coefficient Parameter Uncertainty (%) 

Pressure Measured 1 3.4 
Temperature Measured 0.5 1.1 
Mach number at Pressure Transducer 
(Mp) 0.124 10 
Mach number at Temperature Sensor 
(Mt) 0.018 10 
Integrated Area of the Cooling Holes 1 1.5 
Gamma 0.345 0.04 

Table 5. Error Propagation Analysis for Mass Flow Calculated at Rotor Blade 
Cooling Holes 

From solving for the influence coefficients symbolically, the coefficients 

associated with the area, pressure, and the temperature measurements are all constant and 

remain the key drivers in the overall uncertainty for different operating conditions. The 

influence coefficient associated with the Mach number (Mp) of the f low over the pressure 

transducer is a function of gamma and Mp. Likewise the influence coefficient with the 
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Mach number over the temperature sensor is a function of gamma and Mt. From the 

contour plots in Figure 56 and Figure 57, gamma (x-axis) has little effect on either 

influence coefficient. Mach numbers do have an effect on the coefficients (pressure more 

than temperature) but while dealing with low Mach numbers the influence coefficients 

remain small compared to the pressure and area coefficients. The influence coefficient 

associated with gamma is a function of gamma, Mp, and Mt. Since it has been shown 

that gamma has little effect on the Mp and Mt Mach numbers the coefficient is presented 

as a function of Mp and M t where gamma assumed to be constant at 1.4 in Figure 58. 

The coefficient is influenced more by Mt (y-axis) than Mp (x-axis) but with the small 

uncertainty in gamma all of the coefficients in Figure 58 are small enough to be neglected 

when calculating the total uncertainty. 

Influence Coefficient o f M p 

0.8-

0.6-

0.4-

0.2-

1.1-
1 — 
0 . 9 -
0.8-
0.7-
0.6-
-0.5-
0.4-

hO.3-
0.2-

0.1-

1.1-
-1 
-0.9 — 
- 0 . 8 -
- 0 . 7 -
-0.6 
—0,5-
- 0 . 4 -

-1.1-
- 1 
-0.9 — 
0.8 — 

-0.7 — 
—0.6 -
— 0 . 5 -

0,3-

- 0 , 2 -

0,4 — 

—0,3-

-0,2 

0,1- 0,1-

1 1 1 1 1 
1,35 1,38 1.4 1.43 1.45 1.48 1,5 

Figure 56. Influence Coefficient for Mp (x-axis: y, y-axis: Mp) 
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Influence Coefficient of Mt 

0.2-J 

T 1 1 1 1 1 1 
1.33 1.38 1.4 1.43 1.45 1.48 1.5 

lnM^,Mt):= 

Figure 57. Influence Coefficient for Mt (x-axis: y, y-axis: Mt) 

- ( r - i > 
Mt2-Y Mt 2) 
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Influence Coefficient of Gamma 

Figure 58. Influence Coefficient for Gamma (x-axis: Mt, y-axis: Mp) 

5.4 Future Experimentation 

From the data results presented and the uncertainty analysis future experiments 

can be designed to better understand the cooling flow physics and assumptions. Figure 

50 presented the internal channel pressures in the blade, which decreased as the coolant 

gas traveled through the labyrinthine coolant passages. This pressure drop could be 

attributed to the decrease in mass f low f rom the film cooling which would increase the 
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speed of the f low making the measurement a static property of the f low. Or, it is more 

likely that the assumption of a constant total pressure (Method A ) for the coolant gas is 

incorrect. Conducting an experiment with higher coolant pressure w i l l either clarify 

which assumption is most accurate or it wi l l result in a smaller pressure drop in the 

internal channels showing both assumptions are comparable. 

A rule of thumb for future experiments can be directly derived f rom the blowing 

ratio uncertainty analysis: Avoid a static to total coolant pressure ratio above 0.9 (which 

makes a lot of sense physically) in the cooling holes consequently keeping the coolant 

gas Mach number above 0.4 at the exit of the cooling holes. Pressure ratios near I 

indicate a very low coolant f low Mach number, which is associated with the singularity 

in Figure 54 and high uncertainty. Using this rule the uncertainty in the blowing ratio 

should be reasonable (below 20%) and wi l l allow for more accurate blowing ratios above 

0.5. 

To compare the mass flows calculated as supplied by the LCF and calculated at 

the cooling holes requires accurate knowledge of the vane cooling hole areas and 

experiments designed to decrease the uncertainties in the calculations. It is not feasible to 

f low test (blowdown experimental method) all of the vanes at this time so the two vane 

sections can be calculated as a unit in the rig. Using an experimental setup designed to 

reduce the uncertainties in the mass f low calculations the vane areas can be calculated 

based on the mass f low supplied by the LCF. To do this the experiment should be 

designed for high-pressure coolant f low to decrease the uncertainty in the pressure 

measurement. Operating at an elevated temperature would also help to reduce the 

uncertainty but wi l l have a minimal effect compared to the pressure and is unfavorable 
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when conducting f i l m cooling experiments due to the design temperature ratios needed. 

Using a statistical average the experiments should yield an accurate and repeatable area 

measurement for the inner and outer vane sections. Most importantly f rom the 

experiments the leakage in the labyrinth seal around the rotor can be measured. 

Knowledge of the leakage can allow proper adjustment in sizing the venturi chokes for 

proper coolant gas mass f low distribution and also aid in the seal design for future 

experimental rigs. 
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C H A P T E R 6 

C O N C L U S I O N S 

Measurements have now been obtained for a fu l ly cooled high-pressure turbine 

stage operating at design corrected conditions. This thesis describes the current 

experimental approach, the integration of a coolant gas supply system with the turbine 

stage, several important details of performing the experiment, and presentation of some 

of the initial results of the measurement. Integration of the cooling gas supply system 

with the blowdown facility housing the turbine stage was an integral part of this thesis 

effort. This included detailed research related to the operation, control, and cooling cycle 

of the cooling gas supply along with the activation system to allow the coolant gas to 

become fu l ly established prior to initiation of the core f low. 

The experimental results have been used to calculate the blowing ratio for 

selected locations on the blade and these values are shown to compare favorably with the 

design values. In addition, coolant gas mass f low was calculated for two specific 

locations and shown to compare favorably with the anticipated values. The results of the 

blowing ratio calculation suggest that for the experimental condition used for the 

calculations presented in this thesis the initial charge pressure in the coolant supply tank 

was a bit lower than desired. This is an easy problem to f i x and the pressure wi l l be 

increased for subsequent experiments. The low coolant charge pressure was verified in 
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that the inner and outer vane sections unchoked and the outer vane pressures stabilized 

quite late during the test time period. 

The design of future experiments has been assisted by the uncertainty analysis 

conducted as part of this thesis. Low blowing ratio calculations can be foreseen to be 

associated with a large uncertainty similar to any small measurement (e.g. pressure 

transducers have higher noise to signal ratios at lower pressures). However, the key to 

the blowing ratio is to keep the coolant gas Mach number at the cooling hole exit above 

0.4 or likewise the static-to-total coolant pressure ratio below 0.9. Using a guideline of 

keeping the blowing ratio above 0.5 is not sufficient due to the possibility of higher 

blowing ratios resulting f rom the low local Mach number near the leading edge of the 

pressure surface as seen in Figure 46. Film-cooling experiments typically require 

blowing ratios above 1 which also include higher coolant gas Mach numbers and should 

not be a concern, but it is very important to remember when designing experiments for 

off-design engine operation. 

Verification that the calculated mass f low of coolant gas supplied by the LCF is 

approximately equal to that determined at the respective cooling holes is a necessary step 

to obtain an indication of potential leaks in the coolant gas supply system. Little focus 

was placed on the mass f low verification because of some uncertainty in the vane cooling 

hole area measurements. However, using properly design experiments it is possible to 

determine the vane cooling hole areas. 

Reducing the uncertainty in the calculations requires increased accuracies of two 

key parameters as determined f rom the error propagation calculations; all pressure 

measurements, and the local Mach number prediction of the f low. Increasing the supply 
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pressure helps with the uncertainty because in doing so one effectively decreases the 

noise to signal ratio. 

With the successful operation and integration of the LCF with the TTF, the OSU 

G T L has the ability to design and conduct a multitude of f i l m cooling experiments. 

Current experiments are ongoing to produce the f i l m cooling f i l m effectiveness data 

results for the entire turbine stage. Future work is likely to include (but not limited to) 

film-cooling results on the blade platform and tip regions. 
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A P P E N D I X A 

E X P E R I M E N T A L R E S U L T S O F F A V T O U N D E R S T A N D " H I C C U P 

The fol lowing experimental test matrix and results show an attempt to 

characterize the "hic-cup" which occurred in the FAV opening sequence. Variables in 

the test matrix included LCF pressure, LCF temperature, valve activation pressure, test 

section pressure, and a test section bleed. The experiments produced inconclusive results 

as to which variable may be the driving factor. In the fol lowing tables the highlighted 

columns are the expected operating conditions in which the f i l m cooling experiments w i l l 

be conducted. 
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Start of Movement Time for Valve to Unchoke Total Pressure 
Tests Average Range Average Range Difference Tank - T.S. 

A 1 160 174 26 

B 5 130 ±2 144 ±2.5 -50 

C 4 130 ±3.5 144 ±3 8 

D 2 136 ±2 149 ±2 26 

E 3 152 ±1.5 190 ±2.5 86 

F 2 130 ±0.5 158 ±0.5 80 

G 2 116 ±0.5 130 ±0.5 80 

H 2 154 ±0.5 182 ±1.5 64 

1 2 153 ±3.5 183 ±2.5 68 

J 2 150 ±0.5 180 ±0.0 64 

K 2 148 ±0.5 179 ±0.5 54 

L 2 148 ±0.0 178 ±0.0 64 

M 2 115 ±1 145 ±0.0 95 

N 2 131 ±0.5 165 ±0.0 95 

0 4 152 ±3.5 190 ±1.5 95 

P 2 151 ±0.0 169 ±1.5 30.5 

Q 1 144 160 0 

R 2 152 ±1 185 ±1 81 

Notice the 
small ranges 
for each set 
of tests. 

Initial Movement Time 
(Wide range of conditions) 

170 

160 

S 150 

140 

S 130 

120 

110 

1 ! 1 r 

1 

Variable Range Points Mean 
All Data 16 11 151.27273 

Hi-low removed 6 9 151.11111 

Variation in Tank Pressure (26 psi to 100 psia) 
Variation in Tank Temp (0 to -35 F) 
Variation in Test Section Press, (vac to 90) i 

Higher Temperature Runs 

• 
Different Valve Activation Pressures 

2 

A B C D E F G H I J K L M N O P Q R 

Test Matrix Identifier 
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A P P E N D I X B 

L C F C H A R A C T E R I Z A T I O N C H A R T S 

As a design aid to future experiments the mass f low capabilities of the LCF was 

characterized using a series of charts. The charts plot the mass f low as a function of time 

for a given choke area, initial pressure, and initial temperature. Initial temperature values 

were determined f rom the current experimental setup by using the low temperature 

attainable f rom only using the Julabo chiller (-30 oF) and using both the Julabo and the 

FTS chillers (-45 0F). Using the charts researchers can determine approximately what 

initial pressure is required in the LCF to provide the design mass f low when the initial 

temperature and estimated delay (time required to establish cooling f low) are known. 
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A P P E N D I X C 

C O O L A N T G A S MASS F L O W C A L C U L A T I O N S 

Coo lan t Gas Mass F low supp l i ed by LCF 

Po := 260000 

(37.71_psia) 1 

Y:= 1.40788 

N 
To := 240 K 

(-27.67_F) 

x := 85.5 s 

Vol := 1.27444 ni 

(45.0_ft 3) 

QC := 296.822 
kgK 

Po Total Pressure in LCF 
To Total Temperature in LCF 
Vol Volume of LCF 
x Time Constant of LCF 
GC Gas Constant 

Mdot(Po,To,T,Vol,OC,Y):= L L t i 

T 

( 2 ^ Y-1 
Po-

Iy+L] Vol 
f i \ 

GCTo 
7+1 

^ Y - l V 2 \ 2 ' l ~ ' 1 

Y-QCTo-
Y + 1 

Total Mass Flow Mdot(Po,To,T,Vol,QC,Y) = 0.2668 

2 . 

kg 

Y+ 1 

0 .5881^ 

A t : = 

Total effective area of Venturi chokes 

Vol 

t-VCDTo-r ̂ Y - l A 

K J 

I 

Y + 1 

7+1 
27-2 

Choke areas by section 

Inner Vane Aiv := 1.598-10^4 m 2 

Outer Vane Aov := 8.799-10 5 m 2 

Rotor Ar := 1.512-10 

(o.248Jn 2) 

(o.l36Jn 2 ) 

(o.234 i n 2 ) 

At = 3.991 x 10 4 m 2 

(o.619 i n 2 ) 

Mass Flow supplied to each section 

Aiv 
InnerVane MFiv :=Mdot(Po,To,x,Vol,QC,Y)-

Outer Vane MFov :=Mdot(Po,To,T ,Vol,QC,Y) 

MFiv = 0.1068 
At 
Aov 
^ 7 MFov = 0.0588 

kg 
s 

kg 

Rotor MFr -Mdo tCPo^o . t .Vo l .QCY) 
Ar 

At MFr = 0.101 kg 

0,235-

0.130-

0.223 

lb 

lb 

lb 
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Coolant Gas Mass Flow Calculated at Inner Vane Cooling Holes 

N 
p o : = 51000 — 

2 
m 

(7.40_psia) 

To := 265 K 

(17.33_F) 

Area VI := 7.6684 x 10 4 m 2 Y : = 1.401 QC:=2%.822 

\\.m_m ) 
gas constant 

internal internal cooling hole area 
pressure temperature measured by blowdown 
measured measured experiments 

Cooling gas static properties at cooling holes when choked 

y 

p s : = p o ps = 26934 — (3.91_psia) 
m 2 

To-2 
T s : = 

y + 1 

To-2 
T s : = 

y + 1 
Ts = 220.7 K (-62.4 F) 

Mass flow out of inner vane cooling holes 

f 
Mdot := —^ A r e a V l J y G C T s 

^QC-Ts j 

Mdot = 0.09551 
kg 

( lb> 
0 . 2 1 0 -

s 

V s ) 
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Coolant Gas Mass Flow Calculated at Outer Vane Cool ing Holes 

po:= 38000 — To:=265 K AreaVO := 4.20386 x 10 4 m 2 y:= 1.4009 QC:= 296.822 ' 
2 

m 
(5.51_psia) 

(1733 F) ( iS I * * 

gas constant 

intemal intemal cooling hole area 
pressure temperature measured by blowdown 
measured measured experiments 

Cooling gas static properties at cooling holes when choked 

Y 

ps :=po 
f 2 y - ' N 

ps = 20069 — . . . . .. . 
V Y + 1 j m 2 (2,91_psiia) 

To-2 
Ts:= 

y + ! Ts = 220.8 K (-62.2_F) 

Mass flow out of outer vane cooling holes 

Mdot := I —^—AreaVO-JY-GC-Ts 
^QC-Ts 

Mdot = 0.03901 — 
, s 

0.086 -
s 
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C o o l a n t G a s M a s s F l o w C a l c u l a t e d a t R o t o r B l a d e C o o l i n g H o l e s 

pm := 51000 
N 

m 
(7.40_psia) 

internal 
pressure 
measured 

Tm :=265 K 

(I7.33_F) 

internal 
temperature 
measured 

AreaR := 7.0606 x 10 4 m 2 y : = 1.401 GC:= 296.822 

(l.094_in 2) 

cooling hole area 
measured by blowdown 
experiments 

Mp:=0.3 Mt:=0.3 

Mach numbers at pressure and 
temperature sensors estimated using 
the area Mach number relation 

Cooling gas total properties in rotor 

po := pm-

To := Tm- 1 + 

-Mp" 

Y - 1 2 
1 Mt 

T 
y - i 

J 

\ 

Cooling gas static properties at cooling holes when choked 

kg-K 

gas constant 

N 
po = 54288 — (7.87_psia) 

ITf 

To = 269.8 K (26.0_F) 

ps := po 
Y - l 

Ts:= 
To-2 

y + 

ps = 28670 — (4.16_psia) 

Ts = 224.7 K (-55.2_F) 

Mass flow out of rotor cooling holes 

Mdot := -AreaR-VY-GC-Ts 
QC-Ts 

kg Mdot = 0.09277 — 
s 

r ib^ 
0.204-

s 
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A P P E N D I X D 

U N C E R T A I N T Y A N A L Y S I S C A L C U L A T I O N S 

Blowing Ratio Error Propagation Analysis SS Gill Holes 

Ps := 63000 

Poc := 105200 
N 

2 

(9.14 psia) 

(15.26_psia) 

Rc := 296.822 

yc := 1.4 
kg-K 

Ma := .98 

Toe := 265 K (17.33_F) 

Ts:= 344.32 K (160.11_F) 

Ps 

BR 

Rc-
Toe 

Rc-

2 m ' -• 
2 

2 

= 286.986 J 
kg-K 

t := 1.4 

/ Poc 2 
)C-1 

Ps Static Pressure on Blade Surface 
Poc Coolant Gas Total Pressure 
Ma Core Flow Mach Number 
Toe Coolant Gas Total Temperature 
Toa Core Flow Total Temperature 

-jc-Rc- Toe 

2 

2 

2 

Ps 
Ra-Ts 

-MaVia-Ra-Ts 

BR(Ps,Re,Toc,ic,Poc,Ra,Ts,ia,Ma) = 1.1 

- BR (Ps, Rc, Toe,-jc, Poc, Ra, Ts,-ja, Ma) Ps 

3Ps 
f 

-—BR(Ps,Re,Toc,->c,Poe,Ra,Ts,->a,Ma) 
3Poc 

-—BR(Ps,Rc,Toc,-)C,Poc,Ra,Ts,-)a,Ma) 
3Ma 

-—BR(Ps,Rc,Toc,-yc,Poe,Ra,Ts,-)a,Ma) 
3Toc 

— BR (Ps, Re, Toe, ic, Poe, Ra,Ts,-ja, Ma) 
vorrs 

Influence Coefficients for Blowing Ratio 

a = -1,191 e = - l e = 0,5 

BR(Ps,Re,Toe,ic,Poe,Ra,Ts,ia,Ma) 

Poe 
BR(Ps,Re,Toe,-)c,Poe,Ra,Ts,ia,Ma) 

Ma 
BR (Ps, Rc, Toe,-jc, Poe, Ra, Ts,-ja, Ma) 

Toe 
BR (P s, Re, Toe, TC , Poe, Ra, T s , , M a) 

Ts 
BR(Ps,Re,Toe,ic,Poe,Ra,Ts,-ia,Ma) 

b = 1.191 d = -0.5 

Uncertainties in Variables 

APs:=2.7 % AMa:=10 % ATs;=0.9 % 

APoe:=1.6% AToe:=l.l % 

ABR := (influence eoefficents-uneertainty)2 

ABR :=j(APs af + (APoc-b)2 + (AMa-e)2 + (AToe-d)2 + (ATs-e)2 

Total Uncertainty in Blowing Ratio ABR = 10.7 % 
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Er ro r P r o p a g a t i o n A n a l y s i s o n C o o l a n t Gas Mass F l o w s u p p l i e d by LCF 

N 
Po := 260000 — 

2 

(37.7 psia) 

To := 240 K 
(-27.67_F) 

Vol ;= 1.27444 m 

(45.0_ft 3) 

T := 85.5 s 

Y:= 1.40788 

GC := 296.822 
kg-K 

Po Total Pressure in LCF 
To Total Temperature in LCF 
Vol Volume of LCF 
x Time Constant of LCF 
GC Gas Constant 

Po 

Mdot(Po,To,T, Vd.QC.y) := 

( 2 \ 

Y + Vol 

GCTo 
( 2 > 

Y + 1 
) x-VQC To y 

^ y - O 

2 

f 2 ^ 

Y + 1 

Y+l 
2 7-2 

Y-GCTo-

a := 

b := 

c := 

— Mciot(Po, To, x, Vol, GC, Y) 
dPo 

Po 

dTo 
-Mdot(Po,To,x,Vol,GC,Y) 

Mdot(Po,To,x,Vol,GC,Y) 
To 

— Mdot(Po,To,x,Vol,GC,Y) 
dx 

Mdot(Po,To,x,Vol,GC,Y) 
x 

Mdot(Po,To,x,Vol,GC,Y) 

dVol 
-Mdot(Po,To,T,Vol,QC,y) 

Vol 

e := — Mdot(Po,To,x,Vol,GC,Y) 
dy 

Mdot(Po,To,x,Vol,QC,y) 

Y 

Mdot(Po,To,x,Vol,GC,Y) 

a = 1 

Influence Coefficients 

b = _ ] c = - l d = l e = -3.452 

Uncertainties in Variables 

APo:=0.2 % Ax:=0.6 % AY ;= 0.04 % 

ATo;=0.1 % A V o l : = l % 

AMdot := 1 ̂  (influence_coefficents.uncertainty)2 

AMdot := ̂ (APo a) 2 + (ATo b ) 2 + (Ax e) 2 + (AVol d ) 2 + (AY-e)2 

% Uncertantity for Mdot AMdot = 1.2 % 

115 



Error Propagation Analysis on Mass Flow Calculations at the Rotor Blade Cooling Holes 

QC:=296.822 — Y:=1.40] Area := 7.0606-10 4 m 2 

U.094 in ) 

R t i : = 51000 — Tm:=265 K Mp;=0.3 
m 2 (17.3_F) 

Mt:=0.3 

Pm Pressure measured 
Tm Temperature measured 
Mp Mach at Pressure transducer 
Mt Mach at Temperature sensor 
GC Gas Constant 

(7.40_psia) 

M d o t C P m . T m . M p . M t . G C A r e a , - / ) ^ 

:=[ f !—Mdot (Pm,Tm,Mp,Mt ,QC ,Area ,Y) 
l^dPm 

b :=( ^ — M d o ^ P m . T m . M p . M t . G C A r e a . y ) 
I dTm 

:= - — M d o t ( P m , T m , M p , M t , a C , A r e a , Y ) 
1 dMp 

<i:=\-—Mdot(Pm,Tm,Mp,Mt,QC,Area,Y) [ 
IdMt ) 

: = [ - M d o t ( P m , T m , M p , M t , a : , A r e a , Y ) 
I dArea 

1 Y 

( Y - I -Y"' 
Pm- 1 + Mp* 

( Y + I r 2 ) 

QC " - I - M t 2 ! 
. Y + l ^ 2 Jt 

Area- h-QC ^ _ . T m . , + I ^ I . M , 2 

L Y + I I 2 

Eta 

[dy 
- M d o t ( P m , T m , M p , M t , G C , A r e a , Y ) 

M d o t C P m . T n ^ M p . M t . G C A r e a . Y ) 

Tm 

M d o t ( P m , T m , M p , M t , G C , A r e a , Y ) 
Mp 

Mdot(RTi ,Tm,Mp, M t , Q C , A r e a . y ) 

Mt 

M d o t C P m . T m . M p . M t . G C A r e a . Y ) 

Area 

M d o t ( P m , T m , M p , M t , O C , A r e a , Y ) 

Y 

M d o t ( P m , T m , M p , M t , a : , A r e a , Y ) 

Influence Coefficients for Mass Flow at Cooling holes 

a = l c = 0.1239 e = l 

b =-0 .5 d=-0 .0177 f = 0.3748 

Uncertainties in Variables 

APm;=3.4 % A M p ; = 1 0 % A A r e a : = l , 5 % 

Alto := 1.1 % AMt:=10 % A Y := 0.04 % 

AMdot := Iy (influence_coefficents-uncertainty) 2 

AMdot : = N / ( A P m - a ) 2 + (ATm-b) 2 + ( A M p - c ) 2 + (AMt-d) 2 + (AArea-e) 2 + ( A y - f ) 2 

% Uncertantity for Mdot AMdot = 3.96 % 
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D . l Blowing Ratio Influence Coefficients Characterization Plots 

Influence Coefficient for Total and Static Pressure Poc=105KPa 

0510. •m -246-

.5810-

.6710-

.75-10 

i.8310% 

).92-104-

:ioo; 150 
=50 100 150-

=50 = = 100- 150-

510^ - r — 
1.38 

~~r~ 
1.4 

- 1 — 
1.43 

- 1 — 
1.45 

I 
1.48 1.35 1.5 

InRfc.Ps): - y c — • 
2 2 

210400 
L yc 

105200 

105200 

(7C-1) 

f 1 

Ps 

L TC 
105200^ 
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Influence Coefficient for Static and Total Pressure Ps=89KPa 
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