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Ab=m

An expmeinta investigation into the effect of compressor blade trailing edge

geometry on tree-dimensional flows in a linear cascade was conducted at the ART

linear cascade test facility. Hot-wire.hot-film anemometry along with total pressure

instrumentation wa used to analyze craiulation generated vortices and tir

intection with the thre-dimensional flows in the cascade. The effects of this

interaction on the performance pmets associated with the cascade were quantified.

The results indicate that wake mixing is better for crenulated trailing edges and that

the precise geometry of the crenulations is critical to perfora . One renulation

geomety was found to increase wake mixing while slightly reducing the total pressure

losses.
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EFFEMTS OF CRENULTATIONS

ON THREE-DIMENSIONAL LOSSES

IN A LNEAR COMPRESSOR CASCADE

In the continuing search for im d turbine engine paforniance a premium is

placed on size and weight. Two areas of potential gain are decreasing the space

required between blade rows of the conpressor and shortening the length of the

combustor. These reductions would result in a lighter more conmpact engine for a

specified power rating. One limit imposd on both the inter-stage spacing and the

combustor length, results from the need to have uniform airflow entaing each of these

devices. Each blade in a stator (or rotor) creates a region of low velocity air

immediately behind it, c0led the wake, caused by the combining of the boundary

layers from the two blade surface (Figure 1). For optimum performnce there must

be enough room to allow the blade wakes to dissipate both between stages and before

entering the combustor. Previous efforts have examined the possibility of using

creruation, or notches, on the trailing edges of compressor blades to increase the rate



of wake dissipation and shorten this required spacing. These investigations shod

that conipiusor blades with crenulated trailing edges ices wake dissipation and

decrease total pressure losses in a liner cascade. Until now only two acenulation

geometries have been explored, one with large crenulations and one with small

crenulations (Figures 2.a, 2.b). The interactions of the vortices generated by these

crenulations with the secondary flow fields of the cascade have yet to be investigated.

Additionally, there is likely an optimumn crenulation geometry or at least a range of

configurations that yield better performance than those already tested. This research

investigated three new crenulation geometries in a linear cascade with significant three

dimensional effects. This investigation focused on the performance of the blades, and

the irIaMcon of their associated vortices with those present in the cascade.

In pursuing methods of improving wake dissipation W nezrsmm (1982)

hypothesized that crenulations in the trailing edges of comressor blades might help

increase the rate of wake dissipation. These crenulations would create counter-rotating

vortices that would more quicldy mix the low velocity, low morntum wake air with

the high velocity fivestream air (Figure 3). This active mixing should came the flow

behind the blades to become uniform more quickly.

The most recent investigations into this pheomenn were by Veesat (1989)

and DeCook (1991) using the Air Force Institute of Technology (AF) linear cascade

test faifity. Veesafs investigation compared straight trailing edge blades with two

crenulation geometries, the large and small crenulations depicted in Figures 2.a and

2.b. Her investigation indicated that both crenulation geometries improved not only
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wake mixing but also flow turning angle and total pressum losses. DeCook's

investigation (1991) used the sate blade geometries and centered on the effects of

sidewall suction and turbulence levels on the results obtained by Veesa-t D[Cooks

investigation showed an ipoenwt in wake mixing and total pressure losses, both

with and without suction and turbulence injection, but did not reproduce the turing

angle improvements for either crenultion geomety. In both of these investigations

the large crenulation geome••y produced the most significant inprovements in wake

mixing but also suffered the greatest losses of tuming angle. The small crenulations

had smaller tunig and total pressure losses but did not dissipate the wake as fast as

the large crenulations. Both geometries had faster wake dissipation and lower total

pressure losses than the straight trailing edge blade.

Kang and Hirsch (1991) rece=ly investigated the thraee-dimensional flows that

developed in a linear cascade which had no provisions for sidewall bounday layer

control. Their investigation used a cascade similar to the one used in this

investigation and carefully examined the st ure of the three-dimensional flows. The

flow structure proposed by Kang and Hirsch (1991) appeared to be present in the

cascde used in this axerimnt and is discussed later. The imtertions betwee the

crenulation vortices and these cascade vortices wer examined to deternme the causes

of the previously mentioned gains in perfmance.
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Compressor blades with crenWae trailing edges have been shown to inrease

wake dissipation and decrease total pressure losses in a linear cascade. Until now only

two crenulation geometries have been explored, the large and small cranlations

depicted in Figure 2. The pxpose of this investigation is to explore the interaction

between the vortices generated with cruiulated trailing edge blades and the three-

dimensional flow cI-- aistics of a linear cascade. Three new crenulation geometries

were tested in an attenpt to find one with a better combination of wake mixing,

pressure losses and tuninig angle.

This thesis encwnpsed the design and testing of three new blade cremulation

geometries (Figures 2.c-2.e) in the search for an improement over previous designs.

One crmiulation geometry, Figure 2.c, was designed as a compromise bdewen the two

previously tested geometries and, as will be shown later, yielded the best results. The

second geomety, Figure 2.d, explored a totally new design to determine its suitability

in this application. The last new design, Figure 2.e, was designed specifically to try

and diminish the intensity of the three dimenisional effects.

4



To provide a direct conpaison with previous work, the large crenulation

blades tested in earlier investigations were also fabricated (Figure 2.b). To provide a

baseline for this specific cascade a set of straight trailing edge blades was fabricated

and tested. Of interest was the uimversality, with various blade configurations, of the

previously discovered reduction in total pressure losses.
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Raun

Geea Description of a Cascade

A cascade is a row of identical blades which is normally 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

annular cascade) is a cascade which has its blades awanged 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 profile, the geometric

arrangement of the blades, and the flow condition. The nomenclature used to define a

particular linear cascade are identified in Figure 4. The blade geometry is specified by

the blade chord length (c), the blade camber angle (0), the point of maximun camber

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

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

blad-e -4= normalized by the blade chord. The arrangement of the blades is specified

by the blade spacing (s), the stagger angle (4), the blade inlet angle (a%'), and the

blade outlet angle (oG'). The flow condition of the cascade is specified by the air inlet

angle (%) and velocity (VI), and the air outlet angle (a%) and velocity (V2). Various

other cascade descriptors can be derived from these basic pameters. Three

6



descriptors which are typically used are the deviation angle (S), the incidence angle

(0), and the deflection angle (6). The deviation angle, as shown in Figure 4, is the

angle between the tangent to the mean camber line at the trailing edge and the outlet

flow velocity vector. Likewise, the incidence angle is the angle between the inlet flow

velocity vector and the tangent to the mean camber line at the leading edge. The

deflection is simply the amount by which the flow ws turned, i.e. the angle between

the inlet flow and exit flow velocity vectors.

IdealCscae Flow

An ideal cascade would have an infinite number of blades. An infinite number

of blades would eliminate the viscous effects of the cascade endwalls on the flow.

These effects are undesirable because there are no analogous effects in an axial flow

compressor.

In many cascade eipemum% it would also be 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-dimensional

flow as specified by Erwin and Emery (1950) has the characteristics listed below.

7



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 sparnse, 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 tunnel

configuration.

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

axial flow compressor design in general.

Although purely two-dimensional flow affords considerable simplification in

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

amount of the-dimensionality in cascade- flow can be tolerated, and useful results can

still be produced. In some cases, a cascade with three-dimensional effects may be

useful in modeling a specific flow condition in a conpessor. For example, the flow

through the last row of stator blades in a compressor may have strong three-

dimensional effects. The characteristically low aspect ratio of these blades allow the

viscous effects at the compressor casing and hub to significantly degrade the two-

8



dimensionality of the flow. The blades used in this experinment are low aspect ratio

blades (AR = 1) which are representative of those typically used as the last row of

stator blades in an axial flow conrressor, achieving two dimensional flow was not the

intent of this study. The two dimensional flow condition did serve as a point of

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

•tification of Cacade peffo

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 being considered is the effect of using crenulated blades where three-

dimensional flow is present Since some of these parameters are expressed with

respect to a coordinate system, the cascade coordinate system used in this investigation

is defined as shown in Figure 5.

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

(AVDR) of the cascade. Periodicity refers to the blade-to-blade static pressure or

velocity variation at the cascade inlet and exit These distributions should vary in a

cycle from blade-to-blade for periodicity to be achieved. According to Gostelow

(1984), periodicity is essential for a cascade to be considered a valid model.
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The A VDR is an indication of the two-dimensionality of the flow. If a cascade

has no spanwise gradients of momentum, the AVDR = 1.0 and the flow is two-

dimensional. An A VDR > 1.0 indicates flow contraction and a subsequent increase of

the midspan mass flux through the cascade.

The A VDR is defined as:

fS P 2 Vi,) 1i d.a dy
AVDR= a (1)

f5+ P1V.,) i idpan dy

Where s+ - s is one blade spacing. If a discrete number of data points comprising at

least one blade spacing are sampled in the y-z plane (Figure 5), with equal spacing in

the y-direction such that the spacing between the data points is sufficiently smaller

than the sample range, the mass average of the A VDR can be approximated

numerically. Using this approximation, Equation (1) was re-cast in tems of a

summation of the exit quantities and the measured inlet conditions.

These changes resulted in Equation (2) below

n

E (p2 v~ .)mi dsamn
AVDR = '' - (2)

n
: PljVixj

3.2=

Reults from cascades with non-unity A VDR are correlated with two-

dimensional flow results (A VDR = 1) by the relationships prest by Gostelow

(1984). According to (ostelow (1984) caution must be exercised when using the
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A VDR to indicate the two-dimensionality of the flow because the A VDR represents a

mass average of the velocities at the midspan which may not accurately reflect the

localized three-dimensional effects which may develop in the cascade. Examples of

such effects were proposed by Kang and Hirsch (1991) as well as Tang et al. (1991).

Kang and Hirsch (1991) used a cascade very similar to the one used in this

investigation to examine the structure of the secondary flows in a cascade. They

proposed a flow structure that included a new cornctrated shed vortex (Figure 6).

Figure 6 depicts the three vortices associated with each sidewall that were proposed by

Kang and Hirsch (1991). This figure depicts the approximate locations of the vortices

in a plane perpendicular to, and just behind the blade row, i.e. the concetated shed

vortex was located at about 30% span from the sidewall. The horizontal line is the

trailing edge of a blade and the vortices are located just below the suction surface.

Tang et al. (1991) also investigated three-dimensional effects in a linear cascade and

found a very similar system of vortices. These vortices comprise the major features of

the three-dimensional flow.

Evaluation of Aeodynamic using the Ca With the periodicity

and A VDR established, the aerodynamic performance of a cascade can be determined.

Common indicators of cascade performance are the total pressure loss coefficient (0),

the blade static pressure coefficient (CQ), the non-dimensional static pressure rise (CQ),

and the flow turning angle or deflection (q). Since this investigation focuses in part
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on the wakes genated 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

(D) the wake velocity deficit (WVD) and outlet velocity variance (&).

The static pressure coefficient is defined as:

P-P,
P 1  (3)

Where p is the static pressure on the blade surface or at the cascade exit and the other

values are as previously defined. 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 momenxtn and a

force balance on the blades, it follows that the net force on the fluid indicates the

amount of flow-turning caused by the blade. Since compressor blades are designed to

turn the flow, CP profiles for blades in different cascade configurations, or for blades

with different geometries, provide a comparative indication of blade perfmrmance.

The total pressure loss coefficient is defined as

V= ;O°-2 (4)

Deternmation of M provides an indication of the energy lost through the cascade due

to viscous dissipation. A value of zero with no heat or work added would indicate

isentropic flow through the cascade. The total pressure loss coefficient can be useful
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in defining the incidence angle at which a particular cascade is stalled. For example,

Dixon (1986) specifies the incidence at which stall occurs as being that which

cXepd to twice the mininmun a

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

dimensional pressur rise through a two-dimensional cascade may be expressed as

(referring to Figure 4):

C ~C0S2CC2

This expression for C. provides a means of estimating flow turning (%-%-o) through a

linear cascade from pressure measu=e nts at the exit, provided the inlet conditions

are known. In this case, C, is determined by using Equation (3) with p 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 averaging scheme is used in the wake region. The mass average of some

quantity A, is defined as:

Sj,..p 2 v dzdy(6)

-2J,"dPd

Where z is the spanwise cordimate, is the spmnwise maxmum of the ms e

plane and t is the spenwise minimm of the wme ment plane (Figure 5). If a

discrete number of data points are sampled in the y-z plane with equal spacing in the
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y-direction and equal spacing in the z-direction such that the spacing bwetn the data

points is sufficently smaller than the sample range, the mass average of A can be

approximated numerically by:

n

n

The wake velocity deficit is defined as:

WVD 1 - V.2(8V..

Where t 2 is mass averaged axial velocity in the cascade exit duct and V. is the

freestream velocity in the cascade exit duct

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

immediately downstream of a cascade which bad blades with a sharp traling edge.

This is because a wake trailing a sharp edge would have a very narow width and

account for a relatively small portion of the total mass flow throughou the cascade.

For incompressible flow over an airfoil with zero lift, it follows from White (1991)

that as the wake devel,( ownstream of the airfoil, the wake velocity deficit should

initially increase to a maximum and then decay to a value aproaching 0 at a location
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far downstream of the airfoil. White (1991) went on to point out that the flow behind

a cascade of cambered blades is likely to be complicated with shed vortices and

therefore the above trend can be thug of as a time averaged trncL.

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

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

defined as:

-1 -V=7 -)- 2 (9)
02 S~(n-i)

This calculates the sample variance as opposed to the population variance. Due to the

variations of mass flow in the wake region discussed peiously, it is approprnate to

calculate a mass weighted variance. The mass wei d exit velocity variarce is

defined below (DeCook, 1991).

= 1 " P 21v~j ( vzj-)2 (10)

722 ýpV (n-1)

Where •--P is the aritmnetic mean of the rmss 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 wiged exit velocity variance is not a mass

averaged quantity per the definition previously given (Equation 6). However, the mass

weiged exit velocity variance was converted into an expression which takes a mass

averaged form.
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Expressing t& mew ms flux tam as a sum yields:

02U_ P2yxVj(v-') (11

(tP2J Vx) (-

n

Which reariges to:

n

V12

n ~ ~~ P 2j Vx, 1 1

roduxi the squaed c exit velocity uto the sum in the numnto

n_ 2

n

E• P 2j vx,7--

The xprssion now takes on the mass aveagd form

82 (-) mass average of 2 (14)
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M. ExpeiMMWa Anrnab

The o; - appartus coni.sts of five major comnents. These

componnts ame the air supply system, the difusa/stilling chmber, the throat, the

c test section, and the iristnonentafion. A description of each componet is

provided in this section.

Air &ggzmiv S3,0M'

A schematic of the air supply system nd diffuser/ stilling catw is shown in

Figure 7. The air supply system consists of a 30 kW centrifu•i blower which

derivers air to the test section at appoxmately 1.6 kg/s and produces an inlet flow

Mach riunber of approximely 0.4 for the c test section. The blower is

configured so that it can use outside air, laboratory air, or a combination of outside

and laboratory air. This option is useful for controlling the total temeMraet of the

flow through the cascade. The air is electrostatically filtered before entering the

diffuser.
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pm illinC

The air from the blower is diffused to apprximately 3 mn/s in the stilling

dimb. The stilling chamber is cylindrical with an intemal diameter of

approximately 1.1 m. It also 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 cross-sectional area

change for diffusion of the flow, it also obstructs the acoustic path between the blower

and the test section. A 40 mesh wire sare 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 belmnouth nozzle.

The nozzle throat has a 5.08 cm by 20.32 cm cross-section. A more detailed

description of the air supply system and diffse/stilling chamber is given by

Allison (1982).

U=ot n Cascade Test Section

A schematic of the cascade test section is shown in Figure 8. Shown in

Figure 8, the throat has provisions for endwll boundary layer removal. Suction was

applied to the endwail suction slots for all cascade testing. Also shown, the test

section holds 7 blades. The profile of the blades used in this study is shown in

Figure 9; its surface coordnes and mean camber line are listed in Table 1. The

details of the blade geometry, including the detrmnination of the camber angle and the
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blade inlet and exit angles, are covered in Appendix A. Although the blade profile

was fixed thoghot this study, the trailing edge of the blades differed depending on

whether the blades were crenulated or not crenulated. The planform of each blade

tested is shown in Figure 2. During a single test run all 7 blades were the same,

either crenulated or not crenulated.

In order to vary the incidence angle, the test section interfaces directly with any

one of four interchangeable throat sections. This interface is schematically shown in

Figure 8. Each throat section causes the cascade to see a unique air inlet angle.

These air inlet angles and the cotesponding incidence angles are listed in Table 2.

This method of varying the incidence angle allows the stagger angle to remain fixed

throughout the testing. As can be seen from Figure 8, the thro/test section interface

requires that the cascade test section accommodate various inlet areas. This is

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

were adjusted by using a shim of the apopriate thickness for each incidence angle.

Depending on the incidence angle tested, the spacing between the outer-most blade

and the cascade endwall varies from 1.1 cm to 2.9 cm. This variation in endwall

spacing can be expected to affect the performance of the outer blades. However

Erwin and Emery (1950) found that variations in endwall spacing had a negligible

effect on the perfomunce of the center blade. Since the primry focus of this

ex I is on the ceter blade, the variations in endwall spacing were deternined

to be acceptable. For this investigation the incidence angle was held constant at 4.49P

for all of the blade configurations.
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The ceter blade of each cascade was fahricated with static pressure ports on

its pressure surface and suction surface to allow a midspan blade surface pressure

distribution to be obtainedi 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 I are listed in Tables 2 and 4.
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Table 1. Blade Surfafe Coordinates and Ma Camber Line

5.001 0.000 5.001 lO..O'

4.902 0.020 4.901 0.009 0.015
4.703 0.06 4.0%70 0.028 0.044
4.40 0.119 4.9 .04W.8
4.257- 14 4.N45 0690.108
4.010 0223.992 0.092 J 0.17 I

3.213 0.359 3.~180.6024

2.81 =, .p.19807
W.( .- .97023035

-1.23 1w6 0.17-
0.9 .5 .T .5 .5
0.3 .0-.6 01220.1

0.483-~ -0.39051 00-
0.8 0.1-MY .4

Note: For7 Ta3le I.0 0.eest1dsac14o edn eg ln tebaechr n
0.fers to13 pepedcua ditnc.ro0laechr

0.086 0.084 02110.3



Table 2. Thuoa Angles and Coespding Incidec Angles

25.43 -1.08

31.00 "+.4

35.83 +9.32

3. +2.44

Table 3. Location of Blade Static Pressure Ports

Location in Fraction of Chord

Suction Surface 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. Cascade Specifications

Specification Symbol Value

Blade Chord Lengt= c 5.0

Blade Camber Angle 30.51

Blade Inlet Angle 0 %' 26.51

Blade Outlet Angle w' -4.0

Point of Maximum a 0.5 chord

Camber

Blade Spacing s 3.4 cm

Stagger Angle -=7.50 eg'

Air Inlet Angle 0•see ITable 2

Inlet Velocity 1-3-7-14o rits

Outlet Velocity 2 107-122T

nidene Angle isee Fable 2
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Data Acquisition Sysm

The elements of the AFIT Cascade Test Facility Digital Data Acquisition

System are depicted in Figure 10. As can be seen in the figure, the acquisition system

consists of a central computer and four subsystems. The four subsystems can be

described functionally as (1) the pressure measurement subsystem, (2) the velocity

and temperature measurement subsystem, (3) the temperature measuremet subsystem,

and (4) the traverse control subsystem. A detailed equipment listing is presented in

Appendix B.

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

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

numerical computations. The software which commands the acquisition process is

written in MS-QuickBasic 4.5. The software consists of several multi-module

program and provides automation of both data acquisition and data reduction.

Pressure Measureent %&W9= The pressure measurement subsystem

consists of a Pressure Systems, Inc. Model 8400 Pressure Scanner, 3 32-port

transducer 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 facility ambient pressure.

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

transducer blocks at a rate of 20 kHz. For one data point it scanned each of the 96

ports 11 times and averaged the 11 values which resulted in a total sample time of
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0.053 seconds. The pressure scanner has an internal certified standard transducer

which was used for calibration at the beginning of each test run The standard

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

tempeau fluctuations.

The transduce blocks provided 96 transducers from which pressure was

measured. Each transducer block has 1 reference port which was vented to ambient

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

sensing location of the transducers to a known reference pressure during calibration.

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

exit A schematic of the total preure 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 cm. This spacing resulted in a

mearemt span of 75% 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 impact of ambient temerture fluctuations.

dtyv amd T = aMC EMet S snt The velocity and

temperature measuremt subsystem consisted of a TSI Model IFA 100 Intelligent

Flow Analyzer, a TSI Model IFA 200 System Multichannel Digitier, TSI x-

configuration hot-film sensors, and a thermocouple.
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The intelligent flow analyzer was used to acquire velocity and temperature

-a. It contains a Model 140 temperature module which acquires voltages from 2

thermocouples. It also contains 2 Model 150 constant temperature anemometer

modules which acquire voltages from the hot film sensors. The gain, offset, and low

pass filtering are 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 maximum use of

the range of the digitizer. The low pass filter was set to 5 kHz to eliminate aliasing.

The multichannel digitizer was used to scan and digitize the voltages firn the

signal conditioners in the intelligent flow analyzer. It contains three Model 252

digitizers. As configured in this study, the digitizer acquired the velocity and

temperature raw data simultaneously at a sample rate of 10 kHz.

The hot-film sensors were used to acquire velocity and turbulence data. A

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

hot-film probe consists of two sensors. PSI Model 1241-10 and Model 1241-20 x-

configuration hot-film probes were used. Different model numbers were used based

on the limited availability of the sensors and because the sensors are very fragile and

were broken during this study. All of the sensors 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.

26



ITgm ,eLsurerezt Susyst The temperature measurement

subsystem was used to supplement the tempmat measu=mt capability of the

velocity and temperature measurement subsystem. This was needed because the

velocity and temperatu measurement subsystem is only capable of accommodating

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

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

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

Scanner, and two Omega T-type dhrcouples.

Traverse Control c•usyt The traves control subsystem consists of two

New England Affiliated Technologies Model 301 Programmable Motion Con&ollers

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

traverse in the cascade pitch direction, and one of each was used for traverse in the

spanwise direction. When attached to the traversing mechanism, the resolution of the

subsystem is + 0.0013 cm.

Crenulation eometry

One purpose of this investigation was to attempt to inprove the wake mixing,

turning angle and pressure loss chaacteristics of the previously tested crenulation

geometries. The previous investigations revealed that each geometry had its own

advantages. The small crenulation geometry had the smallest loss in turning angle but

also had the smallest improvement in wake mixing and total pressure losses. The
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large aenulations, on the other hand, had greater losses in tuning angle, but better

wake mixing, lower total pressure losses and seemed to diminish the size of the

secondary flow vortices. With these facts in mind the new blade crenulation

geometries were conceived.

The first new crenulation geometry is a combination of the previous large and

small crenulation geometries (Figure 2.c). For this configuration the depth of the large

crenulations was combined with the width and spacing of the small crenulations. The

large crenulation depth was chosen on the prmise that the greater pressure differences

found closer to the leading edge of the blade helped to drive the wake mixing

generated by the crenulations. The width and spacing of the small crenulations was

chosen in an attempt to regain some of the flow turning lost with the large

crenulations. It was thought that the loss of flow turning was due in part to the loss

of a great deal of the trailing edge with the large crenulation gemetoy.

The second geometry was arrived at after loolkng at the total pressure loss

contour plots presented in DeCookls thesis (1991). A comparison of the Swion off

Turb off plots for each of his geometries showed the large crenulation design to

reduce the vortices near the sidewalls. This present design (Figure 2.d) tried to

reproduce this effect by placing large crenulations the edges of the blades in an

atltmpt to diminish these vortices. The design incorporated small crenulations in the

center of the blade to retain the flow turning and pressure rise characteristics of this

geometry. It was hoped that this design would produce lower total presstr losses

than the small crenulation geometry and greater flow turning than the large one.
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The final geomery investigated in this thesis consisted of 6.35 mm holes

drilled through blade 9.525 mm from the trailing edge (Figure 2.e). It was similar to

the long narrow crenulation geometry in that the holes had the same diameter and

were positioned in the same locations as the tops of these crenulations. Since th=

was no actual crenulation in the trailing edge it was thought that the turning angle

would be more like that of the small crenulations or even the straight blades. The

flow field for this case was unknown and its efficiency at wake mixing could not be
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Hot-wirelfilm Calibraton

SHot-wire anemnonetiy is a method of detemining the velocity and

direction of a flowing fluid by measuring the amount of energy dissipated by a heated

wire placed in the flow. The two commonly used methods of xme g this energy

dissipation use either constant temperature or constant current principles. This

investigtion used a constant temperature device. In constant tenierature hot-wire

anemometry the basic concept is to pass a curret through a thin wire and measure the

amount of voltage required to keep the restmance, and hec the temperature, constant.

This input voltage is then used to determine the mass flow of the fluid flowing over

the wire. From this mass flow the velocity of the fluid is determined. With an x-wire

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 as well as the magnitude of the velocity is detmninedL The operating

principles of hot-wires and the development of the following equations are covered by

DeCook (1991). A conpeldisive bibliography of sources detailing the theory of the

electrical and themodynamic relationships bduind hot-wire anemomtry may be found

inA Bibliombby of Therml Anmi by Peter Freymuth (1982).
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Gioverning F,_-a,. As descibed in chapta m the two sensr types used in

this investigation were TSI 1241-10 and TSI 1241-20 constant tempertrem x-film

n eoers. The difference betmm the film senors and the wire sensm described

above is that the former is a quartz cylinder with a conductive film deposited on it

rath than an actual wire. The equations that follow were developed by DeCook

(1991) and are the ones implemented by the calibration and data reduction software.

"The mot pertinent equations used in this investigation and are printed here for

referemce.

The fluid velocity is found using the following relationship:

Re = pV•ff (15)
Is

Where V,, is the effective velocity over each wire of the pobe and is the vector sum

of the component of velocity pexpndicular to the wire and a fraction of the velocity

parallel to it The relationship between the effective velocity and the fluid velocity is:

Vof = V /sin2a+k2cos a (16)

In this equation V is the fluid velocity and a is the angle between the sensr axis and

this velocity. The term k in this equation is related to the ratio of the sensor length to

the sesor diameter and was determined for this investigation by an angle and velocity

calibration procedure desribed below.
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The RLeydkLs number is dedrmined by solving the equation:

Nu = A÷BvP.e+CRe (17)

In Equation (17) A, B, and C are constants determined by the previously mentioned

calibration procedure and b is a temperatur loading facw determined by a separate

tempeature calibration. Both of these calibration procedures are detailed below. The

methxs for deterining the values of the quantities listed above are thorogly

explained by DeCook (1991)

Calibration B. The calibration procedure for this device consisted of

two distinct parts, a velocity and angle calibration, and a Umpeahu calibration. The

first of these required a set of velocity mean=, , i and a set of angle measu =t s.

This procedure dermined the constants A, B, and C in Equation (17) and the value of

k in the Equation (16). The first step was acconplished by performing a 31 point

unidirectional calibration at a constant air temperature with velocities ranging from 65

rn/s to 150 rn/s. Next a 21 point unidirectional angle calibration was performed with

angles ranging from positive to negative ten degrees. The velocities and angles used

in this procedure were chosen to cover the range of values expected to be found in the

cascade. An post nntun analysis of these choices showed them to be valid since the

ranses over which the calibrations were made included two standard deviations of both

the measmured angles and measured velocities. In order to solve Equations (16) and
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(17) it was necessary to set the temperature loading coefficient b to zero. The

coefficients A, B and C were calculated for a range of values of k using the known

calibrator velocities and angles. The resulting coefficients were then used to calculate

flow velocities and angles which were compared with the angles measured with the

calibrator. A sum squared eor (SS) was compted using.

n (N 2IT1b
SS Tjb -(A÷B VX•÷-C Rej) 18

The value of k producing the lowest SSE for the angle calibration was used. The

values used in this investigation varied from 0.09 to 0.45 depending on the particular

probe being used.

With the values for A, B and C calculated, the next step was to perform a

teperature calibration and solve for the ternpeature loading coefficient. This

procedure consisted of taking a series of velocity nmeasunents while the temerature

of the airflow was varied. The tempeatue used were selected to cover the range of

expecd empeatrs. This process was repeated twice to include measurements of

both high and low velocities at both high and low temeratures. The results of this

calibration were compared to the values measured with the calibrator and the sum
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squared error equation was again implemented using the previously determined value

for k and varying the value of b. The value of b yielding the smallest sum squared

error was used with values for the individual films ranging from -0.15 to 0.44.

With the values for these coefficients determined, the calibration was checked by

measuring a fluid flow at known angles, velocities and temperatures. The results of

this check showed the irstrument to be accurate to within + 0.25 degrees and ± 0.5

m/s as long as the temperature was maintained within a range of ± 2*C of the

optimur. The center of this range depended on the particular probe. Deviations

outside of this range produced prog:ssively larger discrepancies, primarily in the

angle m. These deviations incased, slowly up to about 0.50 at + 5oC of

the optimum temperature.

The velocities and directions measured with the x-wire were relative to the a line

bisecting the angle between the two wires. This velocity was then transformed into

the cascade axis system by the data reduction software. A detailed explanation of

these calculations may be found in Appendix C of DeCook's thesis (1991).

EPms System Caihbton

The PSI 8400 pressure measuremert system was calibrated using an internal

standard and an automated calibration process. This calibration took approximately

three minutes and was performed prior to each data acquisition ra. The PSI 8400

system uses piezoelectric pressure transducers which have definite and known
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reactions to temperature changes. For this reason PSI Inc. recommends a re-

calibration for any temperature change greater than 3YC. Since the temperature varied

less than 3 during the data acquisition process, it was deemed unnecessary to

compensate for this effect with a complete re-calibration. A quicker "re-zero"

procedure was available and the data acquisition software was modified to implement

it if a change in ambient temperatur of more than 1.5'C occurred. The details of this

process, along with those of the complete calibration procedure, may be found in the

PSI 8400 Pressure Scanner User's Manual (1993).

Casge Fow•Conditions

O The cascade test section was completely redesigned for this

investigation. In light of this it was necessary to first establish the inlet ard outlet

flow conditions for the blade row. Once these conditions were known the data

acquisition process was begun.

IWet 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 5) with an x-configuration hot-film

probe.
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Turbulenc intensity (Tu) for one data point in a given nwwment plane is defined

as:

Tu C rv "Y_ (19)
V

with

L

~ V~ V.) 2  (20)

X L

and

L

S(V~ - V) 2  (1

Where L was the number of samples taken at each data point, 100 for this

investigation.

The survey was made with the test section remoed, becaue the test section

interfered with the hot-film probe, and revealed a slight skew to the velocity

distribution. This skewness comprised velocities of about 1 m/s higher at the bottom

of the throat than at the top. The mass averaged turbulence level was determined to

be 0.68% and the mass averaged velocity was determined to be 135.6 rn/s.
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The next inlet condition to be evaluated was the periodicity of the static pressure

distribution. This was measured with the test section in place and the straight trailing

edge blades installed at each of the four flow incidence angles. The inlet periodicity

was determined by scanning 23 static ports placed downstream of the suction slots and

in front of the cascade inlet plane. These ports formed a row 0.05c in front of the

leading edge of the blade row and were spaced at 0.46 cm intervals centered on the

leading edge of the middle blade. The static pressure distribution was found to be

periodic but was skewed with higher pressures near the cascade top and lower

pressures near the bottom for each of the incidence angles (Figures 13, 14). As can be

seen both the amplitude and the skew of the periodicity increase with increasing

incidence angle. This increase in skew was likely due to increasing flow deflection

caused by the increasing incidence angle. The lower pressure at the top of the cascade

was not unexpected since this was the inside of the turn. These figures depict the inlet

periodicity with the cascade tailboArds balanced for a decreasing pressure distribution

along their length and ambient pressure at the diffuser exit. Atenpts to vary the

tailboards to establish uniform periodicity across the inlet were never completely

successful and resulted in a skewing of the pressure distribution in the exit planes

(Figure 15). Uniformity of flow through the exit plane was later determined to be

more critical than at the inlet so the tailboards were subsequently set to provide

uniform exit plane periodicity. The determination of the tailboard balancing citeria
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will be discussed later. For computations requiring inlet static pressure the nine static

ports comprising one period and centered on the middle blade were monitored

(Figure 16). An arithmetic average of these ports was used as the inlet static pressure.

The final aspect of the inlet flow conditions that was evaluated was the inlet

total pressure. For this investigation the stilling chamber static pressure was

considered to be the upstream total pressure and the corrections described below were

made to this value.

The losses between the stilling chamber and the throat are small, but the end

wall suction slots must be accounted for if an accurate evaluation of the total pressure

losses is to be made. The measurement used to determine the suction losses was made

with the test section in place and straight trailing edge blades mounted at the 4.49P

incidence angle. The total pressure rake was used and placed so that it was about

0.05c in front of the blade row. This location was downstream of the endwall suction

slots and even with the inlet static ports. The value of the inlet total pressure was

taken to be the arithmetic average of the eleven total pressure readings taken by the

rake and was found to be 99.85% of the stilling chamber pressure (P.). For all

calculations in this investigation, the inlet total pressure was considered to be

0.9985 P,

Exit Plane mid Diffiser C ditn . With the inlet conditions established, it was

necessary to evaluate the cascade exit conditions. The exit plane of the test section

was evaluated for static pressure periodicity and general flow conditions. The diffuser
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downstream of the cascade exit plane was also evaluated and the measurement

window, measurement planes and measurement grid size were determined

The static pressure periodicity was the first characteristic of the flow to be

evaluated. The measurements were taken from a row of 23 sidewall static ports

spaced at 0.46 mm intervals and centered on the trailing edge of the center blade. The

row of ports was placed at 0.05c behind the trailing edge plane of the blade row. The

measurenmts were made with straight trailing edge blades installed at an angle of

4.49* incidence. As mentioned earlier, exit plane static pressure was also periodic. In

this case, however, there was little skew due to the procedures used to balance the

tailboards (Figure 17). This uniformity in the periodicity of the exit static pressure is

indicative of the uniformity of the flow distribution across the cascade exit plane.

Nine static ports encompassing one period, and the measurement window discussed

below, were monitored during each data acquisition run. The arithmetic average of

the pressures from these nine ports were used as the exit plane static pressure

(Figure 18).

With the periodicity evaluated, a series of five planes were scanned with the hot-

film anemometer. These surveys were made with the blades installed at the 4.49'

incidence angle and were used to determine the appropriate 'windoW to scan during

the data acquisition runs.

The planes that were surveyed were located at distances downstream of the

cascade exit corresponding to the rows of sidewall static ports (0,05c, 0.30c, 0.56c,

0.96c, 1.37c) (Figure 8). Using these rows of static ports to determine the sampling
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planes allowed the static pressure at each x location to be more accurately estimated.

For the initial survey of each plane, static ports centered on the trailing edge of the

center blade were arithmetically averaged to determine the static pressure used in the

associated data reductions.

For these initial surveys a relatively coarse grid of 1.27 mm (0.05 in) spacing in

the y direction and 2.79 mm (0.11 in) spacing in the z direction was used. Contour

plots of the velocity and total pressure distributions were evaluated to determine an

appropriate sampling window for all of the planes. As seen in Figures 19 and 20, the

second and last sample planes, the blade wakes and associated vortices descend as

they travel downstream from the blade exit plane. To compensate for this

phenomenon the sampling window ranged from 121 mm above the y axis zero

reference (the trailing edge of the center blade) to 216 mm below the zero reference.

These distances correspond to one blade spacing and were chosen so that the window

began and ended in the least disturbed airflow between the blades. The sampling

window is plotted on the 0.30c and 1.37c contour plots (Figures 19, 20). The window

chosen ensured that all wake turbulence and vortices came from the same blade.

With the size of the window chosen the grid spacing for the data acquisition

runs needed to be 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 381 mm (1.5 in) and had tubes at 38.1 mm (0.15
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in) intervals. The hot-film sensor, on the other hand could be placed at much smaller

intervals but could only scan an additional 0.5 mm (0.02 in) laterally. It was decided

that the distance and spacing of the pressure rake would be adequate for the hot-wire

as well. In the pitch direction a much finer grid of 0.25 mm (0.01 in) was used. With

the thickness of the blade wake being approximately 2.5 mm (0.1 in) at the first

sampling plane this spacing ensured that approximately 10 measurements wen taken

within the wake. While a finer grid would have provided more resolution, the time

required to make a scan of the window would have been excessive. The grid size

chosen was the same for the hot-film sensor and the pressure rake and resulted in

1474 points being sampled for each window surveyed.

Data Agqisition

Tailboard Balai Prior to the first nm for each configuration the tailboards

were balanced (Figure 8). This was necessary because of the different flow deflection

angles dictated by the different throat sections. The two primary consideations in

balancing the tailboards were ensuring the diffuser exit pressure was equal to ambient

and ensuring 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 psid between top and bottom. This resulted in blade row exit pressures of
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0.047 to 0.083 psig depending on the particular configuration. These procedures also

ensured the previously mentioned uniform pressure distribution across blade exit plane.

The tailboards were balanced with the probe to be used, either the pressure rake or the

hot-film sensor, installed in the cascade.

Probe Alignment- The procedure for aligning each of these devices was the

same. Each was cetered spanwise behind the center blade of the test section and the

reference point of the traversing mechanism was set to zero. The spanwise alignment

process required the removal of the sidewall and the tailboards had to be balanced

after it was completed. The pitchwise alignment was made with the tailboards in

place and the airflow turned on. The precision with which the devices could be

aligned was + 0.13 mm (0.005 in). An additional alignment check was made for the

hot-film to ensure that it was aligned with the cascade x axis. This check was made

with the flow on and any corrections for misalignment were made to the reduced data.

Static Psni Collction. For data collection rins all pressures were read into

the data acquisition comguter from the PSI 8400. The raw data received by the data

acquisition computer was pressui,, (psid) readings. The reading for each port was the

arithmetic average of 11 samples taken over a period of 0.053 seconds. As mentioned

previously, the inlet and exit static pressures were the arithmetic average of nine static

pressure ports. These readings were averaged when they were received, and the value

recorded in the data file for each data point was the arithmetic average of the nine

ports. The stilling chamber static pressure was read directly into the data file.
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The PSI 8400 system measures differential pressures using either 1.0 or 5.0 psid

transducer. Each pressure reading passed on to the computer was the arithnetic

average of eleven samples taken at 208 Hz. Since these are differential pressures, a

reference pressure was required against which to measure the differences. The

reference pressure chosen for this investigation was ambient pressure. The ambient

pressure was measured by the digital barometer described in the previous chapter and

was monitored directly by the data acquisition computer. This arrangement provided

the computer with an ambient pressure reading for each physical data point. (A series

of test rums made with varying ambient pressure were made. These run showed that

all measured pressures tracked with ambient pressure, validating the choice of ambient

pressure as a reference. The details of this test are outlined in Apendix C.

Tkmp u Collection. The thermocouples monitoring the stilling chamber and

ambient t were read each time a data point is takel. At each physical

point the temperature was read from the thenmouples and written to the data file as

a voltage. These voltages were then translated into temperatures during data

reduction.

Total Esmu= Rake, With the tailboards balanced and the pressure rake aligned

the rest of the data acquisition process was automated. The airflow was turned on and

the tank and ambient teperatures were allowed to stabilize. With the initiation of the

data collection run the compter positioned the traversing mechanism at the highest

point of the traverse. For the pressure rake all data runs were made using a vertical

traverse with the rake aligned with the span of the blades. At each point of the
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traverse the readings fomn each of the eleven total pressure tubes were read from the

PSI 8400. 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 eleven tubes, that point was re-taken for all thm

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

psid for two consecutive samples. All eleven pressures were recorded simultaneously.

The previously mentioned grid spacing resulted in 134 vertical points being taken to

cover the swvey window and took from 7 to 25 minutes for each mzeamsumt plane.

Hot-film An mit. The data acquisition process for the hot-film was also

automated but used a slightly different scanning pattern. In this case it was ncessary

to traverse in the span direction as well as the pitch direction. This difference

required that the probe be repositioned for each of the 1474 data points and caused

significantly longer run times. These longer run times and the sensitivity of the hot-

film to temperature changes made it necessazy to actively control the stilling chamber

tp t. This was done using a combination of outside and inside air and the

texrature in the stilling chaner was maintained within the four degree (C) range

for which the hot-film produced the most accurate results. At each point scanned, 100

samples of the hot-film voltages wee taken at a rate of 10,000 Hz. The arithmetic

average of the 100 samnples as well as the mn value for each film voltage was

recorded along with the pressure and temperaun data at each point. These quantities

were written to data files for subsequent data reduction.
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.& PThe pressure distribution around the center blade was scanned

for each blade geomery at each of the incidence angles at which it was tested. These

prus weru measured using the PSI 8400 attached to the blade surface pressure

ports.

The parameters desired from the acquired data fall into two categres. The first

is the channel flow quality which is quantified by the A VDR, turbulence and velocity

distribution. The second category includes the paramitm indicative of blade

performance. This categay includes the pressure loss coefficient (f), the cascade

deflection angle (e), the wake velocity variance (o% the wake velocity deficit (WfVD),

the channel static pressure rise coefficient (47) and the blade static pressure coefficient

(4). The procedures used to detmine these iam meta consisted of M steps. The

first step was to convert the raw voltages from the hot-film and the thermocouples into

velocities and temprtures for each of the data points collected. The second part of

the data reduction process was to manipulate these discrete data points to determine

average or mass averaged values representative of the flow properties through the

channel as a whole. The following sections delineate the fundamet equations used

in this process.

The initial reduction of the raw voltages from the thermocouples is accomplished

using standard procedures. The reduction of the hot-film voltages into velocities and

angles at each discrete point follows the same process outlined in the calibration
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section excn that in the reduction progra the previouly detainined coefficiaits are

used MqUe the unknown flow direction and velocity. As mentioned previously a

detailed explmvion of the reduction of the voltages and the translation of the resulting

velocities into the cascade axis system is available in DeCookls thesis (1991). This

first data reduction step also computed the diffaeence betwee the inlet and local total

pressures for the pressure rake rtis. The remahind of the data reduction is

significantly diffarnt for the two probe types. The reduction equations for each will

thadefore be treated separately.

Total Pressre Rake DaR ia i In this investigation the pressure loss

coefficient was the only reported quantity uhat used the ,i;sas-1-xts taken by the

total pressure rake. The total pxessure rake, due to its natum provides a direct reading

of the total pressure at discrete locations. Equation (4) was used to calculate the local

pressure loss coefficient. In this equation, the quantity (P.,- P.) was the quatity

computed in the first reduction step whwer P. was te local total pressure nasured by

a single tube. The value for P., was the inlet total pressure and equal to 0.9985 P.,.
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The value for A was calculated using the following equation:

P1  (22)
RT1

The value for p, is the arithnetic average of the sidewall static pressure port readings

for the inlet plane and T, is calculated from the following equation:

/ (-1)
T1= T Ir -t-oI (23)

The velocity used in Equation (4) was computed using the total entialpy relationship:

V1  2R(-X-)(Tt-T 1 ) (24)

Values for V, ranged from 139.1 m/s to 141.5 m/s.

After the pressure loss coefficient was conpted for each point the values were

mass averaged for the channel as a whole. The mass averaging was accomplished as

outlined in Chll 1 (Equation 7) with Ai replaced by 4 The value for A is

calculated with:

P2 = (25)
RT2

Where P2 was the arithentic average of the nine exit plane sidewall static pressures.
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The value for T2 was calculated with:

T2= It A (26)

The velocity used for mass averaging in Equation (7) was the x-component of

the velocity for that point measured by the hot-film This velocity was read in from

the reduced hot-film data file and required that the hot-film run be made prior to the

pressure rake data reduction.

Hot-film ta Rej oti The remainder of the performance and flow quality

param were calculated finm data acquired with the hot-film anes.meter With

the initial reduction complete, the equations outlined in Chapter II were implemented.

This process is outlined below.

The flow deflection angle calculated for each point in the first data reduction

step was next mass averaged to find the flow deflection angle for the chanmel as a

whole. This was done using the same method used for the pressure loss coefficient

with q kserted for A, in Equation (7).

The wake velocity variance was calculated using Equation (13). The grid size

chosen for this investigation se, the value for n at 1474. The values for the other

paramets were computed as outlined above. As explained in Clapter II, the velocity

variance is a mass averaged value and a measure of the uniformity of the flow

downstremn of the blade row.
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The wake velocity deficit is another indication of the uniformity of the flow in

the wake region. It was calculated using Equation (8) from Chapter Il. The

e m velocity was taken to be the arithmetic average of the top 25 percent of the

velocities recorded in the plane being sampled. An examination of the velocity

distribution for the middle three blades shows large areas of relatively constant

freestream velocity (Figure 19). These large areas of near constant velocity validate

the assumption that the top 25 percent of the measured velocities represent the

fieestream value The mass averaged value for the axial velocity in this plane was

calculated using Equation (7).

The static pressure rise was evaluated by calculating a static pressure coefficient

using Equation (3). In this equation p is the downstream static pressure that was

recorded for the plane being sampled. The oter quantities are the inlet values

computed as detailed above.

The blade pressure coefficients were the last performance paameter that were

evaluated. The data for these distributions were gathered with a separate program.

The blade C, was also calculated using Equation (3). In this case p is the static

pressure meaured. at points along the center span of the blade surface. The other

quantities were calculated as previously descrbed. This C, was calculated for each

static port on the blade surface and was plotted against non-dimnsionalized distance

as a distribution along the blade.
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The last perarma to be determined from the hot-film data was a flow quality

paraneter, A VDR This parn was calculated using Equation (2). The quantities

pj and V. were computed from the rnidspan (z==O) data taken during each rui. The

calculation of these quantities used Equation (25) to calculate the density. The x-

component of the downstream velocity was calculated from the angle and velocity data

computed during the first step of the reduction process. This yielded 134 data points

(n = 134) in the downsftre plane being scanned The upsta'mm data (subscript 1)

was calculated as previously described. This rmetod of deteunning the upstream

quantities was used because direct measureunt of the upstream conditions was not

possible with the blades in place.

Fu_" A ci. The nuace specified accuacies for the various

pieces of data acquisition equipment are discussed in Appendix D. The erors

resulting from these inaccuracies are calculated in Appendix D and simmaized below

in Table 5.

50



Table 5: Estimated Equipmnt Errors

Pm ter Expected Erro

(%)

2

Blade C. 2

Exit Plane C. 2

WVD 3

Velocity Variance I

AVDR 1

The results of this study were validated by codctixng repeat test runs. These

repeat nms were normally made at the x/c - 0.05 m plane. This location

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

cascade conditions or instrunet alignment and calibration. Before a repeat nm was

made, the cascade blower was turned off and the system allowed to blow down. In
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most cases the repeat nui 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 run

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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IV Discussion of RcsulR

This investigation examined four trailing edge crenulation geometries and

determined their performance relative to uncrenulated blades as well as each other.

The blade geometries are numbered as depicted in Figure 2. As mentioned previously,

all blades were tested at an incidence angle of 4.49P which yielded anangle of attack

of 23.50. The results of the tests fell into two categories. The first was how each

geometry interacted with the three-dimensional flows in the cascade. The other was

the impact of each geometry on cascade performance. The results are discussed in the

following sections.

Effects on CascadFlow Conditions

Axial Veloy Density Ratio. As mentioned in chapter II, the A VDR provides

an indication of the two-dimensionality of the flow. This parameter must be compared

with some form of flow visualization, since it does not reflect concentrated areas of

vorticity. The flow visualization used in this investigation comprised contour plots of

velocity and pressure loss coefficient. These plots were generated from the data

acquired by the hotfihn and pressure rake respectively.
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The A VDR was evaluated by plotting its value for each crenulation geometry

against downstream distance (Figure 21). As seen in Figure 21, the values were

virtually the same for all geometries when the enror bars are taken into account

These values are also well within the 0.8 to 1.2 range proposed by Klein for quasi-

tmindmensional flow (Klein, 1977:489). The next step was to examine the velocity

contour plots for tredimensional flows.

The velocity contour plots for the straight blades showed distinct regions of low

velocity near the sides of the passage (Figure 22). The other geometries had

additional regions of low velocity associated with the crenulations (Figures 23-25).

For all of the geometries, the most intense regions of low velocity were near the

sidewalls. These strong three-dimensional flows make the validity of the A VDR

questionable, at least as it was measured and computed in this investigation

The main point to be taken from the above discussion is that while the A VDR

indicated quasi-two-dimensional flow, there were strong three-dimensional effects

apparent in the low velocity regions near the sidewalls. These regions, appar=t in all

configurations, were a product of the solid wall nature of this cascade. It is the details

of the interaction between these regions and those of the trailing edge crenulations that

is of particular interest in this investigation. The next section looks at each blade in

turn to examine the impact of its crenulations on the flow in the passage.

hDimensional Flows. The three-dimensional flows in a linear cascade were

investigated by Kang and Hirsch (1991) using a linear cascade with physical

parameters similar to those of the one used in the present cascade. Their investigation
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determined the three-dimensional flow geometry to be as depicted in Figure 6, adapted

from Kang and Hirsch (1991).

The similarities between the two cascades included equal aspect ratios, similar

Reynolds numbers and no provisions for sidewall boundary layer control. These

similarities indicate that the three-dimensional flows in the cascades may also be

similar. Along with the similarities, there were some important differences between

the cascades. These differences included a camber angle of 450 for Kang and Hirsch,

as opposed to 30.510, and served primarily to increase the loading on the blades in

their cascade. In light of these differences, it was expected that some of the featue

of the flow structure depicted by Kang and Hirsch would be displaced and possibly

harder to detect.

iSuiht Blades To form a basis for refernce, the velocity contour plots of the

straight trailing edge blades were examinecL Plots made at 0.05c downstream of the

blade trailing edge were used for this purpose, since the velocity gradients close to the

blade were easier to discen. This examination revealed distinct areas of low velocity

downstream of the suction surface of the blade, the areas encompassed by the 60 m/s

contours in Figure 22.a. These areas seemed to correspond to the passage vortex and

possibly the concntrated shed vortex proposed by Kang and Hirsch (1991) and

depicted in Figure 6.

Figure 6 depicts the approximate locations of the vortices shows how they would

appear in a plane immediately behind the cascade exit plane. The comer vortices

depicted in Figure 6 would not have been seen in Figure 22.a, since the hotfilm probe
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could not be placed close enough to the sidewall. In order to try and locate these

comer vortices, a survey with the pressure rake displaced to get as close as possible to

the right (positive z) wall was examined (Figure 26). This plot showed areas of high

0 likely caused by the comer vortices. Figure 26 depicts three blade wakes with

triangular shaped areas of high C associated with the comer vortices adjacent to the

suction surface of each of the blades. These areas are seen to be distinctly separate

from inn areas of high C associated with the previously mentioned low velocity

regions in Figure 22.a.

A closer examination of Figure 22.a revealed smaller areas of localized low

velocity, labeled "A", within the areas enclosed by the 60 m/s contour. These may

have been the cotcentrated shed vortices proposed by Kang and Hirsch (1991). The

local velocity minimum is more visible on the right side of this plot, but a less

pronounced area was also found on the left side. This latter region of low velocity

was found by varying the plot's contour intervals to pick out intermediate contours.

Another set of low minimum velocities, at about + 1.52 cm, was also found. These

were likely the passage vortices described by Kang and HTrsch (1991) and are marked

as points "B" on the plot. The elongated areas of low velocity encompassing points

"A" and "B" appeared to be the combined effect of these two vortices. (It may be

noted that the wakes don't appear to be horizontal in the contour plots, this is due to

the traversing mechanism being aligned slightly off the 'zY axis by about 2.80).
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If the three vortices on each side of the passage were rotating as depicted in

Figure 6, the comer and passage vortices should have tended to rotate around each

other as they travelled downstream. The concentrated shed vortices would also have

tended to rotate around the passage vortices. If this was the case, the shape of the low

velocity regions would change when successive downstream planes were examined. A

comparison of the velocity contour plots for 0.05c and 1.37c seemed to show this

happening (Figures 22.a, 22.b). The corner vortex seemed to move up slightly as seen

by what appear to be the edges of it visible from about y = -0.16 cm to 0.24 cm in

Figure 22.b (areas "C"). The passage vortex seemed to move lower with the center of

the right one moving from -0.16 cm to about -0.76 cm in the pitch direction, area "A"

in Figure 22.b. The concentrated shed vortices may be the elongated parts of areas

"A" that extend slightly up into the middle of the passage, labeled areas "B". This

movement is what would be expected from the interaction of the c-lter-roLating

flows of the three vortices in Figure 6. Looking at the overall shape of the low

velocity regions, Figure 22.b shows them to be longer in the pitch direction than the

span direction. This is opposite to the situation immediately behind the blade (Figure

22.a). This change adds credence to the idea that these areas of low velocity may

correspond to the vortices described by Kang andr Hirsch (1991), and that the flow

directions of individual vortices were at least partly responsible for the movement of

these areas. These regions of low velocity constituted the most significant three-

dimensional flows visible in the contour plots.
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I AM Creilnns (Blade 2). As is discussed below, the large crenulation

geometry produced significantly better wake mixing than either the straight blades or

the hole geomety. An examination of the interaction between the vortices it

generated and the tree-dmensional flows in the channel provided some insight as to

why this may have been so.

A comparison of the 0.05c velocity plot for this geometry with that of the

straight blades showed significant differences (Figures 22.a, 23.a). Where the straight

blade had the elongated areas of low velocity, apparently caused by the passage and

concentrated shed vortices, the large crenulation geometry had no similar areas.

Instead this geometry had two distinct areas of low velocity further out fiom the walls

at about + 0.76 cm from centerline (Figure 23.a). These areas were both smaller, and

less intense, with higher minimum velocity contours. As may be seen in Figures 22.a

and 23.a, the minimum velocity contours were 75 mis for Blade 2 as opposed to 45

m/s for straight blades. When these areas of low velocity were correlated with the

placement of the crenulations, they were found to be located do'wswe of the solid

portion of trailing edge. Figure 27 depicts the trailing edge of the large creulated

blade with its associated vortices. The areas of low velocity from the straight blades

which are super-iosed on it will be discussed below. It appeared likely that the low

velocity areas for blade 2 were the result of vortices generated by the high pressure air

coming up through the crulations.
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This movement of the air up and through the cmiulatim seemed to move and/or

diminish the passage vortices. The areas of low velocity associated with the straight

blades were drawn on Figure 27 for reference. It seems that the vorticity generated by

the crenulations displaced and diminished these areas of low velocity. A manipulation

of the contour intervals showed two local minimums located in the approximate

positions occupied by the passage vortices associated with the straight blades, areas

"A" in Figure 23.a. These areas may have been the passage vortices, but were

considerably less intense and were difficult to discern. Both the diminished passage

vortices and the vortices genwated by the ceulations were relatively weaL

A comparison of the 1.37c contour plot for Blade 2 with that of the straight

blades, Figures 22.b and 23.b, shows the wake associated with Blade 2 to have

dissipated slightly mre than that of the straight blades. The contours of low velocity

occupy more of the passage, for Blade 2, and have a slightly less regular structure.

The contours associated with the straight blades, on the other hand, maintained their

shape somewhat better, indicating less mixing. Though there are differences in the

plots, the differences are much less noticeable at the 1.37c plane than immediately

behind the blade.

The velocity contours depicted in both Figure 23.a and 23.b show the velocity

gradients to be shallower and the minimiun velocities to be higher, for Blade 2 than

for the straight blades. This difference was also reflected in the graphs of wake

velocity deficit and velocity variance (Figures 34, 35). These graphs showed the large

crenulation geometry, along with the long narrow geometry, to be considerably better
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at wake mixing than the other two. This i nprovement was the gatest at the 0.05c

location and seemed to be due to the partial break-up, or displa*m-, of the passage

and concntated shed vortices by the crenulation generated vortices.

L Namw Creulaions Made 3). As mentioned above, the long narrow

crenulation geomety produced wake mixing results similar to those of the large

crenulation gemetry (Figures 34, 35). The overall boundary of the blade wake was

also similar between these two geometries. A detailed look at the contou plots of the

blade wake, however, showed significant differences (Figures 24.a, 24.b).

For Blade 3, the areas of low velocity associated with the passage vortices were

nmre apparent, areas "A" in Figure 24.a. In this case they were distorted and tended

to merge with the outer two, of three areas of low velocity adjacent to the suction

surface of the blade, areas "B" in Figure 24.a. The crenulated trailing edge of this

blade was also plotted with the areas of low velocity from the straight blades

superimposed (Figure 28). The locations of the crenulations correlated well with the

positions of the three areas of low velocity adjacent to the suction side of the blade.

These areas appeard to be vortices generated by the crenulation, areas "B" in

Figure 24.a.

For Blade 3, the place where the passage vortex should have been was just

below the solid part of the trailing edge, as opposed to just below a crenulation for

Blade 2. This difference in crenulation location seemed to be at least partially
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responsible for the difference in the size of the low velocity areas associated with the

passage vortex. It is also likely that the larger size of the Blade 2 crenulations played

a role in the dissipation and displacement of the passage vortices.

The similarity in performance between these two blades, as measured by wake

mixing, was likely due to the similar velocity gradients and low minimum velocities

wit•n the blade wakes. This was particularly evident in the contour plots of the 0.05c

sampling plane (Figure 24.a). The downstream plots, however, showed the vortices to

be interacting somewhat differently for the long narrow crenulations.

While the vortices seemed to dissipate for Blade 2, the vortices for Blade 3

reacted differently depending on which side of the passage they started on. The

vortices on the left side of the passage acted much like those of Blade 2. In this case

it appears that the crenulation generated vortex and the passage vortex interacted in a

way that dissipated both of them (Figures 24.a, 24.b). On the right side of the

passage, however, these vortices seemed to remain more distinct with a more cohesive

structure apparent at the 1.37c location. The reason for this difference is not clear.

While the details of the inteactions between the passage vortices and those

associated with the crenulations were not totally clear, Blade 3 was virtually the same

as Blade 2 in terms of wake mixing. It was total pressure losses and turning angle,

discussed below, that showed the long narrow crenulations to be better.

Hole Q (Blkae 4). The velocity contour plots of the wake produced by

this geometry looked a lot like that of the long narrow crenulations at first glance

(Figures 25.a, 25.b). It had areas of low velocity at approximately the same locations,
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areas "A" and "B" in Figure 25.a, and seemed to cover about the same amount of the

passage. These low velocity areas were located downstream of the areas between the

holes through the blade and were possibly due to vortices similar to those generated

by crenulations. In this case, like that of the large crenulations, there were no

discemable passage vortices. It looked like the passage vortices may have merged into

the outer two low velocity areas just below the blade and near each wall, areas "A" in

Figure 25.a. This may be the reason that these areas were wider than the one between

the middle two holes, area "B". Another distinct difference was the steepness of the

velocity gradients and the values of the lowest velocities. These gradients were much

steeper and the velocities were much lower than those of Blade 3. These velocity

gradients seemed to more than offset any benefit gained by the possible diption of

the passage vortex. This last fact may be seen in the WJ/D and velocity variance

where this geometry had the worst overall perforniaice of any blade tested

(Figures 34, 35).

Tudadence Levels. The last aspect of the cascade flow conditions to be

examined was the turbulence level. The plot of turbulence level against downstream

position showed that each blade geometry produced essentially the same values,

ranging from 1.68%/o to 1.93%. From this, it seems that crenulation geometry has little

influence on the turbulence intensity for this incidence angle.

From this examination of the interactions between the crenulation geometries and

the three-dimensional flow fields of the channel passage, it is apparent that the precise

way in which the crenulations interacted with these flows had an impact on the
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performance of the blades. The next step is to evaluate the cascade performance

parameters and see how the crenulations affected them.

Peformance Pmc=au

Total Pressure Losses, The pressure loss coefficient (M) is a critical performance

parameter. It reflects the losses in total pressure experienced in the cascade and

provides a measure of the feasibility of each blade configuration. If the gains in wake

mixing mentioned above were at the expense of large increases in total pressure losses,

there would be little justification for using the crenulated blades. This was the case

for the comer crenulations discussed in Appendix E, fortunately this wasn't always the

case.

"The total pressure losses were evaluated in two ways. The first was an

examination of the pressure loss coefficient contours for each blade configuration, at

each downstream sampling plane. The second was a comparison of the mass averaged

pressure loss coefficient for each configuration at each downstream location.

StIaistbBlade. In evaluating the pressure loss coefficient it was logical to start

width the straight blades. An examination of the CD contours revealed a situation much

like that of the velocity contours (Figure 29.a). There were elongated areas of high CD

corresponding the previously noted areas of low velocity, areas "A" in Figure 29.a.

This is logical since the centers of the passage vortices indicated by the areas of low

velocity would also be areas of low total pressure. These areas were seen to have
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relatively high peak values of tD and steep gradients. As with the velocity contouxs,

these concentrated areas dissipate as they travel downstream. An examination of the

1.37c contour plot showed the peak CD contours to have decreased from 0.75 near the

blade (areas "A" in Figure 29.a), to about 0.35 (Figure 29.b).

Largc Cnulations. The large crenulation geometry showed the same trends as

the straight blades as the flow progressed downstream. Near the blade, however, the

flow structure was again different. The biggest difference was that the peak values of

D were found in different locations, areas "A" in Figure 30.a. As with the straight

blades, these areas of high (D corresponded to areas of low velocity. When compared,

the peak values of D for this geometry were slightly lower at about 0.45. These areas

of high Ot were also smaller and had flatter gradients for Blade 2, than for the straight

blades. The dissipation of these areas between the 0.05c and 1.37c locations, however,

was not as pronounced as for the straight blades. A result of this slower dissipation

was identical values for the maximun contours at 1.37c, although the gradients for the

straight blades were still steeper and moderately high contours reached further out into

the passage. This is clearly seen if the areas encompassing values of 0 greater than

0.2 are compared (Figures 29.b, 30.b). Overall, the large crenulation geometry appears

to have more dispersed flow, and slightly lower values for 4 particularly near the

blade. This would seem to indicate that Blade 2 would have a slightly lower mass

averaged OL
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Long Narrow Crenulatiom. Blade 3 also had flatter gradients and lower

maximum values of al This is readily aparm t in the contour plots of 6 (Figures

3 L.a, 31 .b). In Figure 31 .a, areas "A" and "B" are the local maximums of Q Areas

"A" are enclosed by contours with a value of 0.6 while area "B" is enclosed by a

contour of 0.45. All of these areas are noticeably smaller in size than areas "A" of

Figure 29.a, which were enclosed by contours with a value of 0.75. In addition, the

percentage of the passage taken up by areas of even moderately higher D appeared to

be less than that for the straight blades, and slightly less than that for Blade 2. The

rate at which these areas dissipated, on the other hand, was similar to Blade 2. The

plot of the 1.37c plane, showed, at the maximum values for 0 weren't much lower,

although the areas encompassing moderately higher values of 0 were somewhat

smaller. As before, this is seen if areas encompassing values of D greater than 0.2 are

compared (Figures 29.b, 30.b, 31 .b). Overall, it would be expected for Blade. 3 to

have a mass averaged value of 0 less than that of the straight blades.

Hotle,.C.xvm•. The hole geometry produced C contours superficially similar to

those of the long narrow crenulation geometry (Figures 32.a, 32.b). When the

steepness of the gradients and the size of the maximum values were evaluated,

however, this geometry was seen to be more like that of the straight blades. The peak

values of CO were just as high, but were located nearer the edges of the passage. The

contours enclosing values of M greater than 0.6 encompassed almost as much of the

passage as those for the straight blades (Figure 32.a). The biggest difference between

them was the division of these contours into three slightly smaller areas as opposed to
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one large area spanning the passage. It would be expected for these areas to produce

mass averaged values similar to those of the straight blades.

MasAverged OL The mass averaged values of CD were plotted against

downstream distance for all crenulation geometries (Figure 33). Also depicted on this

graph are the error bars indicating the 2% range of values expected from the

equipment. This graph bears out most of the observations made above with the

possible exception of those of the large crenulation geometry.

The Blade 2 produced values of 6) essentially the same as for the straight blades.

This seems a little odd in light of the differences in the contour plots noted above.

The discrepancy is most likely due to the weighting given the high CD areas by the

mass averaging. For Blade 2 the hotfilm values for the velocity may have given more

weight to the areas of high 0 than for similar areas from the straight blades, which

had lower velocities and took up less of the passage. When mass averaged, these

lower velocities and smaller areas would tend to off-set the higher values of ()

associated with them In light of the apparent dissipation of the passage vortices, the

higher mass averaged 6D was not expected. One conclusion may be that the break-up

of the passage vortices was made at the expense of total pressure. The long narrow

crenulations, on the other hand, didn't seem to break up the passage vortices and

produced lower total pressure losses.

In line with the analysis of the contour plots, the mass averaged 6) is lower for

the long narrow crenulations than the other geometries at all downstream locations.

While there was a very slight overlap of the error bars for this and the straight
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geometres at the 0.05c and 0.56c locations, the values for the long narrow crenulation

geometry are most likely lower than those of the straight blades. The reason for this

lower mass averaged CD given the similarity in contour plots between this and Blade 2,

is not entirely clear. A possible explanation may be that the areas of higher G

produced by Blade 3 encompass slightly less of the passage than do those of Blade 2.

This fact along with similar low values for M in these areas may be the reason for the

reduction in the mass averaged a( This slight reduction in total pressure losses makes

the long narrow geometry an apparent inprovenwnt over the straight blades. The final

determination will depend on the other performance parameters.

The hole geometry produced disappointing results and looked much as expected

with values of D slightly higher than any of the other geometries. This was evidmnd

by the relatively large areas of high D seen in the contour plots. On the basis of this

factor alone, this geometry is not a good candidate for future investigations.

Wake Mig

As mentioned above, the wake mixing characteristics of the blades were

evaluated using two paraetes, the outlet velocity deficit and the wake velocity

variance. These two parameters showed the long narrow crenulation and the large

crenulation geometries to have distinct advantages over both the hole geometry and the

straight blades (Figures 34, 35). In fact both of the former geometries produced

almost the same results. The hole geometry, on the other hand, was worse than even

the straight blades when these paraeters were evaluated
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Blade C. and CaScade Turning Angle

The blade C, is a parameter which indicates the lift of the blade and hence the

ability of the cascade to turn the flow. This parameter is presented as a non-

dimensional pressure distribution along each of the blade's surfaces. The C,

distribution for each crenulation geometry is plotted along with that of the straight

blades in Figures 36, 38 and 39. The area between the two series of points reflects

the lift generated by the blade.

The cascade turning angle was effectively the flow deflection angle (e). This

parameter confirmed the long narrow geometry as better than the large crenulation

geometry. The flow turning angle for each of the geometries is plotted, with error

bars indicating the accuracy of the measurements, in Figure 40. The following

sections evaluate each geometry's performance using both C, and turning angle.

Larg Crnulation Geo=3_ The large crenulation geometry appeared to have a

distribution along the suction surface that was much like that of the straight blades

(Figure 36). The only difference was a slightly smaller suction peak near the leading

edge of the blade. The pressure surface depicted a more pronounced difference. In

this case the pressure distribution started off slightly lower, than that of the straight

blades, and the difference gradually increased for the first 6W/o of the blade. After

this point, however, there was a rapid drop in pressure. This rapid drop was probably

due to the large crenulation located at the midspan location. It should be noted that

this geometry was the only one with a crenulation in this position, and that because of

it the blade ends at about 0.75c at mid-span. The rapid drop in pressure near the
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trailing edge along with the generally lower pressure on the pressure surface indicate

that this geometry should produce less lift, and hence less turning, than straight blades.

The reduced turning produced by Blade 2 is readily apparent in Figure 40. The

difference with respect to the straight blades ranged from about 30 near the blade to

about 2.30 at the 1.37c location. This reduction in turning angle would require the

blade to be placed at a higher incidence angle in order for it to yield as much turning

as the straight blades. This higher incidence would increase the total pressure losses

which would offset the improvements in wake mixing.

n, gCregjualtgns. The long narrow crenulations produced a C4

distribution much like that of the large crenulations. This is apparent in Figure 37

which depicts both of these plotted together. Figure 38, meanwhile, shows the long

narrow crenulations compared with the straight blades. This geometry produced a

pressure difference on suction surface virtually identical to that of the Blade 2. On the

pressure surface, however, there is some difference. The long narrow crenulations

produced pressures slightly lower than those of either the large crenulations or the

straight blades. The drop off in pressure at the trailing edge, on the other hand, was

not quite a severe as that of the large crenulations. These differences between the

long narrow crenulations and the large crenulations may be due to the fact that there is

no crenulation at the mid-span for the former. If there was, the pressure distributions

may have looked the same. When compared with the straight blades, it was thought

likely that the lower pressures on the pressure surface would cause the long narrow

crenulations'to produce less turning
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This loss is seen in Figure 40 where diffences ranged from about 1.90 at 0.05c

to about 1.20 at 1.37c. These losses in turning angle are much less than those for the

large crenulations. This is somewhat inixpe given the CP distributions. These

distributions were taken at the center span, however, and may not reflect the lift

generated by crenulated blades as well as they reflect the lift generated by straight

blades. It is also possible that the greater amount of blade area removed in making

the large crenulations may have a larger influence on the turning produced by those

blades than the C, distribution indicates. This latter point is examined more carefully

below. The wake mixing cmracteristics of Blades 2 and 3, on the other hand, were

almost identical. Additionally, the better ( for the long narmw crenulations leaves

room for it to rise if the incidence angle is increased to produce the turning angle of

the straight blades.

Hole Cmm. The hole geometry produced a C, distribution very much the

same as that of the straight blades (Figure 39). The only significant difference is seen

on the pressure surface after about 0.50c. In this case there is a slight drop, but much

less than that of either Blades 2 or 3. The turning angle produced by this geometry

was much nearer to that of the straight blades was more in line with the blade Cp

distributions. With losses in turning angle ranging from about 1.10 to 0.50, this

geometry came the closest to the performance attained by the straight blades. The

other perfomnce parameters, however, showed no advantages for this geometry.
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Loss of Blade Area

In the crenulation design phase of this investigation, it was thought that the

blade area near the trailing edges lost to crenulations might have been partly

responsible for the loss of flow deflection found in DeCook's investigation (1991). In

order to investigate this possibility, the amount of blade area lost to the crenulations

was calculated for each geometry. This area was then divided by the area of the blade

and plotted against the turning angle (Figure 41). As can be seen in the graph there

does appear to be a trend of decreasing flow deflection with decreasing blade area.

This information is used in the next chapter when recommendations for future research

are made.

Static Pressure Rise CQ

The last performance parameter considered is the non-dimensional static pressure

rise. The exit C, for each geometry is plotted against downstream location in Figure

42. In this case the hole geometry and the large crenulation geometry had essentially

the same characteristics. The straight blade and the long narrow crenulation

geometries were slightly different from each other and were higher than either of the

other two. When the error bars are taken into consideration, the actual values for all

of the geometries are likely very close. The only conclusion which may be drawn

from this parater is that the static pressure rise produced by the long narrow

crenulations is the close to that of the straight blades. The static pressure rise of the
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other two configurations are the same and possibly somewhat less. This parameer

appears to confirm the earlier determnination of the long narrow creniulations being

better than the other two crenulation geometries, but worse than the straight blades.

The results discussed above show that while the long narrow crenulation

geometry lost 20 of flow turning, it produced the best perfonnance of the crenulated

blades. The large crenulations, meanwhile, yielded good wake mixing but suffered

from a greater loss of flow turning. Finally, the hole geometry produced virtually no

improvements over the straight trailing edge blades. The conclusions arrived at from

these results and reconmmendations for future investigations are discussed in the next

chapter-
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VI. Conclusions and MiMn

From the results discussed in thi previous chapter, it is evident that crenulations

on the trailing edge of blades in a linear cascade can increase the rate of wake

dissipation. It is also apparent that the geomety of the crenulations have a direct

impact on the mane and effectiveness of the wake dissipation.

Of the geometries tested, both Blade 2, the large crenulation geomery, and

Blade 3, the long narrow crenulation geometry, produced better wake mixing than the

straight blades. The marinn in which the wakes were dissipated seemed to be

different, and depended on the interaction between the crenulation generated vortices

and the three-dimensional flows present in the passage. Blade 2 seemed to produce

the enhanced wake mixing by either dissipating or displacing the passage and

concentrated shed vortices. Blade 3, on the other hand, seemed to produce the

enhanced wake mixing by reducing the strength of these vortices with more moderate

changes in the flow structure. This difference in the manmer in which three-

dimensional flows were affected by the crenulations appeared to umpact the total

pressure losses generated by a particular geometry. The manner in which Blade 3

reduced the strength of the vortices allowed it to produce lower total pressure losses
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than Blade 2. The reason for this difference in total pressure losses is not entirely

clear, but is likely due to greater losses associated with the large changes in the three-

dimensional flow fields caused by the large crenulations.

Another relationship noted in the previous chapter was that between the amount

of blade area removed in making the crenulations and the blades' ability to turn the

flow. When larger amounts of blade area were removed, there seemed to be larger

losses in flow deflection (Figure 41). In particular Blade 3 lost about 30% less flow

deflection than Blade 2 while producing almost exactly the same amount of wake

mixing. The loss in flow turning produced by both of the geometries is still excessive

and appears to be the cost of the increased wake mixing.

Of the blades tested, the long narrow c'enulation geometry produced the best

results. It had the enhanced wake mixing chmacteristics of the large crenulation

geometry while producing about 10 more turning It was also the only geometry to

produce lower total pressure losses than the straight blades. In spite of the advantages

when compared with the large crenulation geometry, the long narrow geometry still

has unacceptable losses in turning angle when compared with the straight blades. In

order for the long narrow geometry to be considered better than straight blades, it

would have to produce nearly the same amount of flow turning. This can be

accomplished with an increase in incidence angle, but the increased incidence will lead

to increased total pressure losses. The suitability of the long narrow crenulation

geometry awaits testing to determine the magnitude of the increased total pressure

losses.
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The recommendations for further research fall into two categories. The first is

recommendations concerning further research which should be conducted using the

long narrow crenulation geometry of this investigation. The second is

recommendations concerning designs attempting to unprove on the performance of this

geometry.

Further Investigtions Usi-,g Blade 3. Further investigations into the

performance of the long narrow crenulation geometry should center on two areas. The

first is a closer investigation of the interaction between the crenulation generated

vortices and the three-dimensional flow fields present in the passage. The second area

of investigation should focus on the performance of these blades at different incidence

angles.

Investigations into the interactions between the crenulation generated vortices

and the three-dimensional flow fields should include a detailed survey of the wake

region using a finer spanwise grid than that used in this investigation. This finer grid

would allow more of the details of the flow field to be discerned. The best

downstream locations for this survey appear to be the 0.05c and 0.30c planes used in

this investigation. The close proximity of these planes to the trailing edge of the blade

should make the flow interactions easier to discern. Another survey that should be

included would be a survey of the spanwise flows in these two sampling planes.

These spanwise surveys, when corelated with the pitchwise surveys, would provide a

more complete picture of the flow field interactions. This comprhensive investigation
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of the blade wake would allow better decisions to be made in the design of new

crenulation geometries. Similar investigations of the large crenulation geometry might

also be useful. If the causes of the increased total pressure losses could be

determined, future designs could avoid reproducing them.

The other area of investigation that should be pursued with the long narrow

crenulation geometry is the performance of these blades at the other incidence angles

listed in Table 2. An investigation which ran concurrently with this one looked at the

performance of the large crenulation geometry at these other incidence angles

(Costello, 1993). Based on Costello's results, it seenm likely that the long narrow

crenulations will produce favorable performance at both increased and decreased

incidence angles. This performance needs to be investigated and hopefully verified.

.mjizaion Qf Culation Geome. The examination of the interaction

between the crenulation generated vortices and the secondary flows in the passage

showed the location of crenulations to be of particular importance (Chapter V and

Appendix E). Additionally, the amount of blade area removed in making the

crenulations should be minimized if the flow deflection angle is to be maintained.

These two conclusions were kept in mind when the proposed blade geometries

discussed below were conceived.

The first design attempts to regain some of the lost flow deflection by proposing

the same number and depth for the crenulations, but only half of the width

(Figure 43.a). This design would reduce by about half the amount of material

removed, but would hopefully retain the wake mixing and total pressure losses of the
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current long narrow design. The placement of the crenulations was deemed critical

and the area of low velocity associated with the passage vortex should be between

crenulations. This comntrain may be met by placing the inner edges of the outer

crenulations and the outer edges of the inner crenulations in the same locations as

those of the current design. This placement was detemined using Figures 22, 24, and

28, and attempts to make the same changes in the passage vortices as the current long

narrow crenulations.

The next design uses the same philosophy of increasing the blade area over that

of the long narrow crenulation. In this case, however, two crenulations of the same

size are used with two crenulations with half of the width (Figure 43.b). The two

outer crenulations would be the same size and be located in the same place as the

current geometry. The two inner crenulations would have half the width and be

placed with their outer edges at the same locations as those of the current inner

crenulations. This design would have approximately 25 percent less blade area

removed than the present long narrow crenualtions.

Another geometry would use three crenulations half as wide as the present long

narrow geometry (Figure 43.c). These crenulations would be placed so that the inner

edge of the outer crenulations are in the same place as inner edges of the current outer

crenulations. This placement also attempts to produce changes in the passage vortices

similar to those of the long narrow crenulations. The third crenulation would be

placed at the midspan locatiorL This geometry would have only about one third as

much blade area removed as the current design.
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The last proposed geometry is based on the same philosophy as those above. In

this case the cuarent long narrow geometry would be changed to leave only the two

outer crenulations (Figure 43.d). These crenulations would hopefully produce the

same positive effects on total pressure losses and wake mixing as the current design.

This geometry would have half as much blade area removed as the present long

narrow geometry.

Each of the designs proposed above has the potential to improve the flow

turning while keeping most of the advantages of the present design. The additional

tests of the current geometry recommended above would likely narrow down or

possibly eliminate these proposals. If the equipment and software modifications

needed to perform these tests are made, then these additional tests are the next logical

step. Another option is to ranufacture and test the new designs using the current

software and equipment This latter alternative would entail the least amount of set-

up and would likely produce the quickest results.
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The compressor blades used in this investigation were NACA 64-A905 a=0.5

blades slightly modified to smooth the transition from the curved part of the upper

surface to the straight tail section (Figure 9). The blades were locally manufactured

out of aluminum, using a computer controlled milling machine programmed with the

blade surface coordinates. The resulting blade was essentially a NACA 64-A905

a=0.5 for the first 80% of its length. The modified last 20% of the blade caused

changes in the blade angles essential for cascade researdc

The angles of interest to cascade investigations are the camber angle (0) and the

angles between the mean camber line and the entry and exit of the cascade (a,', I ý)

(Figure 4). These angles are noally defined by tangents to the mean camber line at

the leading and trailing edges of the blade. For NACA blades with a=0.5, the mean

camber line has infinite slope at the leading edge so the use of an altaiate method

was needed to determine the camber angle. The previously mentioned modification

also needed to be accounted for since it changed the camber line at the trailing edge.

Several approaches were tried in the search for an acceptable solution to this

problem The method yielding the best results was a combination of physically

measuring the slope of the training edge meanline on a computer generated plot of the

airfoil, and approximating the airfoil with an equivalent circular arc. This method was

a modification of the method outlined by Lieblein (1965) and entailed passing a
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circular arc through the leading edge, the trailing edge and the maximum camber

displaced to the mid-chor This method was used only to determine the camber of

the airfoil and not the other angles. Using it to determine %z' led to unacceptable

errors in estimating the deflection using Howell's correlation. Instead the measured x,'

was used and ca' was determined using the relationship:

Ott = + a/(27)

In order to calculate the value for 0 a circular arc was calculated which passed

through the leading edge, the trailing edge and a point at the mid-chord displaced

upward a distance equal to that of the mximwmn camber (Figure 44). The coordinates

for these points were taken from the data file used to machine the blade. The

coordinates of the three points were found to be (xy):

Leading Edge = (0,0)

Maximmn Camber = (2.50,0.335)

Trailing Edge = (5.00,0)

The equation for the circle passing throug these three points was found to be:

(X-2.50)2 +(y+9.17) 2 = 90.34 (28)
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1Th equation for the tangent to a circle at a point is given by Eschbach (1975) as:

xX1 +yYI+g(x+xl) +f(Y+Yl) +c=O (29)

The equation for the circle was put into the required format and Equation (29) was

solved for the leading and trailing edges of the blade. The resulting angles between

the respective tangents and the chord line were found to be:

•= 15.254 degrees

-15.254 degrees

Which resulted in a camber angle of 30.51 drgrees. With this value calculated the

next step was to find the angle between the mean camber line at the trailing edge and

the chord line.

The angle between the mean camber line and the chord line at the trailing edge

(4) was found by measuring it on a computer generated plot of the airfoil (Figure 45).

This angle was found to be 11.5 degrees. The value for oq was found using the

equation:

09' -2 (30)

Where the symbol ý in Equation (30) is the stagger angle.
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Thpreceding series of computations was carried out and applied to a blade

mounted in the configuration for c4=3 1.000. The pertinent blade angles were found to

be:

0 =30.510

c4'= -4.000

C4'= 26.51'

i =4.49'

The accuracy of this approximation was determined by using the angles

calculated with this method in the equations for Howell's generalized performance

curves as outlined by Dixon(1978). This process was used to estimate the expected

deflection angle for each turning angle configuration. 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 809/o of stall

deflection and i* is the incidence angle required to produce this deflection. These

angles are defined as:

eC* -C; (31)
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In order to compute thse values it is necessary to first find the other nominal

angles. Following Dixon, these calculations were performed using:

cc 2-a'2 = (32)

Where

m=0. 23 (2"/1,)2+U2 (33)500

Solving Equations (32) and (33) for a,* yield:

O.23*O(s/1)1/2(2*./i)2+a/ (34)
(1-e (8('/) 1/2) / (50()34

Next it is necessary to find a,* using-

a=tan_1 [ 1.55 + tana] (35)1+1. 5"S/i

which approximates Howell's low speed correlation and is applicable for angles of (V*

between zero and forty degrees (Dixon, 1978).

The Preceding equations yielded the following nominal values:

C9 = 1.86*

cc = 38.750
6* = 36.89*
i" = 12.240
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With the values of i and e it is possible to calculate the quantity:

which is used along with Figure 3.17 in Dixon (p. 78) to yield the quantity:

E

E*

relating the actual deflection angle to the nominal deflection angle. The calculations

were caried out and the estimated deflection angles for the four cascade turning

angles were conipted. These were found to correlate fairly well to the measured

deflection angles produced by the straight trailing edge blades. The results are

summarized in Table 6 below.
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Table 6. Measured and Predicted Flow Deflection Angles

Air Flow Incidence Measured Modified Circular

Angle (q) Angle (i) Deflection () Arc (E)

38.95 12.44 35.49 37.40

35.83 9.32 31.92 34.62

31.00 4.49 27.86 30.31

25.43 -1.98 23.52 24.81

It should be noted that Howell's correlation used here was for two dimensional flow

while the cascade used in this investigation had strong three dimensional effects (Chap

II). Considering this, discrepancies ranging from 1.7 to 2.5 degrees represented a

reasonably good correlation between the predicted and measured values.
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Appedix R. Equipmen Listing

SMOdel NMbe/Deriin

Pressure Measurement Pressure Systems Inc. Model 8400 Pressure
Scanner (20 kHz maximum sample rate)

Model 8415 Scanner Interface Unit
Model 8420 Scanner Digitizer Unit
Model 8440 Analog Input Unit
Model 8433 Pressure Calibration Unit

(1 psid)
Model 8433 Pressure Calibration Unit

(5 psid)
Certified Standard Transducer

(0.2-18 psi range, _0.00001 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)

Pressume Rake (ll 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 Temperatue Module
Model 150 Anemometer Modules (2)
Model 157 Signal Conditioner Module (3)
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i I I i-i

su= Model Numbrahs• zmio

Velocity and Tepratur
Measurement TSI Model IFA 200 System Multichannel Digitizer

Model 252 Digitizers (3)
(50 kHz maximum sample rate,
5 V range, 0.002 V accuracy)

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, _0.30C accuracy)

Temperature Measurement Hewlett-Packard Model 3455A Digital
Voltmeter ( 0.00002 V accuracy, 24 Hz

maximum sample rate)

Hewlett-Packard Model 3495A Scaier

Omega T-type Thenocouples (2)
(copper-constan, _0.30C accuracy)

Traverse Control New England Affiliated Technologies Model
310 Progamnable Motion Controllers (2)

Oriental Motor Company Stepper Motors (2)
(400 steps/revolution resolution)

Central Computer Zenith Model Z-248 (80286 processor with
math co-processor)

National Instruments Model GPIB-PCII
Gena Pupose Interface Board)

TSI Model 6260 Parallel Interface Board

Software (developed by AFIT/ENY, written in
MS-QuickBasic 4.5)
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Ap_ 9edjx CL: Effects. of Ambient Pressure on Cascade

This appendix discusses the effects of changes in ambient pressure on the pressures

measured in the cascade. It was discovered that the pressures measured at the various

locations in the cascade varied directly with ambient pressure. This variation validates

the choice of ambient pressure as a reference.

DisausUsi

The data used in this analysis were taken over a period of approximately eight

hours. The tailboard setting, incidence angle, crmulation geometry, probe and

sampling plane were the same for all of the data rums. The results of these test runs

are depicted graphically in Figure 46. This figure depicts the changes in the tank,

inlet, exit and ambient pressures over the course of the six runs. It can be seen that as

the ambient pressure first increased and then decreased, the other pressures followed it.

Figure 47 shows the same data in terms of psig with ambient as the reference pressure.

The difference between the minimum and maximun ambient pressures was

0.109 PSI. The changes in the other pressures when evaluated in terms of psig were

smaller by an order of magnitude. The variation in P. was the largest with a

variation of 0.024 psig. The inlet pressure varied by 0.012 psig and the exit pressure
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by only 0.003 psig. These small fluctuations in the measured pressures are an

indication that changes in ambient pressure will be reflected in all measured pressures.

and justifies the use of ambient pressure as the reference.
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D&D. Error Analysis

Eaui= Actaie

The equipment accuracies specified by the manufacturer or determined during

calibration procedures are summarized in Table 7. These values are used in the

following analysis to estimate the expected error for each of the calculated parameters.

The method for determining the errors is demostrated by example for the pressure

loss coefficient The errors for the other quantities are calculated in a similar wmer.

Presure Loss Coefficial The ror for (D was estimated by evaluating

equation (4) for a given set of data taken from an actual test n. The equation was

then re-evaluated for the same data changed by the accuracy of the instrumentation

used to meau each quantity. The instrument accuracies were either added to the

measured reading or subtracted from it so as to create the largest einx in the final

answer. Once these calculations were made, the percent chnge in the ial aswer

was calculated using-

ERROR- -- 1

where e represents the effect of changing all of the measured values individually. If

this error is assumed to occur in the same direction at every point of the summation,

the largest error will be found. This is a valid assumption since the quantity in the

numerator of Equation (4) is a difference in pressures and doesn't vary much in
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relation to the size of the eror associated with the pressure transducers. The

quantities in the denominator, on the other hand, are all throat conditions and don't

vary much over the period of the data run. These calculations resulted in an estimated

ernor due to equipment capabilities of 2 percent for aI The erors that might be

introduced by the mass averaging process were found to be largely offsetting and

assurned to be negligible.

C. Analysis. An analysis of the equations for Cp revealed that the error would

be the same as for a. This is because the quantities in the numerator of Equation (3)

are again a difference in pressures and are of the same order of magnitude as for ai

The quantities in the denominator, on the other hand, are exactly the same as those for

(a This applies to both the blade Cp distribution and the non-dimnsional static

pressure rise.

Wake Yelcit Deficit. The wake velocity deficit presents a different situation.

In this case it was necessary to determine appropriate error for the two velocities in

Equation (8). The problem was that these are bot either arithmetic or mass averaged

values. This problem was made more complex by the fact that the velocities used to

compute the freestream velocity were also used to compute the downstream axial

velocity. These two facts make it inpossible for the numerator to be in error in one

direction (i.e. high) by the same amount the denominator is displaced in the opposite.

Additional insight was gained when the nature of the erro introduced by the hotfilm

was examined. The majority of the samples taken were at a negative angle and the

128



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 eror 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 mi/s for downstream axial velocity and

120 mr/s for the freestream velocity. These values resulted in an estimated error of 3

percent for values representative of those measured in the cascade.

Outlet Veloci Variance. The velocity variance is similar but more

complicated. If the mass averaging process is igored, 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

arithmetic average of all of the exit velocities has a total error near +0.5 m/s. Since

most of the local values must be near +0.5 m/s for the average 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 enro estimation purposes, an enror

value of 0.5 rn/s was added to the representative values of the numerator and

denominator. The values used for this evaluation were an average velocity of 116 ni/s

and an individual value of 99 rn/s which was one standard deviation below the average

value. This method resulted in an estimated error of 1 percent for the velocity
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vriane.

Axial Velocity D[nsity Ratio. The approach to estimating the emror in the

A VDR was essentially the same as that followed for the other parameters, with

Equation (2) being 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 instnrnlt was used, in virtually the

same conditions, to measure the quantities. This evaluation applies equally well to the

densities. The erors for these values were calculated in the same way as those for the

0 discussed above. The velocity in the numeator was evaluated in a mamr• similar

to the velocity variance and 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 similar flow angles. When reve value were used for each

quantity and then perturbed by the approprate error, the resulting overall error was

calculated to be I percent
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Table 7. Conponet Accuracies

Component Accuracy

Pressure 0.0005 psid

Transducers

Digital Barometer 0.005 psia

Th•rmocouples o.3oC (meas)

Hotfilm Velocity 0.5 m/s (meas)

Hotfilm Angles 0.250

(meas)
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A d*F_ Comer CrMulaion CDC

The reasoning behind the choice of this geometry is given in Chapter In.

Unfortunately the placemet of the large crenulations at the edges of the blade did not

produce the desired results. As described below, this geometry sufferd from large

total pressure losses and was therefore not extensively tested. The data presented in

this appendix, for the comer crenulations, were the result of one acquisition rum at

each location with each probe. There were no attempts to verify the results and they

were used only to discern general trends.

An evaluation of the velocity contour plots of the blade wakes show the coner

crenulations to have a distribution similar to that of the straight blades (Figures 22,

48). There are minor vortices in the middle of the blade, but these are evidently too

weak to either disnipt or reduce the passage or concentrated shed vortex. While the

velocity gradients aren't as steep as those of the straight blades, and the minimum

velocities aren't as low, the WVD is virtually the same and the velocity variance is

better only near the blade (Figures 49, 50). This lack of improvement in wake
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mixing makes the use of these crenulations questionable. The performiance parameter

that led to the final elimination of this geometry from consideration was the pressure

loss coefficient.

The pressure loss coefficient for all of the blades tested is plotted against

downstream location in Figure 51. The pressure loss contour plotted in this figure was

determined differently than the ) used to evaluate the other geometries. In this case

the additional data runs required merge the velocities from the hotfilm runs with the

data from the pressure rike were not made. The i plotted in Figure 51 is based

entirely on the pressure rake data. This reduction method incoporates the artificially

low velocities derived from the pressure data in the mass averaging scheme. For

comparison purposes, the data for the other geometries was reduced in the same way.

An examination of Figure 51 shows that the corer crenulation geometry has larger

total pressure losses at all locations. These large total pressure losses are the reason

further tests were not made.
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ALm F- Cntour Plot

This appendix contains a complete set of contour plots for each of the

configurations tested. These plots include velocity and 0 for all of the sampling

planes and contour plots of turning angle at the 0.05c and 1.37c locations. The

contour plots for Blade 5 are not included since the data was not verified with repeat

rins.
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