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ABSTRACT

Four Equlangular Annular Diffusers were in westligated
with an inlet flow having swirl. The total expansion angles
of the inner and cuter cones of the diffusers were 40° and
the area ratios were 1.25, 1.50, 2.00, 3,00 respectively,
The performance of each of these ai fusers wasg studied at
various amounts of inlet swirl. The mean swirl angle at
the inlet was varicd {rom avproximately zero (axial flow)
to a value of about 250. The performznce of the diffuser
was studied at five different inlet swirl angles with
the aim of finding the effcct of inlet swirl on the per-
formance, It was found that the Equiangular Anﬁular Diffuser
performarce was good at axial flow, decreased abt low cwirl
and 1lncreased at higher swirl,

The performance of the present diffuser gecmetry
was compared to a set of annular dlffusers whese lnner cone
converged and outer cone diverged. The Egulangular Dlvergent
Annular Diffuser performed better than the Eguiangular

Divergent-Convergent Anmular Diffascer,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

The author is grateful to Rev., A. R. Howell and
Prof. W. G. Colborne of the Department of Mechanical
Engineering for providing the ocpportunity and for their
support for this project.

The author also wishes to express his gratitude to
Dr. XK. Sridhar for his supervision, generous ald and en-
couragement throughout this work.

Thanks are also due to Dr., H. J. Tucker for his most
helpful advice, to Mr, 0O, Brudy, Mr. R, Myers and Mr, Paul
Corbett for thelr technical assistance in building the test
facility, and to United Aircraft Ltd., for their assistance-
in the design of the swirl vane generator. The author 1is
also indebted to Miss Mary Lauder and Mr. P.0O. Schneilder
for thelir general but important asslistance and to Miss
Laura Lauder for typing the thesis.

The author would also like to eXxpress a very per-
sonnal thanks to Mr. Oskar O.H. Schneider for his firm
encouragement throughout the project.

The research for this thesis was supported by the

Defence Research Board of Canada, Grant Number: 9550-44,

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

ABSTRACT
ACKNOWLEDGEHMENTS
TABLE OF CONTENTS
NOTATION
LIST OF TABLES
LIST OF FIGURES
CHAPTER 1
INTRODUCTION
CHAPTER 2
LITERATURE SURVEY
2.1.0. General Remarks on Diffusers
2.2.0 Diffuser Performance
2.3.,0 Previous Investigations of Diffusers
2.3.1 'Conical and Plane Yalled Diffusers
2.3.2 Anmular Diffusers
2.4.0 Specification of Inlet Swirl
2. Previous Investigations of Diffusers-
With Inlet Swirl

2.5.0 LALims of Present Investigation
TEST FACILITIES AND EXPERIMENTAL PROCSDURE

L1el fir Supply and Flow-Calibraticn Pilipe

3.1.2 DExpansion Cong and FPlenvm Chaubver

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Page
iii
iv

viii

xi

N Oy EwWw

(00

10
10
i0

10



3.1.4 Annular Pipes 12

3,1.5 The Test Section: The Diffuser 13

3.2, 0 Experimental Procedure 13

3.3.0 Instrumentation 16
CHAPTER 4

RESULTS AND DISCUSSION 17

4,1.0 Experimental Results 17

L4,2,0 Inlet Conditions 17

h,2,1 Swirl and Tangential Velocity
Distributions i8

4,2,2 Velocity and Dynamic Pressure Distribut-

ions | | | i9
L, 2.3 Static Pressure Distributions ig
4.3.0 Diffuser Duct and Outlet 20
4,3.1 Swirl and Tangential Velocity»Distribut-

lons _ 20
4,3,2 Velocity and Pressure Distributions 21
4.3.3 Static Pressure Rise in Diffuser 22
L,%,0 Effect of Turbulence . 22
L,5.0 Discussion of Performence Parameters 24
4,5,1 Pressurs Recoveryv Factor 24
L,5.2 Diffuser Effectiveness ‘ 28

CHAPTER 5
CONCLUSIONS | 30
Vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDICIES

APPENDIZX A Computer Programmes 31
APPENDIX B Diffuser Effectifeness 39
APPENDIX C Design of the Swirl Generator Ly
APPENDIX D Error Analyslis 49
APPENDIX E Mass-weighted Averages 53
LIST OF REFERENCES . | 5
TABLES ' 58
FIGURES 121
VITA AUCTORIS 199
vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AR

(2]

PR

< o‘s :j 3

NOCTATION

Flow Area

Throat Area

Area Ratio

Iniet Opening of Swirl Vane Unit

Pressure Recovery Factor ﬁased on Mass-Weighted
Average Value of Dynamic Head

Ideal Pressure Recovery Factor Based on Free
Vortex Flow

Diffusion Factor

Height of the Annular Passage

Iength of the Diffuser4Measured,Aloﬁg the Wall
Mass Flow Rate

Static Pressure

Total Pressure

Radius

Hub Radius

Tip Radius

Absolute Velocity

Axial Velocity

Radial Velocity

Tangential Velocity

Distance from Imnner Surface of OQuter Wall
Diffuser Effectiveness

Swirl Angle

Density

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



& Diffuser Divergence Angle or Diffuser ExpansSion

Angle
S Sweep Angle of Flow Contour for Design of

Swirl Vane Unit

Sﬁbscripts
i Inner Wall
O Outer Wall
I Ideal
1 Diffuser Inlet
2 Diffuser Outlet

Bar over the symbol means mass-weighted average quantity

except where it is otherwise stated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABILES

TABLE | | PAGE
I ‘ Inlet Exﬁerimental Data 58
Inlet Calculated Results 58

1T Exit Experimental Data 59
Egitltalculated Results 59

1T Inlet Turbulence Data | 60
Relative Turbulence ‘ 60

Iv Mass Weighted Results 118
v Divergent-divergent Annular Diffuser 120

Experimentally Measured EERJZ?’;1 Values.,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FIGURE

o N0 O N O N oW A

[REY

|
H

iz

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES

Diffuser Classification

Schematic Diagram of Test Faciiiﬁies
Apparatus Layout

Centrifugal Blower

Diffuser Test Section

Yaw Probe at Diffuser EXit

Settling Chamber

Swirl Vane Unit

Diffﬁser Geometry

Measurement Stations

Comparisoﬁ'of Kean Velocity Distribution
With Results of Brighton.and Jones
Design Plots for Swirl Vane Generator
Profile 1 : Swirl Vane Design
Schneider®s: Velocity Distribution Vs.
Sweep Angle, No Swirl |

Schneider's: Static Pressure Vs, Sueep
Angle, No Swirl

échneider's: Velocity Distribution Vs,
Sweecp Angle,; Swirl

Schneider®s: Static Preésure Va. Sweep

Angzgle, Swirl

b )

Page
121
122
123
123
124
124
125
125
126
127

129

130

131

132



F1GURE
F

G

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Profile 2: Iever®s Analysis

Iever's: Velocity Distribution Vs, Sweep
ingle, No Swirl |

Iever‘*s: Static Pressure Vs, Sweep Angle
No Swirl |

Jever®s: Veloclity Distribufion Vs, Sweep
Angle, Swirl

Tever's: Static Pressure Vs, Sweep Angle
Swirl

Inlet Swirl Angle Profiles

Inlet Tangential Velocity Profiles

Inlet Dynamic Pressure rProfiles

Inlet Absolute Velocity Profiles

Inlet Axial Velocity Profiles

Inlet Static Pressure Profiles

Outlet Swirl Angle Profiles

Outlet Tangential Velocity Prefiles
Outiet Dynamic Pressure Profiles

Outlet &Absolute Velocity Prcfiles

Outlet Axial Velocity Profiles

sure Rise

0}

Sﬁatio Pre

m

Inlet Turbulence

Pressure Recovery Factor Vs. IL/h

xii

Page
134

135
136
138

139
140
144
148

156
160
164
168
172
176
180
184
188
192



FIGURE

27
28

29

30

31
32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Pressure Recovery Factor Vs, Swirl Anglé
Comparison of Present Beéults to Results
of Sovran and Klomp

University of Waterloo: Pressure Recovery
Factor Variation With Length for Various
Swirl Distributions,

University of Waterloo: Pressure Recovery
Factor Variation With Inlet Swirl For
Constant Length

Diffuser Effectiveness Vs, ~L/h

Diffuser Effectiveness Vs, Swirl Angle

xiil

Page
193

194

195

196
197
198



CHAPTER I

_INTRODUCTION _

Plane-walled and conical diffusers have been exten-
sively investigated at least,in the absence of swirl;
annular diffusers, however, have not yet been thoroughly
investigated. Since the flow in turbomachinery is largely

'through annuli this type of duct is of great interest,

In investigating the performance of a diffuser it
is lmportant to measure certain performance parameters, such
as pressure recovery and diffuser efficiency, and also
to determine the éffect if én#, of the ﬁarious geometric
aﬁd flow variables on the performance parameters,

3 A comparatively simple type of annular diffuser of
practical interest is that in which the mean flo# surface
is a_cbne of increasing radius, For such a cbnfiguration
there are four basic geometri§a1 vériables, the inlet
hub/tip ratio. the over-all area ratio, the angle of the
inner wall, and the angle of the outer wall.

It is also essentiel that several aerodynanic para-
meteré be carefully nmeasured 1 a meaningfuvl analiysis of
diffuser performance is sought, For the inlet, these
parameters are the inlet profile shape, turbulence and
inlet swirl.

Defects in mass flux and momentur flux at the inlet

reral kinds, associated with the boundary

®

nay be of se

layer or with the razdial or circumferential varisticons in

}
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flow veloclty and pressure. In Brder to reduce the number
of experimental configurations, it was desired to establish
a flow that is axlsymmefric and to employ a fully developed
flow, which would éstablish a "thick"” bdundary layer.
Repeatabllity 1s best achieved if the boundary layer bullds
up in a long constant area duct.
: In practical applic%tions of annular diffusers the
flow enters the diffuser with a swirl. The effect of inlet
swirl is of ma jor importance, and no performance data on
this type of diffuser can be considered complete unless
1t includes the effect of inlet swirl.

The aim of this research is to investigate the effects
of Inlet swirl on the performance of a number of annular

diffusers of equal divergent angles, but different area

ratios.
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CHAPTER 2

LITERATURE SURVEY
The material covered in this chapter summarizes briefly
the existing literature and also,'introduces some of the

terminology used in drffuser research.

2.1.0 General Rsmarks on Diffusers

The diffuser is a dévice which converts the kinetic
energy of a moving stream of ¥luid into static pressure.
Contiruity is satisfied by the corresponding reduction in
mean velocity. The mean velocity reduciion is accompanied
by a pressure rise; however, this relationship, between
decreasing velocity and increasing pressure is complex.
The axial moménﬁum is reduced not only because of the
increased pressure, but also because of mixing processes
occurring and the shear forces developed on the diffuser

3 o c

walls. With a diffuser a wide varlation i axial vel-

3

ocity occurs acrass'the cutlet section, the fioz separ-
2ting from the walls if the diffuser eﬁpansion angle is
sufficiently large.

The simplest flow passing through a diffuser may be
considerad as one-dimensionzl. As the flow enters,the
streamlines diverge and the fluid experiences a deac-
celeration, velocity decreasing as the flow continues

r

Drassure increasing.

“w
lws
[
o

]
v
i)
o
o)
(9]

o]

tThrough the diffuse

Most of the analysis on diffuser performance in the
rast has been done using one dimensicnal flew tThrough
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the diffuser,
Diffusers are classified into three general groups-
plane~walled, cgnical and annular. The various types of

diffusers are in Figure (1).

2;2¢O Diffuser Performance

The performance parameters most commonly used in the
analysis of diffuser periormance are the pressure recdvery
factor, Cpp and the diffuser effectivenesgfz .

The pressure-recovery factor relates the ac%ual.
pressure rise of a diffuser to the dynanic pressufe at

the diffuser inlet; l1.€.s

Z;DQ = é:?
v (z-1)
= —’T"_ _,-f:;:
Zn o

The overall diffuser effectiveness is the ratioc of

¢ from the same dif-

l..h
(’-}
~
o
G
H

actual pressure rise to that ach
fuser with, one dimensiocnzl idegl fluid flow at the same

flow rate, i.c.,

77 = Cee (2-2)
C

Ft;?‘
e

where the ideal pressure recovery factor can be readily

shown to be a function of only the area raitio of the
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diffuser, i.e.,

= / - | (£-3)
C}qe; ;;;a

Often in the diffuser literature, the term diffuser efficiency
i{s used, rather than effectiveness. Efficiency implies
losses, whereas,”7 , as defined here, 1s more representative
of the effectiveness with which the area change of a diffuser
is used for diffusion purposes than it 1s of the loss which
occurs within the device.

-When swirl is introduced into the flow, the maximum
pressure rise may be obtained at an optimum swirl angle
and the effectiveness could be greater than unity. An
expression for the pressure recovery factor for ldeal fluid
floﬁ through an annular diffuser with a free vortex swirl
i1s derived and presented in Appendix B.

2.3.0. Previous Investigations of Diffusers

2.3.1. Conical and Plane Walled Diffusers

Although diffuser research dates back to the eighteenth
century, it was not until the early twentieth century that
serious, extensive investigations were carried out by Gibson
and Eiffel (ref. 3). Both men investigated conical diffusersﬂ
the former using alr the latter water. McDonald and Fox
(ref. 9) did further investigations on conical diffusers,

obtaining performance and flow regimes information for
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a wide range of diffuser geometries. Later Patterson and
Peters (ref. 10 and 11) correlateq diffuser losses with
the angle of expansion of the diffuser, the shape of the
diffuser and the area ratio of the diffuser.

Professor Kline (ref. 7) and hilis assoclates investigated
extensivelylthe performance and design of straight two-
dimensional diffusers (Plane walled). Kline found four

‘primary flow regimes, regions of unstalled flow, large tran-
sitory stall flow, two-dimensional stall flow, and jet

flow and presented these as functions of overall diffuser
geometry. The performance of both stalled and unstalled
diffuser was mapped for a wide range of geometries and

inlet boundary layer thicknesses. In analyzing the diffuser
verformance, two performance parameters were found~ the
preésure recovery factor, CPR’ and the diffuser effectiveness,
?Z « Using these.values, performance plots were obtained.

It was found that in the region of unstalled flow, is

pr
determined by the area ratio, the diffuser effectiveness is

determined by the diffuser expansion angle. In the region

of large transitory stall, CPR is determined by the expansion

angle., In the two-dimensional stall flow and in the jet

flow C remains fairly constant.

PR
2.3.2. Annular Diffusers

Johnston (ref. 6) investigated the effect of inlet
conditions on the flow, in annular diffusers.

The expansion angles of hlis annular diffuser varied
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~l

from 6.5°to 150. FFor & variety of inlet'velocity distri-
butions the performance of each diffuser was measured, Hi
found that diffuser efficiency deteriorated as -inlet con-
ditions become more non-uniform, this tendency increasing
with diffuser angle,
Hensler and Howard (ref., 5) investigated equiangulsr
annular diffusars (converging inner cone,divergling outer
cone) with angles ranging bestween ?c%nd 20c. They were
able to establish the flow'regimes aﬁd performance as
functions of the geometricsl parameters of the diffusers,
The flow was fully developed at the inlet, without swirl, and
it was noticed that the behaviour of the equiangular diffuser.
was similar to that of two dimensional diffusers,
Thornton-Trump (ref. 15) investigating annular 4dif-
fusers with a straight inner ccncentric core and a diverging
outer cone found that the performance of the diffuser laid
between two-dimensional diffusers and conical diffusers.
Sovran and Klomp (ref. 13) studied the performance of 2
wide variety of annular diffusers,- - for flow without swirl,using
thin boundary layers and different inner and outer wall
angles to obtain a performance chart. They concluded that wall
angles and the inlet radius ratio did not affect the
performance appreciably; however, ﬁhe area ratio and the

non-dimensional diffuser length,wae important controlling

2.4,0, Snacificatiocn of Inlet Swirl

In most practical epplications of annular diffuser
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the fluid . motion is not one-dlmensional, but possesses
also a swirl motion, Such a motion in a flow may be set ~
up by means of a swirl vane, turbine blades or compressor
blades., Due to the swirl motion, the Tlow entering the
diffuser now has an axlal velocity component and also a
tangential velocity component. A swirl angle.¢), the angle
of the flow measured relative to a plane through the
center line of the duct, 1s defined, If the swirl angle
distribution has a profile of its own, 1t becomes neces-
sary to find an overall averazge value of the swirl angle,
Schwartz defined a masgs weighted average value of the
swirl angle denoted,by3§ . |

2.4.1, Previous Investigations of Diffusers-With Inlet

Swirl
In 1953, Schwartz {ref, 12) investigated the effects

with constant outer

2]

of swifl on the annular diffuser
diameters eznd effective angles of 8 and 16 °. He found

that regions of maximum efficiency occurred when‘the angle

of inflow (swirl angle) equalled the conical angle of
exbansion and also when the flow was axilal, There are

sharp reductions in efficiency at high angles of swirl,

The effect of swirl on the Flow Regimes and Performance
of EBquiangular, Divergent—Convergeﬁt Annular Diffﬁser wes
investigated by Srinath (ref, 14). It was found that the
diffuser performed mcst efficicntly when the mean inlet

swirl angle was close to the total expansion angle of the

n
%]

-~

!

diffuser, Swirl removed stall completely from the oute
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wall and transitory stall set in almost immedliately on
the inner wall. At higher swirl angles, there was great

reduction in the efficiency of the diffuser.

2.5.0. Aims of Present Investigation
In view of the neéd for a better understanding of
the effect of swirl on annular diffuser performance
and of its importance in numerous practical applications,
"the present work aims-to investigate the effects of inlet
swirl on the performance of a number of annular diffusers,

of egual inner and outer divergent angles.
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CHAPTER 3

TEST FACILITIES AND EXPERIMENTAL PROCEDURE

_}.I.O, Test Facilities
A schematic diagram is given in Figure (2) showing
the letter code used in the following description of the
' test facilities., Figure (3) to (8) show a series of photos
of the test facilities,

3¢1.1s ALY Supply and Flow-Calibration Pipe

Air was supplied by a type E, size 7 Canadian Buffalo
blower,B, with a rating of 2000 C.F.lH., 56.1 inches of
water S.P.,3500 R.P.M. and 31.9 B.H.P,. This blower was
driven by a 40 H.P,,550 veolts and 3500 R.P.M, General
Electric induetion motor. The air flow coﬁld be varied
by a 10 inch blast plate and =a daﬁper, A, fittcd at the
intake of the blower, |

The flow entered a short converging section and then
passed into a 30 inch long celd rolled seamless steel
pipe, C; with 5 inch 0.D.. This pipe served as a flow
peasuring section. 4 standard pitot-static probe mounted
on a traversing mechanism was able to traverse acrosé
the pipe and the alr flow thus could be determined by
knowing the velocity profiles inside the pipe.

3.1.2. ExXpansion Cone and Plenum Chamber

The expansion cone, D, approximztely eight feet long,
was constructed out of 1/8 inch plywocod sheets, The inner

surface was sanded and varnished to ensure o smooth surface,
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11,

The plenum chamber, B, consists of four cylindrical
%ections,’BS inches diameter, built out of "1/16 inch |
plexiglass, supported by 3/4 inch plywcod frames, These -
sections were joined to form a six foot long settling chamber
which contained alsc a one foot honeycomb section, G, and
three screens, H, (30x30 mesh}. A fibre glass filter, F,
was mounted at the front of the chamber. The plexiglass
wall provi&es a smooth inner surface and azlso allows for
flow visualization at the inlet of the swirl vane unit,

By means of a velometer the velocity profile at the
exit of the plenum chamber was measured. The profile

showed that a uniform flow had been achieved,

3,163, Swirl Vane Unit

A swirl vane unit ( or swirl generatcr), I, was
mounted in the last section of the plenuvm chamber. The unit
consisted of two machined pieces of wood (axisymmetric),the
outer plece mounted on the outexr tube of the annulus,;the
inner piece mounted on the inner tube and suspended in the
chamber by a splder. The inner and'outer flow contours were
obtained after a detalled analysis to achieve the best flow
conditiong. This analysis was carried out with the help of
United Aircraft of Canada Limited (ref. 16).

According to the analysis, presented briefly in
Appendix C, the flow in the swirl unit is continuously
accelerated with minimum losses and enters the annular pass-

age at the end, If inlet flow conditions are as
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12
specified in the analysis, no flow separation should occur
at the walls.

Between the outer and 1nner'parts of the swirl unit
~a 1.6 inch gap allows the mounting of twenty-four NACA
0012 airfoils (3 inch chord). By means of a ring mechanismn,
all twenty-four vanes can be turned through the same angle
and different degrees of swirl introduced into the flow.

" 3.1.4. Annular Pipes

From the szfl vane unit, the, alr passed through the
annular space between two twelve-foot aluminum pipes, J,
the 1nner'pipe being 5 inch 0.D., the outer pipe 8 inch
I.D.. Spacers were not used to separate the annular pipes
in order to reduce distortion of the swirl asit passed
down the annular passage. To ensure concentricity of the
pripes and keep vibrations to a minimum, considerable work
was done to suspend the inner pipe firmly at one end by
a spider located 1nlthe plenum chamber, at the other end
by a solid-angle stand. The outer pipe was cradled firmly
by two solid stands, which also allowed levelliné of the
outer pipe to ensure concentricity of the inner and outer
pipes., The last foot of the outer pipe was replaced by a
plexiglass section, K, of the same diameter; The section
was threaded and flanged on, so that the probe attached to

it could be rotated about the inner pipe.
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3.1.5. The Test Sectior The Diffuser

From the annular passage, the flow entered the test _
section-the aﬁnular diffuser,;L. The annular diffuser,
shown in Figure (9) consisted of two cones, total expansion
angle of each cone being 40. The cones were machined fron
laminated piec e of basswood and were assembled out of four
cone sections, thereby, allowing the study of four annular
diffusersy of the same divergent angle but of different
lergths. The lengths were chosen, to give area ratios of
1.25, 1.50, 2.0 and 3.0,

At the diffuser inlet, the imner diameter of the outer
pipe was 8.0 inches and the inner pipe had zn outer diamete
of 5.0 inches, resulting in an annular height of 1.5 inches.
The hub to tip radius ratio was 0.6., typical of turbine
outlet annuli.

The following table gives the area ratios and the
corresponding non-dimensional length for the diffusers

tested,

Total B asion Anglc

|

o 0

xp
= I

.

T
S
=y
:

(92

L ]

A\

~An
L) N = s
D oW o
QOO O\

L]

TABLE 3-1

The following measurements were made for each diffuser,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14
the largest diffuser being analyzed first.

Each annular diffuser was studied for five different
swirl conditions, approximately zerc swirl to a maximum
swirl of about 250. For each swirl cocndition, pressure
variations alcng the diffuser and the flow conditions at the
inlet and the outlet of the diffuser were measured. The
degree of swirl was set, by turning the external control
knob, which rotated all of the twenty-four vanes simul-
taneously through the same angle (0°to 450),-

Initially, the airfoils were turned to a neutral
position, alléwing zero swirl or axial flow to be introduced
into the flow. Two inches upstream of the diffuser inlet,

a yaw probe was inéerted, and megsurements were made at

ten positions, radially across the annular gap. The probe
also allowed measurements of static pressure and total
preésure at these positions. It should be noted that first,
the probe was rotated to the null direction and then swirl
angle and pressure readingé were taken.

The inlet flow conditions were measured at three
different radial locations 1200apart, by rotating the
plexiglass.section about the inner pipe.

The flow was adjusted for each swirl condition by
ad justment of the damper,.to ensure a constant flow rate

of approximately 1900 cfm at a Reynold®s Number of 2x10.
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Following the inlet swirl and pressure measurements,

the yaw probe was removed and replaced by a hot wire.probe
to measure the inlet turbulence level, Care was taken to
locate the hot wire at the same position as the yaw prob;
and for each position to rotate the hot wire to the same
angle as was measured, with the yaw probe ai the corres-
ponding positicn. Once the hot wire was properly éligned
average D.C. voltage and RNMS voltage reédings were recoxrded,

Care'was Yaken not to bring the hot wire probe too
close to the wall, in order to reduce the chances of
damaging the hot wire. This precaubtion allowed turbulrmi -
ent measurements only at eight positioms, instead of ten.

At the exit, znother yaw probe was mounted and similar
measurements were éade at ten positionss; however, only one
traverse was made. No static pressure measurements were
made, assuming that the exit static pressure was atmos-
pheric. Also, no turbulence measurements were made at the
exit,

The pressure variations in the diffuser were noted
by means of three rows (lZOFapart) of static pressure
taps, fourteen per row, along thediffuser wall. These
pressure taps were hooked uvup to a thirty-six tube sloping
bank manometer,

In Figure (10), the stations at which mezasurements

were takern are shown,
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3.3.0., Instrumentation

The inlet conditions were measured with a probe that
contained a cobra yaw probe; a circulér stainless steel ™
hypodermic tube (0.06 in 0. D. ) to measure total pressure
and a similar hypodermic tube of the same outer dimensions
with two small holes on the side to measure static pressure.
The yaw probe was aligned for zero swirl by placing it in
a uniform velocity field of a windtunnel. The static pressure
and total pressure.tubes were calibrated with a standard
Kiel Probe in a windtunnel.

Outlet conditions were measured with another cobra.
yaw probe, whose central hyprodermic tube measured the
total pressure. The probe was aligned and calibrated in
the windtunnel. Static pressure was assumed atmospheric
at the exit.

Thirty static pressure‘taps, 040 in. diameter, were
drilled into the outer wall and allowed measurement of
the stétic pressure rise in the diffuser.

A'NPL-Type Mltitube Tilting Manometer was‘utilized
in making all pressure measuremenﬁs.

The relative inlet tﬁrbulence was measured with a
Disa, Constant-Temperature Anemoneter, 55301, using a
Type 55A36 Miniature Hot.Wire Probe. The cold resistance
of this probe was approximately 3.40 ohms. <Calibration
of the hot wire was done periodically in the windtunnel

ané the test apparatus itself.
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CHAPTER &4
RESULTS AND DISCUSSION

b,1.0. Experimental Results

Before measurements were taken, it was shown that
jthe flow, for 2zero swirl, wvas fu;ly developed. Since the
length of’ﬁhe annulus was 80 times the hydraulic diameter,
it was reasonable to assume that the flow at the diffuser
inlet was fully developed. Also the velocity profile at
the diffuser inlet was compared with the veloclity profiles
of Brighton and Jones (ref. 1) for fully developed turbulent
flew, Figure 11, showing very gocq agreemenkt, ft was
observed that the iniet velocity profile could be repeated
well and at zero swifl did not vary considerably for
different flow rates. The last observation showed that the
Reynold’s Number effects were quite small, within the range

of experimentation,

4,2.0. Inlet Conditions

o
Inlet measurements, taken at three traverses, 120
apart, indicated a good circumferential uwniformity. The
flow was, therefore, assumed to be a functicn of radial

distance only (axXisymmetric).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

In order to check the mzgnitude of %hreefdimensional
effects, a three~dimensional five-hole yaw probe was
employed and a traverse made at the diffuser inlet. The
pressure difference in»the pitch plane was small; therefore,
the flow in the radial direction was considered to be neglig-

Cibly small.

Inlet data and calculated results are given in Table T,

h,2,1. Swirl znd Tangentiasl Velocityv Distributions

Figure (13) shows the various inlet swirl distrib-

utions at which the diffusers were tested. It is seen
that for low and medium swirl, the swirl angle is nearly

constant across the core of the anmulus. At higher swirl,
the swirl angle increases toward the outer wally the slope
of the profile increasing as the swirl angle increases.
The same trend is evident for all four diffusers. |

Figure (1L) shows the various inlet sangential vel-
ocity distributions for the four diffusers, A trend similar
to the swirl angle distributions is evident. For low and
medium swirl, the profiles are flat, the tangentizl velocity
being nearly constani across the core of the annulus. A4t
higher swirl, the tangential velocity increases towwards

the outer wall.

deces notv follew a free vortex pattern. This can be
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attribused to the fact that the flow is fully developed

at the entry to the diffuser and also That the annulus

is qﬁite small. Therefore, the whole flow region is

affected by shear streosses and heﬁce there is no nop-viscous

flow region for the free vortex pattern of swirl to develop.
At higher swirl angles, the slope of the swirl.angle,

and the tangential velocity distributions increase, because

the flow is being shifted outwards,

L,2.2. vVelocity and Dynamic Pressure Distributions

o

Figure (15) shows the dynamic pressure distributions

for~the four diffusers, .and Figures (16 and 17) show the

b

absclute and axial velociiy profiles are almosit identical

C‘i‘

As the =wirl sngle increases, the absolute velocity profile

S

becomes increasingly affected by both the tangential
velocity and the axial velocity. The figures show, however,
that the trend of the axial veloclity distribubtion is also
dominant in the corresponding abéolute velocity distribution.
Both profiles show that with increasing swirl, the profile
becomas more skewed towards the outer wall (the point of
maximum velocity shifts toward the outer wall). This trend
becoues even more proncuncesd in the djnamié pressure dis-

tributions where the velocity is squared and plotted,
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It is seen that as the swirl increases the static
pressure decreases, becoming more'hegative at the diffuser
inlet. DNote that this condition is a favorable condition,
for it causes the diffuser to be more efficient. 4 decreasing
stétic pressure at the inlet increases the flow rate,

The static pressure distributibns show the static
pressure to be generally constant ngar the inner wall and
increasing towards the outer wall. In the outer region,
the static pressure becomes increasingly aflected by a
combination of the boundéry layer effects and the centi-
rifugal forces created by the swirl flow.

As the the diffuser length increases, it is observed
that the inlet static pressure decreases., ' This could be
explained by the fact that the exit static pressure for
all diffusers is equal to ambient pressure.

4.,3,0, Diffuser Duct and Qutlet

Outlet data and calculated results are given in
Table II.

L.,3,1. Swirl and Tangential Veleocityv Distributions

Swirl angle and tangential velcclity distributions
at the diffuser outlet are shown in Figures (19 and 20).
The profiies are not as smooth a2s the inlet profiles:
however, do show the same trend as was evidaent for
high iniet swirl,the swirl angle ‘increasing towards
the outer wall., For all swirl conditions, the mass-

welghted swirl angle decreases from the diffuser inlet

o
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to the diffuser oﬁ%let.

For low and medium swirl the reduction in mean swirl
l,ea:.ng;le.i"rom inlet to the putlet, is accompanied by a change
in distribution from a relatively uniform rotation in the
inlet to a non-uniform gradient with maximum swirl angle
at the outer wall at the exit,

The tangential velocity dlstributions show the tang-
ential velocity to be constant across the core of the an-
nulus for all swirl conditions. |

4,3,2, Veloeclty and Pressure Distributions

Dynamic pressure and velocity distributions for the
diffuser outlet are presented in Figures (21,22, and 23).
The distributiqns for the dynamic pressure, absolute veslocity
and axial velocity show similar trends, greater skewness
towards the outer wall as the swirl angle increaées. The
outwérd'shift is more pronounced at the diffuser exit.
For low swirl, the maximum velpcitx is near the inner
wall; and at high swirl, i1t has shifted considerably towards
the outer wall. Comparison of the curves of the dynamic
pressure at the diffuser inlet to that at the outlet, shows
the curves to be steeper at the exit, having a more pro-
nounced maximum point. The diffuser magnifies any disé
toftion of the flow parameters, This amplification is due
to the diffusing action which occcurs.

Withuincfeasing swirl, the absolute velocity dis-

trivbutlion changes significantly; static pressure and
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flow-angle distributions on the contrary were essentially
constant from inlet to exit of the diffuser.

4,3,3., Static Pressure Rise in Diffuser

The static pressure distribution aleng the diffuser
iéngth is shbwn in figure (24) for the four annular diffuser
. investigated. It is seen that as ﬁhe diffuser length in-
creases the static pressure rise inéreaées accordingly.
Swirl appears to have no appreciable effect on the dis-
tributions.

4;4.0, Lffect of Turbulzsnece

Kline (ref.?7) his associates have done extensive
investigations on plane walled diffusers and ﬁhey concluded
that for Mach number less than unity and for Reynoldfs
Nuubeh grezater than 51105; the most important ilet con-
ditions affec tirb performance are inlet velocity profile
and turbulence level., Other researchers have also ‘mentioned
turbulence as a prime influence on diffuser performance.

In turbomachines, the boundary layer builds up and
often occupies a considerable pertion of the annular space
of the flow. In swirl flow, because of the tangential
mean velocity, neither the turbulence level nor the radial
pressure variation need be small in the boundary layer.

Yeh (ref. 17) investigated the development of in-
compressible turbulent boundary layers along concave and
convex stationary annular walls, analytically and exper-
imentaily for a swirling flow. He concluded that large-

scale turbulence eddies “roanm® radizlly back and forth
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in the outer halffof the annular passages; while, such
‘motion is very much reduced in the inner half, The strong
radial turbulent motion near the outer wall pulls the im-
mediate adjacént mean velocity taut, creating a larger
velocity gradient and shear sitress at the oubter wall,

For flow with swirl, the boundary layer near the
imer wall is very much like the one for flow with no swirl-
approaching the equilibrium profile for fully-developed
turbulent flow without swirl. For the outer wall region,
the boundary layer departs much more than for flow with
no swirl. The turbulence intensity is generally larger
near the outer wall, This is shown to be true for the
reéults found in the presént investigation,as shown in
Figure (15). The transverse component of Turbulence in-
tensity is produced near the outer or concave wall (where
the ﬁangential ﬁelocity decreaseswith radius) but is sup-
pressed near the inner or convex wall (where the tangential
velocity increases with radius), resulting4in a larger
intensity near the outer wall,

At the inlet to the annular pipes, the swirl generator
sets vup a swirling flow; that is, flow with both tangential
and axial mesn velocities. The turbulence present in the
flow decays the turbulent swirl in the flow and also evens
out the velocity profile. Kreith and Sonju (ref. 8) observed
that swirl in a turbulent pipe flow decays to about 10-20%

istance of about 50 pipe diameters,

¢
foto
3
D
[

cf its initial valud

vas found that 2 swirl of

puts
ot

In the presecnt investigation

<
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b5°set up by the swirl generator at the inlet of the annulus,
(-4 o

decayed to 26 at the diffuser inlgt and to 18 at the diffuser

exit. This trend was true for all swirl conditions.

ﬁ:s.d. Discussion of Performance Parameters

The performance of the four annular diffusers and
the effect of inlet swirl on the performance'was determined
by plotting the parameters--the diffuser effectiveness and
fhe pressure recovery factor. The plots were also compared
to the findings'of other researchers.

L,5.1. Pressure Recovery Factor

For the four diffusers, the pressure recovery factor
was plotted against the non-dimensional length for different
inlet swirl conditions, shown in Figure (26). 1In order %o
find an optium swirl angle, if possible, the pressure
recoﬁery factor was plotted against mass weighted average
swirl angleﬁj ’ Figure (27), for each diffuser.

The plots show that the introduction of a certain
amount of swirl into the flow has an effect on the performance
of the diffuser.

In the plot of CPR versus the non-dimensional diffuser
length, the curves are approximately parall;h to the curve
for zero swirl, indicating that the general trend of the
CPR wvariation with the non-dimensional length is not
affected by the swirl. The pressure recovery factor in-

creases as the diffuser length increases and levels off
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at higher values of non-dimensional diffuser length.

Srinath who investigated an equilangular divergent
convefgent annular diffuser, found that the curves of
constant swirl angle levelled coff and then decreased at
higher non-dimensiocnal diffuser lengths,Figure (24).

The curves of the Cpp versus L/h plot were also quite flat,
compared'tq the ones of this invéstigation.

Sovran and Klomp conducted an extensive investigation
of a wilde varliety of annular. diffuser configurations, for
flow with no Inlet swirl. The geometric characteristics w-~
ere specifled by four parameters-the two wall angles, the
inlet radius ratio and a non-dimensional length. From
their results, several types of diffusers wre chosen,
and a plot of pressure recovery factor versus area ratio
was ' made, shown in Figure (28).

Each curve 1in this plot represents a set of diffusers
of the same wall angle but of different lengths. The
particular type of annular diffuser is identified by its
outer wall angle (which has a positive value if the cone
1s diverging, negative if the cone is converging), the
Inner wall angle, the inlet radius ratio and the non
dimensionzl diffuser length. For comparison, the lour
diffusers of the present investigation have also been
plbtted. Note that the identlification expression for

this set of diffusers is 20i 20, 0.6, (1.25,1.50,2,00,3.00).
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Two sets of diffusers studied by Secvran and Klomp,

(30, 29%°,0.7, I/h and 15 5 15 . 0.7 ,L/h) have a

geometTry simiiar to those of the present investigation

and show a similar performance tyrend. Results of the current
in%estigation, for the case of flow with no swirl, are
supported strongly by the results of Sovran and Klomp.

Referring to Figure (28) again, it is observed that

-
f the outer wall angle is left at 20 , as the inner wall

e

angle becomes less divergent, the pressure recovery factor
for a constant value of area ratlio decreases. The profile
of pressure récovery factor versus area ratio, tends to
become flater,

Sovran and Klomp unfortunately did not include any
results for =z set of diffusers; which had a diverging
outer cone and a converging inner cone, The trend of
Figure (26) and the results obtained by Srinath predicts
that such a'set would have had a flat profile.

In the second performance plot Figure (27) pressure
recovery factor is plotted against mass-weighted'swirl
angle for constant diffuser length. For the largest
diffuser, swirl apparently has no effect on the pressure
recovery factor, for smaller dififuser 1engths, hovwever,
the inlet swirl has a small effect on the pressure re-
covery factor. When a small amount of swirl is introduced
into the flow, the pressure recovery factor decreases, and
as moré swirl is added; the pressure recovery factor slowly

3 b

increases. For the two shorter diffuser lengths the
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increased swirl produces pressure recovery factors greater
than for no-swirl flow. The diffuser with non-dimensional
‘diffuser length equal to 6.35 (Diffuser B) shows the same.
trend.

 The point of minimum pressure recovery factor shifts
to-a higher swirl angle as the non-diminsional diffuser
lengths increases. The curves of Cpp Vversus Q? flatten
out as the diffuser length increases,

In general, an increase in swirl angle causes sharp
radial pressure gradlents to develope which will cause
better mixing of the outer wall boundary layer with fluid
having higher kinetic energy. Thls delays or even:washes
of f completaly the stall or flow separation from:the outer
wall., The divergence of thevflow is thus brought closer
to an ideal flow process. The pressure recovery therefore
tends to lncrease,

The profiles, Figure (30), obtained by Srinath for Cpp
versus &3 for the eguiangular divergent~convergent annular
diffuser show an opposite trend. When swirl is introduced
into the flow, the pressure recovery increases to a max-
imum value and then further increase in swirl decreases it.
Srinath concluded that any increase in inlet swirl beyond
the opﬁmum vélue will bring dovm the diffﬁser performance,

The geometry of the present annuliar diffuser; that 1is
the divergence of the inner‘cone, favors also the dlverg-
ence of the flow, In the diffuser studied by Srinath,

the converging inner cone, allowed early flow separation
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- - -

on the inner wall, especially at higher swirl angies. Here,
the radial pressure gradients also leads to an adverse
condition resulting from the centripetal flow of low

energy air which in turn causes sepzration of the flow

on the inney wall. This separation of flow on the inner
wall causes considerable losses especially inithe exit
portionsvof the diffuser, | )

b,5.2, Diffuser Effectiveness

Two additional plots have been‘included in the per-
formance plots, to show the distribution of the diffuser
effectiveness, which has been redéfined for the case of
flow with inlet swirl. These plots are shown in Figures
(31 snd 32), The effect of inlet swirl is evident in both
plots.

First consider the plot of diffusex effectiveness
versus non-dimensional diffuser length. For low swirl,
the trend is similar to that showr in the plot of pressure
recovery factor versus non-dimensicnal diffuser length. As
the diffuser length increases the diffuser effectliveness
increases and tends to flatten ou

Foxr higher swirl, it appecars that as the diffuser
length incréases the diffuser effectiveness decreases
sharply, reaches a minimum and

the effectivenass increases again. Tne effect of the inlet

fectiveness versus mass-weighved inlet swirl angle for con-
stant non-dimensional diffuser length,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29
For the largest diffuser, the diffuser effectiveness
remains constant, swirl having no e¢ffect, For the other
three diffusers, the presence of some swirl decreased the
diffuser effectiveness and reached a minimum value, AS
the inlet swirl was further increased the effectiveness also
“increased; the increase being moreyrapid as the diffuser

became shorter.
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CHAPTER 5
CONCLUSIONS

1. The Pressure Recovery Factor, Cp., increases with dffuser
length, L/h, and tends to flatten out at higher values
of diffuser length,

2., For a given Eguiangular Divergent Annular Diffuser,

Cpr initially decreases with swirl, (U , and then

increases,

3. The effect of swirl on Diffuser Effectiveness is similar
to its effect on Cpre Hovever, the swirl effect on
-Diffuser Effectiveness,?z o is more pronounced for

shorter diffuser lengths,

L. Equiangular Divergent Annular Diffusers perform better
than Equiangular Divergent-Convergent Annular Diffusers, -
the diffuser effectiveness of the Divergent Annular

Diffuser being considerably higher at increased inlet

swirl.
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APPENDIX B.
" DIFFUSER EFFECTIVENESS

The diffuser effectiveness is defined as the ratio of

the actual pressure recovery factor to the ideal pressure

recovery factor,

’Z = &;;,?/Cpfg/ /8'/)

5 /

FONNE SIE B S

) D @,
The actual pressure recovery faclor is

M
o
o

defined as the
ratio of the mass weighfed static pressure rise from the
inlet to the diffuser outlet to the average dynamic

pressure at the inlet.

2 -/  _ STATIC PRESSURE RISE NS
DYNAMIC HEAD AT INLET

& &

-

In the present study, the ideal pressure recovery factor
has been defined on three assumptions. TFirst, the flow is
" considered to be a free vorvex. The streamlines in a free

vortex fliosw are concentric circles about the center of the
vortex and the velocity at any point 1in such a flow field

is given by the following two components.

f{a_ = K / ' (' 2 "»""‘/}
A =
" Q
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Iy~
~U

The free vortex motion is irrotational except at the centre,

wher Vt approachs infinity. Secondly, the flow is in radial

equilibrium and, thirdly, there are no losses. Then from

[y

continuity
/ R ~’ i ! ) ' k)
gf /fc‘g . /742 a{/: -5 [::?"":” /
from Bernoulli
' % . L < -
’,2:3' ./»_..L_.cﬁ;. - - :IN:‘) & £ é"'i.i - C (5‘34)
> Z - T
X & -

Ty _ Sy PN
7 !:"t - ';‘_.:', Jé} {&z ‘f-"-?‘)

The absolute veloclity can easily be written in terms of

its components: the axial velocity and the tangential
velocity. The axial velocity is independent of radiuss;
(assuming uniform flow); the tangential velocity is dependent
on radius. Therefore,

o = . N\
.~ p-3 Fod Aﬁ- -
o= T o+~ ,’/: d "J) ' L =72
o ’

Equation.t-Tbecomes,

- 5 f e WE P & -~ F Fen,
/’ \ ’ //’ o4 ):/ £t ! ;-—;. g } = / 7 H £ ot
17000 L s Y im SL0T ,f. ';{, -+ lf/-a-» (i b e
-——:‘-A [ . i 7 —— = M o ool 72
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From Bguation (&2 -&

AN RAC
7B = Y

Cx
. g Ao
Substituting these values into Equation { &3 -#7)

=\ 7
Rr) -2} o / ;P"/ Yao LY . ,”’/,/‘“/’- el l}gi V7).
"“: 2 ] —
)2 2 f A ; /J

The mass-weighted and non dlme"xsn.onai form of Equatlon.. 5

o

2r ‘ £ F Z
) is (A6 - 5’ 1A fr“-"‘ +{ i:.:.f F = =)
AR 7 M & <
v é’-'{r‘ f/{;‘ E [- / t” / '.«’f".’r‘ A
> t" CEr /“,n! £745 s ‘;‘ rz LI pREN e ”‘
A 7 From the typical velocity triangle
A% ' - s ) 2
Ve- ; : shown in Figure, where 1is defined
YU ‘ . .. . e
5 W ; as a swirl angle, it is readily
Vo, shown that
Va=Vcos (B-/2)
V-t =Vsin = -'//‘*;)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Y]

-

{ B-/2)

1 E

."‘,_‘
=

¥ oy
IS
AT

b -

EsR e

Looa Ly

Eapn

k)

.
3

nnoll

Ik AalTo

1.
t)

g d
rys

P
¥

Fon s

T

4
“
-~
)

.

o

o3

- .
d:"'.)) ’/af’_,}

.

Y

i1

iy
=

~
NS

Founad

pic

-

-

R tatall

oy
o)

PN i
W2 D -

(SR

7
Lo

o -
> )
o

-t
L

-
<.

=)

-/
<

=

/{_

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tuting Douabtion B4 into Zoustlions-i,
s - T /’ .= s
) = CF - 2 TN/ >
,/f’ a2 ‘;:‘:,g
. - o ‘ ey = I~ o 2 ~~ 7
= CF -2 LA (8-
- P &
& £
=
e
) o~ Lrr & d )
/l‘? o C(}' an f"“ﬂ {5“4!’@!
4
2 ‘ "
N = P e (57 8)
Zauatlon &&2 than becones
&
. \ LB e
Firde £T= 0 (5 -22)
e
The maos-waizhtesd value of P{x) iz found in the .
Lt G
SHT i N 1/ 73/, ) T s
=3 N i Y N e (s L A a7 -2V Ty
% F e { £ T .
A 1 T 22 g, £
" fa Vot o

Reproduced with permission of the copyright owner.

Con
i / - 20
e / - ) 19 i
! L. [ _— /
t p— y,
Fal
=)
3 ,.—:.\ - :)'7\\)
RN SLTE LS
7 .“'S‘ ,f,. N - 1
1540 8" > .- - - I
fh/r .’C"L, 7 vz - ] s ¢ Pan nj
» - > N
-t L s T
Fiv0 P

Further reproduction prohibited without permission.



APPENDIX C-

DESIGN OF THE SWIRL GENERATOR

The swirl in the annulus 1is created by a set of
vanes arranged radially at the inlet to the annulus.
The vanes have an NACA 0012 cross~section and a three
inch chord. The angle of the airfolls té thé incoming
flow may be varied from 0 degrees (no swirl) to 45
degrees, The vane arrangemsnt and the inlet contours
are shown in the figure on the next page. This type
of arrangement introduces a vorteX, similar to a free
vortex, into the entering flow.

The vanes have a maximum tip dizmeter of twenty-

four irnches..

In order to establish a2 well behaved swirl or

vortex, it was necessary to design a flow contour block.

The inconing flow must be continuously accelerated up
to the annulus veloecity in order to-avoid separation
and consquent disruption of the swirl.

An analysis was carrled out and was subsequently

modified by United Aircraft of Canada Limited,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ly



45

FLOW CONTOURS

FIGURE C-1 SWIRL VANE UNIT

DESIGN ANALYSIS ] B }4_'
The Schnelder Analysis - % {
R
Design Conditions: Using geometric \
conditiongs reguired feor \\ :
the annulus. rZTIP\\\\\\\ 0
-(a) hub radius (r1HU8)= 2.5" | Nﬁ\m‘wnﬂj{"

T HUB |r{TIP
(b) tip radius (rlTIP)= Ly, O -

(c) mass flow rate (Q) =1867 cfm = o

FIGURE C-2 FLOW CONTOURS
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computer without any changes, The pfogram used was
UACL~D1118 ¢MULTIPLE PLANE COMPLETE. RADIAL EQUILIBRIUMN,

From the program output the velocity and pressure
distributions were pleotted versus sweep angle o for
various planes as seen on profile (1), Figure (12A).The
velocity distribution, for 0% swirl, Flgure (125), shows a
.fairly smooth acceleration along‘the'tip centour which
by itself wculd be acceptable, The hub velocity, on thé
other hand shows a peazk at plane 4 and a sharp drop at
plane 5. This drop is accompanied by a sharp lncrease in
static pressure at plane 5 as seen in Figure (12C). The
increase’in static pressure is due mostly to the high
curvature change from plane 4 to 5 ( increase in curvature )
hence the velocity in this region is lower (decreased),

Although the acceleration alcong the tip contour is

smooth, the diffusion factor, defined as

D = 4. Veloclity out
. TIP 1 Velocity max (c-7)

has a value of 0.0232,

This in itself is far from critical but in view of
the flow conditions at the hub there is a possibility of
»flow distortion in the exit portion of the duct.

In the case of 45° swirl a2t the inlet, with the
same profile, the flow conditions are greatly lmproved.

A3 can be seen from Figure (12D}, the velocity along both

[e]

walls increases smoothly and the hump on the duct hub contour
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veloclity curve dlsappears resulting'in much improved flow
conditions.

The HModified Analysis by United Aircraft Limited

The analysis in this case considers the same flow
parameters end geometric conditions as in the Schneider
analysis but differs in the duct profile. It was felt
that the Schneider profile did not turn the flow early
enough upsﬁream but rather turned very 1ate,‘as shown'by

the high curvatures a2t planes 4 and 5.

A comparison of the UACL prefile, Prcfile 2, Figure
(12F), and Profile 1, Figure (12A), show earlier turning
in Profile 2 resulting in a continuous acceleration through-
out the entire length of the duct, The advantage df early
turning of the flow is that if any imperfections in the
contours occur in a region of high curvature, the flow
will feel these effects much more than in a region ﬁhere
curvatures are low, Therefore, with early turning, the
flow can use the rest of the duct to stabalize itself,
whereas when the flow is turneé in the late stages there
is no time fTor stabalization. Again thls analysis was

done for both 0° and 450 swirl angles at the inlet.
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APPENDIX D

ERROR ANALYSIS

Accuracy of Measurements

The multitube tilting manometer used In the present
investigation had a reading accuracy of 0.10 inches of
water, and the radial position of the probe could be read
to an accuracy of 0.01 inch. From wind tunnel calibration
tests, using the test probe and a standard pitot static
probe calibration curves were obtained for the static pres-
sure and total pressure readings taken with the two probes.

Due to some inevitable fluctuations of the manometer
readings, it was sometimes necessary to select an average
reading. Secondly the manometer had sometimes slow response
to the applied pressures. Care was taken to wait for some
time before taking the readings. The static pressure tube
was susceptible to greater error as non-alignment with the
flov could cause greater error. It was more sensitive to

_non- alignment than the total pressure tube. It was estim-
ated that the accuracy of the total preséure measuremenﬁs
vas + 0.20"H,0 and that of the static pressure measure-
ments was + O.BO"HZO.

The error in the pressure recovery factor is analyzed
below by incorporating the Uncertainity Analysis Standard

Bquation:

wr, { ouz ws ( 2, @Q’n w;)?é (o-1)
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where R 1s a given function of the independent

vgriable Xy0 X2, 13 ----- X,
wp is the uncertainity in the result
wl, Wo, w3 ------ Wn are the uncertainities

'1n the independent variables,

. BEquation for the Pressure Recovery Factor:

‘Cpe = E’:‘g - /DS': = p.fg “/:2', /D"e)
Dyn, & 3

-Since Ps2 was assumed to be equal to the ambient pressure,
. R, =0 gauge
Therefore, - _ ;%. : fZDfS) .
T T T B |
Then, applyilng the General Equation for the Uncertainity

Analysis,

é? .
e R (D-4)
CPIZ Zf = sz }gf ) / 7, ):,j;

Upon differentiation.

AL . 2 [ P I (D-5)
AR 5—%)‘ o)
= 72, S 7; 7’3, 7, s

°<CP2 = ( ’%-‘ ) 2 /0‘4)
S N 7z, /p

As an example, consider Diffuser A at maximum swirl cond-

ition: P_,= -6.017" H;0, Pp= 0, and Pmp,= 2.433" Hy0. Then
ot & - 2423(.707) - 24335
——t2 =
< /%, [ (e 433Y 707) ~(~¢.c:7 X 72 ,_7 50.5
At _ (~¢.or7X.707) i re = - Hei
% T L2u3zYror) .o X 7 S5
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And the Uncertainity Values are:

Wy, = .o .20 =2L.307
w, = £ .50 %.70 =Z.2 7
)

The error in the Pressure Recovery Factor is

-l
V=4 2/5
7 s0.5 52.5
=227
From windtunnel calibration tests it was found that the

accuracy of the yaw probes was approximately 1 2.0°,

A similar error analysis was carried out for the

axial velocity. - |
Vo = Vecas = \,/0’7)
= (28 B 7 <) R e
8 }'3‘:"
. L 2
= (Rl cos~
where PT and PS were measured in inches of

water in a manometer.

Applying the Uncertainity Analysis, one obtains

: 4
wr, ==Y wr \’2+ < ws, ‘:4 oLl /2 (D-8)
VQ 9('/? "3'/ g(;;_ > >l

where _J
‘f._/__é:.- - D cos= ._Z./p-,-—"f:;"’-) = ( o-3)
< Z = -
<Y = 70 cas < _,;//:»;,,-@)'F o),
u(;?_ 2 .
= U o =70 (R -72) % Sin (o-1)
o< oA |

Considering again Diffuser A at maximum swirl condition

it 1is found that
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i _ _s2.8 < VG _ 12.8 « f = =-&8.0
XA > = /7~ ) =~

And the Uncertainity Values are

- 4
“n = 2 .30
V7 /S S @
a5 L -0
&0;:.— _‘fe.o

The error in the Axial Velocity is
» 2 2 2,4
e, - Jf w20 +//2,sx.eo /- £8.0 ,,ao)
% = 5720

= 527
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APPENDIX-E

MASS~-WEIGHTED AVERAGES

The mass weighted average Q is defined as

f Q e (£ -/)

/M/l‘ .-.

,/ ;/ &
(o)

2l
%

where Q could be-nﬁor// and m is the mass flow across any

section,

G = { £ 7 )
P
or _)[ ’!/ '[ -t
: ~
For incompressible and axisymmetric flow
"
. V@ roh
oy
o= = (£-3)
[ 3 ] 4 . . L
/ £ il prireee 4 i e wedocdi
A / . / . 0
4 L dn Phe mwinl el

From the mea.sured value of ? f% and f? ’ the mass weighted
verages were obtained by a step by step numerlcal integration,

A computer program was prepared to carry out this integration.
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0.280 9. 400 0.250
0,450 . 550 0:160
0:610 G,600 “ 0,130
0:760 9:650 0:105
0,910 9,650 0.:085
1.050 9:.650 0:095
1,180 2:550 0.136
1.310 9,450 0.183
RELATIVE TURBULENCE
DISTANCE
FROM INNZR SURFACE | PERCENTAGE TURRULSNCE
THOTTS
0.280 15,814
0.450 G, 813
0.61.0 7. 5973
0.740 6.7312
0,010 110
1. 0580 711
1,180 8, 341
1.310 g8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




61.

INMLET DXPERIMONTAL DalA
FLOW ToMPERATURE
ROMA T=MP o .
ey oot wte o e . 3
._,_t))_[ff D' ’_. H‘ ;C P F_L_S"::' U:) i.. B vy C,"' ‘ E-'(':'-"t(?’._. e e v
=2
e ” & SRR DA A LT 3% “ Z , AARUTATTS DY
2187 Sl 28GLiE Ps o 2
EROMOTMMTER SURE ’ STATIC PRUSSURNBTOTLAL PRISSURTE
INCHES ‘ AT EE TRCHES WATERE
; GaERTN QpNDE §
——— - e s Rt =2 D R RIS, ;~——
3 ¥
! i
; ;
e 36T : Lo BET T15267
5 823 bo B lo683 |
So 433 5.1 Zo36T |
5,333 | 552 . 20,657 L
""" P i 4 P =  —
55 & : 525 ! 2132 4
" ] — . ;
5 : Bo5 1 2.56T Ok
[ : o~ r " - - -y g
= H G 3T b o L3 :
5. . 5,4 f AL
: L, i 5:217 i1, 867 i
1 - f 2., ORY- [P R s r
INLET  CALCULATID RESULTS
. Y, RN it L EVEO oy LW AT " e " IR TSI TN VAR LY s " - Lo - :'
3 ARG VELOCITY § AT 4 A VLLGC LTy
e RoSULT . ;
. d - i
TS FT/ FT/S a6 !
e B e 1 ‘
p “ ¢ 2 8 A '
‘ AN 3 : 4
4 [oRiar ey 4
4 'A'c RS i ¥
: LSOt ;
R veo IO i d
4 ~ vy H
’ ; e :
3 : ; i i b
e L me - ! b
i i SCED : . 1 13 ]
b v : - PR ; N L0

LTSt ' T TV ML THF LRI TLTNE T T T I S EUTIRRTIN W l T

T AT AN L T T S a4 i A 7 A AN T LN K Wt S N D T w Be™ B b Tt s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DIFFUSTE
Fl

coou T

62

o ! ',‘ “

VLt

RN

"y o
t{&’ £5

i
Dm gy
o togf

TS

0T A

- Dy
11'\'(:;'(

~t

SRRy L e
] d .
i g ]
1 9 ]
8 PRI , : .
4 KAl A ‘ T 1 4
g ; i ; 5
3 3 H .
' 4 3 o
{ p: Fe —_
- 4 e J o D pr
4 . , 4
j 3 2 B : 1, oK :
] Ao X RS i i P PR ;
,,) . . a -7 i 33 < -— - o
LG I . PN P t i, f = 1
; 4 ., L - . b - 3 i
3 ; Thes ! i o 1 B SLS {
L F - 3 4 . .
k . U I : ¥
4 4 Ve ; 7 ? i
R . - H 3
fe . P ] . ¢
N PR 4 i
] BRI L f . }
- » 3
! : oo 4 : - : N, ;
e e SR : o : £ s i
AT TTR Sty LT ST LD LT e : A I T T Y LA 8 ST AR S e AT AR ST T = Vo S, S

=S SRR

e L e

ale lm as

’ P

FLEURING_E 3 £ S+5 0 Sre iddd
T \;

~- .
A
e LT TR T e TR RO T

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




63

INCRT TURRULENCE DATA
DIFFISER £ LU/ /2. g COID - RESISTANCE OF
PLOYW TRNDIRATIURT /8. ¢ O HOT WIRS ZF.4g OHNMS
DOOY PRHLERATURT &8, o S
f_mpq?.ﬂ “]\“1 re Dw TRSURR 260 ¥4 .
22
VOLTAGE RMS VOLTAGE
YOLTS E1LLY OLTS
0,280 9.600 0.172
0,450 9.650 Q. 3Ll
0,610 9,700 00117
0,760 9,750 0. 007
0,910 9.750 0,090
1,050 9,750 0.100
1.180 2.650 0.137
1.310 g.550 0.197
RETATIVE TURBULENCH
DISTAMOT
TOOM TUNER SURFAGT | PRROSNTAGE TURRULENCE
' INCHES
O¢ ?90 .'5,\’, 5‘1-7’2
0,450 8.6%7
0.56710 96 5
0.760 .719
0.910 . 306
1,050 ( e
1. 180 ], 2174
1,330 12,082
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ROOM TEMPERATURE &&, g <z

EAROMETRIC PRESSURE F2 &2
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- MASS WEIGHTED

INLET
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1/C. 0 °F

TURBULENCE

i
P
Rt 7
ANGLE /to.2é4
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0,450
0.610
0.760
0.910
1.050
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1.310
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DIFFUSER A
EYPERATURE
TEMPERATURE
BAROMETRIC PRESSURE 2247

FIr.oWw T
ROOM

INLET TURBUL

Wy L/H 1245
110.0 S

5 g

e:z”"gﬁ' P

“ i

LENCE DATA

COLD RES

sy

ISTANCE
© HOT WIRE= Z.40 CHNS

69-

oF

MASS WETGHTED SWIRL ANGLE /& gop ©
| DT STANCE D¢ VOLTAGE RIS VOLTAGE
FROM TWNER SURFACE VOLTS MILLIVOLTS
THCHES
0.280 9.750 0,15
0.450 9.850 0.108
0.610 9.850 0.000
0.760 9,850 0.087
0.91.0 9.850 0.103
1.050 9.850 0.122
1,180 9.800 0.162
1,310 9.750 0.260
RELATIVE TURBULENC
DISTANCE
FROM INNER SURFACE | PRRCENTAGE TURBULENCE
THCHES
0,280 8. 549
0.610 5,206
0.760 5.032
0.910 6.07%
1,050 7.057
1.180 9. LED
1.310 15,229 !
i
;
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INLET TURBULZENCE DATA

72

DIFFUSER A y L/R /228 COLD RESISTANCE OF
FLOW TEWPIRATURE //0.o °F HOT WIRE= Z..zs OHMS
ROOM TINPERATURE &F.0 °F
BAROMETRIC PRESSURE £ 42 “44
MASS WEIGHTEZD SWIRL ANGLE =2 oz5 °
DISTANCE DC  VOLTAGE RMS VOLTAGR
FROM INNZR SURFACE VOLTS MILLIVOLTS
INCHES

e a e

-

PREBO0O0000
W OO N
B O0\R F ON A 0
COODO0OO

. e
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INLEZT TURBULENCE DATA

DIFFUSER A3 , L/H &.25 ‘ COLD RESISTANCE OF
FLCW TEWPERATURE /e o vu ) HOT WIRE= ¥ 34 OHMS

ROOM TEMPERATURE &C. .o 9%
BAROMSTRTC PRESSURE £9.22 “4%
5 . &

MASS WEIGHTZD SWIRL ANGLE A &50%

DISTANCE DC VOTL,TAGE RMS VOLTAGRE
FROM  INNRR SURFACE VOLTS MILLIVOLTS
INCHES
0.280 9.750 0.145
0.450 9,800 , 0,108
0.610 9.850 .0, 084
0.760 g.820 . 0.094
0.910 9.800 0,122
1.050 9.720 . 0.155
1.180 9.650 0,250
1.310 9.600 0.255

DISTANCS

FROM TNWSR SURPACE | PERUENTAGE TURRULENCE
‘ INCHES

0.289 8. 540

0.l50Q 6,307

0.610 L,a75

0.760 5. 1LE8

0.910 7.120L

1.030 - 9,191

1.180 15.020

1.310 15,483
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INLET TURBULENCE DATA
DIFRUSER &S , L/H & za COLD RESISTANCE OF
FLOW TREPERATUSS //0.0 % HOT WIRE= 3 34 OHKS
BOOM TRMPRRATURE 73, o %o
BAROMITRTC PRESSURE &% 48 Y% R
NASS WEIGHTED SWINL ANGLE % #8s8
DISTANCK De VO, TAGE RMS VOLTAGE
FROM INWNRER SURFACE VOI TS MILLIVOLTS
INCHES '
0.280 3.750 0,i28
0. 450 9.750 0.090
0.610 9,800 0,098
0.760 9,750 0.127
0.910 9,700 0,152
1. 050 9.650 0,177
1.180 Q.550 0. 275
1.310 9,400 0. ?PO
RELATIVE TURRULENCE
DISTANCE _
FROM INNER SURFACE | PERCENTAGE TURRULZENCE
INCHRS
0.280 7. 546
0.450 5, 306.
0.610 5.723
0.740 7. L%P
0.910 9, 0ko
1.050 10. 6041
1.180 16, 866
1.310 7.712
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INLET TURBULENCE DATA

FUSER A e L/ 425 : COLD RESISTANCZE OF

W TEVMPERATURT /72 ",:“ HOT WIRE= z.. ..y OHHMS
M TRVMPERATIURE ol e e :

TR
L0
0
LR

s e i R
)-D;‘\Oi‘""{

O IF"T’?IF PJ)F.‘SSURlJ .._',r"; ’; //,
S

£S5 WEIGYUTED SWIRL ANGLE Jjrezg ©

DISTANCE . DC VOLTAGHE RNMS  VOLTAGE
FROM INNER SURFACE | VOLTS i MILLIVOLTS
TRCHES

0.280 9.750 0,165
0. 450 9.850 0.125
0.610 9.870 i 0,098
0.760 3.870 P 0.09L
0.910 9.870 g 0,106
1.050 ; 9.850 ; 0.135 :

; ; 0,170 ;
0.260 ;

Iy
-
(Y
Y
Q
O\
F 3 ~
~3
\Y;
(@]

RELATIVE TURDU LENCE
DISTANCE

FROM INNER STURFACE YCENTAGS BULENCE
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- em e e v e LR T T T ot T TR pe——
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e
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&
=
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&S]
3
(o
oo}
CD

0.280 , 0.728
0.450 | 7.231
0.610 5.6L3 :
0.760 5,417 i
0.910 6.1009 i
1.050 7.809
1. 180 Q, 889 !
1.310 15.329 :
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INTET TORBULENCE DATA

COLD RESISTANCE OF

DIFFUSKR 5 , L./H
HOT WIRE=, .7 OEMS

FLOW TEIMPERATURE
ROOM TEMPERATURE =
BAROMETRIC PRESSURE .-

MASS WEIGHTED SWIRL ANGLE /¥ za0 °
DTSTANCE DC VOLTAGE RMS VOLTAGE

FROM TIHNER SURFACE VOI.TS MILLIVQILTS
INCHES
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INLET TURRULENCE DATA
DIFRUSER A2 . L/H COLD RESISTANCE OF
PLOY TRIPERATURE //2, HOT WIRE= ¥.7: OHKS
ROOM TEMPERATURT =7,
BAROMETRIC PRESSURR 2
MASS WEIGHTED SWIRL ¢ a0
DISTANCE DC VOT.TAGE ‘RMS VOLTAGE
FROM INNER SURFACE VOL.TS MILILIVOLTS
INCHES
0.280 9,900 0.148
0.450 9.970 0,108
0.610 10.000 0.095
0.760 10.9000 0.098
0.910 9.970 0.105
1.050 9. 950 0.125
19180 /¢,50 O._-]_L"C}
1.310 9.900 0.235

RELATIVE TURBULENCE

"1
o5
G

s
-
C

DISTANCH
INNER SURFACE
INCHES

0.2830
0.150
0.620
0.760
0.910
1.050
1.180
1.310

~—
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INLET TURPULENCE DATA
DIFFUSER , L/¥ 3./3 COLD RESISTANCE OF
FLOW TEWM 1Drr<f"'u.u (G o 'HOT WIRE= 2. .33 OHMS
ROCHM TEMPERATURE o
PAROMETRI C PRANSAURE 79 25
MASS WEIGHTEN SWIRL bl
DISTANOR DC VOLTAGE RMS  YOLTAGE
FROM INNER SURFPACE VOLTS MILLIVOLTS
INCHES
0.280 Q, 800 0,128
0.450 9.850 0,091
0.610 9.850 0.0R7
0.760 9,850 0,110
0.910 9,800 Cel32
1.050 9,700 0,167
1.180 Q9. 600 0.255
1.310 9,500 0.260
RELATIVE TURRULENCE
DISTANCE
ROM INNMER SURFACE PERCENTAGE TURBULENCE
INCHRES

s}

= 0V OV LR
OCOD OO0 O

» L]

*

LI ) L)

»
DD N TN TN

n

5. 261
5,032
6.3573
7.708
9.9u2
15,483
16,100
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INLET TURBULENCE DATA

DIFFUSER . L/H 243 ' COLD RESISTANCE OF
FLOW TREVMPERATURE ‘o a.¢ <o 'HOT WIRE= z, z-v OHFS
ROOM TFNPFHﬂTUR? o S - y
BAROMETRIC PRESSURE .o, &y Y40
MASS WEIGHTED SWTRI, ANGLE i 432

DISTANCE DC  VOLTAGE RMS VOLTAGE

ROM TNNER SURFACE VOLTS MILLIVOLTS

INCHES

0,280 9,650 0.168

0,450 9,700 0.115

0.610 9.750 0.086

0.760 9,750 0,092

0.910 9,720 0,117

1.050 9,700 0.1l0

1.180 9.650 0.172

1,310 9,600 0.198

RELATIVE TURBULEN

DISTANCE .
FROM INWER SURFACE PERCENTACE TURRULENCE
INCHES

0.280 10.100
b5 6, 846
0.510 5.070
0.760 5,424
0.%10 6.938
1,050 R, 334

1.180 10. 340 |

1.310 12,022 |

t
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DIFRUSER O
FLOW TEWMPERA
ROOM TEMPERA
RABONETRIC P
MASS WEIGHTE

INLET

, L/H Z/F
1G4

el . . &
PRI

TURE

TURE
RESSURE

B ST
< -t —-——y Ty

N SWIRI ANGL

TURBULENCE DATA

96

COLD RESISTANCE OF

HOT WIRE= 3.5 CHUNS

- DC

RMS VGLTAGE
MILLIVOLTS

VOLTAGE
VOLTS

RP==O0000
L.} - L ] L] L3 o L ] -
yMACMO\JOMrN

= COVA R ONES R Q0
OTDO00DOD

9.600 0.175
9.700 0,135
2,750 0,105
9.770 0.090
9,780 0.165
9.750 0.125
2.700 0,162
9.650 0,245 "

"RELATIVE TURBULENCE

DISTANCE

FROM INNER SURFACH

INCHES

PERCENTAGE TURBULENCE

B
i
|
;

0.28¢0
0. 450
0.610
0.760
0,910
1.050
1.180
1.310

10,625
8.037
7z -
6.190
5, 2RA
5287
6,155
7370
aQ, Al

1,729
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INLET TURRBULENCE DATA

DIFFUSER c , L/H F-/2 COLD RESISTANCE OF
FLOW TEMPERATURE /o-fn.o 587 i HOT WIRE= . 7.7 CHMS
ROOM TREMPERATURE  7f.o <& ‘
BARONMETRIC PRESSURE 79, .57 "5, -
MASS WEIGHTED SWIRL ANGLE /L&l S8
DISTANCE - DC  VOLTAGE R¥MS VOQLTAGE
FROM INNER SURFACE VOLTS MILLIVOLTS
INCHES
0,280 9,670 0,185
0. 450 9.750 0,130
0,610 9,800 0,102
0,760 9.800 - 0,092
0.910 9. 800 0.100
1.050 9.800 0.115
1.180 9.800 0. 140
1,310 9.750 0.170

RELATIVE TURBULENCE

DISTANCE
FROM TINNER SURFACE PERCENTAGE TURBULENCE

INCHES
0.280 11.078
0.4%450 7,664
0.610 5,956
0.7560 5,372
0.910 5.83¢
1.050 6.715
1.180 8.175
1. 310 10,0273
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DIFFUSER '
FLOW TEMPERATURE
ROOM TEMPERATURE

L/B

INLET TURBULENCE DATA

-
343

= e D e

B I

o -
I

4y
7~
3 e
oy LT
-

102

COLD RESISTANCE OF
HOT WIRE= 2.2 OHMNS

RAROMETRIC PRESSURE 2757 “4/
MASS WEIGHTED SWIRL ANGLE o7, g228 ¢
DTSTANCE DC  VOLTAGE RMS VOILTAGE
FROM THNER SURFACE VOLTS MILLIVOLTS
TNCHES

9.700
9.820
9.850
2.850
9.820
9.3800
G9.770

0,195
0,127
0,100
0,007
0.107
0.117
0.140
0.176

RELATIVE TURBULENCE

FROM

DISTANCE
INMER SURPACE PERCENTAGE
S

INCHE

0.280
0.450
0,610
0.760
0,¢10
1.050
1.180
1,310
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FLOW TEMBLEATURE = 207, o2 45
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INLET

TURBULENCE DATA

105

DIFFUSER 2 , L/H 2.¢0 COLD RESISTANCE OF
PLOW TEMPERATURE .2 .0 54 HOT WIRE= % 27 OHMS
ROOM TEMPRRATURRE SiLo R
BARQVETRIC PRAISURT &7 <t 74 ,
MASS WARTIGHTED SWIRL ANGLE o ./57 "
DISTANCE . DC  VOLTAGE RMS.  VOLTAGE
FROM TNNRER SURFACE ¢ VOITS MILLIVOLTS
TNCHRES i '
0.280 9,750 0.152
0,450 9,800 0,112
0.610 aQ,870 0,087
0,760 9,870 0,090
0,910 9,820 0,115
1,050 Q9,750 0.1.47
1.180 9.700 0,175
1.310 9,620 0.255 ﬁ
RELATIVE TUR%WIF ICE
DISTANCE
FRON IWNER SURFACH | PERCENTAGE TURBBULENCE
TNOHES
0.2R0 8,041
0,450 6. 5L0
0,610 5,01k
0.7A0 5,187
0,010 &.600
1.050 8,667
1,180 10,018
1.310 15,421
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INLET TURBULENCE DATA

DIFFUSER O , L/H /.60 : COLD RESISTANCE OF
FLEW TEMPERATURE /T-2.0 95 HOT WIRE= 32 .37 OHMS
ROCM TEFPERATUBE 79,0 % :

BAROWETRIC PRESSURE &2-22 Y455

MASS WEIGHTED SWIRL ANGLE Z.7e2 ©

DISTANCE DC  VOLTAGH RIS  VOLTAGE
FROV INNER SURFACE VOLTS : MILLIVOLTS

INCHES ,
0.280 9,800 0.152
0.450 9, 850 0.105
0,610 9,900 0.092
0.760 9.900 0.09k
0,910 9,900 0,102
1,050 9,880 6,117
7..180 G.850 0,132
1.310 g, 85 0,175

RELATIVE TURBULENCE

DI\DTA ,: v
FROM INWER SURFAC
INCHES

ed]
g
4
ay)
2
=
¥t
o>
M
=3
=3
&
o)
oY)
-
e
2
0
gy

0.280 8.876
0,450 6,074
0.610 5,272
0,760 5.387
0.910 5, 845
1.050 6.730
1.180 7.635
1.310 10.1273
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INLET TURBULENCE  DATA
DIFFUSER 2 , L/H Lco COLD RESISTANCE OF
FPLOW TENPERATURE /C&. 5 = HOT WIRE= Z.37 OHMS
ROON TEWPERATURE T4 5 o
BAROMETRTC PRESSURE S 0“4,
MASS WRTGHTED SWIRL ANGLE 47 S50 °
DISTANCE DC  VOLTAGE RMS VOLTAGE
FROM TNNRR SURFACE VOLTS MILLIVOLTS
TNCHES
0,280 9.750 0.165
0. 250 9,820 0.132
0.610 9,850 0, 100
0.760 9,900 0.083
0,910 9,270 0,095
i,050 9.850 0.130
1.180 9.750 0.172
1,310 9,700 0.195
RELATIVE TURRBULENCE
NYSTANCE _
FROV INNER SURFACE PERCENTAGE TURRULENCE
INCHES
0.28¢0 ©.723
0,450 7,679
0.510 5.734
0.750 4,756
0.910 5.7y
1.050 7.520
101%0 1091"‘;0
i.7310 11.408
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THLET TURBULENCE DATA

DIFFUSER &2 , /B /.48 COLD REEISTANCE’OF
FLOW TEMPFEBATURE /O8no o ' HOT WIRE= Z270HNS
ROOM TEMPERATURE  it.o 55
RAROMETRIC PRESSURE &9¢./.2 “h

; - o, B
MASS WERIGHTED. SWIRL ANGLE /., &%

DISTANCE ' DC  VOLTAGE R¥MS VOLTAGE
FROM INMER SURFACE VCLTE ' MILLIVOLTS
INCHES

0.280 3,800
0,450 9,870
0.610 9,870
0.760 2,870
0,910 9. &70
1. 050 9,850
1.180 2.800
1.310 9,770

L] L] v [ ]
N s s DD
ONDD &5 ONO D AN

*

°

DOOODOOO
-]
QONO TN

RELATIVE TURBULENCE

DISTANCE
FROM INITER SURFACH PIRCENTAGE TURBULENCHE

INCHES

0.280 9.1683
0.4580 5.627
Oz(:)lo Sc Li‘l?
0.760 5.640
0.910 5.?63
1.040 8,721
1.1720 10.511
1.310 15.270
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INLET TURBULENCE DATA

DIFFUSER O . L/H /<o : COLD RESISTANCE OF
FLOW TEMPERATURE rog9.o % BHOT WIRE=2Z 277 OHMS

ROONM TEMPERATURE 7.2 %
BAROMETRIC PRESSURE 2% /4 ‘4,

A

R¥ .
@ vt " ~ 14 - - 3
MASS WEIGHTED SWIRL ANGLE A7 -2z7°

DISTANCE DC VOLTAGE RMS VOLTAGHE
FROM INNER SURFACE VOLTS MILLIVQCLTS

INCHES

0.280
0,450
0.610
0.760
0,910
1.050
1.180
1.310

9,800
9.850
9.900
9.300
9. 870
9.870
9.820
9.800

0,357
0,100
0.090
0,100
0,112
0,142
0,172
G250

RELATIVE TURBULZNCE

DISTANCE
FROM IMNNER SUKRFACE | PERCENTAGHE TURBULHNCE

TNCHES

0.270 9.168
0.450 5.784
0.610 5,158
0.760 5,731
0.910 A, Lugl
1'(}“0 3.?83
1.180 10,008
1.310 1, 500
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" MASS WEIGHTED VALUES
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SWIRL DIFFUSER A NI FFUSER B
CONDITION INLET EXIT INLET EXIT
Minimom Q) 1.976 0.132 1.582 1,354
Swirl P -3.691 : -~ 2.729
v 152.3%0 59.585 146,428 95,482
O Va 152,241 59. 584 146,367 95, 45
7t 5.329 .0.087 4,109 2,45k
] 5,071 2,824 L, 6585 3,442
E‘S -39783 ‘30086
A v 154,638 56,808 153.894 98, 023
. Va 1.54.018 56.731 153,398 97,846
Vi 13.756 2,485 12.336 5,873
W 10,267 ' 7.078 11.680 6.552
Pa -3.981 -2.663
%_ v 158.412 60.189 156,529 101.893
. Vo 155,853 59,719 153,263 101.212
Vs 28.313 7. 143 31.741 10.828
W 15.603 11.368 17.269 12,854
Ps ~-4.009 -2.757
X v 158.694 62.783 157.629 98.028
Vy 152,742 64,541 150,434 95, 564
Vi L2,829 12,128 L6, 877 20.991
Maximum qi’ 24,065 16,754 25.357 18,145
Swirl P -4,253 -3, 04l
v 164,146 61.191 164, 267 100.559
O Vs 149,694 58, 554 148,207 95.493
Vi 67.061 17.531 70. 547 30.95
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TABLE IV CONTINUED

MASS WEIGHTED VALUES
SWIRL DIFFUSER C DIFFUSER D
CONDITION INLET BEXIT INLET EXIT
Minimum ¢ 0.795 0.243 | - 0.151 0.398
Swirl Ps -2.107 ~1.306
V- | 150.530 118,449 150.9053 143,366
O Va| 150.513 118. 47 150.901 143,361
Ve 2,078 0.578 0.393 - 0.943
O, 3.532 2.697 3.392 2,261
Fs| =-1.960 -1.329
A 151.333 116.815 154.719 145,100
o 151.039 116.673 154, 446 144,984
9.362 5.581 9.154 5.613
7.697 7.193 8.280 2,475
P.| -2.040 Co=1.411 -
+ V7| 153.380 118.802 153.180 141.985
Vo | 151.985 117.872 149.832 141,799
Vi| 20.602 1. 254 31.892 5.859
), 14, 564 12.592 1,274 7.048
Ps -2.390 - ~1.698
X V | 158.738 119, 044 160,589 149,876
Vo | 153.540 116.170 155.565 148,633
V| L40.023 25,263 39.673 18.214
Maximum | 23.808 20.790 23.463 14,717
Swirl Pg| -2.685 -1.965 '
V| 166.082 123.370 163.254 148,448
<> Vo | 131.742 115.132 149,595 143.291
V.| 67.166 b43.574 65.130 37.685
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TABLE V

DIVERGENT~-DIVERGENT ANNULAR DIFFUSER
EXPERIMENTALLY MEASURED CPR ,'\,[) »7. VALUES

8g§g%TION L/h 1,60 3.13 6.35 12.65
DIFFUSER| DIFFUSER| DIFFUSER DIFFUSER
D S c B A
Minimum o - : ‘
Swirl D, 0.151 0.793 1.582 1.976
O Cpr | 0.266 0,435  0.599 0.752
Vi 0.739 |  0.783]  0.799 | 0.846
¢ 3.349 | 3.531  4.582 | 5,077
A Cpp 0.258 '9.403 0.613 0.749
7 0.717 0.725 0.817 0.843
¢ 8.280 7.697! 11.688 | 10.867
4+ |cps 0.269 | 0.410]  0.512 0.751
77 0.747 0.738 0.683 0,845
Q| 1ke278 | 1k.564| 17.269 | 15.603
X Cpg 0.308 0, L9 0.524 | 0.750
7 0.856 0.808| 0.698 0.804
E T D 53.063 | 23.808] 25.357 2L, 085
Cpp 0. 346 0.464] 0,534 0.75k4
¢ 7 0.963 0.8341  0.709 0.8L8
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PLANE WALLED DIFFUSER

CONICAL DIFFUSER'

e
|

DIVERGENT-CONVERGENT .

ANNULAR DIFFUSER

DIVERGENT-DIVERGENT DIVERGENT-STRAIGHT CORE

ANNULAR DIFFUSER ANNULAR DIFFUSER

Ny
FIGURE | DIFFUSER CLASSIFICATION

STRAIGHT CORE-CONVERGENT
ANNULAR DIFFUSER
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X
A - BLAST PLATE - .G ~ HONEYCOMB
‘B - BLOWER - : P H -~ SCRESNS
C - FLOW-CALIBRATION PIPE I - SWIRL VANE UNIT
D - ZXPANSION CONE J - ANNULAR PIPES
¥ - PLENUM CHAMBER K - ROTATABLE OUTER PIPE
F - FILTER I, -  ANNULAR DIFFUSER

. FIGURE 2 SCHEMATIC- DIAGRAM OF THE TEST FACILITIES
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FIGURE 3 APPARATUS LAYOUT

FIGURE 4 CENTRIFUGAL BLOWER
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FIGURE 5 DIFFUSER TEST
SECTION

FIGURE 6 YAWPROBE AT
DIFFUSER EXIT
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FIGURE 7 SETTLING CHAMBER

FIGURE 8 SWIRL VANE
UNIT
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18"

e

FIGURE O DIFFUSER GEOMETRY

r4= hub radius
To= tip radius

- 03= inner wall angle

0o= outer wall anglc
Ag= throat area = Aj
Aj= area at L = Ap

For this investigation
0y3= 05 = 20°

- 0.6 at 1

ro'

A2/A1 = 1.25,1.5("2.00
3.00

92t
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.0 Plane of - Plane of Traverse
Measurement 1 Measurement - - r\\ Station
i A —cq ' ' ~— NG .
f Traverse \ \.\\
; Stations A
(i / \ \
A ] / 4 L\
. - \ \
S ! . ! I 1 R
WY ! ' P - [
e Rl \ \ P
/,/ \ /,,\’.‘ Il \.\ / /
1207 T 4 ' VAN //
A—e | \\ A // /
: N T
N, WU g e
. \\.\ ‘-"/
SECTION A-A:Diffuser Inlet : B >} 1/2" SECTION B+B:Diffuser Outlet
At each one of the 3 Traverse - . There are 10 Measuring Stations
Stations there are 10 Measuring e . at the 1 Traverse Station. The
Statiocns. The Measuring Stations ' / ) Measuring Stations are located at =~

‘are located at the midpoints of . the midpoints of ten equal ring

RN /
ten equal ring area elements, /> / area elements,
<& . ‘

C e // , . DIFFUSER WALLS -3 rows of 10
N ) ] . ' Static Pressure Taps are located
] ‘ /-/ : : ~ on the outer wall at 0°, 1209,

—— ' and 240°,

|
i
i
|

B A e S - P 5 > >
{

2 Y

|

[ .;1

! f » " " 23 { 9 ” B & .
o 1k uls &l &% Wi VX 5

FIGURE | O MEASUREMENT STATIONS



0.9

0.8

0.7

128
FIGURE 11

i

. COMPARISON OF MEAN VELOCITY DISTRIBUTION WITH
RESULTS OF BRIGHTON & JONES

I3

)

/

Laminar Flow

0.6} / Brighton & Jones \
v
¥ o.sk A
: Turbulent Flow ,Reynold's ‘ \
Number = 146,000
0.4} Brighton & Jones \
0.3+
() Mean Velocity Distribution
0.2 1 ’ for No Swirl Case for
Present Investigation.
0.1t
| . ) ’
0.0 ] | ] | ] | ] | ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
OUTER Y/ h INNER

WALL WALL
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FIGURE 28

COMPARISON OF PRESENT RESULTS TO
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