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by 
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Mechanical Engineering 

(ABSTRACT) 

Tip leakage losses were studied in a linear turbine 

cascade with a tip clearance gap equal to 2.1 percent of 

blade height. The blades of the cascade have a turning 

angle of 109.4 degrees, an aspect ratio of 1.0, and an 

axial chord length of 235.2 mm. The cascade was located at 

the exit of a low speed wind tunnel; the blade exit 

Reynolds number based upon blade axial chord was 4.5x10°. 

The flow waS measured at a plane 0.96 axial chords 

downstream from the blade leading edge. Barlier studies 

performed at the tip gap exit and at a downstream plane 1.4 

axial chords from the blade leading edge were utilized with 

the present study to understand loss development better. 

The effect of tip leakage and the corresponding loss 

production mechanisms involved as the flow mixes out were 

analyzed. 

As part of the objective of the study, a computerized 

data acquisition system was developed which acquires



pressure data and controls movement of a five hole pressure 

probe. 

The flow properties at the meaSurement plane were 

numerically integrated. To estimate the maximum potential 

loss of the cascade, the flow was mixed-out through a 

momentum analysis. The loss at the measurement plane due 

to tip leakage was found to be equal to the sum of the 

total pressure loss within the tip gap and the dissipated 

tip gap secondary kinetic energy. As the flow proceeded 

downstream, losses were attributed to dissipation of 

secondary kinetic energy, trailing edge wake mixing, 

endwall losses, and primary flow mixing.
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CHAPTER 1 

INTRODUCTION 

Tip leakage is known to be one of the main sources of 

loss production in unshrouded, axial flow turbomachines. 

By gaining both a quantitative and qualitative 

understanding of the nature of tip leakage flows through 

linear turbine cascades studies, more efficient 

turbomachines may be developed. 

Turbomachines either extract energy from or add energy 

to fluid through the turning action of a rotor, a rotating 

blade row. The necessary clearance between an unshrouded 

rotor and the casing is referred to as the tip gap. In 

unshrouded, axial-flow turbomachines, fluid flow is induced 

through the tip gap by a pressure difference between the 

pressure side and suction side of the blade. This tip 

leakage flow exits the gap and rolls up into a vortex. 

Total pressure losses are generated within the gap and as 

the tip leakage vortex mixes out into the flow. Further 

detrimental effects on the performance of the turbomachine 

are caused by the tip leakage flow which unloads the blade, 

reducing the work transfer between the fluid and the blade.



Detailed studies in linear cascades, rows of stationary 

blades, form the basis for understanding the flow physics 

and loss production mechanisms involved with tip leakage 

flows in actual turbomachines. The turbine cascade used 

for the present study has been studied both experimentally 

and numerically in the past. Those studies, along with the 

present experimental study at a plane slightly upstream 

from the trailing edge, will serve to provide a better 

understanding of tip leakage flow and loss generation.



CHAPTER 2 

LITERATURE REVIEW 

2.1 LOSS REDUCTION 

Efforts have been made to reduce losses resulting from 

tip leakage flows. These efforts have emphasized 

increasing the resistance to flow by aerodynamic design 

techniques or limiting the blade clearance by active or 

passive mechanical design techniques. 

Hourmouziadis et al. [1] presented results from a tip 

clearance study of single stage, shroudless turbines. From 

the results, see Figure 1, a relationship of 2 percent 

reduction in efficiency for every 1 percent increase in 

clearance to blade height ratio was apparent. Although 

this study was not comprehensive, results for a wide range 

of pressure ratios, aspect ratios, and degrees of reaction 

were shown to agree with the stated relationship with 

relatively little scatter. 

Hourmouziadis et al. used a high pressure turbine rig 

to test some of the aerodynamic design configurations which 

were recommended by Booth [2] based upon water rig tests. 

3
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Booth's recommendations included recessed casings, 

winglets, the variation of blade tip geometry, the use of 

tip gap cooling air, and the redistribution of work close 

to the gap. 

Winglets were rejected by Hourmouziadis et al. on the 

basis of mechanical constraints due to the higher weight 

leading to unacceptable stresses in the blade root. 

Redistribution of blade work is already applied by 

designers and is limited by the loading capability at the 

mean section. 

Hourmouziadis et al. were also unable to find any 

improvement in their turbine rig due to a grooved casing, 

tip blowing, or tip geometry variation. They concluded 

that this “indicates that the flow phenomena and the 

parameters involved are not understood yet." 

The second method of reducing tip leakage flows 

involves mechanical tip leakage control. Limiting 

clearance is not just a matter of manufacturable tolerance 

capability due to the transient thermal operating 

conditions of a gas turbine engine. More importantly, the 

thermal expansion of the casing and rotor throughout the 

flight cycle need to be matched as described by Hennecke 

[3] and Hourmouziadis et al. Tip clearance increases when 

the casing expands at a faster rate than the rotor during 

acceleration. The most recent generation of engines have



applied some form of mechanical tip clearance control. 

Hennecke distinguishes between active and passive control. 

Passive control techniques seek to have ae slower 

thermal response for the casing and a faster thermal 

response for the rotor. An acceptable clearance is 

designed to be maintained relatively constant during the 

operation cycle. Modifications to the rotor through 

material changes are limited by stress and life 

requirements, but throughflow of vent air has_ shown 

improvement. The casing thermal response can be altered by 

simply increasing the mass or through a sophisticated 

double-wall design. Active control techniques apply either 

heating or cooling to the casing or rotor to maintain 

minimum clearances throughout the flight cycle. Although 

these mechanical tip clearance control techniques will 

decrease the inefficiency associated with tip leakage, 

additional penalties in the form of weight and other 

inefficiencies inherent in each are added. The mere 

complexity of these control systems suggests the importance 

with which tip leakage is viewed in the turbomachine 

industry.



2.2 VPI&SU LINEAR TURBINE CASCADE STUDIES 

The VPI&SU linear turbine cascade studies have involved 

two cascades both of which were based upon a blade design 

geometrically similar to that of the cascade used by 

Langston et al. [4]. The initial cascade had no tip 

clearance and was used to study secondary flows which were 

accentuated by having relatively thick inlet endwall 

boundary layers, 599 = 38 mm (16 percent of span). The 

second cascade, which is used for this tip leakage study, 

has thinner inlet boundary layers, 599 = 2.2 mm (0.9 percent 

of span), in order to allow the tip leakage effects to 

dominate the secondary flow. This cascade is being used to 

Study details of flow phenomena and loss mechanisms due to 

tip leakage flow. The results and conclusions from these 

and other previous cascade investigations which are 

relevant to this study are presented below. 

2.2.1 SECONDARY FLOWS 

Moore and Adhye [5] studied downstream mixing and loss 

production associated with secondary flows in a cascade 

without tip leakage. They made a significant contribution 

to the evaluation of loss in a cascade by considering mass 

averaged flow properties and mixed-out loss. For their



study, measurements were taken at planes which were 0.96, 

1.1, 1.25, and 1.4 blade axial chord lengths downstream of 

the leading edge. Moore and Adhye found that over one- 

third of the losses occurred downstream of the trailing 

edge. In addition, the rise in total pressure loss could 

almost be entirely explained by a corresponding decrease in 

secondary kinetic energy. Also, the mixed-out loss 

remained relatively constant for each of the planes 

suggesting that the contribution of endwall friction was 

insignificant in comparison to other loss’ production 

mechanisms. 

2.2.2 TURBULENCE KINETIC ENERGY 

A paradox became apparent from the results of Moore and 

Adhye in that the primary flow appears to be reversible 

while the secondary flow dissipates irreversibly despite an 

additional endwall loss between each plane. Turbulence 

stresses were studied by Moore, Shaffer, and Moore [6] to 

determine the mechanisms governing the decay of secondary 

kinetic energy. A rotatable X-wire hot wire anemometer was 

used in order to obtain Reynolds stresses. The paradox was 

explained by a conversion of some turbulence kinetic energy 

into primary mean kinetic energy and a reversible energy



exchange through the pressure terms in the equations of 

motion. 

2.2.3 TIP LEAKAGE FLOW 

Moore and Tilton [7] performed a flow visualization 

Study on the present linear turbine cascade with tip 

leakage. An examination of the bottom or tip endwall flow 

visualization shown in Figure 2 will provide an insight 

into the complex nature of the flow near the endwall. 

A detailed schematic of the flow patterns seen in the 

endwall flow visualization is presented in Figure 3. Point 

L is the apparent position where the turbulent inlet 

boundary layer divides. Part of the inlet boundary layer 

flow passes under the blade while the rest of the fluid 

flows towards the suction surface of the next blade. 

Notice that a horseshoe vortex is not generated around the 

blade leading edge as it would in a case without tip 

clearance. 

The division of the flow paths along attachment line Al 

appears to be associated with the convection of freestream 

fluid downward towards the endwall and the creation of a 

new laminar boundary layer. Part of this laminar boundary 

layer is accelerated under the blade, separates along line 

S3, and then reattaches as a turbulent boundary layer along
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Figure 2. Bottom Endwall Flow Visualization: Moore and 
Tilton [7]
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Figure 3. Bottom Endwall Flow Schematic: Moore and 
Tilton
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line Rl. The tip leakage flow separates along line Sl as 

the flow penetrates into the passage flow and begins to 

roll up into the tip leakage vortex. The secondary flow 

downstream of line L2 moves from the pressure side to the 

suction side of the blade and then separates along line S2 

when the flow reaches the tip leakage vortex region. As 

the tip leakage flow gains strength, lines Sl and S2 are 

convected away from the blade surface. 

2.2.4 TIP LEAKAGE LOSSES 

Dishart and Moore [8] studied loss production 

associated with tip leakage flows by measuring the flow at 

the tip gap exit and at a downstream plane 1.4 blade axial 

chord lengths from the blade leading edge. The additional 

losses in the bottom or tip half of the passage were equal 

to the sum of the loss generated within the tip gap and to 

the dissipation of the component of the kinetic energy 

exiting the tip gap normal to the blade. Also, in the top 

or hub half of the passage the mixed-out loss generation 

could be attributed to dissipation of secondary kinetic 

energy, which is a result similar to Moore and Adhye's 

findings. But, in the bottom or tip half of the passage 

there appeared to be additional loss production mechanisms 

attributed to primary flow dissipation.
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2.2.5 3-D FLOW CODE 

Moore and Moore [9] have developed the Moore Elliptic 

Flow Program (MEFP). Using the VPI&SU cascade geometry, 

the program was capable of modelling the tip leakage flow 

through the passage. Dishart and Moore's results at the 

tip gap exit and at the downstream plane were used for 

comparative purposes. Turbulence modelling at the trailing 

edge was applied to better match Dishart and Moore's mass 

averaged exit flow angle. Moore and Moore found good 

agreement with the experimental mass averaged and mixed-out 

flow properties. They were also able to numerically 

confirm Dishart and Moore's finding that the extra total 

pressure loss at their measurement plane was equal to the 

sum of the total pressure loss within the tip gap and the 

dissipated tip gap secondary kinetic energy. 

2.3 OTHER CASCADE STUDIES 

Other cascade studies have been performed to determine 

the effects of tip leakage flow, but few have employed the 

loss analysis methods performed by the studies described 

previously in Section 2.2; more insight can be gained by 

integrating the pertinent flow properties throughout the 

measurement plane of interest.
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The study by Yaras and Sjolander [10] in a linear 

turbine cascade probably comes closest to the objectives of 

this study. They examined four tip clearances from 1.5 to 

5.5 percent of blade chord. Measurements were taken inside 

the gap, at a trailing edge plane, and at a plane one axial 

chord length downstream of the blade trailing edge. They 

were able to integrate the flow properties at the 

measurement planes. 

They found that at the plane one axial chord length 

downstream of the trailing edge the loss generation was 

largely complete. They also found that the measured tip 

leakage loss at this downstream plane "agreed well with the 

sum of the losses within the gap itself together with a 

loss equal to the (secondary) kinetic energy in the flow at 

the gap outlet." This agreed with the findings of Dishart 

and Moore. 

Yaras and Sjolander also attempted to explain the 

measured tip leakage losses at their trailing edge plane. 

Rather surprisingly, they concluded that there was a 

Significant recovery of secondary kinetic energy as a 

Static pressure rise by the trailing edge plane. This 

recovery, they claimed, was eventually lost again, as the 

flow proceeded to the next meaSurement plane, due to 

enhanced endwall friction and vortex mixing with the 

surrounding freestream fluid. However, there is possibly
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an inconsistency in the loss measured at the trailing edge 

plane which led to their conclusions. 

2.4 PRESENT STUDY 

There are two main objectives for this study. The 

first objective is to develop and utilize a computerized 

data acquisition system in order to increase acquisition 

rates and to improve repeatability over the previous analog 

system. The second objective is to provide a better 

understanding of the loss production mechanisms involved 

with tip leakage flows. This study will also serve as an 

additional test case for the MEFP flow code.



CHAPTER 3 

APPARATUS 

3.1 CASCADE 

A linear turbine cascade with a tip gap was used to 

Simulate and study tip leakage flow in an actual 

turbomachine. The blades of the cascade, which were 

designed to be geometrically similar to those of Langston 

et al., have a turning angle of 109.3 degrees. The aspect 

ratio is 1.0 with an axial chord length of 235.2 mm. The 

tip gap is nominally 5 mm, 2.1 percent of blade span. The 

blades of the cascade were large scale in order to be able 

to measure the flow with minimal flow disturbance. 

The cascade was located within a low speed wind tunnel 

described extensively by Dishart [11]. A top endwall view 

of the cascade is shown in Figure 4. The cascade consists 

of five blades with six corresponding flow passages. 

Adjustable end bleeds along the outer passages are 

positioned to insure uniform flow conditions through each 

passage conforming to an infinite cascade case. The inlet 

boundary layer upstream of the cascade is bled off in order 

16
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to reduce secondary flow effects due to horseshoe and 

passage vortices. Trip wires located on the inlet endwall 

and near the blade leading edge insure that the inlet 

boundary layers on all surfaces are turbulent. 

This study was performed in the passage between blades 

2 and 3. The passage dimensions and the coordinate system 

are shown in the top view in Figure 5. The coordinate 

system is defined as the X axis in the blade axial 

direction, the Y axis in the blade-to-blade or pitchwise 

direction, and the Z axis in the spanwise direction 

orthogonal to the X and Y axes. 

Measurements were made at an axial plane 0.96 blade 

axial chords downstream of the blade leading edge, X/c = 

0.96. This location corresponds to the trailing edge plane 

used by Langston et al. and by Moore and Adhye in their 

respective secondary flow studies. 

3.2 PRESSURE MEASURING EQUIPMENT 

Since the inlet velocity is nominally 20.5 m/s, which 

corresponds to an inlet Mach number of 0.06 at standard sea 

level conditions, incompressible flow assumptions’ are 

valid. Pitot type pressure probes can be used to determine 

velocity directly.
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Pressure taps and several pressure probes were used in 

order to obtain velocity vectors and static and total 

pressure coefficients throughout the whole plane. 

Pressures from the probes were monitored by a computerized 

data acquisition system described in the next section. 

A total pressure probe, which was inserted at location 

A of Figure 4, served to define the inlet total pressure. 

An endwall pressure tap located in front of blade 3 served 

to define the inlet static pressure. Four additional 

pressure probes were traversed in the measurement plane: a 

five hole probe, two three-hole probes, and a spherical 

pressure probe. 

A United Sensor five hole probe, which had a tip 

diameter of 3.18 mm, was traversed in the pitchwise and 

spanwise directions by a traversing gear mounted on top of 

the flow tunnel. The probe holder permitted rotation in 

yaw in order to null the probe. Both the traversing and 

yaw angle movement were controlled by the data acquisition 

system described in Section 3.3. The probe calibration, 

discussed in Appendix C, was applied in order to determine 

the static pressure, the total pressure, and the velocity 

components from the five probe pressures and the inlet 

reference pressures. 

Figure 6 shows the five hole probe in the blade passage 

as seen from a downstream location. The probe was inserted
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into the passage through a slot in the top endwall. The 

five hole probe was used throughout the inner region of the 

measurement plane. Because of the protruding stem, 

vertical position, and probe thickness, the five hole probe 

could neither be used near the blade surfaces nor near the 

endwalls. 

A long three hole probe with tip dimensions as shown in 

Figure 7 was used to obtain total pressure and the flow 

angle in the probe yaw direction near the blade and bottom 

endwall surfaces. The probe was also calibrated as 

discussed in Appendix C in order to determine static 

pressure. The probe proved capable of determining static 

pressure at wall surfaces and thus was used along the top 

endwall and blade suction surface for that purpose. A 

pitch angle sensitivity study was also performed on the 

probe as discussed in Appendix C in order to determine 

limitations of the probe. The probe was found to be highly 

sensitive to pitch angle variations, unable to distinguish 

flow effects outside a narrow range. 

Traversing of the long three hole probe was performed 

by a simple traversing gear aligned in the blade to blade 

direction for measurements along the blade surfaces and in 

the vertical direction for bottom endwall measurements. A 

dial gage readable to 0.025 mm (0.001 in.) was used for 

position measurement in the traverse direction. The probe
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Figure 7. Long Three Hole Probe Tip: Dimensions in mm
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holder permitted rotation in yaw; the yaw angle could be 

read to within 0.2 degrees. The three hole probe was 

manually nulled in yaw for each test location. 

A shorter three hole probe with tip dimensions as shown 

in Figure 8 was used to determine the total pressure and 

the flow angle in the probe yaw direction along the top 

endwall. Because of the top endwall slot, traverses were 

performed slightly upstream at X/c = 0.91 and projected 

downstream. In a manner similar to that for the long three 

hole probe, the probe was traversed vertically using the 

Simple traversing gear and nulled in yaw for each test 

location. 

A Flow Corporation spherical pressure probe shown in 

Figure 9 was utilized in order to determine the nature of 

the static pressure variation along the blade suction 

surface as well as to verify the static pressure measured 

by the five hole probe in the tip leakage vortex. The tip 

section of the probe has a head diameter of 3.3 mm. Again, 

the simple traversing mechanism aligned in the blade to 

blade direction was used for the probe traverses near the 

blade suction surface. The probe holder permitted rotation 

in yaw; the yaw angle could be read to within 0.2 degrees. 

The spherical pressure probe is unable to determine 

static pressure directly from the probe pressure reading. 

The total pressure must be known for the specific location.
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Static pressure is determined by an iterative method in 

which a calibrated Reynolds number - probe _ pressure 

relationship is satisfied. The spherical probe must also 

be oriented with the flow within an acceptable angle range. 

By aligning the probe yaw angle to that of the probe which 

determined the required local total pressure, the probe 

pitch angle becomes the important factor in determining 

angle sensitivity. Both the determination of the static 

pressure calibration and the angle sensitivity are 

discussed in Appendix C. 

Pressure tappings consisting of 6.35 mm diameter brass 

rods with 1.02 mm holes are located along the bottom 

endwall along the measurement plane. In addition, pressure 

tappings are located along the blade surfaces. 

A Tel Tru micromanometer with a pressure head range of 

O0-5.0 in. of H,O0 (0-12.7 cm) was used to calibrate the 

pressure measuring system, to obtain static pressure tap 

readings, and to measure the inlet velocity head during 

five hole probe measurements. The scale of the manometer 

was set in a manner such that for a fluid of specific 

gravity 0.797 the output units would be in inches of H,0. 

Meriam oil, having specific gravity 0.826, was substituted 

for the original fluid so a correction factor was necessary 

to obtain the desired pressures.
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3.3 DATA ACQUISITION SYSTEM 

The development of the data acquisition system 

automated the process of data collection which increased 

acquisition rates and reduced the likelihood of 

experimental error. The system, shown as a schematic in 

Figure 10, can be separated into two main functions: 

pressure data acquisition and probe movement control. 

3.3.1 PRESSURE DATA ACQUISITION 

In order to digitally acquire pressure data via a 

personal computer, pressure transducers, DC power supplies, 

amplifiers, a data acquisition card and a terminal board 

were utilized. 

Within the main amplifier box there are four 

differential amplifiers, a DC power supply for. the 

transducers, a DC power supply for the amplifiers, and a 

terminal board. The amplifiers were developed and 

calibrated to fulfill the specific amplification needs of 

this system as discussed in Appendix A. 

The differential amplifier has a voltage compensating 

circuit which allows the pressure-voltage signal to be 

zeroed before the initiation of a test. This correction is 

necessary due to the inherent offset voltage signal from
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the pressure transducers. 

The pressure signal is generated by Statham strain-gage 

type pressure transducers, model PMS5TC. The transducers 

have a rated differential pressure range of + 0.3 psi (2.07 

kPa). Each transducer is powered by a common 12V DC power 

supply located within the main amplifier box. The voltage 

is regulated in order to provide isolation between the 

transducers by a circuit described in Appendix A. 

The application of differential pressure to these 

transducers causes the internal bridge circuit to become 

unbalanced, generating a voltage signal. This signal is 

then amplified by the differential amplifiers within the 

main amplifier box. The amplified voltage signal 

progresses to the Data Translation terminal board, DT707, 

and into the Data Translation Card, DT2811-PGH, located 

within the IBM-compatible personal computer, a Swan 286-12. 

The Data Translation card converts the analog voltage 

Signal to a digital signal with 12 bit resolution 

corresponding to a set voltage range of + 5V. A software 

package consisting of board drivers, LPCLAB, provided the 

means to access and control the board. LPCLAB routines are 

called which set the desired channels to be scanned, the 

frequency of the acquisition, and the number of data 

points.
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The LPCLAB routines scanned the transducer’ signals 

generated for each of the respective types of probe testing 

used. The transducers measured the necessary probe 

pressures in order to apply the calibration relationships 

defined in Appendix C. The transducer set-up used for the 

probe tests is listed in Table El. The pressure probes 

were connected to the transducers by Tygon tubing having an 

inner diameter of 1.6 mm (1/16 in.). This fine diameter 

tubing is conducive to relatively fast steady state 

response times. 

For the five hole probe tests, a pressure reading was 

generated by averaging 40 data points acquired at a 

frequency of 500 hz. For the three hole and spherical 

pressure probes, a presSure reading was generated by 

averaging 40 and 60 data points, respectively, at a 

frequency of 300 hz. Once the final yaw angle position of 

a probe had been set for a particular test location, 10 

pressure readings were further averaged for each channel in 

order to obtain a mean pressure reading. Thus, for the 

final reading 400 data points were averaged for the five 

hole and three hole probes and 600 data points were 

averaged for the spherical pressure probe. This final 

reading took approximately 13, 11, and 8 seconds for the 

five hole, three hole, and spherical pressure probes, 

respectively.
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3.3.2 PROBE MOVEMENT AND CONTROL 

The five hole probe movement was controlled by the data 

acquisition system. Stepper motors mounted on the 

traversing gear and on the probe holder controlled the 

spanwise and pitchwise motion and the probe yaw angle, 

respectively. 

The stepper motors located on the traversing system 

have a half step movement sensitivity (400 steps per 

revolution) in the pitchwise and spanwise directions of 

0.0016 mm and 0.0013 mm, respectively. As a reference 

check, mechanical rotation counters located on- each 

traverse axis were used to provide position monitoring to 

within 0.64 mm and 0.53 mm, respectively. The stepper 

motor controlling the five hole probe yaw position used 

half step mode. The movement sensitivity was 0.09 degrees 

with the assistance of a 10:1 gear ratio. 

The stepper motor control system, shown as a schematic 

in Figure 10, was a Computer Continuum Lab 40 Generator 

package consisting of two function modules and a bus 

generator board connected through a 16 bit parallel port. 

The bus generator board located within the personal 

computer controls both function modules. Each function 

module has four stepper motor ports. There are two power 

supplies located within the main amplifier box. One
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supply, a Condor model HC5-6/0OVP, provides 5V at a rating 

of 6A for the motors connected to one of the function 

modules. The other supply, a Condor model HN5-6/0OVP, has 

been modified to output 9V at an approximate rating of 5A 

to the motors connected to the other function module. 

Movement of the stepper motor is accomplished through 

address commands corresponding to the desired function 

module, stepper motor port, and stepping mode as described 

in Appendix D. 

Movement of the traversing gear is limited by limit 

Switches wired in series with the stepper motor power 

supply lines. This insures that neither the cascade nor 

the five hole probe will be damaged by an erroneous control 

Signal. In addition, since the rear of the five hole probe 

protrudes beyond the axis of the stem, additional software 

precautions were made to insure the rear of the probe did 

not contact the blade surface even though the stem of the 

probe would have clearance. This was implemented by 

controlling the yaw angle movement when the probe was near 

the blade surfaces. 

3.3.2.1 CONTROL SOFTWARE 

GWBASIC was the program language used for the software 

developed to control the data acquisition system. Although
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this language is relatively slow, the program function 

requirements did not require faster processing. The slow 

data processing speed limited the number of data point 

averages that could be performed, but this was not seen as 

a limitation due to the steady state nature of the pressure 

data taken. The data acquisition attributes used were 

discussed in Section 3.3.1. The slow processing speed also 

was not a factor for the other major function of the 

system, stepper motor control. As discussed in Appendix D, 

the address commands for the stepper motors actually had to 

be delayed to allow the stepper motor system to process the 

commands. 

The developed software queried the user for the desired 

matrix grid locations for a particular five hole probe 

test. Movement to these grid locations was facilitated by 

the stepper motor traverse system. Once the probe was 

traversed to a particular grid position, the determination 

of the null position in yaw could either be obtained 

manually or automatically by applying the stepper motor 

mounted to the probe. Nulling the probe involved 

determining the yaw angle at which the probe pressures at 

locations 2 and 3 as defined in Figure Cl were equal. 

The manual method allowed the user to monitor the probe 

yaw differential pressure, (Pp - P3), and give keyboard 

commands to move to the yaw angle position corresponding to
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null. The automatic method applied a Newton Raphson type 

convergence routine to search for the null position. This 

routine began by determining the yaw differential pressure 

readings at two yaw angle positions. An estimate of the 

null position was made by extrapolating a line through 

these initial two points to the zero yaw differential 

pressure position. The probe would then move to that 

position and another pressure reading would be made there. 

Subsequent iterations would use the current pressure 

reading and the lowest pressure reading of the previous two 

locations to determine the next estimate of the null 

location. As the probe yaw position moved closer to the 

null position, more data points were averaged in order to 

refine the convergence process. 

Once the null position was located, a final probe 

pressure reading was taken as described in Section 3.3.1. 

A typical five hole probe data point took approximately 5 

minutes to acquire. Approximately 50 percent of this time 

was required in order to traverse the probe to a specified 

grid location. The remaining time waS required to 

automatically converge to the null position and to 

subsequently obtain, average, and store the data. The 

relatively slow traverse movement of the probe within the 

passage allowed the probe pressures to change steadily and 

to approach steady state by the time the desired location
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was reached. But, every time the yaw angle was changed 

during the null search, time was required to allow steady 

State to be reached.



CHAPTER 4 

MEASUREMENTS AND PROCEDURE 

4.1 TEST PROCEDURE 

The data acquisition system was used almost exclusively 

to acquire the pressure data. The micromanometer was the 

only other type of pressure measuring device applied. It 

was used to monitor the static and total pressure reference 

conditions during the five hole probe measurements, to 

measure the static pressure tap pressures, and to calibrate 

the transducers and probes. The pressure transducer 

configuration used during the tests is shown in Table El 

for each respective pressure probe. 

Figure 11 shows the probe data positions along the 

measurement plane. The five hole probe was7~ used 

extensively in the measurement plane, covering the inner 

rectangular flow region. Along the bottom endwall and also 

along the blade surfaces, the long three hole probe was 

used. The top or top endwall measurements were obtained by 

applying the short three hole probe. 

37
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4.1.1 FIVE HOLE PROBE TRAVERSES 

As discussed in Section 3.3.2, the data acquisition 

system controlled the movement and pressure readings of the 

five hole probe. Five hole probe data was acquired at 

specified grid locations within the passage. A grid with Y 

and Z direction measurements of 0.5 in. (12.7 mm) and 

0.875" (22.2 mm), respectively, covers most of the five 

hole probe measurement region. In the vortex regions a 

finer square grid of 0.25 in. (6.4 mm) was used to define 

the flow characteristics better. 

The five hole probe, was traversed to within 0.94 in. 

(23.8 mm) of the top endwall. Vertical movement near the 

top was limited since the back of the probe protruded 

beyond the axis of the stem. Along the blade suction 

surface, the probe was traversed to a location 21.6 mm from 

the blade surface to the probe center in the Y axis 

direction. At this position, the probe side was 2.1 probe 

diameters, 7.9 mm, from the blade in a direction normal to 

the blade surface. This perpendicular distance is 

illustrated in Figure 12. The five hole probe was 

initially traversed to a location along the blade suction 

surface which was 1.5 probe diameters from the wall to the 

probe side. The resulting local total pressure did not 

agree with values determined by three hole probe
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Figure 12. Five Hole Probe Minimum Distance From Suction 
Surface: Dimensions in mm; not to scale
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measurements in the same region. Thus, it became apparent 

that the five hole probe was affecting the flow. 

Therefore, this probe position was not used in the 

analysis. Note that the three hole probe approached the 

blade surface normal to the blade so probe effects were 

minimal. 

Along the blade pressure surface, the five hole probe 

was traversed to within 10.2 mm of the blade surface in the 

Y axis direction, which corresponds to 2.2 probe diameters 

from the probe side to the blade surface. Along the bottom 

endwall, the five hole probe was traversed to within a 

distance from the probe side to wall of 0.7 diameters. The 

closer distance along the bottom endwall was not as 

critical as at the blade boundaries because stem effects 

are minimal when the probe approaches the test surface in a 

direction normal to the surface. 

4.1.2 THREE HOLE PROBE TRAVERSES 

At the top endwall surface, the short three hole probe 

was traversed and nulled in yaw. Because of the presence 

of the slot in the top endwall, the probe traverses were 

performed slightly upstream at X/c = 0.91 and projected 

downstream to X/c = 0.96. The direction at which the 

vertical traverses were projected was influenced by the yaw
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angle at the location furthest from the wall, the boundary 

between the five hole probe and three hole probe data 

regions. The traverses were projected horizontally to the 

nearest five hole probe Y location in the direction of the 

flow at the boundary. Traverses were performed by the 

Simple traversing gear. Only the total pressure and yaw 

angle results were projected downstream. Because of the 

upstream location, static pressure results from this probe 

were not used. 

At the bottom endwall, the long three hole probe was 

inserted in the top endwall slot and traversed using the 

Simple traversing gear. Along the blade surfaces, the long 

three hole probe was used by projecting the probe from a 

downstream location and traversing in the Y axis direction. 

Along the suction side of the blade, the probe was 

positioned normal to the blade as shown in Figure 13. 

Similarly, along the blade pressure surface, the long three 

hole probe was positioned at an angle typical of the 

velocity vector angles along the nearby five hole probe 

data boundary. The typical five hole probe yaw angle for 

the data nearest to the blade surface was 40 degrees as 

illustrated. The offset angle positioning along the blade 

surfaces was necessary in order to align the probe in pitch 

with the expected flow angle.
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Figure 13. Blade Surface Orientation of Three Hole Probe



44 

The three hole probe traverse results along the blade 

suction surface showed that static pressure values 

determined by the probe when the probe was touching the 

wall compared well with the results from the five static 

pressure taps at the blade surface and the static pressure 

tap in the bottom endwall at the tip gap exit. These 

results will be discussed in detail in Section 5.2.3. 

The apparent capability of the long three hole probe to 

determine static pressure when touching the wall resulted 

in the ability to determine static pressure along the top 

endwall. Therefore, the longer three hole probe was 

positioned near the top endwall by insertion through the 

top slot and nulled in yaw in order to determine static 

pressure. 

4.1.3 SPHERICAL PRESSURE PROBE TRAVERSES 

In an effort to determine the static pressure 

distribution between the near wall five hole probe data and 

the blade suction surface, the spherical pressure probe was 

traversed at the same locations and probe yaw angle 

positions of the three hole probe traverses. Using the 

three hole probe total pressure results, static pressure 

was determined by the spherical pressure probe. The
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spherical pressure probe resultS were used to determine 

trends in static pressure variation. 

4.1.4 TIP LEAKAGE VORTEX CORE MEASUREMENTS 

The low static pressure conditions at the tip leakage 

vortex core were seen aS a test case of the capabilities of 

the five hole probe. Thus, both the three hole probe and 

the spherical pressure probe were positioned in the core in 

order to verify the five hole probe static pressure 

results. The spherical pressure probe and the long three 

hole probe were positioned at the low static pressure core 

position defined by the five hole probe. 

The spherical pressure probe was inserted through the 

top slot and set at the yaw position of the five hole 

probe. Using the total pressure found by the five hole 

probe, static pressure was determined by the spherical 

pressure probe per discussion in Section 3.2. 

The long three hole probe was inserted horizontally 

from the downstream traverse location used for the blade 

suction surface traverses and subsequently nulled in yaw.



CHAPTER 5 

RESULTS, ANALYSIS, AND DISCUSSION 

5.1 INLET FLOW CONDITIONS 

The inlet flow conditions of the cascade have been 

determined by previous studies. Dishart and Moore found an 

average inlet freestream velocity of 20.5 m/s at the 

Standard conditions of 94.9 kPa and 299 K. They found the 

blade exit Reynolds number based upon blade axial chord to 

be 4.5x10°. Moore and Tilton measured the inlet endwall 

boundary layer thickness 0.30 axial chords upstream of the 

blade leading edge. They found the boundary layer 

thickness, 899, equal to 2.18 mm (+ 0.13) and a 

corresponding displacement thickness, 5", of 0.29 mm (+ 

0.02). 

5.2 MEASUREMENT PLANE 

Three main properties were the basis for the present 

study at X/c = 0.96: the velocity, the total pressure loss, 

and the static pressure. In order to generate contour 

46
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plots of total pressure loss and static pressure and to 

calculate area and masS average properties, it was 

necessary to define the flow properties for all Y and Z 

measurement locations to create a rectangular grid. A grid 

was generated and linear interpolation was applied to 

determine the property values at non-data point positions 

as described in the following sections. The corner 

regions, however, required more detailed and involved 

analysis as described in Appendix E. 

The three hole probes, which were used near the passage 

boundaries, do not provide all of the property information 

necessary for the analysis. This is due to the inability 

of the probe to determine the probe pitchwise component of 

velocity and to adequately determine static pressure. 

Therefore, interpolation schemes were again applied as 

described in the following sections to generate values in 

regions where discrepancies existed. 

5.2.1 TOTAL PRESSURE LOSS 

The total pressure loss coefficient is defined by: 

Po =P, = —_— (5.1) 
* —1/2pU,° 

where: P}, = cascade inlet total pressure
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P, = local total pressure 

P = air density 

U, = cascade inlet freestream velocity 

Contours of Cp, at the measurement plane are shown in 

Figure 14. The maximum Cot value in the measurement plane, 

3.0, occurred within the tip leakage vortex core. The top 

passage vortex and the bottom passage vortex had Cot core 

measurements of 1.4 and 1.9, respectively. Another region 

of high loss fluid is in the wake region along the blade 

pressure surface. Within this wake region, C,, is nearly 

uniform at 3.2 and reaches a maximum value of 3.3. As 

shown in Figures 5 and 13, the measurement plane intersects 

the trailing edge at the blade pressure surface. As would 

be expected, boundary layer separation was evident at this 

trailing edge location. However, the three hole probe was 

able to distinguish this stagnant flow condition. Although 

the fluid has a higher loss than the tip leakage core, the 

influence of this high loss fluid on the mass averaged 

properties presented later is minimal because of the 

stagnant flow condition. 

The contours of Cp, found by Dishart and Moore at X/c = 

1.4 are shown in Figure 15; the contour intervals are the 

same as those used at X/c = 0.96. Table 1 shows a
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Figure 14. Contours of Total Pressure Loss Coefficient: 
Measurement Plane at X/c = 0.96
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Top Endwall 
      

    

  

  

      
Bottom Endwall 

Figure 15. Contours of Total Pressure Loss Coefficient 

Measured by Dishart and Moore at X/ec = 1.4: __ projections 

downstream of blades in direction of mean camber lines at 

trailing edges; S - downstream of blade 3, P - downstream 

of blade 2
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comparison of the maximum core measurements between this 

study at X/c = 0.96 and the previous study at X/c = 1.4. 

Table 1. Total Pressure Loss Coefficient Maxima, C 

  

  

  

    

pt 

Vortex X/c = 0.96 X/c = 1.4 

Top Passage 1.4 1.1 

Bottom Passage 1.9 1.3 

Tip Leakage 3.0 2.8         

Although there is evidence of flow mixing within the 

passage vortices between the two planes, the level of total 

pressure loss remains relatively high in the tip leakage 

vortex. The bottom passage vortex appears to be 

dissipating at a much more rapid rate than the others. 

This may be due to the enhanced mixing and entrainment of 

low loss fluid between the bottom passage and tip leakage 

vortices. 

5.2.2 STATIC PRESSURE 

The static pressure coefficient is defined by: 

_ P-P, 

» 1/2pU,? (5.2)
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where: P local static pressure 

Pso = cascade inlet static pressure 

Cps contours at the measurement plane are shown in 

Figure 16. In the regions of low total pressure loss, 

nearly two-dimensional Cos gradients in the blade to blade 

direction are seen. Regions of low Cp, are located in the 

top passage vortex at -2.5 and in the tip leakage vortex at 

-3.3. No region of low Cps is apparent for the bottom 

passage vortex. The variation of Cp; through the tip 

leakage vortex in the pitchwise direction is nearly 

identical to the variation along the bottom endwall. 

The contours of C,, found by Dishart and Moore at X/c = 

1.4 are shown in Figure 17; the contour intervals are the 

same as those used at X/c = 0.96. At X/c = 1.4, Cp, was 

more uniform at -2.0 with a tip leakage core value of -2.3. 

Unlike at X/c = 0.96, the pitchwise variation of Cp, 

through the tip leakage vortex core is not similar to Cos 

along the bottom endwall at X/c = 1.4. This is probably 

due to the cessation of tip leakage flow beyond the blade 

passage.
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Figure 16. Contours of Static Pressure Coefficient: 
Measuremen t Plane at X/c = 0.96
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Figure 17. Contours of Static Pressure Coefficient 

Measured by Dishart and Moore at X/c = 1.4
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5.2.2.1 USE OF 3 HOLE PROBE TO FIND WALL PRESSURE 

The three hole probe traverses near the blade _ suction 

surface included a position at which the probe was touching 

the wall. The Cys values determined at this wall position 

compared well with those determined by five blade static 

pressure taps and one bottom endwall tap. The comparison 

is shown in Figure 18. Thus, it became apparent that the 

long three hole probe was a viable device to determine Cy. 

at flow surfaces. The Cys values determined by the long 

three hole probe at the blade suction surface were used in 

conjunction with static pressure tap values to define a 

surface relationship. 

The ability of the long three hole probe to determine 

wall Cp, allowed a more detailed study to be performed 

along the blade suction surface. In particular, the three 

hole probe was positioned against the blade wall just above 

the tip gap exit, 0.25 in. (6.4 mm) from the bottom 

endwall. The result, -1.96, was nearly identical to the 

endwall pressure tap value of -1.95. This confirmed the 

validity of a Dishart and Moore's assumption that static 

pressure was constant across the gap exit. That assumption 

was applied in order to analyze their tip gap exit 

measurements.
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Applying the ability of the long three hole probe to 

determine wall static pressure, the long three hole probe 

was also used at the top endwall surface to establish Cp. 

there. 

5.2.2.2 TIP LEAKAGE VORTEX CORE 

To verify the accuracy of the five hole probe in regard 

to Coss the long three hole probe and the _ spherical 

pressure probe were inserted into the tip leakage vortex 

core. The C,, results for each probe are listed in Table 

2. 

Table 2. Pressure Probe Comparison in the Tip Leakage Core 

  

  

  

        

Probe Cos 

Five Hole -3.31 

Long Three Hole -3.37 

Spherical Pressure -3.35 
  

The good agreement between the probes confirms the 

accuracy of the five hole probe in a vortex region.
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5.2.2.3 DETERMINATION OF STATIC PRESSURE NEAR SURFACES 

Two methods were attempted to find static pressure near 

the blade suction surface. Both the spherical pressure 

probe and the three hole probe were traversed in the region 

between the blade wall and the five hole probe data 

boundary. As discussed above, the resulting static 

pressure from the three hole probe when touching the wall 

compared well with the wall static pressure taps. But, the 

resulting static pressure from the three hole probe when 

traversed to the five hole probe data boundary did not 

match the five hole probe results. The spherical pressure 

probe static pressure matched up with neither the wall nor 

the five hole probe data. However, both the three hole and 

spherical pressure probes did confirm the expected trend in 

a static pressure rise from the vortices towards the blade 

suction surface. 

In order to determine the reason for the discrepancy 

between the probes, a test was performed in a low total 

pressure loss, freestream region. From that test it 

appeared that the five hole probe may have been out of 

calibration. The three hole probe and the spherical 

pressure probe results were nearly identical, but were 5 

percent different from the five hole probe result. The 

five hole probe was recalibrated and the previous
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calibration by Adhye [12] was validated. Thus, there 

appeared to be an inconsistency in the static pressure 

results from both the spherical pressure probe and the long 

three hole probe. The probes have good agreement in the 

core of the tip leakage vortex, yet have difficulty 

obtaining similar results in the freestream and near the 

blade suction surface. 

An explanation for the three hole probe discrepancy can 

be found in the finding that the probe is highly sensitive 

to pitch angle variation as discussed in Appendix C. This 

could explain the discrepancy near the blade suction 

surface vortex regions where secondary velocities were 

strong. A question still remains, though, as to why the 

probe was unable to verify freestream measurements, but was 

able to confirm vortex core measurements. 

For the spherical pressure probe it was estimated in 

Appendix C that the probe could be used to measure static 

pressure within 2 percent of local dynamic head if the 

probe pitch angle was within the range -35 degrees to 14 

degrees. Although this is a relatively large useful range, 

the probe was also unable to confirm freestream static 

pressure and had the most difficulty near the blade suction 

surface in the low loss region between the top and bottom 

passage vortices. The good agreement between the spherical 

pressure probe and the five hole probe in the tip leakage
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core was most likely due to the uniform flow conditions 

there. 

Fortunately, the C,, results from the long three hole 

and spherical pressure probe near the blade suction surface 

were not needed. Cp, was well defined by the wall static 

pressure taps and the long three hole probe surface 

measurements as discussed in Section 5.2.2.1. Thus, static 

pressure could be determined by horizontal linear 

interpolation between the surface and the five hole probe 

data region. The probe limitation discussion is perhaps 

beyond the scope of this study. 

Similarly, C was measured at the top endwall using ps 

the long three hole probe. Cp, was then determined in the 

top endwall region by vertical linear interpolation between 

the top endwall surface and the five hole probe data 

boundary. 

Near the bottom endwall, the five hole probe data 

boundary Cp, results at 0.175 in. (4.4 mm) from the endwall 

compared well with the C,, at the static pressure taps in 

the endwall. Therefore, C,, was determined by projecting 
p 

the five hole probe results downward towards the wall. 

Along the blade pressure surface, Cos was determined by 

the results from the long three hole probe horizontal 

traverses. The Cp, and Cp, values determined by the three 

hole probe compared well with the results found by the five
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hole probe at the common boundary. This agreement offered 

validity to the usage of the three hole probe to determine 

Cp, at the blade pressure surface despite the discrepancies 

between the pressure probes found in other regions. 

Vertical linear interpolation was used between the 

horizontal traverses to establish Cp, for non-data point 

grid values. 

5.2.3 SECONDARY FLOW 

The primary flow direction is defined as the direction 

parallel to the trailing edge mean camber line, 6 =26°. 

The secondary flow directions are normal to the primary 

flow direction. Figure 19 shows the primary and secondary 

flow components. The u component of the velocity is the 

primary flow component and the v and w components are the 

secondary flow velocity components. 

The secondary velocity components determined for the 

X/c = 0.96 plane are shown in Figure 20. The vectors are 

the projection of the secondary velocities on a cross 

sectional plane as shown in Figure 19. As expected, a tip 

leakage vortex and a top passage vortex are well defined. 

In addition, a bottom passage vortex is also defined, a 

flow feature which wasn't as apparent for Moore and 

Dishart's study at the downstream location of X/c = 1.4.
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Figure 19. Flow Coordinate System at Measuring Plane, 
Secondary velocity vectors are projected on the cross- 
sectional plane and viewed looking upstream along the 
trailing edge camber line.
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The approximate centers of the vortices are listed in Table 

3 as ratios of the passage flow region measurements with 

the origin at the bottom endwall-blade suction surface 

boundary. 

Table 3. Vortex Centers 

  

  

  

          

nS 2 
Vortex AY AZ 

Top Passage 0.15 0.86 

Bottom Passage 0.28 0.23 

Tip Leakage 0.28 0.07 
  

The secondary velocity vectors in the tip leakage vortex 

region are expanded for clarity in Figure 21. The maximum 

secondary velocity was found near the bottom endwall in the 

tip leakage vortex region. The maximum secondary velocity 

magnitude was 34.6 m/s, which was 1.7 times the cascade 

inlet velocity, U5. In comparison, the maximum secondary 

velocity found at X/c = 1.4 was 11.2 m/s, 0.55 Up. 

The secondary velocity components found at X/c = 1.4 by 

Dishart and Moore are shown in Figure 22; the velocity 

scale is the same as used in Figure 20. Between the two 

measurement planes, the strength of the secondary flow is 

clearly decreasing. The tip leakage vortex is also 

convecting away from the trailing edge camber line of
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blade 3 towards the trailing edge camber line of blade 2. 

This is consistent with the endwall flow visualization 

shown in Figure 2. 

5.2.3.1 DETERMINATION OF VELOCITY NEAR SURFACES 

A three hole probe is unable to distinguish the probe 

pitchwise component of velocity. Thus, along the top and 

bottom endwall surfaces, the w component of velocity is 

interpolated vertically from the five hole probe region to 

a value of zero at the wall. Similarly, along the blade 

suction surface, the v component of velocity is linearly 

interpolated horizontally from the five hole probe region 

to a value of zero at the wall. 

Near the blade pressure surface, the boundary layer 

separates requiring special consideration for the probe 

pitchwise component of velocity. The separated flow 

precludes the use of horizontal linear interpolation to a 

zero velocity at the wall as was used on the blade suction 

surface. In order to determine the three hole probe 

pitchwise component of velocity, the nearby five hole probe 

yaw angle results were projected horizontally. Note that 

Since the probes were traversed normal to each other, the 

five hole probe yaw angle is in the same plane as the three 

hole probe pitch angle.
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The tip gap exit velocity profile was determined by 

applying Dishart's nearby suction side, tip gap exit 

measurements. Measurements performed by Dishart at axial 

downstream distances of X/c = 0.938 and X/c = 0.996 were 

linearly interpolated to determine Cor and the yaw angle at 

the measurement plane, X/c = 0.96. Note that Cy, was 

determined from the blade suction surface relationship 

defined by the long three hole probe and static pressure 

taps. Therefore, velocity could then be determined by 

setting the inlet velocity. 

5.3 AVERAGED FLOW PROPERTIES 

The flow properties found at X/c = 0.96 were averaged 

on a mass and area basis in a manner defined by Moore and 

Adhye. The quantities and definitions are repeated below. 

Finite difference type numerical integration was applied in 

order to evaluate the relationships. 

Velocity components, see Figure 19: 

V _ I ['V.dedy (5.3) 
, AY AZ
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7 I Jpv. V,dedy 
V, = lar paz 

J, |pv.dedy 

AY pAZ 

— |. [pv,V,dedy 
V, —_ => 

[ [pv.dedy 

Averaged flow angles: 

R al V, psa |   

  

Total pressure loss coefficient: 

= Live 
pt 

Ll [pvadeay 
Static pressure coefficients: 

(5.4) 

(5.5) 

(5.6) 

(5.7) 

(5.8) 

(5.9) 

(5.10)
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Kinetic Energy Coefficients: 

AY 

AZ 

dy 

daz 

  

i 2 [” [pv (5.11) 

  

7 2 AY (5.12) 

0 

  
  U? 0? pw (a (5.13) 

velocity component normal to plane 

axial component of velocity 

velocity component in the pitchwise direction 

velocity component in the primary direction 

velocity component in spanwise direction 

velocity component orthogonal to u and w 

blade pitch 

passage height 

differential in pitchwise direction 

differential in spanwise direction
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5.3.1 CONSERVATION OF MASS FLOW 

In order to validate the data measurements, the mass 

flow exiting the meaSurement plane was compared with the 

blade inlet flow and found to be within 0.6 percent. In 

comparison, Dishart found that for his measurements at X/c 

= 1.4 the mass flow was within 6 percent of the blade inlet 

mass flow; a yaw angle correction of 1.85 degrees was 

applied to the xX/c = 1.4 data in order to obtain 

continuity. In this present study, a Similar yaw 

correction of 0.2 degrees would be needed to achieve 

continuity. Since this is certainly within experimental 

error, a correction was not made to the measurement plane 

data. 

Indirectly, a continuity correction had been made to 

the present data by an adjustment made to the velocity data 

to be consistent with Dishart's data for comparative 

purposes. Dishart found an average inlet’ velocity 

component, U, of 20.5 m/s. By applying this specified 

inlet flow velocity and the determined Cp), and Cp,, the 

magnitude of the local velocity, U, could be determined. 

pt Cops (5.13)
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Thus, the magnitude of the velocity was corrected with the 

original unit vectors to be consistent with the specified 

inlet velocity condition. The smallest correction factor 

was 1.005 and the largest factor applied was 1.047. 

The majority of the discrepancy between the velocity 

magnitudes can be attributed to the variation of the inlet 

velocity. For the five hole probe meaSurements at X/c = 

0.96, U, was 20.16 m/s + 0.18 m/s. Note that the 20.5 m/s 

inlet velocity was superimposed onto the three hole probe 

measurements so that no correction was made to that data. 

To obtain Dishart's average inlet velocity of 20.5 m/s, 

a correction of 1.005 and 1.024 would need to be made to 

the maximum and minimum U, values found at X/c = 0.96, 

respectively. Comparing this to the 1.005 and 1.047 

correction values from above, it is clear that additional 

error was present in the calculation of the velocity 

magnitude. The similitude in the operation of the tunnel 

requires that the experimental results should not be a 

function of the ambient test conditions if Reynolds number 

effects can be ignored. Thus, the source of error is in 

the measurements as well as in the differences between the 

calculation of the velocity magnitude used in the analysis 

programs. The initial analysis program used the following 

equation to calculate the velocity magnitude, U.
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2(P, -P,) 
p (5.14) 

  where p= 
aim 

The solution of the velocity magnitude equations 

requires transducer, micromanometer, and ambient condition 

measurements as well as the use of transducer and probe 

Calibration relationships. Considering all these sources 

of error, an error range from 0.5 to 4.7 percent is not 

unreasonable. Finally, the difference between the mean 

inlet velocities can also be considered reasonable 

considering that a different and more precise 

micromanometer was used for this study. Also, the change 

in mean inlet velocity between the two studies could be a 

function of small changes in the cascade geometry. 

It is important to note that the velocity magnitude 

correction was applied in order that the present studies' 

velocity data would be consistent with the previous study 

and was not meant for a continuity correction. 

An attempt was made to correct Dishart's mass flow 

rate at X/c = 1.4 by making the inlet velocity magnitude 

uniform as described above. The results, however, showed 

little improvement and the correction was not applied.
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5.3.2 TIP GAP FLOW 

The measurements taken between the endwalls and blade 

surfaces provided an incomplete analysis of the flow at X/c 

= 0.96 in that the flow in the tip gap was not included. 

No means existed to establish the flow conditions under the 

blade. Dishart and Moore had measured the properties of 

the tip leakage flow at the gap exit. From the tip gap 

exit measurements, it was estimated that less than 1 

percent of the flow was unaccounted for. This could be 

considered insignificant, but the tip gap flow properties 

were calculated by the following method. 

Assuming minimal dissipation of properties occurs in 

the tip gap near the trailing edge, the tip gap exit 

properties around the trailing edge were used to define the 

properties at the measurement plane. Dishart had made 

vertical traverses near the blade boundary at a pressure 

surface location of X/c = 0.96 and at suction surface 

locations X/c = 0.938 and X/c = 0.996. The blade suction 

Side traverses were linearly interpolated in the axial 

direction in order to determine the conditions at the 

measurement plane location, X/c = 0.96. Thus, a -grid was 

formed between the vertical traverses at the pressure side 

X/c = 0.96 location, the suction side X/c = 0.996 location,



75 

and the interpolated suction side X/c = 0.96 location. 

Numerical integration was performed on this grid to 

determine the contribution of the tip gap flow to the area 

and mass averages defined in Section 5.3. 

5.3.3 MEASUREMENT PLANE AVERAGES 

The results of the area and mass averages as defined in 

Section 5.3 are listed in Table 4. These results were 

obtained by numerical integration over the entire 

measurement plane including the tip gap flow as described 

in Section 5.3.2. The velocity magnitudes are based upon 

the blade inlet area. The measurement plane area is less 

than the blade inlet area due to the blade thickness. By 

basing the velocity magnitudes upon the blade inlet area, 

comparisons can be made with results found at the 

downstream plane of X/c = 1.4 by Dishart and Moore, which 

are also presented in Table 4.



Table 4. 
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Flow Property Averages 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Property X/c = 0.96 X/c = 1.4 

V. 14.4 14.4 

V. 15.6 14.6 

V, -28.2 -29.3 

B 27.2 26.2 

B 28.9 26.6 

Ci. 0.249 0.378 

li? 

73 2.717 2.594 
0 

yp? 

73 0.088 0.010 
0 

Ww 

7 0.013 0.006 
0 

ye4+wy? 

~ 0.101 0.016 
U, 

= v?+w’ 
C, +—— 0.350 0.394 

U, 

C, -2.11 -1.99 

Cis -2.06 -1.99        
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The area averaged normal velocity is 14.4 m/s as 

required for mass conservation. Clearly, the flow is 

mixing as it progresses downstream as seen by the 

dissipation of secondary kinetic energy. Most of the 

dissipation occurs to the secondary kinetic energy term 

associated with the velocity component v, which is defined 

in Figure 20. 

5.3.3.1 TOP AND BOTTOM HALVES 

Insight into the effects of tip leakage flow can be 

gained by dividing the flow into top and bottom halves of 

equal area and performing property averages over the 

respective regions. This flow division gives a basis for 

analyzing loss production. 

The property averages for the passage halves are 

presented in two different ways, the reasons for which will 

become apparent in the discussion of loss. In Table 5, the 

property averages for the passage halves are based upon the 

mass flow in the entire plane. Thus, the property averages 

for the entire measurement plane may be determined by 

addition of the property averages for two passage halves. 

In contrast, the property averages in Table 6 are 

presented on the basis of mass flow in the particular 

passage half. Thus, the properties for the entire
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measurement plane may be determined by mass averaging the 

passage halves' properties. The area averaged normal 

velocity is included in Table 6 in order to determine the 

respective mass 

Dishart and Moore's results at X/c 

well. 

flow in each half. For both tables, 

1.4 are presented as 

Table 5. Partial Flow Properties Based Upon Total Flow 

  

  

  

  

            

  

  

  

  

    

X/c = 0.96 X/ce = 1.4 

Top Bottom Top Bottom 

Ci. 0.060 0.189 0.101 0.276 

v>+w’ 
5 0.028 0.074 0.002 0.013 

U, 

Table 6. Partial Flow Properties Based Upon Half Area Flow 

X/c = 0.96 X/c = 1.4 

Top Bottom Top Bottom 

Ci 0.117 0.386 0.201 0.558 

vi+w- 
; 0.054 0.151 0.005 0.027 

U, 

V, 14.76 14.13 14.51 14.24           
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5.3.4 MIXING ANALYSIS 

To determine the maximum possible loss and _ the 

mechanisms involved with loss production, the flow at the 

measurement plane was mixed-out. By considering a 

downstream plane at which there are fully mixed-out uniform 

flow properties with no secondary velocity components, loss 

generation can be determined downstream of the measurement 

plane through a momentum analysis. 

The control volume used for the momentum analysis is 

shown in Figure 23. Because the measurement plane is 

upstream of the trailing edge, the control surface 

coincides with the blade surface near the trailing edge. 

Neglecting blade shear stresses, the blade forces were 

determined by static pressure along the blade. The 

resultant blade force in the Y axis direction was assumed 

minimal. The blade force in the X axis direction was 

determined by calculating an average static pressure for 

the blade surface. The static pressures measured along 

both the suction and pressure surface of the blade at X/c = 

0.96 were averaged in the spanwise direction. These two 

values were further averaged with a static pressure 

measurement at a pressure tap located at the trailing edge 

near midspan.
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Through the use of the adjustable end bleeds on the 

cascade, which when adjusted assures equal mass_ flow 

through each cascade passage, an infinite cascade is 

Simulated. Thus, the camber line momentum components would 

be equal and opposite, subsequently canceling from the 

momentum analysis. Further simplification is made to the 

analysis by neglecting shear stress along the top and 

bottom endwalls. Neglecting shear stress is necessary due 

to the inability to determine the axial distance to the 

mixed-out plane. 

The resulting momentum equations are listed below. 

Note that the integrations over the measurement plane 

include the tip gap area per Section 5.3.2. 

Continuity: 

  

-~ (A 
v..-V.( 4 (5.14) 

X-momentum: 

F.+ [Pda + | pV,V.dA=[P, +pV na JA, (5.15) 

Y-momentum: 

[pV,V,dA = | pV,V,dA = pV, V, 04, (5.16)
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where: A = area of meaSuring plane 

F = force of blade on fluid 

P = static pressure 

dA = differential area 

d = mixed-out plane 

u = measurement plane 

xX = axial direction 

y = pitchwise direction 

The mixed-out flow properties for the measurement 

plane, X/c = 0.96, as well as Dishart and Moore's results 

at X/c = 1.4 are presented in Table 7. The mixing analysis 

was also performed for the top and bottom flow areas, 

separately, using the mass flow in the particular passage 

half per the discussion in Section 5.3.3.1. 

The total pressure loss at the mixed-out plane is 

defined as 

vt _ P, Pa 

ms + PU; (5.17) 

where 

t 

lr-. = 
Pa=Pata[iat V2] (5.18)
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Table 7. Downstream Mixed-out Total Pressure Loss, Cpg 

  

  

  

      

X/c = 0.96 X/c = 1.4 

0.452 0.438 

Top Half Bottom Half Top Half Bottom Half 

0.222 0.681 0.215 0.655     
  

5.4 LOSS PRODUCTION 

An understanding of the mechanisms involved with loss 

production can be gained by considering the top half region 

as representative of the conditions in the bottom half if 

no tip gap were present. Thus, if the top half conditions 

are Subtracted from the actual bottom half conditions, then 

the tip leakage effects will be apparent. This 

superposition is not strictly valid in that the secondary 

flow, namely the passage vortices, develop differently. 

Unlike in the top half, no horseshoe vortex is generated at 

the blade leading edge - bottom endwall boundary. Also, in 

the bottom half, the tip leakage vortex and the passage 

vortex interact. However, the similarity in strength and 

form of the measured bottom and top passage vortices offers 

validity to the superposition method. In addition, the 
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passage halves can be considered isolated since at midspan 

total pressure loss is minimal. 

Another important aspect to the study of loss is the 

concept that all secondary kinetic energy is dissipated, 

not recovered. Moore and Adhye's study of losses in a 

cascade with no tip gap resulted in this finding as 

discussed in Chapter 2. For their cascade, the mass 

averaged total pressure loss was similar to that found at 

the planes measured for this cascade. However, in the 

present flow, the gradients of total pressure loss were 

much more severe and the primary velocity distribution was 

made more nonuniform by the tip leakage flow. Therefore, 

primary flow mixing can be expected to contribute 

Significant additional losses as discussed by Dishart and 

Moore. 

Three loss production studies will be presented. The 

first study will determine the effects of tip leakage flow 

at the measurement plane. The second study will determine 

the loss mechanisms involved as the flow proceeds 

downstream and mixes out. The third and final study will 

determine the overall loss contributions in the bottom half 

mixed-out plane.
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5.4.1 EXTRA LOSS DUE TO TIP LEAKAGE 

At the X/c = 1.4 plane, Dishart and Moore found that 

the extra total pressure loss in the bottom half was equal 

to the sum of the total pressure loss incurred within the 

tip gap and the dissipation of the tip gap exit secondary 

kinetic energy. The secondary direction at the tip gap 

exit was defined as the direction normal to the blade 

surface. 

For the present measurement plane, X/c = 0.96, the 

extra total pressure loss in the bottom half of the plane 

can be determined by subtracting the top half loss from the 

bottom half loss as shown in Table 8. These values are 

based upon the entire mass flow. 

Table 8. Extra Total Pressure Loss in Bottom Half, C,, 

  

  

  

      

Bottom Half 0.189 

Top Half 0.060 

Difference 0.129 
  

Similarly, the extra secondary kinetic energy in the 

bottom half can be determined as listed in Table 9. The
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extra secondary kinetic energy can be considered the 

residual tip gap secondary kinetic energy. 

w 

<I
I 

  

  

  

2 
+ 

Table 9. Residual Tip Gap Secondary Energy, 7K 

9 

Bottom Half 0.074 

Top Half 0.028 

Residual 0.046         

Dishart and Moore measured the total pressure loss and 

the kinetic energy of the flow exiting the tip gap. These 

measurements were mass averaged on a total passage flow 

basis. The resulting mass averaged coefficient for the 

component of the kinetic energy normal to the blade surface 

was termed NKEC by Dishart and was found to be 0.109. The 

component of the kinetic energy exiting the gap normal to 

the blade will be referred to as the tip leakage secondary 

kinetic energy. The resulting mass averaged coefficient 

for the tip gap total pressure loss was termed TPLC and was 

found to be 0.071. 

The amount of tip leakage secondary kinetic energy, 

NKEC, which has dissipated by X/c = 0.96 can be estimated 

by subtracting the residual secondary kinetic energy from



  

87 

the tip leakage secondary kinetic energy as listed in Table 

10. Nearly 58 percent of the tip leakage secondary kinetic 

energy has been dissipated by the X/c = 0.96 measurement 

plane. 

Table 10. Dissipated Tip Leakage Secondary Kinetic Energy 

  

  

  

  

NKEC 0.109 

Residual at X/c = 0.96 0.046 

Dissipated (by difference) 0.063 
  

Finally, the extra loss in the bottom half due to tip 

leakage can be estimated by the sum of the tip leakage 

total pressure loss and the dissipated secondary kinetic 

energy as listed in Table 11. 

Table 11. Extra Tip Leakage Loss, X/c = 0.96 

  

  

  

  

Tip Gap Total Pressure Loss, TPLC 0.071 

Dissipated NKEC 0.063 

Extra Loss (by summation) 0.134   
  

The extra loss due to tip leakage, 0.134, is very 

Similar to the extra total pressure loss found in the 

bottom half, 0.129. Dishart and Moore found at X/c = 1.4 a 
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corresponding extra tip leakage loss of 0.169 and an extra 

total pressure loss in the bottom half of 0.174. These 

results confirm the validity of attributing extra loss in 

the bottom half to tip leakage as originally proposed by 

Dishart and Moore. 

5.4.2 DOWNSTREAM LOSS 

The loss development as the flow proceeds downstream 

from the X/c = 0.96 measurement plane to the mixed-out 

plane will be discussed. Dishart and Moore's results at 

X/c = 1.4 will be applied to determine the dominant loss 

mechanisms between the respective plane regions. This 

analysis is approximate due to the slightly different mass 

flow rates between the top and bottom halves at the X/c = 

0.96 and X/c = 1.4 axial planes , as seen in Table 6. 

Cot,q was higher for the X/c = 0.96 plane than for the 

X/c = 1.4 plane as listed in Table 7. The opposite trend 

would be expected due to irreversibility from the second 

law of thermodynamics associated with endwall friction 

between the two measurement planes. Endwall friction, 

which wasn't considered in the mixing analysis, would 

increase the total pressure loss at xX/c = 1.4 and 

subsequently increase the downstream loss for that plane. 

Perhaps, this suggests the insignificance of endwall
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friction between the two planes in comparison to other loss 

production mechanisms. 

However, Cpe,q values determined for the top and bottom 

halves of the measurement planes were within 2 percent of 

the average between the planes. Considering that different 

data acquisition systems were used, the agreement can be 

considered good. Thus, the average Cot, values for the top 

and bottom halves, 0.219 and 0.668, respectively, will be 

used for this study. All values used for this study are 

based upon the mass flow in the respective region of flow, 

either the top or bottom. 

The results of the loss study in the top half as the 

flow mixes out are tabulated in Table 12. Between planes 

X/c = 0.96 and 1.4 the loss mechanisms involve dissipation 

of secondary kinetic energy, which dominates, as well as an 

additional extraneous loss contribution. This extraneous 

loss is most likely due to endwall flow losses and to 

trailing edge wake and primary flow mixing. As the flow 

proceeds downstream of X/c = 1.4 to the mixed-out plane, 

the remaining secondary kinetic energy is dissipated. 

However, primary flow mixing contributes the largest share 

of loss generation. Endwall losses are not included due to 

the nature of the momentum analysis. 

Dishart and Moore did not find that there was a primary 

flow mixing contribution between X/c = 1.4 and the mixed-
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out plane for the top half. Their findings were based upon 

numerical integration results which did not include the 

entire flow plane. The region between the endwalls and the 

nearest endwall data points was not used. This oversight, 

compounded with the present averaging of Cot, ar resulted in 

the different finding. Since the endwall flow region 

constituted only a small fraction of the flow, the other 

flow properties were only slightly affected. However, 

those changes are reflected in the X/c = 1.4 results 

presented in this report. 

Table 12. Top Half Downstream Loss Model 

  

  

  

  

  

  

    

C, at X/c = 0.96 0.117 

ve+w? 
———, X/c = 0.96 to 1.4 0.049 

U, 

Extraneous Loss 0.035 

C, at X/c = 1.4 0.201 

ve+w’ 
— — at X/c = 1.4 0.005 

U, 

Primary Flow Mixing (by difference) 0.013 

Cond 0.219      
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Conclusions similar to those made for the top half can 

also be made for the bottom half flow as it mixes out. The 

results of the bottom half study are presented in Table 13. 

Between plane X/c = 0.96 and 1.4, dissipation of secondary 

kinetic energy dominates loss production. Again, an 

additional extraneous loss’ mechanism, which probably 

includes similar contributors for both flow halves, was 

present. Downstream of X/c = 1.4, primary flow mixing 

dominates loss production in comparison to the remaining 

secondary kinetic energy dissipation. 

Table 13. Bottom Half Downstream Loss Model 

  

  

  

  

  

  

    

C, at X/c = 0.96 0.386 

ve+Ww? 
A——,, X/c = 0.96 to 1.4 0.124 

U, 

Extraneous Loss 0.048 

C, at X/c = 1.4 0.558 

ve+w 
——— at X/c = 1.4 0.027 

U 
0 

Primary Flow Mixing (by difference) 0.083 

Cora 0.668     
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5.4.3 MIXED-OUT LOSS 

The overall loss contributions to the differences 

between the top and bottom halves mixed-out loss are 

tabulated in Table 14. The baseline flow to which the tip 

leakage effects will be added to obtain the bottom half 

mixed-out loss is represented by the top half mixed-out 

loss. The top half mixed-out loss, Cyt,g, accounted for 33 

percent of the final loss in the bottom half. 

The tip leakage flow property coefficients NKEC and 

TPLC measured by Dishart and Moore and converted to the 

bottom half mass flow basis are applied. The tip gap 

secondary kinetic energy, NKEC = 0.223, completely 

dissipates by the mixed-out plane resulting in 33 percent 

of the loss. The total pressure loss within the tip gap, 

TPLC = 0.145, resulted in 22 percent of the loss. 

Together, these direct tip leakage effects resulted in 55 

percent of the final loss. The remaining extra loss in the 

bottom half, 12 percent, can be accounted for by primary 

flow mixing of the tip leakage vortex and extra trailing 

edge wake mixing and endwall loss. The breakdown of the 

loss contributors in the bottom half is presented 

graphically in Figure 24.
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Table 14. Mixed-out Flow Analysis 

  
Top Half Loss, Cia 

  

  

  

      

.219 33% 

Dissipated Tip Gap NKEC 223 33 % 

Tip Gap Total Pressure Loss, TPLC .145 22 % 

Extraneous Loss (by difference) .081 12 % 

Bottom Half Loss, Coa 668 100 % 
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CHAPTER 6 

CONCLUSIONS 

An experimental investigation of the effects of tip 

leakage flow on loss production was performed in a linear 

turbine cascade with a tip gap equal to 2.1 percent of 

blade height. A comprehensive study was made over an 

entire cross-sectional plane located 0.96 axial chords 

downstream of the blade leading edge. Earlier studies 

performed at the tip gap exit and at a plane 1.4 axial 

chords downstream of the blade leading edge were utilized 

with the present study to gain a better understanding of 

loss production. 

Measurements were performed with pressure probes. A 

five hole probe was used to define the flow in most of the 

plane region. Three hole pressure probes and a spherical 

pressure probe were also used near the walls and in the tip 

leakage vortex. 

A computerized data acquisition system was developed 

and utilized in order to digitally acquire the pressure 

data. The data acquisition system also controlled the five 

hole probe yaw position and movement within the measurement 

95
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plane. The probe was aligned with the flow in yaw by an 

automatic convergence routine. The developed system 

provided the means to obtain more repeatable and accurate 

data than the previous analog system. 

6.1 TRAILING EDGE PLANE MEASUREMENTS 

Three vortices were present in the measurement plane at 

X/c = 0.96: a passage vortex in both the top and bottom 

halves and a tip leakage vortex in the bottom half. The 

following conclusions can be made from the measurements. 

1. The maximum secondary velocity magnitude, 1.7 Up, was 

found in the tip leakage vortex near the bottom endwall. 

In contrast, the maximum secondary velocity found by 

Dishart at X/c = 1.4 was 0.55 Ug, which was also in the 

tip leakage vortex. This reduction is evidence of the 

dissipation of the tip leakage vortex strength. 

The tip leakage vortex is the strongest secondary flow 

characteristic; the associated maximum total pressure 

loss coefficient is 3.0. The top and bottom passage 

vortices have maximum total pressure loss coefficient 

values of 1.4 and 1.9, respectively. 

The secondary flows produced within the passage affect 

the static pressure distribution at the measurement 

plane. The area averaged static pressure coefficient
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was -2.11. A low pressure core was evident in the tip 

leakage vortex, having a static pressure coefficient of 

-3.34 + 0.03. This value was confirmed by three types 

of probes: a five hole probe, a three hole probe, and a 

spherical static pressure probe. A low pressure core 

was also present in the top passage vortex, having a 

Static pressure coefficient value of -2.5. A low 

pressure core was not evident for the bottom passage 

vortex most likely due to domination by tip leakage 

effects. In contrast to the low pressure regions at X/c 

= 0.96, the previous study at X/c = 1.4 found more 

uniform static pressure. The area averaged static 

pressure coefficient for X/c = 1.4 was -1.99; the 

corresponding static pressure coefficients for the tip 

leakage and top passage vortices were -2.25 and -2.1, 

respectively. 

The three hole probe is capable of determining static 

pressure at a surface by positioning the probe normal to 

the surface with the probe tip touching the surface. 

The resulting static pressures from measurements at the 

blade suction surface compared well with measurements 

from wall static pressure taps. This capability allowed 

a more detailed study on surfaces where a limited number 

of pressure taps existed.
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Uniform static pressure exists at the tip gap exit. 

The static pressure found by the long three hole probe 

at the blade surface just above the tip gap agreed with 

that of an endwall pressure tap at the tip gap exit 

plane. This finding validates the assumption of 

uniformity made by Dishart and Moore in order to analyze 

their tip gap exit measurements. 

The pitchwise variation in static pressure through the 

tip leakage vortex was similar to that found along the 

bottom endwall. 

Between the measurement planes at X/c = 0.96 and 1.4, 

the bottom passage vortex appears to be decaying at a 

faster rate than the other vortices in regards to total 

pressure loss. Evidence of this decay comes also from 

the observation that solid body rotation of the vortex 

is more defined at X/c = 0.96 than at X/c = 1.4. This 

decay is probably the result of enhanced mixing and 

entrainment of low total pressure loss fluid between the 

bottom passage and tip leakage vortices. 

6.2 PROPERTY AVERAGING AND MIXING ANALYSIS 

The results from a flow property averaging using 

numerical integration and from a mixing analysis using a 

momentum analysis are summarized below.
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The mass averaged total pressure loss coefficient for 

the measurement plane was 0.249. The bottom half of the 

passage had an additional loss of 0.129 over the top 

half. Thus, tip leakage losses represent a 108 percent 

increase in loss at the measurement plane. At X/c = 

1.4, Dishart found an additional tip leakage loss of 87 

percent. 

The extra total pressure loss in the bottom half of the 

passage was found to be equal to the sum of the total 

pressure loss incurred within the tip gap and the 

dissipated tip gap exit secondary kinetic energy. 

This further Supports the same conclusion made 

experimentally by Dishart and Moore and numerically by 

Moore and Moore at X/c = 1.4. 

Nearly 58 percent of the tip leakage secondary kinetic 

energy had dissipated by the measurement plane, X/c = 

0.96. Dishart and Moore found that 90 percent had 

dissipated by X/c = 1.4. The large percentage of loss 

by the trailing edge plane suggests that little 

improvement could be made by trying to recover secondary 

kinetic energy downstream of a blade row. 

As the flow proceeded from the present measurement 

plane, X/c = 0.96, to the downstream measurement plane 

previously studied, X/c = 1.4, the total pressure loss 

development was dominated by secondary kinetic energy
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dissipation. The loss development appears to also 

involve primary kinetic energy dissipation as well as 

trailing edge wake mixing and endwall effects. 

The mixed-out total pressure loss coefficient 

determined by a momentum analysis of constant area 

mixing downstream of the measurement plane was 0.452. 

Total pressure loss development between the X/c = 1.4 

plane and the mixed-out plane involved secondary kinetic 

energy dissipation, but was dominated by primary mixing 

loss. 

The previous two conclusions made in regards to total 

pressure loss development downstream of the X/c = 0.96 

measurement plane are valid for both the top and bottom 

halves. Therefore, primary flow dissipation is also 

present in the top half where tip leakage effects are 

not present. 

Of the total pressure loss in the bottom half of the 

mixed-out plane, 22 percent was due to losses within the 

tip gap and 33 percent was due to dissipated tip gap 

secondary kinetic energy. Together, these direct tip 

leakage effects accounted for 55 percent of the bottom 

half loss. The baseline level, which would be present 

without a tip gap, is represented by the top half mixed- 

out loss and accounts for 33 percent of the bottom half 

mixed-out loss. The remaining 12 percent consists of
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primary flow mixing of the tip leakage vortex and extra 

trailing edge mixing and endwall loss. 

The present study showed no evidence of recovery of the 

tip gap exit secondary kinetic energy as suggested by 

Yaras and Sjolander for their trailing edge plane. Asa 

result, enhanced endwall friction did not appear to be a 

major contributor to the tip leakage losses in the 

present study. Clearly, if enhanced endwall friction 

had been a major loss development contributor, the 

mixed-out loss for the X/c 1.4 plane would have been 

significantly larger than for the X/c = 0.96 plane.
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APPENDIX A 

AMPLIFIER AND VOLTAGE REGULATOR CIRCUITS 

The operational amplifier, OP0O7, circuit used is shown 

in Figure Al. It was based upon the differential amplifier 

circuit shown in Beckwith et al. [13]. The amplifier gain 

is determined by the ratio of the 1 MQ resistances to the 

resistance, Ra. The gain for each channel was set to give 

the desired voltage signal range of + 4.0 V corresponding 

to a pressure range of + 5.0 in. of H,O (127 mm). For 

channels 0, 1, and 3, Rag was set at 3.3 k® to achieve a 

gain of approximately 300. For channel 2, which had a 

unique pressure sensitivity response, Ra was set at 5.9 kQ 

corresponding to a gain of 170. 

The amplifiers were powered by a dual output supply, a 

Condor model HAA-15-0.8-A, which provided +15 V and -15 V 

at a rating of 0.8 A. Since the amplifiers were powered by 

a common power supply, capacitors and voltage regulators 

were added to each amplifier voltage supply line in order 

to isolate the circuits. As shown in Figure Al, the 

positive and negative 15 V supply lines are regulated to 12 

V by the 7812 and 7912 voltage regulators, respectively. 
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Also, since all amplifier circuits had a common ground 

there needed to be a high resistance, 1 MQ, between the 

input signal and ground. This 1 MQ resistor isolated the 

input signals of each channel from the other channels. 

The pressure transducers were powered by a Condor model 

HB 12-1.7A power supply which provided +12 V at a rating of 

1.7 A. Since all the pressure transducers were powered by 

this supply, voltage regulation was again added to each 

voltage supply line to isolate the transducers. An 

adjustable voltage regulator, LM317T, was used in the 

circuit shown in Figure A2 to reduce the voltage to +10 V, 

the transducer rating.
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APPENDIX B 

TRANSDUCER CALIBRATION 

The pressure-amplified voltage signal relationship of 

the system was defined through calibration by applying a 

known differential static pressure to the transducers and 

then determining the corresponding amplified voltage read 

from the Data Translation card within the personal 

computer. Calibrations were performed for a pressure range 

of + 5.0 in. of H,O (+ 12.7 cm), which resulted in a 

voltage within the range of + 4.0 V. The micromanometer 

was used to measure the differential pressure applied to 

the transducers. 

The calibration results were fit to a linear regression 

relationship which resulted in a coefficient better than 

0.999993 for all channels. The coefficient of 

determination, r’, defines the strength of a linear 

relationship with the value of 1.0 being an exact fit. The 

coefficient of variation is defined below as stated by 

Kennedy et al. [14]. 
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where: y = linear regression estimate 

observed value Yi 

mean value het
 il 

A typical calibration with the corresponding linear fit 

is shown in Figure Bl for channel 0. The calibration 

relationship was very steady. Subsequent calibrations 

performed 2 months later showed variations less than 0.5 

percent on the slopes of the linear relationships.
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[Transducer Calibration, Ch. 0, Rev. C] 
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Figure Bl. Typical Transducer Calibration



APPENDIX C 

PRESSURE PROBE CALIBRATION 

FIVE HOLE PROBE 

The five hole probe calibration as a function of pitch 

angle and Reynolds number allowed the determination of the 

velocity components, static pressure, and total pressure. 

The calibration involved testing the probe at various total 

pressures for a range of pitch angles from -60 degrees to 

+60 degrees with 5 degree increments. The calibration was 

performed in a separate calibration wind tunnel. A pitot 

pressure probe was positioned in the flow to monitor total 

pressure. A rotating arm device was used in order vary the 

probe pitch angles. To vary the probe Reynolds number, 

tests were performed for velocity heads of 1.0, 2.0, and 

3.0 in. of H,O0 (2.5, 5.1, and 7.6 cm). The micromanometer 

was used to measure velocity heads. The data acquisition 

system measured the five-hole probe pressures. The five 

pressure passages of the probe were numbered as shown in 

Figure Cl. The probe was nulled for each test position by 

1il
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flow direction: 

Figure Cl. Five Hole Probe Tip Nomenclature
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setting the yaw angle so that the pressures at locations 2 

and 3 of Figure Cl were equal. 

Functions of probe pressure ratios are defined below 

with the nomenclature corresponding to the probe passage 

locations. 

Ps ~ Pq Pte - Ps 4 Pi ~ Pt 
Py - Po’ Py - Po! SNS pL = Pp, 
  

The calibration results for the pressure ratios are 

Shown in Figure C2. The calibration was not sensitive to 

changes in Reynolds number within the pitch angle range of 

+ 50 degrees. For pitch angles outside 50 degrees in the 

3.0 in. of H»,O case, nulling the probe in yaw was made 

difficult by unsteady pressure fluctuations and probe 

hysteresis. The results were averaged for the three total 

pressure cases studied and are tabulated in Table Cl. The 

calibration results were nearly identical to the probe 

calibration performed by Adhye in 1985.
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Figure C2b. Five Hole Probe Calibration 

 



(P
t-
Ps
)/
(P
1-
P2
) 

116 

  

Five Hole Probe Calibration 8/16/91) 
  

  

  

  

  

  

  

                              

Pitch Angle, T, deg. 

  

|— 1"H20 o-2> 2 H20 BF H20 
  

Figure C2c. Five Hole Probe Calibration 

2 

1.5 
hi 

1 Leanne 
ant mane” 

ae , ee 

Os 

0 
-60 -50 -40 30 -20 -10 0 10 20 30 40



117 

Table Cl. Five Hole Probe Calibration Relationships 

Pitch Angle Ps - P, Py - Ps Pi - Pr 

(deg. ) Pi - Po Pi - Po Pr - Ps 

60.0 2.766 1.472 -1.742 
55.0 2.286 1.229 -1.514 
50.0 2.050 1.104 -1.270 
45.0 1.765 1.000 -1.042 
40.0 1.507 0.939 -0.823 
35.0 1.251 0.900 -0.616 
30.0 1.011 0.874 -0.440 
25.0 0.800 0.857 -0.284 
20.0 0.620 0.849 -0.168 
15.0 0.487 0.838 -0.083 
10.0 0.398 0.847 -0.032 
5.0 0.242 0.859 -0.007 
0.0 0.086 0.872 -0.001 

-5.0 -0.078 0.878 -0.002 
-10.0 -0.230 0.884 -0.012 
-15.0 -0.353 0.883 -0.049 
-20.0 -0.444 0.916 -0.116 
-25.0 -0.627 0.944 -0.217 
-30.0 -0.850 0.973 -0.351 
-35.0 -1.106 1.006 -0.516 
-40.0 -1.379 1.052 -0.699 
-45.0 -1.678 1.117 -0.906 
-50.0 -2.053 1.223 -1.142 
~55.0 -2.360 1.335 -1.367 
-60.0 -2.770 1.530 -1.595
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THREE HOLE PROBES 

The longer three hole probe was calibrated in order to 

determine static pressure as a function of probe Reynolds 

number. The probe was calibrated at the exit of the 

separate calibration tunnel. A pitot pressure probe was 

used to monitor the total pressure. The Reynolds number 

waS varied by the application of dynamic head values from 

0.5 to 3.5 in. of H2,0 (12.7 to 88.9 mm). 

A non-dimensional probe pressure coefficient was 

applied to determine the static pressure relationship. The 

probe pressure coefficient is defined below as the ratio of 

the differential pressure between the center and an 

adjacent passage of the probe to the local dynamic 

pressure. The probe tip nomenclature is defined on Figure 

C3. 

Pi ~ P3 
Pe ~ Pg 

The probe pressure coefficient was found to be only a weak 

function of probe Reynolds number, nearly constant at 

0.779. 

The probe was also tested in order to determine the 

pitch sensitivity of the probe. Again, the rotating arm 

device was used to vary the pitch angle and the probe was
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nulled in yaw at each position. Figure C3 shows the pitch 

sensitivity of the probe pressure coefficient. The 

variation of the probe total pressure is also shown as a 

ratio of measured to actual dynamic pressure. Clearly, the 

probe is very sensitive to pitch angle with the effect on 

the total pressure most pronounced. 

The shorter three hole probe was also calibrated in 

order to determine static pressure, although this was never 

applied since measurements for this probe were taken 

Slightly upstream where only total pressure and the yaw 

angle were used. However, during calibration it was 

discovered that the probe total pressure reading was found 

to be low by a constant factor of 1.013. Thus, the total 

pressure readings from this probe were corrected. The 

pitch sensitivity of this probe was not studied. 

SPHERICAL PRESSURE PROBE 

The head configuration of the spherical pressure probe 

was varied and tested in order to determine the performance 

during changes in flow angle. The test set-up was similar 

to that used during the three hole probe calibration. Two 

head configurations were tested as illustrated in Figure 

C4. For each head configuration, two series of tests were 

performed. The first series involved varying the pitch
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Figure C4. Spherical Pressure Probe Head Configurations
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angle while the probe was nulled in yaw. The second series 

involved varying the yaw angle while the probe was nulled 

in pitch. 

A non-dimensional probe pressure coefficient was 

applied as a calibration relationship and is defined below 

where Psp is the spherical probe pressure. 

Pte ~ Ps 

Initially, the probe was tested with the head of the 

probe normal to the stem as shown in Figure C4. This 

configuration resulted in the yaw and pitch angle 

sensitivities of the probe pressure coefficient 

relationship as shown in Figure C5. The test series were 

performed at a probe Reynolds number of approximately 5900 

based upon the sphere diameter of 3.3 mm (see Figure 9). 

The variation of the probe pressure coefficient in pitch 

would have resulted in unacceptable error. 

The head was reconfigured so that the neck of the probe 

was offset 17° from the direction normal to the stem axis 

as shown for the offset configuration in Figure C4. This 

configuration was based upon the configuration shown in 

Bryer et al. [15] as well as the deduction that the 

pressure coefficient for the normal configuration had less 

variation in the positive pitch angle direction. The
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offset head configuration, also tested for a Reynolds 

number of 5900, resulted in a more stable relationship with 

a wider acceptable angle range as shown in Figure C6. 

Next, the spherical pressure probe, using the offset 

head configuration, was calibrated in order to determine 

static pressure from the probe pressure and a known total 

pressure. The calibration involved determining the probe 

pressure coefficient as a function of probe Reynolds number 

as shown in Figure C7. The tabulated results of the 

calibration are listed in Table C2. Thus, if the local 

total pressure is known, the spherical pressure probe is 

capable of determining static pressure. 

An estimate of the acceptable probe pitch and yaw angle 

range was made by specifying an acceptable error of 2 

percent of dynamic pressure in the static pressure value. 

An error band was generated by offsetting the calibration 

relationship (Figure C7) until the 2 percent error in 

static pressure was found. Note that an iterative scheme 

must be used to find static pressure as described in 

Section 3.2. The error band was then plotted on Figure C6 

at the 0 degree position. An estimate of the angle limits 

of the probe could then be made by projecting this band 

throughout the angle range. From this, it was concluded 

that the acceptable range in yaw with the probe nulled in 

pitch was -42 degrees to 47 degrees. The acceptable range
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Table C2. Spherical Pressure Probe Calibration 

Reynolds Number iS 

1292 0.3152 

2921 0.3872 

4175 0.4302 

5163 0.4500 

5884 0.4623 

6666 0.4685 

7315 0.4722 

7904 0.4788
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in pitch with the probe nulled in yaw was -35 degrees to 14 

degrees. The pitch sensitivity is of primary importance 

Since the probe was nulled in yaw for the measurement plane 

tests.



APPENDIX D 

STEPPER MOTOR CONTROLLER 

SOFTWARE COMMANDS 

The stepper motor LAB 40 controller is driven by 

commands given to two 8 bit ports. The commands tell the 

LAB 40 bus which function module, stepper motor port, step 

size, and step direction are desired. The control of the 

stepper motors will be demonstrated through the discussion 

of a sample program written in GWBASIC. The program is 

listed in Figure Dl. 

Line 20 of the program lists the computer input/output 

addresses used by the LAB 40 bus. The LAB 40 system is 

initialized by the command in line 30. Next, in line 40, 

the desired function module is selected. Each LAB 40 bus 

located within the computer is capable of controlling 8 

function modules, which are collectively capable of 

controlling 32 stepper motors. For the data acquisition 

system developed for this project, 2 function modules were 

used, which were configured as numbers 5 and 7. The number 

5 board controlled the 5V motors while the number 7 board 
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‘Stepper Motor Control - Sample Program 
PA=736: PB=740: PC=744: CO=748 ‘I/O port addresses 
OUT CO,192 
OUT PC,5 ‘poard select 5 
MODEAB=2*4 ‘’2*5 for half step, modeab=2*4 for full step 
MODECD=2*6 /’2%*7 for half step, modeab=2*6 for full step 
DISABLE=1+2+8 £14+2+4+8 = motor a,b,c,d 
PORTB=MODEAB+DISABLE+MODECD 
OUT PB, PORTB 
INPUT "number of steps, delay, 0/1l=cw/ccw",N,M,L 
IF N=0O THEN STOP 
FOR I=1 TO N 
FOR J=1 TO M ‘delay commands 
LOCATE 1,1 
PRINT J 
NEXT J 
IF L=1 THEN OUT PA,68 '2°6 +2*2 - ccw motor c 
IF L=0O THEN OUT PA,4 '2*°2 - cw motor c 
IF L=1 THEN OUT PA, 64 '2*°6 - go ccw motor c 
IF L=0 THEN OUT PA,O ‘'0 - go cw motor c 
NEXT I 
GOTO 100 
END 

Figure Dl. Stepper Motor Driver
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controlled the 9V motor. 

Next, after initializing the board and selecting the 

function module, it is necessary to select the stepping 

mode (half step or full step) and the desired motor port 

(A, B, C, or D). This is achieved through commands to one 

of the 8 bit ports, port B. As listed in Table Dl, the 

upper 4 bits of port B (bits 4, 5, 6, and 7, corresponding 

to values 24, 2°, 2°, and 2’) define the stepping mode. The 

stepping modes for motors A and B are set by the values of 

variable MODEAB, aS specified in program line 50. 

Similarly, the stepping modes for motors C and D are set by 

the variable MODECD, line 60. By setting the mode 

variables to the binary values shown in lines 50 and 60, 

the mode is selected. 

Before port B is addressed, the desired motor needs to 

be selected. The lower 4 bits of port B (0, 1, 2, and 3), 

which are listed in Table Dl, designate the motor 

selection. By sending a binary value of 0 to the selected 

motor bit and binary values of 1 to the remaining motor 

bits, the desired motor is selected. This is shown for 

variable DISABLE in line 70 where motor C has_ been 

selected. The values corresponding to the stepping mode 

and motor selection bits are summed in line 80 of Figure Dl 

and subsequently sent to port B in line 90.
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Table Dl. Stepper Motor Control Ports 

  

  

  

PORT A 

Bit: 7 6 5 4 3 2 1 0 

DIRECTION OF MOTORS STEP INPUT 

PORT B 

Bit: 7 6 5 4 3 2 1 0 

MODE CD MODE AB MOTOR DISABLE   
  

Next, the commands to move the selected motor are 

given. This is done through two separate byte commands 

sent to port A. The first command tells the stepper motor 

controller which movement direction is desired, either 

clockwise (CW) or counterclockwise (CCW) as viewed from the 

Shaft end. The second command tells the stepper motor 

controller to move the motor a step. The bit designation 

of port A is tabulated in Table Dl. The user of the sample 

program enters a value for the variable L depending upon 

the direction of movement desired. 

If counterclockwise motion is desired, then a value of 

1 is entered for L. The first command to port A (shown in 

line 170) is the sum of the upper and lower binary bits 

corresponding to motor C, the selected motor. The second 

command to port A, illustrated in line 190, is the value of 

just the upper binary bit corresponding to the selected
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motor. This command will move the motor a counterclockwise 

step. 

If clockwise motion is desired, then a value of 0 would 

be entered for variable L by the user of the program. The 

first command (shown in line 180) is made up of just the 

lower binary bit corresponding to the selected motor. The 

second command to port A is the value 0, which tells the 

controller to move the motor a step in the clockwise 

direction as illustrated in line 200. 

In the program, multiple step commands can be sent to 

port A by entering a value for the variable N. For most of 

the motors tested, a delay was necessary in order to allow 

the motors to step before another command was given. For 

the sample program a delay can be introduced for variable 

M, which is the limit for a printing loop. The Y axis and 

probe yaw motors in the data acquisition system required a 

delay of 1 for the variable M. The Z axis traverse motor 

required additional delay which was done through a non- 

command loop of 6 iterations. 

HARDWARE SET-UP 

The stepper motors were wired to the function module 

per the wire designation listed in Table D2. The
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designation is apparently an industry standard, but is 

stated here for future reference. 

Table D2. Stepper Motor Wire Designation 

  

  

  

  

  

  

  

Motor Position Wire Color 

B Green/White 

k White 

D Green 

C Red/White 

k Black 

A Red         

The 9V stepper motor used on the Z axis traverse 

mechanism was a five wire stepper motor. For a five wire 

stepper motor, the black wire does not exist. This is 

because the coils are commonly grounded through the white 

wire. Thus, the second k position remains unconnected.



APPENDIX E 

TRANSDUCER TEST CONFIGURATION 

The pressure meaSurement system was configured as 

tabulated in Table El for the respective pressure probe 

tests. The probe differential pressure relationships and 

the respective amplifier channel used are specified. The 

probe nomenclature is defined in Appendix C. 

Table El. Pressure Acquisition Configuration 

  

  

  

  

    

Transducer | Statham Probe Test Configuration 

Channel Transducer 

S/N 5 Hole 3 Hole Sphere 

0 11347 Ps ~ Pg Pro ~ Pso Pto ~ Pso 

1 11317 Po — P3 Po — P3 Psp — Pso 

2 12251 P, ~ Po Pi - Psgo 

3 11351 Pi — Pgo Pi — Pog           
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APPENDIX F 

MEASUREMENT PLANE CORNER REGION PROPERTIES 

Interpolation schemes were used throughout the plane in 

order to define the properties where insufficient 

information was available. For regions bounded by pressure 

probe data, the interpolation was straight forward. Figure 

Fl shows the regions within the measurement plane. Regions 

A through E were well defined and the interpolation applied 

is described in Section 5.2. Region A was defined by the 

five hole probe. Regions B, C, and D were defined by the 

long three hole probe. Region E was defined by the short 

three hole probe. The remaining regions required a more 

detailed analysis based upon physically plausible flow 

conditions. 

Regions F and G are located in the bottom endwall - 

suction surface corner. The regions are separated by the 

height of the tip gap. For both regions Cp), is determined 

by horizontal linear interpolation between the blade 

surface location and the respective boundaries with regions 

A and D. The w component of velocity was determined for 

both regions by vertical linear interpolation between zero 
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velocity at the bottom endwall and the velocity at the 

region B boundary. Below the tip gap height in region F, 

both Cot and the yaw angle are determined by horizontal 

linear interpolation between the tip gap exit values 

defined by Dishart (Section 5.2.3.1) and the region D 

boundary values. By specifying the inlet velocity 

magnitude, U,, the magnitude of the local velocity can now 

be calculated by equation 5.13. Thus, using the 

interpolated values for Coss Cote w, and yaw angle, the 

remaining properties could be calculated. 

Above the tip gap in region G, Cor was determined by 

vertical linear interpolation between regions F and B. The 

component of velocity normal to the camber line, v, was 

determined by horizontal linear interpolation between zero 

velocity at the blade surface and values at the region A 

boundary. Again, by specifying the inlet velocity, the 

remaining flow properties could be calculated from the 

interpolated Cosr Coty V, and w using equation 5.13. 

The bottom endwall - pressure surface corner is defined 

as region H. A C,, relationship at the bottom endwall was 

determined by horizontal linear interpolation between two 

of the endwall pressure taps. Cp), could then be determined 

in the region by vertical linear interpolation between the 

endwall relationship and the values at the region C 

boundary. The w component of velocity in region H is
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vertically interpolated to zero velocity at the endwall 

surface from the values at the region C boundary. Cpt was 

determined for a position in the region by taking the 

minimum of the value from a vertical projection from the 

region C boundary and the value corresponding to the no 

flow condition. The yaw angles at the region C boundary 

were projected vertically downward through region H. Thus, 

by applying the specified inlet velocity magnitude, the 

remaining properties could be calculated from those already 

determined. This procedure for region H gave zero velocity 

at the tip gap entrance. 

The top endwall - pressure surface corner was defined 

by regions I and J. For both regions, the w component of 

velocity was vertically interpolated to the zero velocity 

condition at the top endwall. The yaw angle at the region 

E boundary was horizontally projected through both regions 

I and J. In the I region, Cos was projected vertically 

from the value at the region C boundary. Cot was 

determined for region I by taking the maximum value between 

a vertical projection from region C and a horizontal 

projection from region E. This was done in order to 

project both the wake effects in region C and the endwall 

boundary layer in region E into region I. In region J, Cot 

was also determined in a similar manner to that used for 

region I, except the vertical projection was from the
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region A boundary. In contrast to region I, Cos was 

determined for region J by vertical linear interpolation 

between region A boundary values and the Cos relationship 

at the top endwall. The top endwall Cy, relationship was 

determined from horizontal linear interpolation of the long 

three hole probe measurements. Having determined Cpr, Cos, 

w, and the yaw angle, the remaining flow properties in 

regions I and J could be calculated. 

The top endwall - suction surface corner is defined by 

regions K, L, and M. In region K, Cos was determined by 

vertical linear interpolation between the region A boundary 

values and the relationship at the top wall. Cot and the 

velocity components Vy, V. and w were determined by y? 

horizontal linear interpolation between the region B and 

region E boundaries. The interpolated velocity magnitude 

was then corrected to be consistent with the Coss Cots and 

the specified inlet velocity magnitude, U,, per equation 

5.13. 

The properties in regions M and L were determined 

Similarly. For both regions the w component of velocity 

was vertically interpolated to a zero value at the top 

endwall and the v component of velocity was horizontally 

interpolated to a zero value at the blade suction surface. 

Cor was determined for a particular position in region M by 

taking the maximum value between a vertical projection from
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the region B boundary and a horizontal projection from 

region E. For region L, Cot was determined in a similar 

manner except that the vertical projection was from region 

K. This scheme projected the boundary layer turning 

present in the corner into the analysis. The main 

difference to the approach of calculating the properties in 

regions L and M was the method of calculating Cos: In 

region L, Cos was determined by vertical linear 

interpolation between the region K boundary values and the 

top endwall Cp, relationship. In region M, Cos was 

determined for a particular position by taking the maximum 

value between a vertical projection from region B and 

horizontal projection from region E. Thus, knowing Cote 

Cos, W, and v, the remaining flow properties in region L 

and M can be calculated by using the specified inlet flow 

velocity magnitude, Ug,.
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