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Abstract

The effects of using compressor blades with a crenulated (notched) triing edge in

a low aspect ratio (AR = 1) linear compressor cascade at four incidence angles (-1.08 deg,

+4.49 deg, +9.32 deg, and +12.44 deg) were investigated. Blade performance and wake

mixing characteristics for crenulated blades were compared with smila data for blades

with a straight trailing edge. A seven-bladed cascade was operated with a flow Mach

number of 0.4 and a blade chord Reynolds number of 4.1 (10)5. The diffusion factor

ranged from 0.22 to 0.42 and strong three-dimensional flow effects were present. Total

pressure losses were measured with a total pressure rake. Velocities and flow angles were

measured using hot-film anemometry. Crenulated blades were found to enhance wake

mixing from 20 to 50 percent depending on blade loading and downstream location.

Crenulated blades were also found to reduce flow deflection by 1.9 deg at the lowest

incidence and by 3.7 deg at the highest incidence. At the highest blade loading,

crenulations were found to reduce total pressure losses by 20 percent and inhibit large

scale flow degradation and vortex breakdown. At mild blade loadings, negligible

differences in losses were observed.

xiii



OFF-DESIGN PERFORMANCE OF CRENULATED

BLADES IN A LINEAR COMPRESSOR CASCADE

During the past century, the gas turbine engine has evolved from an inefficimt

machine of little practicality to become a very reliable, efficient means of converting

energy which has many industrial and aeronautical applications. As the evolution of the

gas turbine continues, improving gas turbine efficiency continues to be a worthy goal of

aircraft propulsion research. For example, the Integrated Hih Performance Turbine

Engine Technology Initiative (HiPTET, a cooperative effort between the Department of

Defense, the National Aeronautics and Space Administration, and the aeropropulsion

industry) is striving to double the aircraft turbine engine propulsion capability by the year

2000. To achieve its overall goal, this initiative relies on the cmmulative success of

numerous research efforts which are focused on individual gas turbine engine components.

Improved efficiency of gas turbine engines coresponds to increased aircraft

engine capability (thrust), fuel savings, or weight savings, depending on the priorities for

the specific application. The efficiency of a gas turbine is directly related to the efficiency

of each of its components. Gas turbine engines have three primary components: a

compressor, a combustor, and a turbine. The primary function of each component

(respectively) is to compress, heat, and expand the flow. While satisfying its primary

finction, each component adversely imparts losses to the flow which degrade the overall

performance of the engine. Aerodynamic losses imparted to the flow in the compressor is

the focus of this investigation.



Axial flow compressors are commonly used in aircraft engines In general, viscous

effects are a major source of losses in axial compressors. These losses are largely caused

by the boundary layers that develop on compressor blades.

Problem Statement

Boundary layers develop on the pressure am'irce and the suction surface of

compressor blades and merge at the trailing edges to create wakes which trail

downstream of the blades. These wakes are characterized by a defect in velocity and total

pressure. A schematic of the development of blade wakes is shown in Figure 1. The

mixing of these wakes is a source of flow losses Wmnerstrom (1982) proposed that

compressor blades with crenulated trailing edges may ealance (Le., accelerate) the wake

mixing process--which would effectively reduce the required length and weight of an axial

flow compressor by one or more rows of blades. The introduction of crenulations to a

blade trailing edge serves to generate vortices which trail downstream of the blade as

shown in Figure 2. It is these crenulation induced vortices which are the physical

mechanism which is thought to enhance the mixing process. With this improvement, it is

thought that a corresponding improvement in gas turbine efficiency may be realized.

Summary of Previous Research

Wennerstrom's proposal was investigated by Veesart et al. (1990), and by DeCook

et al. (1993). Both investigators found (among other findings) that the crenulated blades

did indeed cause enhanced wake mixing and lower wake losses than the same blades

without crenulations. These investigations were performed at a single incidence angle

using a linear compressor cascade. The linear compressor cascade is a simplified model of

an axial flow compressor blade row, and is used to conduct experimental aerodynamic

research. This simplification permits relatively inexpensive research to yield practical

2



results whidc can be extrapolated ad applied to the more complex flow reuime is axial

flow compressors.

It is conion for axial flow compressors in aircraft eages to spend a sinificant

amount of operating time at off-design rotational speeds. Variations in incidence angle in

a cascade can be thought to model variations in rotational speed and /or axial velocity in

an axial flow compressor. Therefore, cascade research which investigates the effect of

crenulated blades at various incidence angles could supply valuable information

concerning the overall merit ofusing crenulated compressor blades in aircraft gie

The objective of the experiment, relative to axial flow compressor design, was to

determine the aerodynamic benefits and shortoigs ofusing blades with a crenulated

trailing edge in comparison to using blades with a straight trailing edge. The study is

particularly focused on modeling the last row of stator blades where secondary flow

effects would be significant. With this perspective, a linear cascade experment was

conducted at four incidence angles (-1.08 deg, +4.49 deg, +9.32 deg, and +12.44 deg).

Two blade configurations were investigated: one with a crenulated trailing edge, and the

other with a straight trailing edge.

3



GeaerPagl i of a Cascade

A cascade is a row of identical blades which is used to change the direction and

pressure of a flowing gas Cascades have been widely used to model the flow

environment in axial flow compressors. A linear cascade (as opposed to an amular

cascade) is a cascade which has its blades arranged as if they were mounted on a hub with

an infinite radius of curvature. Consequently, the edges of the blades in a linear cascade

are parallel to each other.

A cascade is typically defined by specifying the blade geometry, the geometric

arrangement of the blades, and the flow condition. The ecificatons which are used to

define a particular linear cascade are identified in Figure 3. The blade geomety is

specified by the blade chord (c), the blade camber angle (0), the point of maxinsm camber

(a, typically measured along the chord and normalized by chord length), the blade

thickness disribution, and the blade aspect ratio (AR). The aspect ratio is defined as the

blade span normalized by the blade chord. The arrangemet of the blades is specified by

the blade spacing (s), the stagger angle (Q), the blade inlet angle (ce'1), and the blade outlet

angle (&'). The flow condition ofthe cascade is specified by the air inlet angle (a1 ) and

inlet velocity (Vj), and the air outlet angle (a2 ) and outlet velocity (V2). Various other

cascade descriptors can be derived from these basic parameters. Three descriptors which

are typically iid are the deviation angle (8), the incidence angle (i), and the deflection

(z). As shown in Figure 3, the deviation angle is simply the difference between the air

outlet angle and the blade o4,#iet angle. Likewise, the incidence angle is the difference

between the air inlet angle and the blade inlet angle; and the deflection is the diffrce

between the air outlet angle and the air inlet angle.

4



Ideal Cascade Flow

Ideally, a cascade would have an infinite number of blades, An infite number of

blades would eliminate the viscous effects of the cascade andwalls on the flow. These

effects are undesirable because there are no analogous effects in an axial flow compressor.

In many cascade experiments it would also be considered ideal to have blades of

infinite span. Blades of infinite span would eliminate the viscous effects of the cascade

sidewalls on the flow. The elimination of sidewall effects (given uniform flow conditions

at the flow source) would result in two-dimensional flow. Two-dimensiona flow as

specified by Erwin and Emery (1950) has the following characteristics:

1. Equal pressures, velocities, and directions exist at different spanwise

locations.

2. The static pressure rise across the cascade equals the value associated with

the measured turning angle and wake.

3. No regions of low energy flow, other than blade wakes exist. The blade

wakes are constant in the spanwise direction.

4. The measured force on the blades equals that associated with the measured

momentum and pressure change across the cascade.

5. The various performance values do not change with aspect ratio, number of

blades, or other physical factors of the tumnel configuration.

Cascade flow which is two-dimensional is thought to have the broadest application to

general axial flow compressor design.

Although purely two-dimensional flow affords considerable simplification in

interpreting cascade results, it is often impractical to achieve. In practice, a finite amount

of three-dimensionality in cascade flow may be desirable. In some cases, a cascade with

three-dimensional effects may be useful in modeling a specific flow condition in a

compressor. For example, the flow through the last row of stator blades in a compressor

5



may have strong three-dimensional effects. The characteritically low aspect ratio of these

blades allow the viscous effects at the compressor casing and hub to significantly degrade

the two-dimuesionality of the flow. These effects can be particularly significant at high

incidence angles, The blades used in this study were low aspect ratio blades (AR = 1)

which are representative of those which are typically used as the last row of stator blades

in an axial flow compressor. Achieving two-dimensional flow was not the intent of this

study. However, the two-dimensional flow condition does serve as a point of comparison

to qualitatively assess the degree of secondary flow present in the cascade.

Ouantification of Cascade Performance

Several parameters can be used to quantify the performance of linear cascades.

These parameters serve two purposes. They, 1) provide a basis for evaluating the validity

of the cascade as a model, and 2) provide a basis for evaluating the aerodynamic

performance of the particular concept being modeled. In this study, the concept that was

considered was the effect of using cremulated blades at various incidence angles where

three-dimensional flow was prese it. Since some of the parameters are expressed with

respect to a coordinate system, the cascade coordinate system that was used in this study

is defined as shown in Figure 4.

Evaluation of the Cascade as a Model The validity of the cascade as a model can

be evaluated by determining the periodicity and the axial velocity density ratio (A VDR) of

the cascade. A slightly modified form of the A VDR as given by DeCook (1993) is defined

as

AVDR a (P 2  y (1)

r(PV.,)=p dy
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where s - s- is one blade sipcing. If a discrete numnber of data poin• are sampli the y-

z plane (reference Figure 4) with equal spacing in the y-direction inch that the spacing

between the data points is suficiently smaller than the sample range, the A VDR can be

approximated numerically by

VDR = (2)

where n is the number of samples taken at the midspan location. The A VDR is an

indication of the two-dimensionality of the flow. If a cascade has no spanwise gradients of

mass flux, the A VDR = 1.0 and the flow is two-dimenidonal An A VDR > 1.0 indicates

flow contraction and a subsequent increase of the midspan mass flux through the cascade.

Results from cascades with non-unity A VDR are correlated with two-dimensional flow

results by the relationships presented by Gostelow (1984). According to Gostelow

(1984), caution must be exercised when using the A VDR to indicate the two-

dimensionality of the flow because the A VDR represents a midspan average which may not

accurately reflect the effect of localized three-dimensional flow which may develop in the

cascade. Examples of such flows are passage vortices, comer vortices, and concentrated

shed vortices which in some cases develop on the suction surface of low aspect ratio

cascade blades. A schematic of three-dimensional flow phenomena which may occur in a

cascade are shown in Figure 5. Tang et al. (1991), and Kang and lirsch (1991) have

investigated the three-dimensional flow in linear cascades and provide many details on its

structure and characteristics.

Periodicity describes the pitchwise static pressure distributions at the cascade inlet

and exit. Ifthe variation of static pressure with respect to pitchwise distance from the

7



center blade is periodic (ie., cyclic) then periodicity is said to be achieved. According to

Gostelow (1984), periodicity is essential for a cascade to be considered a valid model

Evaluation of Aerodynamic Concepts usig the Cascade. With the periodicity and

A VDR established, the aerodynamic performance of a cascade can be determinedL

Common indicators of cascade performance are the static pressure coefficient (C), the

total pressure loss coefficient (w), and the flow turning angle or deflection. Since this

investigation focuses in part on the wakes generated by the cascade, it is also relevant to

quantify the character of the flow downstream of the cascade. This can be accomplished

with (in addition to w) the wake velocity deficit (WVD) and the outlet velocity variance

(02).

The blade static pressure coefficient is defined as

C P-PI (3)

2

where p is the static pressure on the blade surface. C, is useful in quantifying blade

performance because it can be integrated over the blade surface to find the net force of the

fluid acting on the blade. The net force on the blade is equal in magnitude and opposite in

direction to the net force on the fluid. Through conservation of momentum and a force

balance on the blade, it follows that the net force on the fluid indicates the amount of flow

deflection caused by the blade. Since compressor blades are designed to turn the flow, C,

profiles for blades in different cascade configurations provide a comparative indication of

blade performance.

The local total pressure loss coefficient is defined as

a



P 0-P
0 v (4)

A1 2

2

Determination of w provides an indication of the energy lost through the cascade due to

viscous dissipation. A value of zero with no work addition would indicate iseintropic flow

through the cascade. The total pressure loss coefficient can be usefud in defining the

incidence angle at which a particular cascade is stalled. For example, Dixon (1978)

suggests that the incidence at which stall occurs is that which corresponds to twice the

minwmum i. A mass averaging scheme (Equation (6)) was used to combine the individual

values of w at each location in the cascade exit mea1r0 int plane to arrive at a single

value of z which was representative of the entire exit meauemet plane. The mass

averaging scheme was implemented because the flow at the cascade exit is characterized

by nonuniform mass flow due to the blade wakes and three-dimensional flow.

Gostelow (1984) states that for steady, incompressible flow the non-dimensional

pressure rise through a two-dimensional cascade may be expressed as (referring to Figure

2)

c= -o i a (5)

This expression for C, provides a meao of estimating flow deflection (ai-a2) through a

linear cascade from pressure measurements at the exit, provided the inlet conditions are

known. In this case, C, is determined by applying Equation (3) withp being measured

just downstream of the blade trailing edge.

The wake velocity deficit and the outlet velocity variance are defined with the use

of average properties. Since the wake region is a region of varying mass flow, a mass

9



averaging scheme was used in the wake regioL The m average of some general

quantity A, is defined as

JAp2V,dzd
A M -f (6)

If a discrete number of data points are sampled in the y-z plane (ref•ence Figure 4) with

equal spacing in the y-direction and equal spacing in the z-direction such that the spacing

between the data points is afficently smaller than the sample range, the mass average of

A can be approximated numerically by

A= Jl~V.~ (7)
I~jP2, V,,

where n is the number of samples in the meaueumt plane.

The wake velocity deficit is defined as

WVD w I-17' (8)V..

The value of the wake velocity deficit would be expected to be nearly 0 immediately

downstream of a cascade which has blades with a sharp trailing edge. This is because a

wake trailing a sharp edge would have a very narrow width and account for a relatively

small portion of the total mass flow through the cascade. For incompress•ble flow over an

airfoil with zero lift, it follows from White (1991) that as the wake develops downstream

of the airfoil, the wake velocity deficit should initially increase to a maximmn and thin
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decay to a value approaching 0 at a location far downstream of the airfoil. However,

White (1991) further suggests that the flow behind a cascade of cambered blades is likely

to be complicated with shed vortices and therefore the above trend can be thought of as a

time averaged trend.

The outlet velocity variance is the square of the standard deviation of the exit

velocity distribution. It is normalized by the square of the mean exit velocity and is

defined as

1 1(V 2 -) 2
-(n-) (9)

T-2

where 2 is the square of the arithmetic mean exit velocity. It should be noted, for the

sake of being rigorous, that the sample variance was used in the outlet velocity variance

definition as opposed to the population variance. The sample variance was used because

of the finite discretization of the measurement plane as discussed in Chapter IV. If the

population variance were used, the term (n- 1) would be replaced by n. Because n = 1474

data points in this study and 1474 >> 1, the difference between the sample variance and

the population variance is inconsequential to the results. Due to the variations of mass

flow in the wake region discussed previously, it is appropriate to calculate a mass

weighted variance. The mass weighted outlet velocity variance is defined as

I j..lP2YQ'2j 2  (10)- P
(ni

S- V,' pV., (n - 1) (0

where the expression p2V,, is the arithmetic mean mass flux in the axial direction. The

variance can not be evaluated at a single data point; it applies to a set of data points.

Consequently, the mass weighted exit velocity variance is not a mass averaged quantity
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per the definition previously given (Equation 6). However, the mass weighted outlet

velocity variance was convened into an expression which takes a mass averaged form.

This conversion process is shown by the following mipulation&

In the denominator of the mass weighted outlet velocity variance expression, the mean

mass flux term is expanded to take the form of a sum,

= i V (11)

= ~ ~ J-1 P2J 22 , (2-)f (2

(n-i)j V -
S= n I •j•.IP.,p,,,(V2 - )2 (12)

2, P2, , Z.pV.,,

Introducing the squared mean exit velocity term into the sum in the numerator,

n XJ P2 (13)

(n-i) V..,p, 2

This expression is now recognized as,

(n-). mass average of -1 (14)
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1I. Exeimdta Agratus

The experaiental apparatus consists of five major components. These components

are the air supply system, the diffuser/stilling chamber, the throat, the cascade test section,

and the data acquisition system. A description of each component is provided in this

chapter.

Air S _y Sys

A schematic of the air supply system and diffuser/stilling chamber is shown in

Figure 6. The air supply system consists of a 30 kW centrifgal blower which delivers air

to the test section at approximately 1.6 kg/s which results in a flow Mach number of

approximately 0.4 in the cascade test section. The blower is configured so that it can

intake outdoor air, laboratory air, or a combination of oatdoor and laboratory air. This

option is useful for controlling the total temperature of the flow through the cascable. The

air is electrostatically filtered before entering the diffuser.

Diffuser/Stiling Chamber

The air from the blower is diffused to approximately 3 m/s in the stilling chamber.

The stilling chamber is cylindrical with an internal diameter of approximately 1. 1 m. It has

provisions for conditioning and straightening the flow prior to the test section entrance,

and contains a styrofoam center body plug which is covered with foam rubber. The plug

provides a gradual change in cross-sectional ares for diffusion of the flow; it also obstructs

the acoustic path between the blower and the test section. A 40 mesh wire screen, a cloth

filter, and a 10 cm thick honeycomb grid provide the final flow conditioning and

straightening before the flow exits the stilling chamber through a rectangular ASME long-

radius bellmouth nozzle. The nozzle throat has a 5.0 cm by 20.3 cm cross-section. A
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more detailed description of the air supply system and diffi-a/stilling chamber is give by

Allison (1982).

Throat and Cascade Ted Section

A schematic of the throat and cascade test section is shown in Figure 7. As shown

in Figure 7, the throat has provisions for endwall boundary layer removal. Suction was

applied to the endwall suction slots for all cascade testing in this study. The test section

holds seven blades. The profile ofthe blades used in t study is shown in Figure 8; their

surface coordinates and mean camber line are listed in Table 1. The details of the blade

geometry, including the determination of the blade camber angle and the inlet and exit

angles, are included in Appendix A. Although the blade profile was fixed throughout this

study, the trailing edge of the blades differed depending on whether the blades were

crenulated or not crenulated. The planform of each blade configuration tested is shown in

Figure 9. During a single test run, all seven blades were either crenulated or not

crenulated. As can be seen from Figure 9, the presence of the crenulations caused the

blade planform to be reduced by approximately 14 percent. The test section interfaces

directly with any one of four interchangeable throat section& Each throat section causes

the cascade to see a unique incidence angle. This method of varying the incidence angle

allows the stagger angle to remain fixed throughout the testing. The throat angles and

corresponding incidence angles are listed in Table 2. In this study, it was assumed that the

velocity in the throat was parallel to the throat endwalls and therefore the throat angles

were equal to the air inlet angles (a1 ). As can be seen from Figure 7, the throat/test

section interface requires that the cascade test section accommodate various inlet area&

This was accomplished with the adjustable endpieces in the cascade test section. The

endpieces were adjusted by using a shim of the appropriate thickness for each incidence

angle. Depending on the incidence angle tested, the spacing between the outer-most blade
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and the cascade endwall varied from 1.1 cm to 2.9 cm. This variation in endwald spacing

can be expected to affect the performance of the outer blades. However Erwin and Emery

(1950) found that variations in eudwall spacing had a negligible effect on the performance

of the center blade. Since this study focused on the center blade, the variations in endwall

spacing were determined to be acceptable.

The center blade of each cascade configuration was fabricated with static pressure

ports on its pressure surface and suction surface to allow a midspan blade surface static

pressure distribution to be obtained. The position of these ports along the blade chord are

listed in Table 3. It should be noted that the crenulated blades have the furthest

downstream pressure port omitted due to interference with the crenulations. The cascade

specifications as defined in Chapter II are listed in Tables 2 and 4.
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Table 1. Blade Surface Coordinates and Mean Camber Line

Suction Surface Suction Surface Pressure Surface Pressure Surface Mean Camber
x (CM) y (C)x (cm.) y (re y (cm.)
5.001 0.000 5.001 0.000 0.000

4.902 0.020 4.901 0.009 0.015
4.703 0.061 4.699 0.028 0.044
4.404 0.119 4.497 0.046 0.083
4.257 0.148 4.245 0.069 0.108
4.010 0.202 3.992 0.092 0.147
3.612 0.285 3.590 0.132 0.208
3.213 0.359 3.189 0.169 0.264
2.811 0.420 2.790 0.198 0.309
2.404 0.456 2.397 0.213 0.335
1.997 0.460 2.004 0.210 0.335
1.744 0.448 1.757 0.201 0.325
1.491 0.427 1.510 0.189 0.308
1.238 0.396 1.263 0.172 0.284
0.986 0.356 1.015 0.150 0.253
0.734 0.304 0.766 0.122 0.213
0.483 0.239 0.517 0.087 0.163
0.383 0.209 0.417 0.071 0.140
0.283 0.174 0.317 0.053 0.114
0.184 0.134 0.216 0.034 0.084
0.086 0.084 0.114 0.013 0.049
0.038 0.053 0.062 0.002 0.028
0.016 0.033 0.034 -0.002 0.015
0.000 0.011 0.010 -0.004 0.004
0.000 0.000 0.000 0.000 0.000

Note: For Table 1, x refers to distance from leading edge along the blade chord and y
refers to perpendicular distance from blade chord

16



Table 2. Trs sdIdonAge
a, (deg) 

-
(de*

25.43 -1.08

31.00 +4.49

35.83 +9.32

38.95 +12.44

Table 3. Location of Blade S'flic Pressre Posts

Location in Fractin of Chord

Suction Surfice Pressure Surface

0.045 0.070

0.095 0.120

0.169 0.195

0.245 0.270

0.295 0.320

0.345 0.370

0.395 0.420

0.445 0.470

0.495 0.520

0.545 0.620

0.645 0.670

0.695 0.720
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Table 4. C ascde c s

Specfica Symbol vale

Blade Chord Law& c 5.0 cm

Blade Camber Angle 0 30.51 deg

Blade Inlet Angle a', 26.51 deg

Blade Outlet Angle a', -4.00 deg

Point of Maximum Camber a 0.5 chord

Blade Spacing s 3.4 cm

Stagger Angle C 7.50 d;g

Air Inlet Angle a, see Table 2

Inlet Velocity V, 137-146 m/s

Air Outlet Angle a, see Table 6

Outlet Velocity V, 107-122 m/s

Deviation Angle 8 see Table 8

Incidence Angle i see Table 2

Deflection E see Table 6
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The elements of the AFIT Cascade Test Facility Digital Data Acquisition System

are depicted in Figum 10. As can be seen in the figure, the acquisition system cansists of a

central computer and four subsystems. The four subsystems can be describe fimctonualy

as (1) the pressure measurement subsystem, (2) the velocity and temperature measment

subsystem, (3) the temperatu met subsystem, and (4) the travers control

subsystem. A detailed equipment listing is presented in Appendix B.

Central Comput. The central computer for the data acquisition system is a

Zenith Z-248 computer. The computer is equipped with a math coprocessor to speed

numerical computation. The software which commands the acquisition process is written

in MS-QuickBasic 4.5. The software consists of sevend multi-module programs and

provides automation of both data acquisition and data reduction.

Pressure Measurement Subsystem The pressure met subsystem consists

of a Pressure Systems, Inc. Model 8400 Pressure Scanner, three 32-port mrsducer

blocks, a total pressure rake, and a CEC Model 2500 Digital Barometer. The pressure

scanner was used to measure the cascade inlet total and static pressures, the blade surface

static pressures, and the cascade exit total and static pressures. The digital barometer was

used to measure the laboratory ambient pressure.

As configured in this study, the pressure scanner scanned the output from the

trmsduer blocks at a rate of 20 kHz. For one data point, it sampled each of the 96 ports

II times and calculated the arithmetic mean of the II values which resulted in a total

sample time of 0.053 seconds. The pressure scanmer has an internal certified standard

transducer which was used for calibration at the beginning of each tes run. The standard

transducer is supported by an internal heater to minimize the influence of ambient

temperature fluctuations.
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The transducer blocks provided 96 transducers from which pressure was

mesured. Each transducer block has one reference port which was vented to anbient

conditions. Each block also contains a plunger operated valve which redirected the

sensg location of the transducers to a known ref•rence pressure during calibration.

The total pressure rake was used to measure the total pressure at the cascade exit.

A schematic of the total pressure rake is shown in Figure 11. Each of its 11 tubes has an

inner diameter of 0.0635 cm and an outer diameter of 0.0889 cm. The centers of the tubes

are equally spaced at 0.381 cmn. This spacing resulted in a -t span of 75

percent of the blade span.

The digital barometer was used to measure ambient pressure for each data point.

It is equipped with an IEEE 488 interface which facilitated automation of the ambient

pressure data acquisition. The digital barometer also has an internal heater to minimize

the influence of ambient temperature fluctuations.

Velocity and TeN a Measurement Subsyot= The velocity and

temperature mea -remt subsystem consists of a TSI Model IFA 100 Intelligent Flow

Analyzer, a TSI Model IFA 200 System Mulichnel Digitizer, a TSI x-confilguration

hot-film probe, and a thermocouple.

The intelligent flow analyzer was used to acquire velocity and temperature data. It

contains a Model 140 Temperature Module which acquired voltage from the

thermocouple. It also contains two Model 150 Constant Temperature Anemometer

Modules which acquired voltages from the hot-film sensors. The gain, offset, and low

pass filtering were provided by three Model 157 Signal Conditioners. As configured in

this study, the gain was set to 5 and the offset was set to 2, to make maxinaum use of the

range ofthe digitizer. The low pass filter was set to 5 kHz to eliminate aliasing at the 10

kHz sample rate.
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The mnukidanunel disitizer was used to scan and digit the voltages fomi the

signal conditioners in the inteAient flow analyzer. t contains three Model 252 Digitiz

As configured in this study, the digitizer acquired the velocity and temperature voltages

sinmhaneously at a sample rate of 10 kHz

The hot-film probe was used to acquire velocity and turbulence data. A schematic

of the hot-film probe is shown in Figure 12. As shown in Figure 12, one hot-film probe

consists of two sensors. TSI Model 1241-10 and Model 1241-20 x-conflguration hot-film

probes were used. Different model numbers were used based on the limited availability of

the probes and because the probes are very fragile and consequently were broken during

this study. All of the probes used gave acceptable results during the verification phase of

the calibration (see Chapter IV).

The thermocouple used in this subsystem was used to measure the probe calibrator

total temperature. This thermocouple is an Omega T-type copper-constantan

thermocouple.

Temperature Measurement Subsystem. The temperature measurement subs stem

was used to supplement the temperature measurement capability of the velocity and

temperature measurement subsysten. This was needed because the velocity and

temperature measurement subsystem is only capable of accommodating two

thermocouples, and three thermocouples were used in this study. The temperature

subsystem measured cascade total temperature and ambient temperature. It consists of a

Hewlett-Packard Model 3455A Digital Voltmeter, a Hewlett-Packard Model 3495A

Scanner, and 2 Omega T-type thermocouples.

Traverse Control Subsystem. The traverse control subsystem consists of two

New England Affiliated Technologies Model 301 Programmable Motion Contronlers and

two Oriental Motor Company Stepper Motors. One of each of these was used for

traverse in the cascade pitchwise direction, and one of each was used for traverse in the
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ssauwiac dirction. Whon atahed to the travramg modaaian, the resohitm of the

subvsyem is 0.00 13 cm.
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IV, E .aWM d Prio-ed

Hot-wilvetfi Cnh

Qvrve. Hot-wire anemometry was the method chosen to measure the velocity

in the cascade outlet duct and the flow deflectioin through the cascade. Hot-wire

anemometry is a method of determining the velocity and direction of a flowing fluid by

measuring the amount of energy dissipated by a heated wire placed a the flow. The two

commonly used methods of measa•ing this energy dissipation use either constant

temperature or constant current principles. This study used the contant temperature

method. In constant temperature anemometry, a currant is passed through a thin wire and

the amount of voltage required to k eup the resistance, and hence the temperature, constant

is measured. This input voltage is then used to determine the mass flow of the fluid

flowing over the wire. From the mass flow, the velocity of the fluid is detemined. With

an x-configuration probe, the magnitudes of the velocities flowing across two wires at a

known angle to each other are measured. From these magnitudes and the known angle

between the wires, the direction and the magnitude of the velocity is determined. The

operating principles of hot-wires and the development of the following equations are

discussed by DeCook (1991). A comprehensive bibliography of sources detailing the

theory of the electrical and thermodynamic relationships used in hot-wire anemometry may

be found in A Biblioraphy of Thermal Anemomgery by Peter Freymuth (1982).

As stated in chapter KI, the probes used in this study were TSI Model 1241-10 and

Model TSI 1241-20 hot-film probes. The difference between wire and film sensors is that

the latter is a quartz cylinder with a conductive film deposited on it as opposed to an

actual wire. Film sensors are typically less fragile than wire sensors; however wire sensors

typically have higher fiequency response than film sensors. The frequency response of
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both types of sensors were at least twice as high as the sample rate, and therefore the

sturdier hot-film sensors were chosen.

C~miogn • m The equations that follow are given by DeCook (199 1)

and were implemented with the calibration and data reduction software. The equations

used in this study are wmmarized here for refermce.

The fluid velocity was found using the definition of the Reynolds number. In this

study, the Reynolds number was defined as

Re apVd, (15)

The effective velocity over each sensor of the probe is the vector sum of the component of

velocity normal to the sensor axis and a fraction of the velocity parallel to the sensor ais

The relationship between the effective velocity and the actual fluid velocity is

v~r = Vlsin'a+k coe a (16)

The cooling ratio is related to the ratio of the sensor length to the sensor diameter and was

determined as a result of the angle and velocity calibration procedure described below.

The Reynolds number was found by solving the equation

Nu() = A + BFR-- +CRe (17)

The constants A, B, and C were determined by the previously mentioned calibration and

the temperature loading factor (b)was determined by a separate temperature calibration.
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Each of these calibration procedures are detailed below. The method of solving Equations

(15)-(17) for the actual fluid velocity are thoroughly detailed by DeCook (1991).

Calibration dur. The calibration procedure for the hot-film probe consisted

of two parts: (1) a velocity and angle calibration, and (2) a temperature calibration. The

first of these required a set of velocity measuremets and a set of angle Snt.

This procedure determined the constants A, B, and C in equation (17) and the value ofk in

equation (16). The first step was accomplished by peforming a 31-point unidirectional

calibration at a constant air total temperature with velocities ranging from 65 ni/s to 150

m/s. Next, a 2 I-point unidirectional angle calibration was performed with angles ranging

from + 10 deg to - 10 deg. The ranges of velocities and angles used in the calibration were

chosen based on expected ranges of velocities and angles to be found in the cascade.

These choices proved to include at least two standard deviations of both the velocities and

angles that were found in the cascade and were therefore determined to be acceptable.

Equations (16) and (17) were solved by setting the temperature loading factor to zero to

temporarily eliminate the temperature dependency of constants A, B, and C. These

constants were then calculated for a range ofvalues of k using the known calibrator

velocities and angles with the temperature held constant. The resulting coefficients were

then used with the known velocities and angles measured with the calibrator to calculate

the sum squared error (SSE). The sum squared error was computed (with the value of b

set to zero) for each value ofk by

SSE Nu(j f -(A +Bu - +CRe,)]
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The value of k which produced the lowest SSE for the velocity and angle calibration was

used. The values used in this study varied from 0.09 to 0.45 and depended on the

particular hot-film sensor that was used.

With the values of A, B, and C determined, the temperature calibration was

accomplished to determine the value of the temperature loading coefficient. This

procedure consisted of taking a series of velocity mearemments while the total

temperature of the airflow was varied. The range of temperatures used in the calibration

was chosen based on an expected range of temperatures to be found in the cascade. This

process was repeated twice to include measurements of both high and low velocities at

both high and low temperatures. Equation (18) was again solved by using the previously

determined value for k and a range of values for b. The value of b which yielded the

smallest sum squared error over the expected temperature range was chosen. The choice

ofb was dependent on the particular hot-film sensor that was used and varied from -0.15

to 0.44.

Calibration Verification. With the values of the coefficients determined, the

calibration was verified by comparing the velocities and angles indicated by the probe to

known velocities and angles throughout the calibration temperature range. The results of

this verification showed the probe to be accurate to within ±0.25 degrees and ±0.5 ni/s

within a 4VC temperature range. The center of this range depended on the particular

probe that was used. Deviations outside of this range produced progressively larger

discrepancies between the actual flow conditions and the measured flow conditions.

These discrepancies were particularly evident with the angle measurements. The angle

measurement discrepancies increased slowly up to a maxinmu of about 0.5 deg at the

extremes of a 10°C temperature range. Therefore it was determined to actively control

the total temperature of the flow such that a 40C temperature range was not exceeded

during testing.
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The velocities and directions measured with the hot-film probe were measured

relative to the line bisecting the angle between the two sensors, This velocity was

transformed into the cascade axis system. This details of this transformation are given by

DeCook (1991).

Pressure Measurement Subsystem Calibration

The PSI 8400 pressure scanner was calibrated using an internal standard and an

automated calibration process. Because the calibration was automated, the time required

to calibrate the 96 pressure transducers in the system was less than 4 minutes. This

allowed a complete calibration (determination of the voltage/pressure slope and offset) of

each transducer to be performed prior to each test run. A complete calibration consisted

of a 5-point calibration which ranged from -1.0 psid to +1.0 psid. In addition to the

complete calibration prior to each test rum, the data acquisition software included

provisions to adjust the offset of the voltage/pressure curve should the temperature drift

beyond 1.5°C from the calibration temperature. The implementation details of the

calibration may be found in the PSI 8400 Pressure Scanner User's Manual (1993).

Cascade Inlet Flow Conditions

A survey of the throat was made with the hot-film probe to determine the throat

velocity distribution and turbulence intensity. Turbulence intensity quantifies the

magnitude of unsteady velocity fluctuations which are superimposed on the steady mean

flow velocity. In this study, velocity fluctuations were measured in the cascade x-y plane

(Figure 4) with an x-configuration hot-film probe. Turbulence intensity (Tu) for one data

point in a given measurement plane is defined as
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2 -2Tua-n (19)

where V.( (20)
L

-yJL(VV)2 (21)

L

where L is 100 samples taken at each data point. The survey was made with the test

section removed because the test section interfered with the hot-film probe. The plane

surveyed was located 5.1 cm upstream of the throat exit. This survey revealed a slight

skewness to the velocity distribution. From the survey, the mass averaged turbulence

intensity was found to be 0.68 percent and the mass averaged velocity was found to be

135.6 rn/s.

Perioity. The periodicity of the inlet static pressure distribufion was measured

with the test section in place and the straight trailing edge blades installed at each of the

four incidence angles. The inlet periodicity was determined by sampling 23 inlet static

pressure ports. These ports were located 0.05c upstream from the blade row leading edge

plane, were spaced at 0.46 cm intervals, and covered a range of about 3 blade spacings

centered on the leading edge of the center blade. The inlet plane static pressure

distribution was found to be periodic. The periodicity results are discussed in Chapter V.

Evaluation of the periodicity results led to a method of estimating the cascade inlet static

pressure for each data point in a given measurement plane. This method involved

averaging a centered period of static pressure values. The nine inlet static pressure ports

that were centered on the center blade were chosen to be monitored during testing. The

arithmetic mean of the pressure measurements from these ports was taken to be the inlet

static pressure.
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Inlet Total Pressure. The final aspect of the inlet flow conditions that was

evaluated was the inlet total pressure. In this study, the stilling chamber static pressure

was taken to be the stilling chamber total pressure. The total pressure losses through the

bellmouth and the total pressure losses due to the endwall boundary layer suction were

quantified experimentally. The m urement made to determine these losses was made

with the straight trailing edge blades mounted in the test section at the +4.49 deg

incidence. The total pressure rake was placed so that it was about 0.05c upstream of the

blade row at an angle of approximately 9.5 deg to the flow direction. This location was

downstream of the endwall suction slots and at the same axial location as the inlet static

ports. The 9.5 deg angle was determined to be acceptable since pitot tubes are reasonably

insensitive to small angle variations. The value of the cascade inlet total pressure was

taken to be the arithmetic mean of the 11 total pressure readings of the total pressure rake

and was found to be 99.85 percent of the stilling chamber total pressure (0.9985 P,). For

all calculations in this study, the inlet total pressure was considered to be 0.9985 Pk

where Pk varied from 15.5 psia to 15.8 psia.

Cascade Exit Flow Conditions

The exit plane of the cascade was evaluated for static pressure periodicity. The

size of the measurement window and discretization of the measurement window were also

determined.

Periodicity. The cascade exit static pressure periodicity was evaluated by

sampling 23 sidewall static pressure ports. These ports were spaced at 0.46 cm intervals,

were centered on the trailing edge of the center blade, and covered a range of about 3

blade spacings. This row of ports was located 0.05c downstream from the blade row

trailing edge plane. The measurements were made with the straight trailing edge blades

mounted in the test section at the +4.49 deg incidence. The exit plane static pressure
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distribution was found to be periodic. The periodicity results are discussed in Chapter V.

Evaluating the periodicity results led to a method of estimating the cascade exit static

pressure for each data point in a give mean rent plne. This method involved

averaging a centered period of static pressure value The nine exit static pressure ports

that were centered on the center blade were chosen to be monitored during testing. The

arithmetic mean of the pressure measurements from these ports was taken to be the exit

st* * pressure.

Establishment of the Sampling Window. With the periodicity evaluated, five

planes were sampled with the hot-film probe. These surveys, which were made with the

straight traiing edge blades installed at the +4.49 deg incidence angle, were used to

determine the appropriate window to sample during the data acquisition runs. The planes

that were surveyed were located at x/c = 0.05, 0.30, 0.56, 0.96, and 1.37 downstream

from the cascade exit where the rows of sidewall static ports were located. Using these

rows of static ports to determine the location of the - t planes allowed the static

pressure at each x/c location to be most accurately measured.

Contour plots of the velocity distributions were evaluated to determine an

appropriate sampling window for all of the planes. The chosen sampling window is shown

in Figures 13 and 14 where the center blade is located at y = 0. For the initial velocity

surveys, relatively coarse grid spacings of 0.127 cm in the y direction and 0.279 cm in the

z direction were used. As can be seen in Figures 13 and 14, the blade wakes and

associated vortices migrated in the negative pitchwise direction from the trailing edge of

the center blade as they developed downstream of the cascade exit plane. To capture this

phenomenon, the sampling window was chosen to cover a range from 1.22 cm above the

trailing edge of the center blade to 2.16 cm below the trailing edge of the center blade.

This range covered one blade spacing and was chosen so that the extremes of the window

were outside of the blade wakes. The window was chosen such that all wake turbulence
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and vortices in the window canm from the center blade. The window was also chosm to

allow for an anticipated greater migration of the blade wakes and vortices at the highest

incidence angle.

With the range of the window chosen, the discretization of the window was then

determined. From the preliminary contour plots, it could be seen that conditions changed

much more rapidly in the pitchwise (y) direction than in the spanwise (z) direction. This

indicated that the sampling grid should be as fine as practical in the pitch direction and

could be coarser in the span direction. The total pressure rake spanned a distance of 3.81

cm and had tubes at 0.381 cm intervals. The hot-film probe however, could be placed at

much smaller intervals but could only scan an additional 0.05 cm in the spanwise direction

It was decided that the distance and spacing of the total pressure rake would be adequate

for the hot-film probe as well A much finer grid of 0.025 cm was used in the pitch

direction than in the span direction for both instruments. This spacing ensued that

approximately 10 measurements were taken within the wake because the thickness of the

blade wake was found to be approximately 0.25 cm at the first sampling plane. While a

finer grid would have provided more resolution, the time required to scan the window

would have been excessive. The measurement plane discretization was chosen to be the

same for the hot-film probe and the total pressure rake; this resulted in 1474 points being

sampled for each window surveyed.

Data Acquisition

Tailboard Balancing. The tailboards (Figure 7) were balanced prior to the first

test run for each configuration. "Tailboard balancing" refers to the procedure of adjusting

the cascade tailboards such that they are optimally positioned. This procedure was

necessary to minimize the influence of the tailboards on the flow deflection for each

cascade configuration. The two primary objectives of balancing the tailboards were to
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ensure the diffuser exit pressure was equal to ambient pressure and to ensure that the top

and bottom tailboards had the same pressure distribution. Since it was desired to have

ambient pressure at the exit plane of the diffuser, the pressure at the exit plane of the blade

row varied with flow deflection angle. In all cases the tailboards were balanced to achieve

0 + 0.09 psig at the diffuser exit and 0 + 0.09 psig between top and bottom. This resulted

in blade row exit pressures of 0.047 to 0.083 psig depending on the particular cascade

cn Iguraon. These procedures also ensured the previously mentioned periodic pressure

distribution across the blade exit plane. The tailboards were balanced with the instnrnent

to be used, either the total pressure rake or the hot-film probe, installed in the cascade.

I et . IThe procedures for aligning each of the instruments (the

hot-film probe and the total pressure rake) were nearly the same. Each was centered

spanwise downstream of the center blade and the reference point of the traverse control

subsystem was set to zero. The spanwise alignment process required the removal of the

sidewall and the subsequent balancing of the tailboards (reference Figure 7). The

pitchwise alignment was made with the tailboards aligned and the airflow turned on. The

precision with which the instruments could be aligned was + 0.13 mm An additional

alignment check was made for the hot-film probe to ensure that it was aligned with the

cascade x-axis. This check was made in the flow and any corrections for misalignment

were made to the reduced data.

Pressure Measurement. The pressure measurement process was fully automated.

All pressures were read into the central computer from the pressure measurement

subsystem. The pressure data received by the central computer were in reduced form (ie.,

psig). The arithmetic mean of the static pressure readings from the nine ports at the

cascade inlet was calculated; and the arithmetic mean of the static pressure readings from

the nine ports at the cascade exit measurement plane was calculated. The resulting mean

values were taken to be the inlet and exit static pressures respectively, and were written to
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the data file for each data point. The tiling chamber static presuare was read directly into

the data file. The static pressure ports on both surfaces ofthe c blade were sampled

by the pressure scanner for each blade onfiguration at each of the four incidence angles.

Each pressure reading passed on to the central computer represented the

arithmetmean of ll samples taken at 208 Hz. The pressure transducers were refineed

to ambient pressure. The ambient pressure was monitored by the central computer via the

digital barometer. Because the elapsed time between the first data point and the last data

point was as long as 90 minutes, an ambient pressure reading was taken for each of the

1474 data points.

Temperature Measurement. The temperature meat process was folly

automated. The thermocouples which monitored the stilling chamber total temperature

and the ambient temperature were read for each data point. The temperature data

received by the central computer were in raw form (le., Volts). These voltages were then

transformed into temperatures during data reduction.

Total Pressur Rake Positionig. The total pressure rake (Figure 11) positioning

procedures were automated except for the initial alignment. The airflow was turned on

and the tank and ambient temperatures were allowed to stabilize. The central computer

positioned the traversing mechanism at the highest pitchwise point of the traverse via the

traverse control subsystem, All total pressure rake data runs were made using a vertical

traverse with the rake aligned with the span of the blades. At each point of the traverse,

the readings from each of the 11 total pressure tubes were read from the pressure scanner.

If the change in pressure from one point to the next resulted in a change of more than 0.02

psid for any of the 11 total pressure rake tubes, that point was re-taken for all 11 tubes

This process was repeated until all tubes showed a change in pressure of less than 0.02

psid for two consecutive samples. All I I pressures were recorded sitmultaneously. The

previously mentioned grid spacing resulted in 134 vertical points being taken to cover the
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survey window and required from 7 to 25 minutes to complete for each a

plane.

Hot-film Probe Postm The hot-film probe (Figure 12) positioing

procedures were also automated except for the initial aligmnmt, but used a slightly

differnmt scannin pattern than did the pressure rake. The differnce, being that it traversed

in the span direction in addition to the pitch diroctim This differnce required that the

probe be positioned for each of the 1474 data points (as opposed to only 134 vertisl

points) and caused significantly longer rum times of 90 mnutes. These longer run times

and the sensitivity of the hot-film sonsors to temperature changes made it necessary to

actively control the stilling chamber total temperature. This was done by configuring the

blower intake such that a combination of outdoor air and laboratory air flowed into the

blower. Outdoor air entered the blower contaiment room from a fixed geometry duct.

Laboratory air entered the blower through the blower containment room door. The

proper mixture of outdoor/laboratory air was maintained by varymg the door position such

that the total temperature of the stifling chamber was maintained within the 4"C range as

mentioned in the calbration procedure. At each point in the measurement plane, 100

samples of the hot-film voltages were taken at a rate of 10 kHz. The arithmetic mean of

the 100 samples and the root mean squared (rms) fluctuation from the mean for each hot-

film voltage was recorded along with the pressure and temperature data at each point.

These quantities were written to data files for subsequent data reduction.

Dataedion

The data reduction was accomplished by employing two separate, but not

independent, reduction procedures. These two procedures were the total pressure rake

data reduction and the hot-film probe data reduction. As discussed below, the two

procedures were not independent because the total pressure rake data reduction procedure
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depended on the resul of the hot-hhn probe data reduction procedure to impleniat the

mass averaging of the total pressure loss coefficient. Both reduction procedures reduced

the thermocouple volages by using a calibrtion-derived toiperaturelvokage fuactiom

The reduction procedures are discussed below.

Total Pressme Rake Data J In this study, the total pressure loss

coefficient was the only reported quantity that used me rm Uens take by the total

pressure rake. The total pressure rake was used to measure P, at each location in the

a plane. With P,, measured, the quantity (P,,-P.) was calculated. R=l Po,

was the total pressure at the cascade inlet and was found experimantally to be 0.9985 P,..

The value for p, in Equation (4) was calculated by

A = p (22)
RT1

The value for T, in Equation (22) was calculated by

7-1

T = To* -PLO',-)(23)

The value for V, in Equation (4) was calculated by

ýyR-

After the total pressure loss coefficient was computed for each location in the

measurement plane, these values were mass averaged. This mass averaged result provided

a total pressure loss coefficient for the measurement plane as a whole. The mass

averaging was accomplished according to Equation (7) with A, being replaced by v,. The

value for p2 in the mass averaging scheme was calculated using Equations (22) and (23)
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with all ine subscripts (1) changed to mfauarmt plane subscrits (2). The velocity

used in the mass averaging scheme was the axial component of velocity taken from the

hot-film probe data reduction results.

Hot-film Probe Data Reductim Values for the axial velocity density ratio, flow

deflection, outlet turbulence intensity, wake velocity deficit and outlet velocity variance

were calculated solely from data acquired with the hot-film probe. The reduction of the

hot-film probe voltages into velocities and angles at each locmtion in the - ___t

plane was accomplished using Equation (17) where velocity is embedded in the Reynolds

number and voltage is embedded in the Nussek number for each ssor. The flow angle is

then found from the velocity about each sensor and the known angle between the sensors

A detailed discussion of the reduction procedures used to transform the hot-film probe

voltages to velocities and angles is given by DeCook (1991).

The flow deflection angles calculated for each location in the measuremet plane

were mass averaged. This was accomplished by using Equation (7).

The mass weighted outlet velocity variance was calculated using Equation (13).

The values for the other quantities in Equation (13) were calculated as previously

discussed. As explained in Chapter M, this expression for outlet velocity variance is a

mass weighted value and thus did not require implementation of Equation (7).

The wake velocity deficit was calculated using Equation (8). The mass averaged

value for the velocity in the measurement plane was calculated using Equation (7). In this

study, the freestream velocity in Equation (8) was assumed to be the arithmetic mean of

the velocities within the 75th percentile of all the velocities recorded in the measurement

plane. This assumption was found to reasonably valid by examining the results presented

in Chapter V.

The nondimensional static pressure rise was calculated using Equation (3). In this

equation, p was taken to be the arithmetic mean of the sidewall static pressures measured
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at the same axial location as the mesuarent plane. The other quantities in Equation (3)

were calculated as previously discussdL The blade static pressure coeffcients were also

calculated using Equation (3). In this case, p was taken to be the blade surface static

pressure measured at each location on the blade surface as listed in Table 3.

The axial velocity density ratio was calculated using Equation (2). The quantities

p2 and V,2 in Equation (2) were taken to be those values calculated at the midspan

locations (z = 0) in the measurment plane. This resulted in n = 134 midspan locations&

The other quantities in Equation (2) were calculated as previously discussed where

v., = Vcos a,.

Error Analysis

The manufacturer specified accuracies for the various pieces of data acquisition

equipment are discussed in Appendix C. The errors resulting from these accuracies are

calculated in Appendix C and summarized in Table 5.

Table 5. Estimated Equipment Errors

Parameter Expected Error (%)

A VDR 1

Blade C, 2

Exit Plane CP 2

w 2

Tu 1

WVD 3
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The results of this study were validated by conducting repeat test rus. These

repeat rims were normally made at the x/c = 0.05 measuremnIt plane. This location was

chosen since it was determined to be the most sensitive to changes in either cascade

conditions or instrument alignment and calibration. Before a repeat run was made, the

cascade blower was turned off and the system was allowed to blow down. In most cases

the repeat run was made approximately eight hours after the initial run at that location. In

some cases the repeat run was made on the day following the initial run with the system

having been shut down for several hours.

A repeat run was considered to validate the initial results if the repeated rim

yielded results which differed from the initial results by no more than the estimated errors

listed in Table 5. If the repeat run did not corroborate the initial results, then another

repeat run was made at the x/c = 0.56 measurement plane. If this run also failed to

corroborate the initial results, the cause of the different results was investigated and

corrected. Following this investigation, the data acquisition process was repeated in its

entirety.
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V. Discussi of s

The Results are presented as a finction of location downstream from the cascade

and also as a function of incidence angle. The dependence of the various quantities on

location downstream provides insight into the trends which resulted from the wake

development process. However, the trends associated with incidence angle variations can

be difficult to visualize when plotted versus location downs-am therefore both formats

are used. The amount of uncertainty, or estimated error, associated with each quantity

presented in this chapter is presented in Table 5. Three-dimensional contour plots are also

presented to support and clarify results as needed.

Evaluation of the Cascade as a Model

The axial velocity density ratio (A VDR) through the cascade and the periodicity of

the static pressure distributions at the cascade inlet and exit were used as the basis of

evaluating the cascade as a model The A VDR evaluation was focused on determining the

cascade flow condition relative to the two-dimensional flow condition. It is important to

emphasize however that achieving two-dimensional flow was not an objective of this

experiment. The two-dimensional flow condition (A VDR = 1) was used only as a point of

comparison to determine, in relative terms, the impact of the secondary flow on the

midspan mass flux. The periodicity on the other hand was evaluated in a more qualitative

manner.

Axial Velocity Density Ratio. The A VDR was calculated at the midspan of the

five measurement planes downstream of the cascade using both blade configurations. The

results are shown in Figure 15. From these results it can be seen for all test runs that

39



0.97 < A VDR < 1.04. These bounds on the A VDR indicate that the midspan mass flux

through the cascade increased by as much as 4 percent or decreased by as much as 3

percent. Scholz (1977) establishes the bounds of quasi two-dimensional flow as being

0.8 < A VDR < 1.2. However as stated in Chapter II the A VDR is not sensitive to the

presence of secondary flow which may be concentrated away from the midspan of the

blade. This type of secondary flow was found to exist in the cascade. Because its

presence is more easily observed from an examination of the total pressure losses, the

secondary Dlow in the cascade is discussed in the total pressure loss results.

The A VDR results also indicate that the crenulated blades generally showed a

higher A VDR than that of the straight trailing edge blades. It is suspected that this

phenomenon is related to the crenulation induced vortices. These vortices shed on either

side of a crenulation and are characterized by a defect in axial mass flux. Because a

crenulation is located at center span, it forces a local contraction of the flow between the

two vortices which results in an increase in midspan axial mass flux.

Perodicit. The inlet and exit static pressure distribution periodicity were

evaluated at 0.05c upstream from the blade leading edge and 0.05c downstream from the

blade trailing edge respectively. Measurements were taken across three blade spacings for

each incidence angle. The periodicity results are shown as pitchwise static pressure

distributions nondimensionalized by inlet total pressure in Figure 16. The results show

that the exit pressure distnrbutions for all incidence angles were essentially periodic. TI&

result was forced by the tailboard balancing procedures outlined in Chapter IV. The

consequence of this tailboard balancing technique is shown by the resulting skewness and

variation in the peaks of the inlet pressure distributions. Although the inlet pressure

distnrbutions exhibit noticeable skewness and variations in peak values, these imperfections

are relatively small compared to the amplitude of their respective distributions.
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The results show very good periodicty at the cascade il and exit. It was

determined that the periodicity was acceptable for testing.

Evaluation of Crenulated Blade Performance

The evaluation of crenulated blade performance at various incidence angles was

performed by comparing the performance of a cascade with cremulated blades to that of a

cascade with blades that were not crenulated (straight trailing edge blades) at four

incidence angles The following points of comparison were made:

1. blade surface static pressure distribution

2. static pressure rise

3. total pressure loss

4. flow deflection

With the exception of blade surface static pressures, measremnts for each blade

configuration were taken at the five measurememt planes for each of the four incidence

angles. The blade surface static pressure measurements were taken through the static

pressure ports on the center blade of each cascade configuration tested.

Blade Surface Static Pressure Distribution. The blade surface static pressure

measurements were taken at midspan of the center blade at the locations along the chord

shown in Table 3. The resulting pressure distributions are shown in Figure 17. The

results show that as incidence angle was increased for both the crenulated blade and the

straight trailing edge blade, the blades became more highly loaded near the leading edge.

This is evident in Figure 17 by the increasing pressure differential between the pressure

surface and the suction surface at x/c < 0.20. This trend was accompanied by a less

substantial decreased loading of the blades at x/c > 0.40. The net effect was then for an

increase in incidence angle to cause the loading of the blades to increase which

corresponds to an increase in flow turning (flow deflection).
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The results also indicate that the crenulated blades were loaded less than the

straight trailing edge blades at all incidence angles tested. The greatest difference between

the blade configurations is seen at the highest incidence angle. This trend is consistently

seen locally in the results for all incidence angles at 0.60 < x/c < 0.70. This local trend is

most likely due to the presence of the crenulation at midspan which allows the flow on the

pressure surface to merge with the flow on the suction surface at x/c = 0.75 hence forcing

the pressures to be equal at that point. This creates an effective midspan trailing edge at

x/c = 0.75 which is then felt upstream.

The results from the blade surface static pressure measurements indicate that the

crenulated blades were loaded less than the straight trailing edge blades and therefore

should cause less flow deflection than should the straight trailing edge blades at the same

incidence angle. This is consistent with the measured flow deflection results which are

presented in a later discussion. The loading of the blades, which is a function of flow

deflection, is also quantified in the flow deflection results.

Cascade Static Pressure Rise. The static pressure rise across the cascade was

measured at the five measurement planes for each blade configuration at the four incidence

angles. The results expressed as the difference in static pressure between the measurement

plane and cascade inlet, divided by the inlet dynamic pressure are shown in Figure 18. The

results show that for all incidence angles and both blade configurations that the majority of

diffusion has occurred upstream from x/c = 0.30, more so for the crenulated blades.

Figures 1 8c and 18d show for both blade configurations that the pressure rise

across the cascade increased with increasing incidence angle up to +9.32 deg and then

decreased slightly as the incidence angle was increased to +12.44 deg. This trend provides

an indication that the blades may have approached a stalled condition at the highest

incidence angle similarly to how an isolated airfoil loses lift as angle of attack is increased

beyond some maximum. This decrease in pressure rise at the highest incidence angle was
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found to be less severe for the crenulated blade than for the straight trailing edge blade. In

fact, the crenulated blades caused a greater pressure rise than did the straight trailing edge

blades at the two measurement planes nearest the blade trailing edge for the highest

incidence angle. At the other incidence angles tested, the results show that the straight

trailing edge blades caused more pressure rise than did the creaulated blades. This is

consistent with the implication made in the blade surface static pressure results that the

straight trailing edge blades cause more flow deflection than do the crenulated blades at

the same incidence angle (the highest incidence angle being excepted).

Total Pressure Losses. The total pressure losses across the cascade were

measured at the five measurement planes for each blade configuration at the four incidence

angles. The results are expressed as the mass averaged difference between the total

pressure at the cascade inlet and the total pressure at the cascade exit measuremt plane,

divided by the inlet dynamic pressure. The results are shown in Figure 19. As can be seen

from Figures 19a and 19b, the total pressure losses increased moderately for each blade

configuration/'mcidence angle combination as the measurement plane was moved further

downstream from the blade trailing edge. This trend is physically sensible because the

wake region is known to be a region where viscous losses are incurred due to mixing. It is

also evident from Figures 19a and 19b that the total pressure losses increased substantially

for each blade configuration/measurement plane combination as incidence angle was

increased. This trend is more easily seen in Figures 19c and 19d and is explained by the

relative loadings of the blades. As shown in the blade static pressure results, the blades at

higher incidence angles were more highly loaded than the blades at lower incidence angles.

A higher loading causes a stronger disturbance on the flow which in turn causes greater

viscous losses through the cascade.

Examination of the differences in total pressure losses between the crenulated

blades and the straight trailing edge blades at the same incidence angle reveals mixed
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effects. At the three lowest incidence angles, it can be seen from Figure 19 that there

were negligible differences in losses between the two blade n However, a

dramatic difference in losses can be seen at the highest incidence angle. From Figure 19 it

can be seoe that the losses incurred by the crenulated blades were approximately 20

percent less than those of the straight trailing edge blades at the +12.44 deg incidence

angle. This notable difference prompted a closer look at the distribution of the total

pressure losses within the measurement plane.

Because the difference in mass averaged losses was found to not be related to the

particular choice of measurement plane, the loss distribuions were examined only at the

x/c = 0.56 plane. The total pressure loss distribution for each blade configuration at each

incidence angle is shown in Figures 20 - 23 where the center blade is located at y = 0.

These distnibutions reveal several important aspects of the flow downstream of the

cascade. The loss distributions provide an approximate illustration ol he size and location

of the blade wakes, the passage vortices, and the crenulation induced vortices. This is true

because these are the primary total pressure loss mechanisms in the cascade.

Representations of blade wakes are most easily seen in Figures 20a and 21a. They are

characterized by the nearly horizontal parallel isolines near the midspan of the blade.

Interactions of the blade wakes with the passage vortices also can be seen in Figures 20a

and 21a. They are characterized by the widening region of losses as the distance from

midspan is increased. These interactions extend outside of the measurement window and

are only partially represented.

Interactions of the crenulation induced vortices with the blade wake can most

easily be seen by comparing Figures 23a and 23b. Figure 23a shows a wide region of high

losses extending across the span of the blade. Figure 23b shows that the effect of the

crenulation induced vortices was to pinch this region into smaller (in magnitude and size)

loss plateaus and to reduce the losses directly behind the crenulations. This effect of the
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crenulation induced vortices is the key to the explanation of why the mass averaged total

pressure losses in Figure 19 were lower for the crenulated blades than for the straight

trailing edge blades only at the highest incidence angle. Comparing F'gures 20a - 22a to

Figures 20b - 22b shows that although the crenulations reduced the losses locally, the

gross area of losses increased; thus the net effect was merely a redistribution (not a

reduction) of losses. This was not the case at the highest incidence angle where the gross

area of losses and the magnitudes of the losses wer reduced by the crenulated blades.

Flow Deflection. The flow deflection was measured at the five measurement

planes for each blade configuration at the four incidence angles. The results are expressed

as the mass averaged flow deflection. Recall flow deflection is defined as the difference

between the air outlet angle (a2) and the air inlet angle (aC). The results presented in

Figure 24 show that higher incidence angles caused higher flow deflections for each blade

configuration. This is consistent with the blade static pressure distribution results where it

was found that a higher blade loading resulted from higher incidence angles. Figures 24a

and 24b show that the flow deflection changed a negligible amount (very near the

estimated error) as the measurement plane was moved further from the blade trailing edge.

Figures 24c -nd 24d serve to show the differences in flow deflection between the

crenulated blades and the straight trailing edge blades. For all incidence angles tested, the

crenulated blades caused less flow deflection than did the straight trailing edge blades. The

flow deflection results for each blade configuration at the x/c = 0.56 measurement plane

are compared in Table 6. A comparison of the flow deflections for each blade

configuration reveals that the crenulated blades reduced the flow deflection by

approximately 8 percent at the lower 3 incidence angles and by 10 percent at the highest

incidence angle. These results correspond to a 1.9 deg reduction at -1.08 deg incidence, a

2.4 deg reduction at +4.49 deg incidence, a 2.6 deg reduction at +9.32 deg incidence, and

a 3.7 deg reduction at +12.44 deg incidence.
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Table 6. Conarison of Flow Defection

Straight TE Crenulated TE Diffi ce

i (deg) a, (deg) F. (deg) aL• (deg) P. (deg) aL, (deg) Adg/., (%))

-1.08 25.43 23.84 1.59 21.93 3.50 -8.0

+4.49 31.00 27.95 3.05 25.60 5.40 -8.4

+9.32 35.83 32.03 3.80 29.41 6.42 -8.2

+12.44 38.95 35.53 3.42 31.82 7.13 -10.4

The determination of the flow deflection for each cascade configuration permits

quantification of the blade loading. This can be done by introducing the diffusion factor

(DF). The diffusion factor is defined in terms of the velocity gradient on the suction

surface of the blade and is empirically based on two-dimensional cascade data. The full

derivation of the diffusion factor is given by Lieblein et al (1953). Cohen et al (1987)

present an approximate expression for the DF in an axial flow compressor blade row in

terms of velocities. This approximation can be reduced to the following expression for a

cascade in terms of flow angles:

DF =- 1 1+s +. osaI(tana, -_tana2 ) (25)
cosa 2  c 2

Using the appropriate values from Tables 4 and 6, the diffusion factor for each cascade

configuration in this study is compared in Table 7.
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Table 7. Coniarm of Difflajim Factors

_ (deg) DF Diff ce(%)

Stragt TE Crenulated TE ADFIDF..

-1.08 0.233 0.221 -5.1

+4.49 0.300 0.285 -5.0

+9.32 0.367 0.351 -4.4

+12.441 0.417 0.396 -5.0

The diffusion factor comparison in Table 7 indicates that the crenulations were observed

to reduce the blade loading by 4 to 5 percent throughout the range of incidence angles

tested. According to Cohen at al. (1987), losses in stator blades are largely unaffected by

increases in DFup to about 0.6 while losses at the rotor tip of an axial flow compressor

increase rapidly at values of DF above 0.4. The loss results from this study (Figure 19%)

however show that the losses for the straight trailing edge blade doubled as the value of

DFwas increased from 0.367 to 0.417. This apparent discrepancy is most likely due to

the strong three-dimensional flow in the cascade. The results show that the presence of

three-dimensional flow in the cascade serves to prematurely increase flow losses as

incidence angle is increased. However, the crenulations appear to redistribute the three-

dimensional flow and thereby reduce the losses as shown in Figures 19c and 19d, and

Figures 23a and 23b at the highest incidence angle.

Although the flow deflection differences between the blade configurations appear

to be relatively small at the +12.44 deg incidence angle, they become substantial when

examined on a scale of the same order as the observed differences. The deviation angle

provides such a scale. Recall that the deviation angle is the difference between the air
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outlet 6 (Q2) and the blade oult asgi (c' 2 -- 4.00 dog in this gaudy) The deviio

aingles for the crenulated blades and the wtaigh traitigi edg blades are compared a

Table S.

Table S. "2!arsa of Devistia. ________

(deg_ 8 deg Difence

Strs__ _ 71E Crmwuited TE %

-1.08 5.59 7.50 34.2

+4.49 7.05 9.40 33.3

+9.32 7.80 10.42 33.6

+12.44 7.42 11.13 50.0

When examined on this scale, it is see that the creaulated blades caused a

deviation angle 33 to 34 percent greater than did the straight blades from -1.08 to +9.32

deg incidence whereas the difference between the blade cm gurmins incased to 50

percent at +12.44 deg ofincidence. Closer omanation ofTable 8 reveals that the

deviation angle decreased for the straight trai% edge blade as the incidence angle was

increased from +9.32 deg to +12.44 deg. This result was expected sice typically

deviation angle increases as incidence angle increas These resuks imply that P,

phenomenal change has occurred in the flow about the straight U g edge blade as the

incidence angle was increased beyond +9.32 deg. This change did not occur for the

crenulated blade.

The deviation angle results combined with the static pressure rise results and total

pressure loss results indicate that the phenomenal change in the flow about the straight

trailing edge blade at the highest incidence angle has caused the devatimon angle and the
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static pressure rise to decrease. The onset ofthis flow phomenon is suspected to be the

result of the high blade loading combined with the strong throedimasonal flow about the

blade. It is suspected that a separation bubble has formed on the suction surface of the

straight trailing edge blade where the boundary layer has reattached downstream of the

bubble as fluBy turbulent.

A turbulent boundary layer has a stronger resistance to separation on a convex

surface than does a laminar boundary layer which implies that the reduced deviation angle

of the straight trailing edge blade could be the result of boundary layer transition. A

turbulent boundary layer is also characterized by higher losses than a laminar boundary

layer which implies that the dramatic increase in total pressure loss of the straight trailing

edge blade could also be the result ofboundary layer transition. Although the analytic

prediction of transition is extremely complex, it is known to be Reynolds number

dependent. It would not be unusual for turbulent transition to occur at blade chord

Reynolds numbers on the order of 5 (10)5, particularly under the influence of an adverse

pressure gradient. In this study the blade chord Reynolds numbers were approximately

4.1 (10)5 and the static pressure ratios of the blade suction surface and pressure surface

were estimated from the blade static pressure results. From Equation (3), Figure 17, and

knowledge of the inlet dynamic pressure and inlet static pressure, the pressure ratio across

each blade surface was calculated for each blade configuration and incidence angle and is

shown in Table 9. The blade surface pressure ratio is defined for the suction surface as

- p(x/ = 0.695)

p(x/c = 0.045)

where p(x / c) is the blade surface static pressure at the given blade chord location. The

blade surface pressure ratio for the pressure surface is likewise defined as
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Ppm = p(x/ c =0.670)
p(x / c = 0.070)

Table 9. Co2marison of Blade Surface Pressure Ratios

_ _ _P &. PR,.

L(ds) S Craiulated TE S r E Creniated T

-1.08 1.067 1.062 0.989 0.982

+4.49 1.123 1.109 0.977 0.970

+9.32 1.156 1.156 0.966 0.958

+12.44 1.147 1.162 0.959 0.951

These results, derived from the blade static pressure results, form the only results that

were taken from measurements within the blade surface boundary layers. It is clear that

some physical phenomnon occurred which effectively relieved (although not entirely) the

adverse pressure gradient on the suction surface of the straight trailing edge blade at the

+12.44 deg incidence angle. This phenomenon did not occur on the crenulated blade.

This lends plausibility to the argument that the straight trailing edge blade suctim surface

boundary layer has transitioned to turbulent via a separation bubble at the +12.44 deg

incidence. The observed flow phenomena is consistent with current technical knowledge

as given by Fottner (1989). In the words of Fottner (1989), the separation bubble is more

precisely termed a "long separation bubble" due to the reduced pressure gradient on the

blade suction surface. A schematic of the transition phenomena which is suspected to

have occurred on the straight trailing edge blade suction surface is shown in Figure .'5,

However, this boundary layer transition hypothesis is based on indirect indicators of
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tubulce and is therfor mippe muted by diirec mc remts of the cascade outlet

turbulence intensity. Thew results are discussed below.

Evalualtio of Crnultod Blade Wake ffda Charcteiic

Like the evaluation of crenulated blade perormace, the evaluation of creaulated

blade wake mixing characteristics for various incidence angles was perfomned by

comparing the characteristics of a cascade with crmulated blades to those of a cascade

with straight trailing edge blades at four incidence angles. The following points of

comparison were made:

1. outlet turbulence intensity

2. wake velocity deficit

3. outlet velocity variance

Outlet Turbulence Intnsity. The outlet turbulence measuemats were taken at

the five measurement planes for each blade configurtio at the four incidence angles The

results are expressed as the mass averaged outlet turbulence intensity.

The mass averaged turbulence intensity results are presented in Figure 26 and

show that turbulence intensity was found to increase with a corresponding increase in

incidence angle for each blade configuration. Figures 26a and 26b show that as the blade

wake developed downstream of the cascade, turbulence intensity increased moderately to

a maximum and then decreased for the highest two incidence angles. Turbulence intensity

for the lowest two incidence angles increased only slightly and did not decrease with

increasing distance from the cascade. This is explained by the higher amount of energy

required by the higher turbulence intensities to be sustained. If the measurements taken

were far enough removed from the cascade exit plane, it is expected that the turbulence

intensities for all incidence angles would reach a common freestream value much nearer to

the lowest turbulence intensity shown in Figure 26 than to the highest intensity.

51



A dramatic increae (from 2.5 percent to 8 percent) in turbulence intensity was

found to occur as the incidence angle was increased from +9.32 deg to +12.44 deg for the

straight trailing edge blade. Ths is shown in Figure 26c. However, only a moderate

increase (from 2.5 percent to 3.5 percent) in turbulence intensity was observed for the

same increase in incidence angle with the crenulated blade as shown in Figure 26dL With

this exception, the turbulence intensity observed for the crenulated blade was comparable

in magnitude to that of the straight trailing edge blade when viewed at the same incidence.

To further examine the nature of the difference betwem the blade configurtions at the

higher incidence angles, the turbulence intensity diributions at the x/c = 0.05

measurement plane were compared. This meas m t plane was chosen to be as close to

the blade trailing edge as possible with the hope of gaining insight into the flow structure

on the blade surfaces.

The turbulence intensity distribution for each blade configuration at +9.32 deg

incidence is shown in Figure 27 where the center blade is located at y = 0. The +9.32 deg

incidence angle distributions serve to show that although a minor reduction in peak

turbulence was caused by the crenulated blades at midspan and near the z = -1.9 cm span

location, the distributions are very simila in shape and magnitude. This is contrasted with

the very different turbulence distributions between the blade configurations at the + 12.44

deg incidence angle. These distributions are shown in Figure 28 where the center blade is

located at y = 0. The turbulence distribution for the straight trailing edge blade (Figure

28a) dominates that portion of the measurement window which lies on the suction side of

the blade trailing edge (below y = 0). This region is characterized by widespread unsteady

velocity fluctuations that have magnitudes ranging from 24 to 32 percent of the mean flow

velocity. Comparing this distribution to the crenulated blade turbulence intensity

distribution in Figure 28b reveals that the crenulated blade inhibited the generation of

turbulence in terms of magnitude, and spatially as well.
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The turbulence intensity distrbuto for the straigh trailing edge blade also shows

that much of the identity of the passage vortices has been smeared at the +12.44 deg

incidence. This smearing is also evident to a lesser extent in the corresponding total

pressure loss distrlition (Figure 23a). This points to a possible cause for the sudden rise

in turbulence intensity. The increase in turbulence intensity may have been caused by the

same phenomenon observed by Tang et al. (1991). They observed at +11.5 deg incidence,

that a high blade loading near the leading edge caused strong interactions between the

comer vortex and the horseshoe vortex which led to vortex breakdown and resulted in

high losses. It was found in the present study however that in contrast to the straight

trailing edge blades, the crenulated blades may have precluded vortex breakdown as its

identity is still well-defined in the turbulence intensity distribution. This in turn led to a

mitigation of the losses at the highest incidence angle.

Wake Velocity Deficit. The wake velocity deficit measuremets were taken at the

five measurement planes for each blade configuration at the four incidence angles. The

freestream velocity in Equation (8) was taken to be the arithmetic mean of the velocities

that were in the 75th percentile of all velocity measurements taken. The results are

expressed as the wake velocity deficit and are shown in Figure 29. Figures 29a and 29b

show at the highest incidence angle that the wake velocity deficit initially increased to a

maximum and then decreased as the wake developed dow~nstream of the cascade. This

decrease is particularly noticeable with the straight trailing edge blade. At the lower three

incidence angles, the trend was a very gradual increase in wake velocity deficit. The

difference in trends is due to the relative magnitudes of the wake velocity deficit. A wake

with a hi',ier velocity deficit mixes more vigorously with the freestream causing a higher

rate of mass entrainment into the wake which serves to dissipate the wake more rapidly.

Although a high wake velocity deficit indicates a high rate of mixing, it also indicates that

less mixing has occurred upstream of the location at which it was evaluated. If the
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measurement plane were far enough removed from the cascade exit, the wake velocity

deficit for each blade configuration at all incidence angles would approach zero as the

wake velocity recovered to the freestream velocity. It can also be seen in Figures 29a and

29b for all incidence angles and measurement planes that the crenulated blades had a lower

wake velocity deficit than the straight trailing edge blades. This demonstrates the

enhanced wake mixing effect (ie., more mixing has occurred) of the crenulated blades

relative to the straight trailing edge blades.

The wake velocity deficit results show that the degree of wake mixing

enhancement is dependent on the magnitude of the wake velocity deficit. The magnitude

of the wake velocity deficit is in turn dependent on the incidence angle. A comparison of

Figures 29c and 29d provides an indication of the degree of enhancement that was

observed at the various incidence angles. It can be seen from these figures that the degree

of wake mixing enhancement increased substantially with incidence angle. The degree of

wake mixing erhancement of the crenulated blades based on lie wake velocity deficit

results at the x/c = 0.56 measurement plane is quantified in Table 10.

Table 10. Degree of Wake Mixing Enhancement Based on the Wake Velocity Deficit

i (deg) Wake Velo ' Deficit (%) Enhancemeiit (%)

Straight TE Crenulated TE 4AWVD/WVD.,)

-1.08 2.27 2.05 9.7

+4.49 3.46 3.02 12.7

+9.32 5.63 4.49 20.2

+12.44 10.48 6.25 40.4
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The comparison made in Table 10 shows that although enhanced wake mixing was most

substantial at the higher incidence angles, the degree ofeahancement at the lower

incidence angles was also significant.

As stated earlier, the wake velocity deficit determination relied on an approximated

value of the freestream velocity. The validity of this approximation is demonstrated by the

total pressure loss distributions (Figures 20 - 23). The freestream velocity can be taken to

be that velocity which is present at the locations in the measuremnt plane which have

nearly zero total pressure losses. The fieestream velocity was approximated by calculating

the arithmetic mean of the velocities which lie in the 75th percentile of all velocities in the

measurement plane. It follows then that the approximation is accurate only if at least 25

percent of the measurement plane has total pressure losses of nearly zero. Inspection of

Figures 20 - 23 reveals that only the straight trailing edge blade at +12.44 deg incidence

(Figure 23a) challenges the validity of the freestream velocity approximation. This is

revealed by approximating the fraction of the measurement plane area that has nc- -ly zero

losses. This area is seen in Figure 23a to be that which lies above y = 0.34 cm and is equal

to 34,200 cm2. The total area of the measurement plane is seen to be 129,200 cmn2. This

corresponds to 34,200/129,200 s 26 percent of the measurements were taken in the

freestream. The approximation is thus shown to be valid at the x/c < 0.56 measurement

planes. However, as a wake develops its width increases which further challenges the

validity of the approximation. Therefore, the approximated value of the freestream

velocity may be slightly less than the actual freestream velocity further downstream. The

wake velocity deficit results will be supported by the determination of the outlet velocity

variance which also quantifies the strength of the wake. A benefit of the outlet velocity

variance compared to the wake velocity deficit is that the outlet velocity variance does not

rely on an approximation of the freestream velocity. It will also be shown that the outlet
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velocity variance is more sensitive to the wake mixing process than is the wake velocity

deficit.

Outlet Velociy Variance. The outlet velocity variance measurements were taken

at the five measurement planes for each blade configuration at the four incidence angles.

The results are expressed as the mass weighted outlet velocity variance and are shown in

Figure 30. The results show for each measurement plane/mcidence angle combination that

the outlet velocity variance for the crenulated blades was less than that for the straight

trailing edge blades. This result is consistent with the wake velocity deficit results. That

is, the outlet velocity variance results also indicate that in general, the crenulated blades

enhanced the wake mixing process with respect to the straight trailing edge blades. Also

consistent with the wake velocity deficit results is that the outlet velocity variance results

indicate that stronger wakes were observed at higher incidence angles for each

measurement plane. This trend can be seen in Figures 30c and 30d.

Although the outlet velocity variance results show consistency with the wake

velocity deficit results, its sensitivity to measurement plane location is comparable to its

sensitivity to incidence angle as shown by a comparison of Figures 30a and 30b with

Figures 30c and 30d. In contrast, the wake velocity deficit was found to be relatively

insensitive to measurement plane location. The degree of wake mixing enhancement

based on the outlet velocity variance at the x/c = 0.05, 0.56, and 1.37 measurement planes

is shown in Table 11. Because the outlet velocity variance is sensitive to measurement

plane location, three measurement planes were chosen. Comparing the outlet velocity

variance based results at the x/c = 0.56 location with the wake velocity deficit based

results in Table 10 reveals consistency between the results. That is, both results show that

the degree of wake mixing enhancement due to the crenulated blades increased with

incidence angle.
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Table 11. Deree of Wake Mixing Enhancement Based on the Outlet Veloc Variance

i (deg) J (%) Enhancement (%)

Strait TE Crenulated TE -(A___/___

x/c = 0.05

-1.08 0.71 0.38 46.5

+4.49 1.28 0.69 38.3

+9.32 2.63 1.32 46.4

+12.441 4.67 2.39 45.4

x/c 0.56

-1.08 0.38 0.28 26.3

+4.49 0.69 0.46 33.3

+9.32 1.32 0.75 43.2

+12.44 2.39 1.09 54.4

x/c 1.37

-1.08 0.30 0.23 23.3

+4.49 0.43 0.34 20.9

+9.32 0.67 0.53 20.9

+12.44 0.95 0.63 33.7

The cause of the difference between the outlet velocity variance and the wake

velocity deficit in sensitivity to measurement plane location can be made evident by

comparing Equation (8) with Equation (14). Both equations contain similar forms of

expressing the velocity defect (i.e., 1 minus a ratio of velocities). Equation (8) contains a

mass averaged velocity term whereas Equation (14) contains a mass averaged velocity

57



squared term. Because a wake is known to entrain mass as it develops, the wake region is

weighted more heavily as the wake develops downstream of the cascade. However, the

amount of velocity defect decreases as the wake develops downstream of the cascade.

With small changes in density, the amount of weighting in the mass averaging scheme

(Equation (7)) is proportional to velocity. As the wake develops downstream, the velocity

in the wake region increases causing the velocity defect to decrease in proportion to

velocity, and at the same time the mass weighting is increased in proportion to velocity

causing nearly offsetting changes in the value of the wake velocity deficit. In contrast, the

outlet velocity variance decreases in proportion to the square of the velocity defect while

the mass weighting causes an increase proportional to velocity. The net effect is a

decrease in mass weighted outlet velocity variance proportional to the velocity defect as

the wake develops downstream of the cascade.

Both the mass weighted outlet velocity variance and the wake velocity deficit

provide acceptable indications of the wake strength relative to the bulk flow behind a

blade. However as explained above, the mass averaged outlet velocity variance has a

stronger dependence on the velocity defect of the wake than does the wake velocity

deficit. Although the wake velocity deficit also depends on the velocity defect, its

dependence is largely offset by the growth of the wake width or mass entrainment. A

larger velocity defect implies stronger pitchwise velocity gradients. Because it is these

pitchwise velocity gradients which make blade wakes undesirable, the outlet velocity

variance is the most useful parameter with which to quantify the degree of wake mixing

enhancement.

The degree of wake mixing enhancement results as shown in Table 11 indicate that

the crenulated blades demonstrated approximately 38 to 47 percent more wake mixing

very near the blades with little change with respect to incidence angle. As the wakes

developed to x/c = 0.56, the crenulated blades demonstrated approximately 26 to 54
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percent more wake mixing, the lowest value being at the lowest incidence angle and the

highest value at the highest incidence angle. Further removed from the cascade exit, the

crenulated blades demonstrated approximately 21 to 34 percent more mixing with the

highest value at the highest incidence angle and the lowest value at the other three

incidence angles. These results indicate with one exception that the degree of mix ig

enhancement offered by crenulated blades decreases with increasing distance from the

cascade exit and increases with increasing incidence angle. The exception being that at the

highest incidence angle the degree of mixing enhancement increased from x/c = 0.05 to

x/c = 0.56 and then decreased from x/c = 0.56 to x/c = 1.37. However, at all incidence

angles and measurement planes investigated, the crenulated blades were observed to

enhance the wake mixing process.

Generalized Blade Performance

Cascade performance data is typically presented in summary form which indicates

nondimensional flow deflection and losses as a function of nondimensional incidence

angle. Perhaps the most widely used generalized performance curves for two-dimensional

cascade flow are known as Howelrs Generalized Performance Curves as reprinted by

Dixon (1978). The flow deflection results and the incidence angles of this study can be

expressed in nondimensional form by introducing a nominal flow deflection (F.) and a

nominal incidence angle (i*). The calculation of these nominal values can be found in

Appendix A. Using these nominal values, the relative incidence and relative deflection are

defined as
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Relative Incidence .
6

Relative Flow Deflection.

where i" = 12.24 deg

e = 36.89 deg

The nominal flow deflection, as applied to two-dimensional flow, represents an analytical

prediction corresponding to 80 percent of the mainmun deflectio possible before stall

occurs. As discussed in the static pressure rise results, stall was suspected to be

approached at a flow deflection very near the nominal flow deflection. This observation

shows that the correlation between the nominal flow deflection and the stalled flow

condition for two-dimensional flow is not valid for three-dimensional flow. However, the

nominal flow deflection and its corresponding incidence angle adequately serve as explicit

reference values for the purpose of nondimensi in the performance results of this

three-dimensional flow study. The off-design performance results of this study, derived

from the flow deflection results and the total pressure loss results are presented summarily

in Figure 31 for each measurement plane. Excluding the wake mixing benefits of the

crenulated blades, the off-design perfornance curves show at a glance the impact on

performance of introducing cremulations to the blade trailing edge. It is shown that

crenulations were found to mitigate the losses at high incidence angles and may have

delayed the onset of stall. The cost of crenulations however was found to be reduced flow

deflection at all incidence angles tested.
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At all incdamc angles tested, crenulated blades wore fouind to significantly

enhance the wake mixin process compared to that of striht trailing edge blades. The

effect of the ehancent is to reduce non-axial gradients in the flow downstream from

the blades. With respect to axial flow compressors, this effect is desirable if a specified

amount of unifommity is required by a subsequent engine component or stage. The degree

of wake mixing enancament ranged from 21 percent to 54 percent. The value of 21

percent was found at the furthest downustremn location (x/c = 1.37) from the blade trailing

edge. This value would be the more representative value related to the improvemet of

combustor inlet flow uniformity. The higher values of wake mixing ehancmet were

found at locations much nearer the blade trailing edge. This introduces the prospect that

cremulations may be useful relative to interstage eff& s.

The wake mixing enhacemet was found to be the result of a trade-off The

desirable wake mixing characteristics were achieved at the cost of flow deflection. The

effect of using crenulated blades was to reduce the flow deflection by 1.9 deg at -1.08 deg

incidence, by 2.4 deg at +4.49 deg incidence, by 2.6 deg at +9.32 deg incidence, and by

3.7 deg at +12.44 deg incidence. Consistent with the flow deflection trade-off static

pressure rise was also sacrificed except at the highest incidence angle (+12.44 deg). This

exception will be addressed separately.

Although the wake mixing ehnmet sacrificed deflection, it did not sacrifice

pressure losses. At the incidence angles from -1.08 deg to +9.32 deg, the cremulated

blades had virtually no impact on total pressure losses. However, to regain the flow

deflection lost by the crenulated blades, the crenulated blades would be required to

operate at a higher incidence than the straight trailing edge blades. Increasing the
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incidence aangle would result in a corresponding increase in total pressure losses.

Therefore, crenulated blades which turn the flow as much as straight trailing edge blades

would have higher total pressure losses than the straight trailing edge blades except

possibly at incidence angles greater than +12.44 deg. At the +12.44 deg incidence angle,

the crenulated blades were observed to reduce total pressure losses by 20 percent of the

losses for the straight trailing edge blades.

Throughout this study, the +12.44 deg incidence angle proved to be an excepti=

concerning the impacts of the crenulated blades on the flow through the cascade. The

results, in sum, appear to indicate that at this incidence angle the straight trailing edge

blades approached a stalled flow condition with a reattached filly turbulent boundary layer

near their trailing edges. This highly undesirable flow condition was characterized by

exceptionally high losses and turbulence, with reduced pressure rise and deviation angle.

However, the crenulated blades showed no signs of large scale flow degradation at this

incidence angle; instead they enhanced the wake mixing by 45 percent, reduced the outlet

turbulence intensity by a factor of 2, and reduced total pressure losses by 20 percent. At

the maximum incidence angle tested, the performance of the crenulated blades (neglecting

their superior wake mixing characteristics) surpassed that of the straight trailing edge

blades. It appears that crenulated blades may be aerodynamically robust in that they

inhibit the onset of stall on highly loaded compressor blades with strong three-dimensional

flow.

Recommendations

This study made limited measurements in the blade surface boundary layers and no

measurements between the blades, outside of the boundary layers. A study which made

extensive measurements in these areas of the flow would provide valuable insight into

crenulation impact on vortex structure and breakdown, and boundary layer development
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and An u ad g oftase.i p.nha am would b* in optinmi cwuated

blade applications.

In this study, stall appears to have beow approached at +12.44 deg icidence for

the straight trailing edge blades. A further study which determines the stall incidence

angle for the crenulated blades would help quantify the robustness of the craaulated blades

at high loadings.

Spacy (1993) has studied the performance of various crenulation geometries at a

single incidence angle. A study which investigates the off-design performance of the

optimum geometry would provide insight into the overall performance of this optimum

geometry.

Although the positive stall incidence was approached, the values of the negative

stall incidence and mininum loss incidence are yet unknown. It would be useful to

examine the negative incidence angles so that the influence of the crenulations on the

negative stall condition and minimn-m loss condition could be assessed.
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AmabA. Detmaination of BladeAde

The compressor blades used an this iavestigation were NACA 64-A905, a = 0.5

blades slightly modified to smooth the tramsition from the curved part of the smction

msrface to the straight tail section (reference Figure 8). The blades were locally

manufactured out of aluminum using a computer-controlled mlling machine programmed

with the blade surface coordinates. The resmlting blade was essentially a NACA 64-A905,

a = 0.5 for the first 80 percent ofits length. The modifcation to the last 20 percent ofthe

blade caused changes in the blade angles.

The angles of interest to cascade investigation are the camber angle (0), the blade

inlet angle (ce'1), and the blade outlet angle (ac). These angles are shown in Figure 3.

These angles are normally defined by tangents to the mean camber line at the leading and

trailing edges ofthe blade. For NACA blades with a = 0.5, the mean camber line has

infinite slope at the leading edge so the use of an alternate method was needed to

determine the camber angle. The previously mentioned modification also needed to be

examined to determine its impact on the angles of interest.

Several approaches were explored in the attempt to determine the blade angles.

The method yielding the best results was a combination ofphysically measuring the slope

of the training edge mean camber line on a computer generated plot of the blade profile,

and approximating the blade profile with an equivalent circular arc. This method was a

modification of the method outlined by Lieblein (1965) and entailed passing a circular arc

through the leading edge, the trailing edge, and the point of maxinmm camber displaced to

the mid-chord. This method was used only to determine the camber (0) of the blade

profile; it was not used to determine the other angles of interest. The use of this method

to determine c'1 led to unacceptable errors in estimating the deflection with the use of
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Howelrs correlation. Instead, a' 2was meaued and a', was detamined using the

relationship

a'$ = 0+a' 2  (26)

The value of 0 was determined by pasing a circular arc through the leading edge,

the trailing edge, and a point at the mid-chord displaced upward a distance equal to that of

the maxinmm camber as shown in Figure 32. The coordinates for these 3 points were

taken from the data file used to machine the blade. The coordinates of the these points

were found to be (x, y)

Leading Edge = (0, 0)

Maximum Camber = (2.50 cm, 0.335 cm)

Trailing Edge = (5.00 cm, 0)

The equation for the circle passing through these three points was found to be

(x-2.50)2 +(y+9.17)2  90.34 (27)

The equation for the tangent to a circle at a point is given by Eschbach (1975) as

xx1+ yy+g(x+x 1)+f(y+y1 )+c = 0 (28)

The equation for the circle (Equation (27)) was put into the form of Equation (28) and

was solved for the leading and trailing edge coordinates of the blade. The resulting angles

between the respective tangents and the chord line were found to be

*1 = 15.254 deg

105



= -15.254 dog

Which resulted in a camber angle of 30.51 deg. With this value calculated, the angle (+2)

between the chord line and the mean camber line at the btr g edge was found. This angle

was found by measuring it on a computer generated plot of the blade profile as shown in

Figure 33. This angle was determined to be 11.5 deg. The value for a'2 was then found

using the equation

al 2  - (29)

The symbol ý in Equation (29) is the stagger angle. The preceding series of computations

were carried out and applied to a blade mounted in the configuration for i = 31.00 deg.

The angles of interest were found to be

0 = 30.51 deg

a'2 = -4.00 deg

all = 26.51 deg

i = 4.49 deg

The accuracy of these angles was determined by using them angles in the

equations for Howei s Generalized Performance Curves as outlined by Dixon (1978).

This process was used to estimate the expected deflection angle for each incidence angle.

In order to perform this evaluation, it was first necessary to calculate the required nominal

values for deflection (E') and incidence (i*). The nominal deflection is defined as 80

percent of stall deflection and r* is the incidence angle required to produce this deflection.

These angles are defined as
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e =al-a2 (30)
i* -. a*,l-a(',

These values were computed by first finding the other nominal angles. Following Dixon

(1978), these calculations were performed using

a2 - a'2 = mO (31)

where m = 0.2 2 + a2 (32)

Solving Equations (31) and (32) for a 2 yields

a.2 = 0.23(2 C)2 +a 2

1-
500

a*, was then found using

a*i tan-'[L55 +tana2] (34)

which approximates Howenl's low speed correlation and is applicable for 0 < a"2 _. 40 deg.

The preceding equations yielded the following nominal values:
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a'2 = L86 deg

a*, = 38.75 deg

F" = 36.89 deg

i" = 12.24 deg

With the values of i" and F" determined, the relative incidence is defined as

Relative Incidence.

which was used along with Howelrs Generalized Performance Curves to yield the relative

deflection which is defined as

ZRelative Deflection .

The deflection angles for the four incidence angles were estimated using the above

definitions and Howefls Generalized Performance Curves. These were found to correlate

fairly well with the measured deflection angles produced by the straight trailing edge

blades. The results are summarized in Table 12.
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Table 12. Measured and Predicted Flow Deflection Angles

a, (deg) i (deg) Measured c (deg) Predicted e (deg)

25.43 -1.08 23.52 24.81

31.00 +4.49 27.86 30.31

35.83 +9.32 31.92 34.62

38.95 +12.44 35.49 37.40

It is important to note that Howell's correlation was intended to be applied to two

dimensional flow while the cascade used in this study had strong three-dimensional effects.

Considering this, differences ranging from 1.7 to 2.5 deg represented a reasonably good

correlation between the measured and predicted values of deflection.
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Appendix B. Equipmmt LiS

Subst Model Numberff ition

Pressure Measurement Pressure Systems Inc. Model 8400 Pressure
Scanner (20 kHz maxmimm sample rate)

Model 8415 Scanner Interface Unit
Model 8420 Scanner Digitizer Unit
Model 8440 Analog Input Unit
Model 8433 1 psid Pressure Calibration Unit
Model 8433 5 psid-Pressure Calibration Unit
Certified Standard Transducer (0.2-18 psi

range, ±0.000001 psi accuracy)

Transducer block P/N 32RG-0301
(±1 psid range, ±0.0005 psi accuracy)

Transducer block P/N 3201B
(±1 psid range, ±0.0005 psi accuracy)

Transducer block P/N 3205B

(±5 psid range, ±0.0005 psi accuracy)

Pressure Rake (11 ports, spaced 0.381 cm,
0.0635 cm ID, 0.0889 cm OD)

CEC Model 2500 Digital Barometer
(13.00 psia - 15.51 psia range, ±0.005 psi
accuracy)

Velocity and Temperature Measurement TSI Model IFA 100 System Intelligent Flow
Analyzer

Model 140 Temperature Module
Model 150 Anemometer Modules (2)
Model 157 Signal Conditioner Module (3)

TSI Model IFA 200 System Multichannel

Digitizer
Model 252 Digitizers (3) (50 kHz maximum

sample rate, ±5 V range, ±0.002 V
accuracy)
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SMlbol bDem MdiNm•• iption

Velocity and Temperature Measurement TSI Model 1241-10 X-Film Sensor

TSI Model 1241-20 X-Film Sensor

TSI Model 1155-36 probe support
(modified length to 24")

TSI Model 1125 Probe Calibrator

Omega T-type Thermocouple
(copper-constantan, ±0.3°C accuracy)

Temperature Measurement Hewlett-Packard Model 3455A Digital
Voltmeter (±0.00002 V accuracy, 24 Hz
maximum sample rate)

Hewlett-Packard Model 3495A Scanner

Omega T-type Thermocouples (2)
(copper-constantan, ±0.3°C accuracy)

Traverse Control New England Affiliated Technologies Model
310 Programmable Motion Controllers (2)

Oriental Motor Company Stepper Motors (2)
(400 steps/revolution resolution)

Central Computer Zenith Model Z-248 (80286 processor with
math coprocessor)

National Instruments Model GPIB-PCII
General Purpose Interface Board)

TSI Model 6260 Parallel Interface Board

Software (developed by AFIT/ENY, written in
MS-QuickBasic 4.5)
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Appendix C: Error Aaalym"

The equipment accuracies specified by the m or determined during

calibtion procedures are summarized in Table 13. These values are used in the following

analysis to estimate the expected error for each of the calculated paranmters. The method

for determining the errors is demx ý srItI by example for the pressure loss coefficient

The errors for the other quantities are calculated in a similar manner.

Total Pressure Loss Coefficient

The error for w was estimated by e ating Equation (4) for a given set of data

taken from an actual test run. The equation was then re-evaluated for the same data

changed by the accuracy of the instrumntatio used to measure each quantity. The

instrument accuracies were either added to the measured reading or subtracted from it so

as to create the largest error in the final answr. Once these calculations were made, the

percent change in the final answer was calculated umg

ERROR = -+

where e is the net error due to component accuracies. If this error is assumed to occur in

the same direction at every point of the measurement plane, the largest erro will be found

in the mass averaging summation. This is a valid assumption since the quantity in the

numerator of Equation (4) is a difference in pressures and does not vary much in relation

to the s&,.- of the error associated with the pressure transducers. The quantities in the

denominator, on the other hand, are all throat conditions and do not vary much over the

period of the data run. These calculations resulted in an estimated error due to equipment
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capabilities of 2 percent for w. The errors that might be introduced by the desity and

velocity terms in the mass averaging process were found to be largely offsetting and

assumed to be negligible.

Static Pressure Coefficient

An analysis of the equations for C. revealed that the error would be the same as for

w. This is because the quantities in the numerator, of Equation (3), are again a difference

in pressures that are of the same order of magnitude as for m. The quantities in the

denominator, on the other hand, are exactly the same as those for w. This applies to both

the blade surface static pressure distribution and the non-dimensional static pressure rise.

Wake Velocity Deficit

The wake velocity deficit error was calculated by determining the appropriate error

for the two velocities in Equation (8). The velocity in the denominator is an arithmetic

mean value and the velocity in the numerator is a mass averaged value. The velocities

used to compute the freestream velocity were also used to compute the downstream axial

velocity. These two facts make it impossible for the numerator to be in error in one

direction (Le., high or low) and the denominator to be in error in the opposite direction.

Additional insight was gained when the nature of the error introduced by the hot-film

probe was examined. The majority of the samples taken were at a negative angle and the

errors found in the calibration process were all in the same direction for negative angles.

From these two facts, it was determined that the errors should be in the same direction for

both the numerator and denominator. The expected error was determined by adding 0.5

m/s to representative values for both of these. The representative values were taken from

actual data runs and were 113 m/s for downstream axial velocity and 120 ni/s for the
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freestream velocity. These values resulted in an estimated error of 3 percent for values

representative of those measured in the cascade.

oawe vealo•y V -saR

The outlet velocity variance is similar to the wake velocity defici but more

complica . If the mass averaging process is ignored, the quantity to be analyzed is

In this case it is possible to have a local exit velocity with a -0.5 m/s error while the mean

exit velocity has a total error near +0.5 mi/s Since most of the local values must be near

+0.5 mIs for the mean error to be +0.5 m/s, the errors are much more likely to be in the

same direction by nearly the same amount once the summation process is completed. For

error estimation purposes, an error value of 0.5 m/s was added to the representative values

of the numerator and denominator. The values used for this evaluation were a mena

velocity of 116 m/s and an individual value of 99 m/s which was one standard deviation

below the meoa value. This method resulted in an estimated error of I percent for the

outlet velocity variance.

Outlet Turbulence Intesty

An analysis of the equation for Tu revealed that the error would be the same as for

the outlet velocity variance. This is because both have individual velocities in the

numerator of their respective equations and mean velocities in the denominator. Therefore

the error for Tu was estimated to be I percent.
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Axial V b Da Ratio

The basic approach to estimating the error in the A VDR was essentially the same

as that followed for the other parameters. Equation (2) was evaluated term by term. In

this case, the velocity in the denominator was calculated from upstream quantities. These

quantities should have identical errors for each data point since the same instrument was

used, in virtually the same conditions, to measure the quantities. This evaluation applies

equally well to the densities. The errors for these values were calculated in the same way

as those for the w discussed above. The velocity in the numerator was evaluated in a

manner similar to the outlet velocity variance and wake velocity deficit discussed above.

In this case, since there is less vorticity at the center span for all configurations, virtually

all of the velocities were taken at simls flow angles. When representative values were

used for each quantity and then perturbed by the appropriate error, the resulting overall

error was calculated to be I percent.

Table 13. Comonent Accuracies

Component Accuracy

Pressure Transducers 0.0005 psid

Digital Barometer 0.005 psia

Thermocouples 0.3°C (meas)

Hot-film Velocity 0.5 mis (meas)

Hot-film Angles 0.25 deg ,meas)
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