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ABSTRACT

Usling hotéwire‘anemometry experiments were cond-
ucted to investigate the turbulence structure in a conical
diffuser with fully developed pipe flow at entry. Total
vdlvergence angle and area ratio were 8° and 4:1 respectlvely
For most experiments ‘a pipe Reynoldo number of 137,000 was

used.

Presented fof eeveral axial locations are'prbbability
densities of U, profiles of; U, u', moments of u up to
vthe fourth-order, ﬁ?; and the four truncated components of
uv. Alsoﬁgiyen; fqr'a profile located 30 cm upStream%of’
the diffuscr.exif plane for measurements of u spectra, dissipa-
tion, lengthjséales, longitudinél vorticity, structure functions,
as well as several fine—structure parameters which include
- the skewness;fflatness;factof, and intermitten@y factor of

su/at.

For the core region the results show a structure
»eimilar to that of fully developed pipe flow, but gradually
¥be1ng replaced in the down stream dlrection by a more
energetic.structuremexpending toward the centre line. At
approximately the entry radius throughout, the turbulence
structure exhibits characteristic¢s, in several ways similar
to those ofﬁe boundary 1ayer;invthe vicinity of"-y+ = 15.

Near the wall~the fine structuregis very intermittent, and
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tends to coincide with fluid having'an axial velocity
above the local mean. Except possibly near the wall, the
structuré functions demonstrate the existencé of an inertial

subrange for a separation range of about one decade.




iii

ACKNOWLEDGEMENTS

The author would like to thank Dr. R.S. Azad
who initiated the project and guided its progress
throughout. The many hours of stimulating conversation
with fellbw students, Paul Okwuobi, Jim Reichert and
Subash Arora were most helpful. Special thanks are due
to my wife, Betty for her endless patience and contihuing
ehcouragement.

During the first three years of the Work th; author
‘held a Post Industrial Experience Research (PIER) Fellow-
ship in Engineering from the National Research Council of
Canada. The financial aséistance thus provided is grate-

fully acknowledged.




ABSTRACT .+ .
ACKNOWLEDGEMENTS

TABLE OF CONTENTS

TABLE OF CONTENTS . . . . « . « « « « o « o .

LIST OF FIGURES
LIST OF TABLES

NOMENCLATURE .

. . - . . - . . . . . . . . . .

. . - . . . - . - . . . . . . .

1.0 INTRODUCTION © » & v v o o o o o o o « o o

1.1 Turbulénce'Structure e e e e e e e e

1.2 ObjectiVes . . v v w e e e e

S 1.2.1

The Developing Néture of
Diffuser Flow, its Relationship
to Other Wall Bounded Flows

On. the Existéncé‘of an Inertial
Subrange . . . . . . . v 4 e e .

’ Experiménts Using an Envélopé

Detector

Instrumentation Deyelopment . . .

2.0 THEORETICAL CONSIDERATIONS . . . . . . . .

2.1 Local

2.1.1°

2.1.2"

2.1.3"

2.1.4

Isotropic Turbulence . .

Kolmogoroff's Original (1941)
Theories = . . . . . . . . . . .

Structure Functions ., ., . . . .

Thé'OnéAdimensional Energy Spéctrﬁm

- Skewness. of the Longitudinal

Structure Function . . +« « + +

iv

PAGE

iii
iv
viii
xiii

xXiv

10

11

13
14
17

.18




b.o

2.2 Kolmogoroff's Modified Theory

-

2.2.1 The Spectrum of (3u/3t)?

. - . .

2.2.2  The Relationship of du/dx to

R e e e e e e e e e e e e e
A .
2.2.3 Spacial Localization of Fine

Structure . . . . . . . . . . .

2.3 Coherent Structures in Wall-Bounded
Shear FIOWS v v v v v o o v o o o

. FLOW FACILITY, PROCEDURE, AND SPECIALIZED -

INSTBUMENTATION Lt e e e e e e e e e e e e

3.1 Flow Specifications, Wind Tunnel,
Diffuser and Traversing Mechanism . . .

3.2 Hot Wires, Anemometers, and Linearizers

3.3 Measurement of Mean Quantities . . .

3.4 Probability Distribution and Density
Measurement R R TR

3.5 Skewness and Flatness Factor Measure- o
ment . .. L 0 L0 0 e sl e e e e e

3.6 Spectra Measurement . e e e e e e e e

3.7 Truncated‘uy_Correletipn Measurement
3.8 An Envelope Detector Circuit . . . . .

3.9 Intermittency Measurement . . . . .

PRELIMINARY. EXPERIMENTS . . . . . . . . .

4.1 Probability Density Measurements . . . .
.2 SkewheSS’and Flatness Factor Measurements

4.3 Mean Ve1001ty and Turbulence Intens1ty
Measurements e e e e e e e e e e e e

30

PAGE

18

20
21

21

23

27

27
28
2 o

30

32
32
33

33

b3

43
45

b7



4.4  Error Considerations . . . .

5.0 . DETAILED EXPERIMENTS AT STATION 30 .

5.1 Flow Parameters, Length Scales . .
5,2].Spectra OF U v v v v e e e e e e
5.3 Truncatéd uyv Corrélations e e e
‘5;“ /Vorticitszéasuréments.'. e e e e

5.5 Skewness and‘FlatnéSS'Eactqr of 3u/d9t

5.6 Skéwnéss“and Flatness Factor of the
Transverse Velocity Difference . .

5.7 7Flatness Factor of Narrow-band Filtered

.

u Signals - Intermittency of 3u/a2t . .

5.8 Spectra of (du/dt)? . . + . . . . .

5.9 Probability Densities of U, Conditioned

on Fine Structure . . . . . . . .

6.0 'STRUCTURE FUNCTTON EXPERIMENTS . . . . .
6.1_ Experimental.Proéedure e e e e
:;6.2 Experimental Results . . ;», ...
6.2.1 Flatness Factor and Skewness

of the Longitudinal Velocity
Difference '

6.2.2 Flatness Factor aﬁd.Skéwness
of the Transyerse Velocity
" Difference e e e e
6.2.3" Structure Functions . . . .

6.3" DiscﬁSsion of Résults e e e e e

.

.

vi

PAGE

b9

67

67
70
71
Th
76

78

85
81

83
108.

108

110
110

111

111

112




7.0 . EXPERIMENTS USING AN ENVELOPE DETECTOR . . . . 123

7.1 The Envelope of a Gaussian Signal , . . . 124

7.2 The Envelope of Narrow-band
Piltered u . . . . ¢ ¢« ¢ 4 o v 4 4 o . . 126
'7.2.1 Spectra and Auto-Correélations. . . 126

" T7.2.2 Probablility Distributions,
Intermittency, Flatness Factor
and SKeWness . . . .+ o« o o o o o« o 129

7.3 Discussion of Results . . & o ¢ o o o o o 130
8.0 GENERAL DISCUSSION oF RESULTS; e e e e e e 153
9.0 CONCLUDING REMARKS . . . ¢+ +v ¢ v ¢ o o o o . 165

10.0 RECOMMENDATIONS ... . ¢ ¢ ¢ v ¢ ¢ o o o « o « 168"
BIBLIOGRAPHY . e © © ° ° © ® ° ° . ° ° [ ° o - e 169
| APPENDIX A - Vorticity Probe Calibration . . . 175 -

APPENDIX B - Normalizing Procedure for
Probability Density Functions . . 183

APPENDIX C - Instrumentation , , . . . . . . . 185




FIGURE

3.1
3.2
3.3

3.4

3.5

3.6

- 3.7

4.3
by
4.5
4.6

i.7

4.8

" BRe = 137,000 o

- LIST OF FIGURES

Diffuser Geometry~.
Diffuser Traversing Mebhénism‘.

Block Diagram - Probablllty Den31ty
Analyzer . e e . . . e .

Circuit for Measurlng Skewness and Flat-
ness Factor ., , , . ,

Y. Flatness Factor Vs Flatness Factor
for a Chopped Gaussian Signal

Circuit for Measuring Truncated uv
Correlations .. ., . . . . . . . . ..

Envelope Detector a) Wave Shapes
b) Block Diagram

Block Diagram of Intermittency Detector

Probability Den31ty of U at Statlon 75.
Re = 137,000 . o e s e e wie e 4 s

Probahlllty Density of U at Station 65.
Re = 137,000 . . . . ... .. ...

‘Probablllty Density of U at Station 55.
Re = 137:000 B .. e s e e . e

Probability Density of U at Station 45.

Probability Density of U at Station 30.
Re = 137,000 .

Probability Density of U at Station 15.

Re = 137,000

Probahility Density of U .at Station 0.
Re = 137,000 e e e e

SkewheSS‘and,Flatness Factor of u at
Station 75. Re = 340,000,

viii

PAGE

35

36
37
38
39
10
i
12
51
52
53
54
55
56
57

58




FIGURE

h.9
'u.loy

4.11

4,12
4,13

4.14
.15

4,16

5.2
5.3
5.4
5.5

5.6
5.7

5.8

5.9

4
Skewness and Flatness Factor of u at
Station 65. Re = 340,000 .+ « + « « « &

Skewness and Flatness Factor of u at .
Station 30. Re = 137,000 and 340,000

Skewness and Flatness Factor of u at
Station 5. Re = 340,000 . « « « « « « + .

SkéWness and Flatnéss Factor of u on

- the Centre 1line. Re = 340,000 - < - =+« =+ -

Iso-Skeuness and Flatness Factor Contours
of u. Re = 340,000 . . . .

. - . LR - . .

Contours of U and u'. Re = 137,000

- . .

Distribution of U, u' and Turbulence

~Intensity at Station 30. Re = 137,000 . .

Mean Velocity Profiles. Re = 137,000 . .

Distribution of RA,_), Lf and n at

Station 30 .,

. . 3 . e L} . - - - - - - .

Distribution of Rll(o,y,D;O) at

Station 30 . . . V7. L L L L0 ... ..

Normalized Spectra of E /vZnatStation 30.

Non-dimensional Truncated uv Correlations

- for a Boundary Layer. (From Wallace et al,

1972)  ©h o e e e e e e e

Normalized Truncated uv Correlations at

Station 75 . . . L. L L L L. Lo,
Normalizéd Truncated uv Correlations at
Station 55 , .

- e e . . ¢ e - e e « e . e

Normalized Truncated uyv Correlations at

Station 30 . . . . . . . . . . . . . ..

Normalized Truncated uv Correlations at
Station 5

. . . . . . . . . . . . e . -

Truncatéd uy Correlations at Station 75

59

60

61

62

63

65
66

84

85
86

87

88
89

90

91

92

ix

PAGE




FIGURE

5.10
5.11
5.12
5.13
5.14

5.15
5.16
5.17
5.18

5.19

5.20
5.21
.5.22‘
5.23

5.24

- pu/3t at Station 30

- Station 30

2

Truncated uv Correlations at Station 55

Truncated uv Correlations at Station 30 .

Truncated uy Correlations at Station 5,

Yorticity Measuréments.atvStation 30

Skewness and Flatness Factor of su/st at .
Station 30 . . . . ... . L. .. ...

Skewness and Flatness Factor of Bu/at as
a Function of R

A - 'y . . - . - - - - -

:Skewness of the Transverse V61001ty

Difference at- Station 30 ., . I . . . .

FlatneSS‘Factor of ths’Transverse

‘Velocity Difference at Station 30 ., . .

Flatness Factor of Narrow-band Filtered
u

° . . . - . . . . . . . . e - . L] . -

Maximum Flatness Factor of Narrow-band
filtered u and Intermittency Factor of

- . . . . . - - . .

Non-Dimensional Spectra of (Bu/at)2

T e - - - - o . - . ‘e - - ) .

-Conditional PDF's of'U at Station 30.
*R/RREF T O

Conditional PDF's of U at Station 30.

B/Bpgp =123 . L. ...,

Conditional PDF's of U at Statlon 30.

B/Rppw ='1.03 | . L . . ... ... ..
Condltlonal PDF's of U at Station 30.
R/Bppp = 084 0 0 L . o000 oL

Flatness Factor of Longitudinal Velocity

Difference at Station 30 |

Skewness of LongitudinalAVelbcity
Difference at Station 30 . ., . . . . . .

‘PAGE

93

_9u

95
96

97
98
99

100

101

102

103

104

105

106

107

114

115




FIGURE

6.3

6.4
6.5
6f6
6.7

6.8

6.9

7.2
7.3
7.0

7.5

7.6

7.7

7.8

7.9

7.10 .

'Frequency‘Spectra of u at Station 30

Platness Factor of Transverse Velocity
Difference at Station 30'. . . . . . . . .

Skewness of TransverseTVelocity Difference
at Station 30, . . . . . . . . .

Longitudinal Sedond—ordeh.Structure
Functions at Station 30

. . . . . . . .

Transyerse Second-order Structure
Punctims at Station 30 S,
Longitudinal Third-order Structure
Functims at Station 30 . e e e
Longitudinal Fourtheorder Structuref
Functims at Station 30 .

. e e . . . . .

Transverse Fourth-order Structure
Functiqw at Station 30 R

Block Diagram of Equlpment for Envelope
Experiments . e e

Enyelope Spectra for Gausslan Signals ,

Some Statistical Properties of the

Envelope . s e e e e e e e e e e
Envelope Spectra at Statlon 30.

'R/RREF = 1, 43 e e e e e e e

. Envelope Spectra at Station 30. ,
R/Rppm = 100 0 0oL
Envelope,Spectra at Station 30 A
R/Bppp = 0-H03 . oo oo oo
Enveiope Spectra at Statlon 30",

B/Rppp = 0

Distribution of Length Scales with Envelope
Frequency, Fp at Station 30.. . . . . . .

Probability Distributions of Envelopes at .
StatIon 30. R/BRppp = 1.42 0 .. e e

xi

PAGE

116

117

118

119
120
121

122

133
134
135

136

137

138
139
140
141

142




FIGURE

7.11
7.12
7.13°

7.14
7.15

7.16
7.17
.18
7-19

7.20
8.1

A=2
A-3

A-L

"A-5

4

Probability Distributions of Envelopes at

Station 30. R/Bppp = 1.02 . .
Probability Distributions of Envelopes at
Station 30. R/RBEF =0/403"°. . . . .. ..

Probability Distributions of Envelopes at

'StatiOn SQL R/RREF‘=’QZ . . . . . . - . .

Enyelope Intermitténcybat Station 30 . . .

Flatness Factor of Narrow-band Filtered

Envelope. at Station 30. - R/RREF = 1.43 - . .
Flatness Factor of Narrow-band Filtered -
Enyelope at Station 30. R/RREF = 1.02 . .

Flatness Factor of Narrow-band Filtered
Envelope at Station 30. R/RREF = 0.403 . .

Flatness Factor of Narrow-band Filtered

Envelope‘gt Station 30. R/RREF =0 ... -
Envelope Skewness and Flatness Factor

at Station 30 |, . . . . . . . . . . ...

~ Intermittency Factor of Unfiltered Envelope

VS. Peak Value of Narrow-band Filtered

Enyelope . . . . . e

-~ - ~ - Cos

Diffuser Geometry Showing Various Flow

. Regions e e e e e e e e e e e e e e e e e

Schematic Diagram of Vorticity Probe .
Yorticity Probe Géometry e e e

Vorticity Probe Output Voltége as a

“Function of Rotation Rate and Mean Velocity

Block Diagram of Compensated Vorticity

- Measuring System | . ., . . . . . ..

Characteristics of Compensated Vorticity

Measuring System ., . . . . . . . . . . . .

xii

PAGE

143

144

145
146

1477
148
149

150

. 1151

152

154
179
180

181

182

183




xiii

LIST OF TABLES

4
TABLE = : PAGE
1 Distribution of Various Flow Parameters
at Station 30 for Re = 137,000 . . . . . . 69 I




A

“A A

12 %ps T To

Drp s Prrn Prire
Dyn> Prnnn

Ey (k)

L2

NOMENCLATURE

2

characteristic of large scale motion

parameters of envelope autocorrelation

or spectrum

longitudinal structure, functions
trénsverse structure functions
oneidimensional énergy Spectrum

frequency

flatness factor of;;Axr

flatness factor OfﬁAyrw .

" Kolmogoroff frequency

cut-off frequency of high-pass filter
cut-off frequency of low-pass filter
filter centre frequency (fefh)o'5

spectrum of (du/at)?

. wave-number spectrum of -(3u/9x)?

fwé—state@intermittency signal

longitudinal wave-number

. transverse integral length scale

separation distance

radial distance, measured from centre

line
radius of diffuser at entry

Reynolds number (based on centre line
velocity and diameter at entry)

Xiv




Ry

Station number

+ + + -
u_v,,u_v_,
uv ,uv

uv

XV

turbulence Reynolds number

axial position in cms from diffuser
exit, measured on centre line

skewness
mean velocity in longitudinal direction
rms velocity in.longifudinal direction

instantaneous longitudinal velocity
(G + u) ' '

correlation factor of u and v
tfuncated uv correlation factors

friction velocity
rms velocity in transverse direction

Kolmogoroff veloclity scale

~longitudinal direction

transverse or radial direction

- non-dimensional distance from the wall

(y u*/v)

distance from wall

peripheral or lateral direction
u(x + r) -u(x)

w(y + r) -u(y)

filter bandwidth (fh - fe)
intermittency'factor

mean viscous dissipation

fluctuating velocity.in 1ongitudinal direction
fluctuating velocity in transverse direétion

any one of the truncated uv correlation factors




ABBREVIATIONS

PDF
DIVM

ab
rms

kHz

xvi

Kolmogoroff length‘scale
Taylorfmicroscale
universal constant
kinematic viscosity

fluctuating component of longitudinal
vorticity

rms value of E

Kolmogoroff time scale

probability density function -

digital integrating voltmeter

overbar, denotes time average

decibels

root mean square

.kilohertz




1.0 INTRODUCTION -

‘A .conical diffuser is a fluld méchanical element
often used in turbomachinery as a presSuré recovery device.
‘The diffuser flow is a déyé.l@pi.ng axij:s.ymm'etric (in the
mean) flow with an adversé pressuré gradiént. Information
on flows’with.adverse pressuré_gradiént Is generally
meager and this work attempts to incréase the knowledge of

such flows.

ForvtheApresent work an 8° included angle conical
diffuser, with an area ratio of 4 to 1, aﬁd fully developed
pipe flow at the inlet was utilized. Sovran and Klomp
(1967)_havé shown that such a diffuser possesses optimum

pressure recovery characteristics.

The most detailed work presently available on such
a diffusér_isfgivéﬁ‘by;0kwﬁobi and Azad (1973). They have
- reported data concérning'mean velocifiés, turbulence \
intensities, the Reynolds stréés ténsor and a turbulent
kinéiic energy‘budget; They have postulated the existence
of a "wall turbulent layer" extendingAfrom the wall to the
point of maximum u'. In this region u? was found to increase
linearly with distance from-the wall. A détailed 1itérature
surﬁey of diffuser résearchiup to that time was also given.

Azad and Hummel (1971) havé shown that for the same region

(Which‘theyrcall the wall intermittént région) the fine
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structure is'very intermittent. The intermittency factor
3%u |

of 3T

was found to approach zero close_to the wall.

1.1  Turbulence Stricture

The meaning of the word "structure" when used in the
context of turbulent flow~ has been discussed by Morrison
:‘(i969), The follbwing paragraphs are a review of that
discussion and are included here in the interest:of

completeness.

When used in the context of turbulent fldw\the word
structure has many connotations. Generélly, it is used
to refer to those characteristics which describe order in

a flow .situation which is not well ordered. It seeks to
'display the repetitive OP predictab1e-aspects of affiow

situation which atﬁfirst glance. is apparently random.

Structure is commonly uséd to refer to order at many
'1evgls;'to order of.gross overall'characteristics of the
floﬁ; to_ordef in the distribution of thé time averaged
fluctuating’'variables as well as to order in distinguish-
able discrete phenomena. So called isotropic turbulence

is completely devoid of structure because the velocity
fiéld is_completely random-inAspace and time%* . Other flows,
such as the vortex streets in the wake of'a cylinder have

g well defined structure because the velocity field 1s

* Corrsin suggests that "isotropic turbulence is well
structured and its structure has been studied both
theoretically and experimentally from 1935 up to today".
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1arge1y deterministic. In between these extremes lies -

a broad. class of flows which are partially random and

partially ordered. Diffuser flows belong to this class.

Flow yariables can be measured or assessed by two

methods; flow visualization and thé'use of transducers.

Flow visualization uses a tracer such as smoke, dye or

hydrogen bubbles to follow the, flow.” This provides a
dynamic three-dimensional view of the' flow field over a
large volume simultaneously. Thé.technique is hostfuse~,

- ful where the flow field is highly ordered such as near

the wall in a boundary layer. While intuitively very
appealing, the majof'diSadvantages of the technique are
‘that the results ére very qualitative; the true statistical

properties are often difficult and tedious to obtain.

More quantitative information on flow structure can .

be~obtained with transducers such as hot-wires. Whilé such

transducers can measure the instantaneous velocity at a
relatively small number of fixed points in. space very
accurately,kit'islofteh difficult to infer much about the

turbulence structure without the results of flow visﬁalization

studies to serve as a guide.

Histgrically,_turbulence research can be-divided into
an éarly era (up to 1955), and a modern era (from 1955)

to the presént.A Mgasurements in the éarly period consisted




largély of,

a) ~The spacial disfribution of averaged quant-
ities such as mean velocity, and turbulence
intensities. These have been used to separate
flows into distinct regions in which different

.‘fidw structures probably exist.
b) ~ Turbulent energy and momentum balances.
c) Spaée—time correlations.

d) Spectra measurements.

While all of the above have been useful in providing
‘some information COncérning turbulence structures, the
basic fact remains that they aré all the result of long time
averages which ‘has a strong tendency to obscure the physics
of the flon%wMoreurecéntly,(since 1955) modern flow
visualization and coﬁditional sampling techniques have
intensified interest in shear flows, espécially those with
zero pressure gradient. In an attempt to quantify the
'ﬁualitatiVé piéture-provided by the visualization studies
many investigators have proposed additional experiments
expanding upon the conditional sémplingitechniques as well
as other innovative methods for processing'the hot wire

" signals.»

*# Corrsin points out that long time averages can be justified
~mathematically and physically. '




1.2 ObJjectives

Diffuser research is an ongoing project at The
University of Manitoba. The presént work is essentially
a continuation of the wofk of Okwuobi and Azad (1973).
The same diffuser geometry and inlet flow conditions were
used. Okwuobi and Azad restricted their experiments to
the measurement of more "conventional" quantities such as
mean velocities, turbulence intensities, etc. By using
more advanced techniques the present work seeks to obtain
more information not only on turbulence structure in a
diffuser, but also on "aboratory"or "wind tunnel

turbulence in general.

The objectives of the work reported in this thesis

may be characterized as follows:

a)_. A more advanced experimental investigation .
of diffuser flow with emphasis on the
'developing nature of the flow and its

relationship to other wall—bounded flows.

b) Evidence for the existence of an inertisl
.subrange in laboratory turbulence by

measuring structure functions in a diffuser.

c) The development of a scheme to study the

structure of bursts near a wall,




- d) Advanced instrumentation development for

" modern turbulence regearch.

In the following section these objectives are

discussed in greater detail.

1.2.1 The Déveloping Nature of Diffuser Flow - Its
Relationship to Other Wall-Bounded Flows '

The flow in a conical diffuser is a developing axi-
symmetric floﬁ with adverse pressure‘gradienf.- Near the
inlet it maintains many properties of the entering flow
which, in this case, is fully developed pipe flow.
Proceeding down stream thé»radial position of maximum
shear stress aﬁd énergy production move further away from
the wall, remaining nearly at"constant (inlet pipe) radius
throughouﬁ. Thus procééding.down stfeam the maximum shear
kstréss layer starts.to attain-some.of the properties of a
free shear 1ayér since the ﬁaximum shear now takes place
rélatiyely far from a.SOlid‘boundary. Further down stream
the flow will separate from the wall if.the diffuser is -
sufficiently long and with sufficiently large opening
angle. An important objectiye of the present work was to
investigate the developing nature of diffuser flow and to
watch for any flow characteristics which may suggest that

separation Is imminent.




Consistent with boundary layer theory recent findings

of the bursting pehnomena also divides the boundary layer:into
two zones, the inner zone (y+ < 40) and the outer zone (y+ >.40). ____________
Most of the turbulence production takes place in the inner

zone; its innermost layer is the viscous sublayer. A

more detailed discussion of this topic 1is given in Chapter"

2, Following the work of Okwuobi and Azad (1973) and Azad

and Hummel (1971), it was conJectured that perhaps the

region in the diffuser between the maximum shear stress
layer and the wall was in many ways similar to the inner
region of a boundary layer. Boundary layer flows with
near zero pressure gradients have been thoroughly
1nvestigated with the aid of flow v1sua11zation. This

has lead to new experiments designed to corroborate and

quantify the results of these visual observations. In
the absence of a viable flow visualization experiment
in the diffuser, an important objective was to repeat

- some of'éﬁeee experiments in diffuser flow and compare

the results with those of boundary layer flows, already

well documented in the 1iterature.

| 1.2.2 On the_Existence of an Inertial.Subrange

For turbulent flows with sufficiently high Reynolds

number, Kolmogoroff's (19Ul)-origin theories predict power




law relationships for structﬂré}functions in the inertial

Subrangé. Van Atta and Chen (1970) have verified the
theory by measuring structhré?fﬁnctipns in the atmospheric
boundary layéh where thé Réynolds nunhber is véry large.

A majdr obiéctive'of thé'présént.work'waS’to determine if
the théories have any validity in laboratory flows‘where
thé’Reynolds number is much smaller. In this casé, the
diffusér served as'a convenient flow régime‘for an

experiméntal éXamination of théSE'theories.

1.2.3 Experiments Using an Ehvélopé DétéCtor

Following the discovery of thé bursting phenomenon,
‘in a boundary layer by flow yisualization techniques,
sevéral éxperiments havé attemptéd to measure the mean
time'betwéen bursts and rélated quantities by using hot
Wiré aneﬁometry. To date no consistent method has been
,givén. A major objective of the present work was to
- study this important phenomenon'by examining the
pfopérties ofvthe envelope of nérrow—band filtered
s;gnals. vThe'résults of this invéstigation aré,giyen

in Chapter 7.

1.2.4 Tnstrumentation Development .

The:modern era of experimental turbulence research




depends largely on the development of new electronic

devices and circuits. Because of their specialized

nature and limited use, these circuits have not been
commercially available. Accordingly, a major aim of the

present work was tc construct a number of these specialized

circuits and to pest them in diffuser flow.
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2.0 _ THEORETICAL CONSIDERATIONS

As.mentloned in the previous chapter, turbulence
is neither a completely randcm, nor well oraered phenomenon,
it therefore has structure, the subject of many theoretical
and experlmental 1nvest1gations. TUp to the=present time

there'are no wviable theories Which”completely describe

‘real turbulent flows. A number of concepts, helpful in

understanding~the basic tﬁrbﬁlenbe:mechanisms,have however
been developed. Of these, some of the more important will
be discﬁssed in the'present chapter.-

In 1941, Kolmogoroff pbstulated‘the important concept

of local isotrdpic turbulence. The reasoning was that at

"sufficiently high Reynolds number,turbulenee_is generated

at large scales which cascade to small scales with a small-

scale structure independent of the large-scale structure.

A second important concept (often referred to as
Kolmogoroff's modified theory) recognizes that the fine-
scale (or dissipation)'structure cannot be truiymindepend—

ent of the large-scale structure, and does in fact become

spacially localized.

A third important development (due largely to modern

flow yisualization) has demonstrated that for shear flows




11

2

near a wall the large scale motion becomes more highly
organized. Furthermore, the fine scale structure is more
related to the large scale structure which thus becomes

even more spacially localized.

2.1 Local Isotropic Turbulence

Monin and Yaglom (1975) have recently reviewed the
postulates of Kolmogoroff (1941), and much of what

Ffollows is an abridgement of their work.

Kolmogoroff postulated that the largest disturbances
in a developed flow have a length scale 3, which is of the

same order as L, the length scale of the flow as a whole.

1
These large fluctuations have amplitudes which are of the
same order of4magnitude as the change in the mean flow

velocity over distanceL,.

from the mean'motion which affects all of their character-

They draw their energy directly

istics; 1.e., the fluctuations are inhomogeneoﬁs and
anisotropic almost to the extent that the mean-velocity

field is inhomogeneous and anisotropic.

For an eddy of size )}, with velocity u,, the time of

13
emergence'islkl/ul = t,. Its energy is u,?. Therefore
the energy converted per unit time is ulz/tl = ulzul/)\l =
ul3/11.' The dissipation equals v x (velocity gradient)?

(:,v‘ulz/klz). For an emerging eddy not . to decline, it
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1s necessary that production be much larger than

dissipation; 1.e.,

3 2
1.;.1 > > \)' 'u-}:——fl . 3
1 71
or W4 A
_1"1-£Bel'>_> 1.

The Reynolds number Rel characterizes the‘large eddies

and 1is usuaily sgVeral times smaller than the Reynolds
number, ULl/v'of the whole flow. Since i1t 1is still large
these eddies are unstable, breaking down into eddies with.
‘ieng%h.ééale A2 and velocity scale Uy s characterized

by Reynolds number Rez which is smaller than Re but

1,
nevertheless still large. These eddies in turn break

down into eddles with Reynolds number Re3 and so on.

This process terminates when 1éngth and velocity scales

A, and u_ are reached such that,

Thése“sméll,eddiés are hydrodynamically stable, because.

viscosity has now become impqrtant. Their energy is
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converted direct1y into heat in overcoming the frict-

ional forces.

For eddies with high Reynolds number the effect
of viscoslity 1s unimpertant and very little direct energy
dissipation'takes place. Since déveloped turbulence is
accompanied by dissipation of kinetic énergy, it can

only be maintained by a continuous supply of ehergy from

some external source. When a disturbance of length scale

An‘decaysvto length scale 2 the new disturbance has

, n+l?
components not only along the direction of the original
motion but also in all other directions. This is caused
by the pressure fluctuations. Thus the directional effect
of the mean motion is lost in the small eddies, which will

tend to be'statistically_isotropic. Turbulence with this

property is said to exhibit "local isotropy".

2.1.1 Kolmogoroff's Original (1941) Theories

If I is a typical length scale of the energy-contain-
ing eddies, then a necessary condition fcr the existence of

local isotropy is that there exist disturbances with wave-

number k, much greater than 1/L. Xolmogoroff's (1041) first
hypothesis states that for k > > 1/L, the turbulence is

specified statistically by a single flow rzrameter (the
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dissipation rate g) and a single fluid parameter (the
kinematic viscosity v). Ffom‘thé&e,cah be formed,using
dimensional analysis the Kolmogoroff welocity, length
and time scales given by,

O A

it

Yk

no= st

K (v/E)l/2 . .

Ca
it

This wavenumber region 1s referred to as the quasi-equil-
ibrium range. Kolmogoroff (1941) further postulated, as
a second hypothesis that if there exists a range of

disturbances with wavenumber k such that
n << 1l/k < <L 5

then. for these disturbances the predominant activity is
the inertial transfer of energy with little energy produét—
ion or dissipation. Thérefore the statistical properties
should not depend on v and therefore only on €. This sub-

range of.the quaéi—equilibrium rénge'is called the inertial

subrange.

'2;1;2,Sthctnre”Functions'

To test thé validity of the hypothesis of Kolmogoroff
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it is useful to introduce the concepts (as Kolmogoroff
did) of structure functions of various order. Thesé’aré

essentially mean-values of varioﬁs powérs of vélocity

differencéS‘measured at two points in space separated by
a distance’r. The power defines the order of the structure

function.

Frommthé'théOries of isotropic (and locally isotropic) -

turbulence:.it follows that only two types, longitudinal

and transverse structure functions, need .be considered.

These are [u (x) - uL (x + r)1",the nth order longitudinal

structure function and,[uN (x) --uNf(x + r)]n,the nth order.

transverse structure function. Uy and u; are velocity

¢omponénts perpendicular and parallel,vto rArespéctively
Kolmogoroff reasoned that in the inertial subrange

(n < < f < < ﬁ).the'structure function can depend only on

the separation r and €. Thus by dimensional reasoning

[u(x) . 'u(X + r):_.ln:Cn (El")n/3 ,

where Cn is a constant.

Thus the relevent stnucturé-functions up to the fourth

order become,
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D, (r) =c (&3
Dy (1) =y En?3
Drpp (¥) = Cger

Dy NN (r) = C) (Er)u/B
Do (7)) = G (B3

where Clg 02, C3, CM and C5 are constants .

The prévious results on the statistical properties
of locally isotropic turbulence were obtained strictly by
dimensional reasoning and did not require the use of any
fluid dynamic equations such as the Navier-Stokes equations.
However, it does not follow that the dynamic equations are
useless for Studying local structure as they can be used
to extend the predictions based on dimensicnality. A use-
ful equation is dde to Kolmogoroff (1941) and named after
him. This equation,Whiéh can be derived from the Navier-
Stokes equations With‘the Karmén—HoWérthAequation as an

intermediate step, is

a _ b
D gr) - 6v i DLL (r) = - 5 €E T .

LLL
It relates the second and third order longitudinal structure
functions, and is valid only in the quasi-eguilibrium range.

In the inertial subrange where yviscosity is unimportant, the

second term on the 1éft—hand gside can be neglected. Thus
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- D

rpp, (7Y =-08¢€r, nssrs<L,

which_givés a specific form for the third-order longitudinal

structure function.

2.1.3 The OneDimensional Energy Spectrum

The one dimensional enérgy spectrum El(kl)‘is defined

such that.

. * - . 2
”fo E,(ky)dk, = u'?

Thus dimensionally,

. . _ ut? ‘
[B, (k)] = [ET] .

In the inertial subrange-according to Kolmogoroff (1941),
"E(k) canf&epend 6n1y on k and e from which it follows by

dimensional reasoning and mathematical manipulation that,

EICRI) f-Cl 52/3 k1-5/33 n.f < %e-<,< L

1 .

where Cl i1s a constant

This is ~the important 'fivé—thirds law' often used

to test for the exlstence of an inértial subrange.

-




18

2.1.4 Skewness of thé Longitudinal Structure Function:

According to Kolmogoroff (1941) this skéwness,
S (= pLLE (r)/DLt (r)2/3),should depend only on € and r
in the inertial subrange. Since it is impossible to con-
struct a non—diménsionai group from the two quantities that

make up the skewness, it ngconcluded that,

S ,constant, g < <r << L

This result provides a further test for the existence and

extent of the inertial subrange.

2.2 Kolmogoroff's Modified Theory

Immediately, following the formulation of Kglmogoroff's
(1941) original theories a critical remark  was made by

Landau concerning the effect of fluctuations in the energy

dissipation rate on the small scale properties of turbulence.

,The original thggrigs assumed that the energy transfer E, to
'sméll scale distufbénces was the same throughout and the
statistical properties of the small scale structure depended
only on €. In fact, however, the statistical characterisfics
- of the instantaneous dissipation,

| 2
€= .5 “,:1'- [ 14 ;—i]

5d . ij IXy 51




19

¢ - .
méy depend on properties of the large scale motion. Thus
it is expected that the dispersion of the dissipation will
depend on a large scale property, Reynolds number.
Accordingly, Kolmogoroff (1962) modified his original

theories as outlined in the following discussion.

Let.er be the rate of dissipation of.turbulent'energy
averaged over a fixed volume of linear dimension r. With
large Reynolds number and r < < L where L is a large eddyr
length scale, Kolmogoroff postulated that € hds a log-

arithmically normal distribution with dispersion,

_0=A+uln(%)-, 2.2

where - A is a characteristic of the large scale
'.mbtion,

—~ U is a universal constant.

— - - —

Gurvich éhd Yaglom (1967) providedia model Which attempts
to expléin the log~hormal hypothesis described abové; By
using a form ofrcascade.process'and fhe cgntral-limit
theorem, they concluded that any positive fine structure

quantity has a log-normal distribution.

The log-normal hypothesis has a number of important
" consequences, some of which are discussed in the following

sections.
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'2.2.1 The Spectrum of (du/dt)?

15 v (3u/dx)? 1is often used aé_an estimate for
dissipation. This result is obtainéd ffom equation‘é.l,
and the assumption of local isotropy (Tennekes and Lumley,
1972). @ithffee(&i) the wavenumber spectrum of (Bu/ax)z,
Novikov (1965) was able to show that under thé-original
assumptions of Kolmogoroff (i941)lthis spectrum should have
been constant, i.e., the spectrum of whité noise. Experiments
for example by Pond and Steward (1965) indicate the spectrum

to be more of the form,

-0.6

fse(kl) x kl

in the inertial subrange. Gurvich and Yaglom (1967) have

shown from theoretical considerations that

n-1

e fEE(kl) = kl

in the inertial subrange; u is the universal constant in
équation 2.2. By using Taylor's hypothésis'this equation
can be written: '

3

fee(f) = fp-l

where f 1s frequency and fee(f) 1is the-frequency spectrum
| of (du/9t)2.  Thils spectrum 1s readily measured and the

result can be used to estimate u.
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2.2.2 The Relationship of du/dx to B,
According to the modified theory the statistical
properties of the dissipation fiéld e, depend on the large
scale motion, namély the Reynolds nuﬁber ReL (= UL/v) which
;s prqportiqnal to‘--v_»_R)"2 (Tennekes,and Lumley 1972). A useful
éxp}ession felating‘tﬁé_non—dimensional'moménts of 3u/9% to

RA is given by (Monin and Yaglom 1975).
- g 3un(n-2)/16

*ﬁhere n is a positive integer.
For n = 4,1t states that the flatness factor of 3u/dx
equals R£3/2)u.

2.2.3 Spacial Localization of Fine Structure

An important consequence of the modified theory is
that the fine structuré tends to be spacially localized.
Thus#fine structure: (or high frequency) signals derived

from-hot wires fixed inaspacé will be very intermittent.

A large number of experiments have been performed

to show thé highly nonfgaussién naturé/of the small scale
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turbulence'component An often—used test is to measure
n

the flatness factor (FF) of the time aerivative QQE'

at!

(where n is usually 1 or 2) and obserye how the FF differs
from 3, thedgaussian value. This difference is known as

the excess. Batchelor and Townsend (1949) found the FF's

£ 3 u

0 _ 3 measured in grid generated turbulence” to increase

ne Dl
ot with n, indicating increased deviation from normality

with increased wayenumber.

To explain the intermittent nature of the fine structure.

a number of models have been proposed. Of particular interest
is a model proposed by Corrsin (1962) and later modified by
Tennekes- (1968). By assuming the dissipation to be concen-
trated in vortex tubes, Tennekes predicted skewness and flat-
neee factor values for velocity derivatives along with

their Reynolds.number dependence, Kno and Corrsin (1971)
measured flatness factors of narrow-band filtered signals

and found them to increase sharply 1n:the dissipation regioh .

fThis 1ncreased flatness factor is often used as an

1ndicator of increased spacial locallzatlon They also found,

a) that the FF of du/dx (a fine scale quantity)

increased with turbulence Reynolds number,R,.

b) fine structure.quantitieS'(snch'as ou/d3x) have
an approiimate‘leg—normal distribution in limited

agreement with Kolmogoroff's (1962) hypothesis.
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2.3 Coherent Structures in Wall Bounded Shear Flows

The study of wall bounded shear flows, or boundary
layer flows has been given new impetus in the last two
decades by the use of flow visualization techniques. A
major conclusion of thesé studies is that turbulent motilon
near a solid boundary is not completely random, but proceeds
in a semi-organized and partially predictable manner; hence

the name, coherent structures.

In analyzing boundary-layer flows, it is.often
convenient to partition the regions near the wall into layers.

The extent of each layer is usually indicated in ferms of
*

- yu
( H

the non-dimensional viscous length y+ ) where y is the

distance from the wall;

The inner layer (0 < y+.< 40) consists of the viscous
sublayer (0 <~y+ <'5)~and.the'buffer layer (5 <-y+ <;MO).
The outér'layer (y+ >>40) consists of the log léyér folIowéd
by the wake region which is furthest from the wall. FTor a
pipe flow, the ouﬁer region is also referred to as the core

region.

The viscous sublayer is dominated by its proximity
to the wall which guarantees zero mean velocity at the wall
(no slip condition). Shear stresses in this region are

predominantly viscous, the Reynolds stresses being very small.
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H
The mean velocity profile is linear with distance from the

wall.

The inner part of the outer layer, starting from a y+
Vélue,Of 40 up to the law of the wake is often referred to
as the log layer because.its mean velocity profile is
logarithmic. In this layer the effect of the wall is not
dominant and most of the shear stress is due to Reynolds
stress, which is eesentially constant “across the layer.
Henoe, the names constant shear layer, and ine£t1a1 sub-

. layer are also used when diécussing this region. Between
the viscous sublayer and the log layer is a regioh which
characterizes a trénsition from viscous shear stress to

inertial shear stress, appropriately called the buffer

layer..

The wake region, which actually con81sts of the
largest part of the boundary layer does not exist in fully
developed pipe flows or diffuser flow as con31dered in
the present work. Therefore it w1ll not be cons;dered

further.

Detéiled flow visualization studies in boundary
layers have been conducted by eséentially two different
'experimentalrgroups, the Stanford group led by Kline, and
the Ohio—Gottingen groups led by Brodkey. The essential

results of the Stanford group have been summarized by
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‘Kim et al (1971). Near the wall in the viscous sublayer;
they obseryved low speed stréaks consisting of alternating
regions of high and low.(axial)jmomentum fluid which were
very much elongated in their streamwise extent% The low
speed streaks weré'seen to slowly 1ift away from the Wall;
begin a growing oscillation. (often accompanied by a stream-
ﬁise,yortex moﬁion) and finally to break up into more chaotic
motion. This whole cycle they termed bursting and they
concluded that essentially all of the turbulence production

occurs during the burst cycle,.

A somewhat different sequence of events is -described °
by Nychas et.al,(1973) in a paper summarizing the results
of Brodkey and his co—workers. According to them, the
main sequence of events began with a local deceleration of
the flow ovér a relatively large extent near the wall.
'From-furthér upstream a large scale fluild mass with higher
velocity began to accelerate the decelerated fluid. Between
the acéelerated'and decelerated fluld were rggions of
intense local shear. Immediately after tﬁe acceleration
began, there océurred an ejection of fluid from the
decelerated region outward from the wall, followed finally
by the highér speed fluid sweeping the field of the low
speed fluid. Transverse vorticesvappeared as the result

"of'a'Helmhqlz~type'of_instability at the interface between

* ~Sublayer streakiness was orlglnally observed by liama whose
‘ ‘observations werc reported by ‘Corrsin in Proc. First U.S.
Naval Hydrodynamics Sympos., 1957,

.......
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the high speed and low speed fluid.

There is general agreement among the two experimental
groups that the different observations are due to the differ-
ent visualization techniques used, and do not indicate
different physical phenomena. Be that as it may, the
visual observations have spawned many new hot-wire experiments,
some of which have been repeated in the present work in the
hope of a better understanding of the structure of turbulence

in a diffuser.
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3.0 FLOW FACILITY, PROCEDURE, (AND SPECIALIZED
INSTRUMENTATION na A E

3.1 Flow Spec1flcation -~ Wind Tunnel Diffuser
' ' and Travers1ng Mechanism

Thé’IOW'speed open circuit wind.tunnél, diffuser and
traversing méchanism have been=déscribédvby Azad and Hummel
(1§71) and Okwuobi and Azad (1973). Sévénty—eight diameters
of straight pipe separated thé‘contraction cone from the
inlet of the diffuser which was machined from cast aluminum.
Reichert and Azad (1976) have shown that the pipe flow is
fully devélopea upstream from the diffuser inlet, but 1s )
somewhat modified at the diffuser inlet due to the diffuser
itself. Pigure 3.1 shows the diffuser geometry. Station
numbers; identifying position in the x direction correspond
to the x position<méasured (in cm) from the diffuser out-
let. Position in the radial (transyerse, or y) direction
is specified by the non-dimensional length,R/RREFvwhere R
“is the positiqn, measured from the centre line and RREF’
1s the radius of the pipe (5§08 cm) . bThe probes were -
:mOunted‘on a tiibe entéring the diffuser from the down
stream end. This could be rotated on its axis, slid in
and‘oﬁt (in the x direction) and positioned in the y
direction with'a“micrometér‘graduated in 0.001 inchés.
Thelovérall'méchanical strnéturé_bf the traversing méchanism.

(Figure 3.2) was sufficiently robust to minimize probe
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vibration without unduly blocking %he flow. The Reynolds
number of thé flow was Variéd by changing thé fan speed
and observing the pressﬁré across. the contraction cone
which was calibrated in terms of vélocity at the diffuser
inlet. Okwuobi and Azad (1973), by'uéing forward and
reverse~facing pitot tubes, have also shown that the

flow in the diffuser does not separate.

3.2 Hot Wires, Anemometers, and Linearizers

Standard DISA hotaﬁire equipment included two constant-
temberature anemometers 55M01, two 55D10 linearizers, two
55D35 RMS voltmeters and a 55D31 digital voltmeter. To
wmeasure.the transverse structure functions, 6 different
hot wire assembliés_(custom made by DISA) were used, each
éonsisting of two'independent hot wires with its own
“anemometer and iineafizer. Wire‘separations (iﬁ the trans-
verse direction) were 1, 2, 4, 6,‘8 and 10 mm. The
platinum—platéd tungsten wiresAﬁereAS micrbns in diameter
with an effective length of 0.8 mm. An overheat ratio of
0.8 was used. Meéasurements involving only oné hot wire
were takén with one of the two wires of the 10 mm pfobe.
The X~-probe was a DISA type 55A38. Linearization was done
with the probes on the center line at station 75 where the

actual velocity was known from a pitot tube calibration.
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4
The four-wire probe for measuring the streamwise com-

ponent of vorticity was custom made by DISA and is similar
to one described by Kistler (1952). Mechanical and

calibration details are given in Appendix A.

3.3 Measurement of Mean Quantities

Accurate averages of quantities fluctuaﬁihg in time
are difficult to'obfain whén these averages are small
(possibly only a few millivolts) but the fluctuations are
intermittent and very large (up to + 10 volts). Time
averaglng by conventional analogué methods thus becomes
long, tedious and often inaccurate. In an attempt to over-
come this problem, a true digital integrating voltmeter
(DIVM) was constructed. it consisted of a voltage cohtrolled
oscillator with oscillation frequency proportional to the
.input voltage. Thus.counting theseioscillations over a
preset time interval in effect integrates the input voltage,
and the total count serves as a minimum variance ﬁnbiased
estimator fqr'the time averége; i.e., for the given preset
time no other averaging technique can give a "better"

average.
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3.4 . Probability Distribution and Density Measurement

Figure 3.3 shows a block diagram of a circult designed
to ploﬁ both ordinary and'conditibnal-probability;distributions
and densities with an xy plotter.. When used in the probability
density mode, the window width was 4% and no attempt was
made'toAcorréct the results for .the small error incurred by
these finite window widths; For a proper probability density
function, (PDF) the area musttéqﬁal unity. A numerical

technique for normalizing the PDF's is given in Appendix B.

3.5 Qkewness and Flatness Factor Measurement

The skewness S, and the flatness factor FF, of a
random variable e(t))with probability density P(e), are

: definéd by,
S = o3 /(e?)3/2 C e

et /(e2)?

FE

where t indicates time and the overbar indicates time average.

Figure 3.4 is a block diagram of the circult used.
The multiplier was specially selected from a group of six
as follows. A 1 kHz sine wayve was filtered by a low pass

four-pole Butterworth filter set to 950 Hz. This removed
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any harmonics from the sine.wayeimaking it essentially
pure; i.e., with zero skéwnesS'or very nearly so. Using
this as the signal e (With a peak-to-peak value of 20
yolts) the multiplier with the Smallést ;;/100 value was
selected. The fourth.powér was ¢obtained from the secoﬁd
using four thermocouples, a technique suggested by Kuo
and Corrsin (1971). The four thermocouples

have their inpﬁts connécted in parallel and their outputs
in seriés (to give a larger,ontpnt voltage). This technique
helps néutralizé the'différént characteristics of fthe
individual thermocouples. Because the output of a thermo-
couple 1is very small, a chopper stabilized amplifier was
used. Thesé have very small input offset voltages and

temperature drift.

"The flatness factof circuit was teéted by using a

chopped gaussian white-noise signal with variable but
known duty cycle, y. For such a signal y x flatness

factor = 3. The measured results fit this theoretical

relationship well for flatness factor values up to about

70 as shown in Figure 3.5. For all measurements the
amplitude of the input signal e was adjusted so that the
largest excursions of e Just reached the saturation level

(+ 10 volts) as observed on an oscilloscope. Simultaneous

measurement of. e%/1000 .Cor e3/100) with the DIVM,and the

normalizing qﬁantity e?/10 with. a DISA 55D31 voltmeter,
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(on 100 second-time constant) give more consistent results
than separate time-sequential measureménts with the DIVM.

This technique was therefore universally adopted.

Following Kuo and Corrsin (1971), the FF of the narrow-
band filtered signals were tested for variation with band-
width. It was vefified that minimum bandwidth Af/fm on
the Kron-Hite (KH) Model 3700 filters gave near maximum FF.

was measured to be 0.43, where Af = f

(AE/T ) 4p - T
- 1/2, ; '
£, = (fh fe) ; and £, and f_ are the upper and lower 3 db

points of the bandpass filters respectively.

3.6 Spectra Measurement

All spectra were measufed wifh the Kron-Hite Model
3700 filte?s'on thé smallest bandwidth, (Af/fm = 0.43).
Nearly identical resultébwere obtained when measuring
the same spectrum with‘both a KH 3700 filter and an HP 35904
spectrum analyzer with a bandwidth of 10 Hz. From these
. measurements it WAS concluded that the relatively large
bandwidth of the KH 3700 filter did little to adversely

distort the shape of the spectrum.

3.7 Truncated uv Correlation Measurement

Figure 3.6 shows a block diagram of the circult used.
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,
The two truncating circuits are identical to those

described by Wallace et al (1972). . The non—truncatéd
uy correlation was found to equal: the algebraic sum of

the truncated components within' 5%.

3.8 An Envelope'Detéctor‘CiﬁCuit

A circult was designed to: generate the envelope

of a narrow-band filtered signal (which generally has the
appearance of a slowly varying amplitude-modulated sine

wave) .

For fhe present purposes the envelope was defined as
that signal whose instantaneous value equals the absolute
value of the most recent peak of the input signal. A
typical pulse sequence and block diagram for the envelope"
detector are given in Figure 3.7. Each time the absblute 

value of the input reaches a maximum, a sampling gate

pulse is generated which samples the input. This sample
value is then held until the next maximum and so on. The

output of the hold-circuit thus forms the requiréd envelope.

3.9 Intermittency Measurement

A circult was constructed to measure the intermittency'
of the time derivative of a signal, and also the inter-

mittency of the en&élope of a signal. Figure 3.8 shows a
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block diagram of the experimental set-up. The inter-
mittency circuit proper (similar to that described by -
Kuo and Corrsin, 1971) consisted of two level detectors
Separatéd by a low pass filter. The two levels and the
low pass filter were adjusted by comparing the ON-QOFF
outpﬁt signal I(t), with the input to the first level
détéctor on a dual—béam storage oscilloscope. -The inter-
mittency factor vy,was thén réadily measured using the

digital integrating voltmeter. :
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b.o PRELIMINARY EXPERIMENTS -

Since a rather large'nﬁmheﬁ of experiments were

- planned it was decided at the butset'to.perform most

of these at a single axial pesition which should be
vrepresentatlve of dlffuser flow* To. find the desired
baxia] pos1t10n ‘and to obLaln more informatlon on the
developing nature of the flow, some statistical prop-
erties of U were measured at several statidns. These
resultS'are'given in the present chapter with the more
extensive,measurements'at a single station given in sub-~

sequent chapters.

4,1 Probability Density~Measurements

Usingqﬁhe'circuit of Figure 3.3, probability
densities“(PDF's) of U were measured at various stations
for+Re = 137,000 (based on the centre line velocity at
station 75 and a pipe diameter of 10.16 cm). These were

"faired"! normalized,(as discussed in Appendix B) and

¥It has- been recognlzed that the flow 1s developing
in the .downstream direction and no ‘single axial -
position -is truly representative of "deyeloplng"
diffuser flow..
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replottéd by computer. A general feature of all the .
results, shown in Figures 4.1 to' 4.7 is that the PDF's
are negatiyvely skewed toward the centire line and
positively skewed toward the wall. At stations 75, 65
and 55 nd”méasurements were takén:suffiqiently close

to the wall to show positive skeuwness. .

Figure 4.5 shows the-results at station 30, considered
for the momentyas a typical station. The negative skewness
vOf the PDF's toward the céntre'line is attributed to the
intermittent ‘ejJection of IQW‘moméntum fluld away from the
wall region. Moving away from the cént?é line at R/RREF =
1.03 the distribution becomés symmetric;*i.e., the skewness
is zero but the turbdlénce intensity is very large with
the flatness factor less than 3. This point corresponds
approximately-to the point of maximum shear stress in
Okwuobi and Azad (1973). It is also the farthest point
from the wall wheré the velocity, U, is sdmetimes Zero.

: Moyipg closer’tOvthe»gall the skéwness becomes positive.
with an incfease in fiatness factqr. While uﬁdoubtedly
some of the positive skewneSS'is due tQ the intermittent
flow of high momentum fluld toward the wall, a suhstantial:

pért may also be.due'to,thé‘action of. the’th«wireJitsélf

' whichfis‘insénsitivéfto'floW direction for flow components

* By interpolation of the results in Fig. 4.5.
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.
normal to the wire. Thus wallward, from R/RREF_=,1}O3'
the flow is occasionally flowing upstréam since one must
supposé'the flow to be sometimes negative if it is some-
times zero. rThis was verified at the wall by gluing very
fine threads there and observing that they "sometimes"
pointed in the upstream direction. This effect became

more pronounced closer to the diffuser exit.

4.2"‘Skewnéss ‘and Flatness Factbr’Measuréments

While these quantities could be obtained from the
PDF's discussed in the previous section, they were measured
directly using the circuit in Figure 3.4. To show Reynolds
number simllarity, measurements were made for both Re =
137,000 and BMO,OOQL _ﬁetailed results for the higher
: Réynolas number are shown\for various stations in Figures

4.8 to.u;ll.

Figure .10 shows the results for both Reynolds

numbers»at station 30. Here the'flatness factor shows
negligible Reynolds number dependence; the ékewness

values are however, slightly lower at the higher Reynoldé

number. The results thus corifirm, that for large values
~of Reynolds numher as used here, the actual value of the

Reynolds numbér.plays only a secondary role in determining
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the overall turbulence structure; il.e., the flow dis-

plays Reynolds number similarity.

Figures M.l3é,b show contours of iso-skewness and"
flatness factor respectivély throughout the diffuser.
At the inlet (fully developed pipe flow) the skewness is
négé%ibe, (except possibly very close to the wall where no

measurements were taken) and decreases ‘gradually. in magnitude”

toward the wall (Figure 4.8). The most negative value is
at (R/Bppp = 0.2) where it remains in the down stream
direction to about station U5. Prqcéeding down stream from
station 45 this ridge of makimum negative skewness first
moves slightly away'from the centre line which it sub-
sequently approaches and touches at station 5. Below .
étation 5 the ridgé again diverges from the centre line.
In tﬁelregion down stream from station 35 Fhe ridge

1s more prominent and is coincident with a ridge of max-
imum flatness factor (Figure 4.13b). The words "maximum"
and "minimum" as used in this discﬁssiqn refer to a given

axial position.

Throughout the entire length of the diffuser theref
.is also a'éontour’ofxzero skéwnésé acépmpanied by a Valley‘
of minimum flatness factqr at approximately the pipe radius.
The minimum flatnéss factor.valﬁes'areisl;ghtly.lésswthan'

3; tﬁéﬁgéﬁssian value. Starting from the inlet they
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bulge out slightly towards the wall near station

30 and then return toward the centre line in the exit

region.

On the centre line, as shown .in Figure 4,12 the
skewness and flatness factor remain essentiaglly constant,

ekcept near the diffuser exit where there is a sudden

increase in skewness (magnitude). and flatness factor.

Because of this rathér dramatic change in structure

near the diffuser éXit, station 30 (further upstream)

was selected for the detailed experiments descyibed in

the following chapters. This station is also sufficiently.
far down stream from entry for the flow to be represent-
ative of developing diffuser flow*. To insure that no

_ signals contained high freQuency components in excess

of 20 kHz,‘the'uppgr‘fréquency 1imit forvthe KH 3700
filters, all furthér ﬁeasuréménts were restrictéd,to

‘ the lower Reynolds number, Re = 137,000.

.3 Mean'Velocity and Turbulence Intensity Measurements

U and u' were measured at seven stations with

¥See footnote at beginning of chapter
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Re = 137,000. Figure 4.1L4 shows iso-contours of U
and u'. U decreases montonically from the diffuser

" inlet to the outlet and also {rom thélﬁentre line toward-

- the wall. For pﬁrposes of analyzing u', the diffuser is-

diyided into three reglons.

a) For QR/RREF <'0.8),;ﬁ' increases monotonic—

ally in the down:stream and wallward directions.

b) At (R/RREF ¥ 1), u' increases in the down.
stream direction up to about station 28 and

then decreases agaln toward the outlet.

c) Wallward from-(R/RREF ¥ 1), u' decreases.

It 1s important to notice that in the wall region
all measuréments aré subJect to errors because of the
very large turbulence intensities. Figuré 4.15 shows:
turbulence intensities near the wall at'station 30 of

up-to 57%. As,mentionéd preyiously, the basic problem

is-that hot wires are not direction sensitive for flow
béomponentsvnormal to the wire. Thus the PDF's taken

near the wall are probably foldéd back on themselves

becaUSé hot«WirésﬁalwaysSindicaté.positiye U values
evén.whén.thgy'are'in fact negative. Thus in the wall

regton it may be expected that U is estimated high and
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u' 1s estimated low. Thé‘meanﬂvelocity profiles
(Figuréiur16) exhibit points of fnflexipn which are '

'»espéciaily noticéablé for stations near the diffuser
outlet. It ié.sﬁggésted that thése'points of inflexion
‘are at least partially caused by.thé.bver-éstimated i}
Valﬁes near the wall.

Tf the mean velocity.néar thé~Wail“does indeed
become negative then the flow is sald to separate.
Considering the velocity profile at station 0 and the
errors discussed abové, it would appéar;that the flow

there is just on the verge of séparation and would in

fact do so .if the opening angle were slightly increased.

.4 Error Considerations‘

As discussed in the brevious section, the results
near the wall are subject to large errors because of
the high turbulence intensity. Under these circumstances
.anyfatﬁémpt to correct eyven a most fundamental quantity
such as the mean velocity 1s yery difficult.. Thus, for
the present work, generally inyvolving more complex
quantities, assessment of érror is practically impossible

and notvgttemptéd;

Possibly more -important than absolute accuracy is




50

2

the trénd accuracy. It is the trends which allow
identification of the different regions with different .
flow Stfucture - a mosﬁ important aspect of the present
work., Also many of the results in thé present work

are non-dimensionalized (e.g.; skewness and flatness
factor) in which case the errors may tend to cancel.

A more detailed discussion of érrors in hot-wire

anemométry*is'given by Trupp (1973).
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5.0 DETAILED EXPERIMENTS AT STATION 30

This chapter describes a number of experiments
designed to give a more detailed picture of the turbulence
structure at station 30. Where possible the results are
compared ﬁo the boundary layer experiments of others in
an attempt to show structure similarities which may exist
between the two types of flow. All measurements were made
at a Reynolds number of 137,000. In order to demonstrate
down stream development, the truncated uv correlation
measurements of Section 5.3 are also given at axial

Jocations othér than station 30.

5.1 Flow Parameters - Length Scales

Kolmogoroff's similarity theories postulate the
existence of an inertial subrange if the integral length

scale, L. 1s much 1arger than the dissipation length

f
scale n. Furthermore the turbulence Reynolds number RA
is important in Kolmogoroff's modified theory. 1t is

therefore useful to measure these and related quantities.

Taylor's microscale A was calculated from

A2 = [u' 2/(au/at)2}62.
5.1
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The mean dissipation € was obtained ffom the isotropic

relationship

= 15vu'?/A2,

™1

and n by
1/4

3

n =(v3/g)
where v is the kinematic viscosity.

The Kolmogoroff frequency fk’ was obtained from

fk = I-j-/2'nn.

To minimize the effect of high frequency anemometer
noise a low pass filter is generally used in the measure-
ment of (3du/3t)?, required in Equation 5.1. This result
1s very sensitive to the filter cut-off frequency which
is usually set to fk. Since fk is not known at the outset
a value of 20 kHz was originally assumed and values obtained
fér A,e,n and fk' Using this new value of fk the measure-
menﬁs were repeated. Stable value of A,e,n and fkuﬁere
obtained after two such iterations. These quantities are

plotted in Figure 5.1 and tabulated in Table 1.

The transverse integral length scale, Lg was calculated
from,




= g A R, 2’5 L] | £, L 1g
R/RREF n/s n/s m cm’”/sec m KiiZ mm m L f/Lq L f/n
0 15.4 0.96 3.52 211 l7.8xlO4 .123 19.9 43.0 7.9 5.44 349
0.236 15.1 1.17 3.84 281 22.2x104 .116 20.6 51.2 10.3 4.97 .440
0.433 14.3 1.48 3.78 349 36.8x104 .102 22.2 46.5 12.2 3;81 453
0.630 12.5 1.97 3.88 ‘477 61.9XlO4 090 4 22.1 72.9 13.6 5.36 808
0.827 | 10.2 2.38 | 3.57 531 | 106.6x10® | .079 | 20.6 | 64.1 | 14.0 | 4.58 814
1.024 7.7 2.51 | 3.04 477 | 163.2x10% | .071 17.3 57.6 14.0 4.11 814
1.220 5.4 2.35 2.54 | 373 205.7xiO4 .067 12.8 40.4 12.2 3.31 605
1.398 3.3 1.79 1.90 213 211.9xlO4 - .066 7.9 27.3 9.8 2.79 412-
1.496 2.6 1.53 1.89 181 156.6x104 071 5.7 22.3 9.3 2.40 312

TABLE 1

Distribution of various flow parameters at station 30 for Re = 137,000
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where R was estimated by fitting an exponential function

11
to the correlation coefficients (Figure.S.E) measured

between probes spaced in the transverse direction.

The longitudinal integral length scale L, was

f
calculated from,

Le =T jo Ry1(0,0,05t)dt,

Here Rll is the autocorrelation of u. Time delay was

obtained with a Lyric TR61-2 tape recorder (with moveable

playback heads) and, as also for L , correlation coefficients
: g

were measured with a DISA 55D70 Correlator. The values of

L, and Lg are given in Table I, with L_. also shown in

b
Figure 5.1.

f

At station 30 both integral scales Lf and Lg reach a

maximum at R/RREF % 0.8. The ratio of the scales varies
from 5.49 on the centre line to 2.40 near the wall.
According to Comﬁe-Bellot and Corrsin (1971) this ratio
equals 2.0 for isotropic turbulence. The ratio»Lf/n has
a maximum near R/RREF 2 0.8 where Rk is also near maximumn,
This is consiétent with the requirement (Tennekes and
Lumley, 1972) that Lf/n should increase with Rk' |

5.2 Spectra of u

One-dimensional energy spectra were measured using
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a KH3700 filter with bandwidth, Af/fm = 0.43. The spectra

were normalized such that,

[o E (kj)dk, = (ut)?

and non-dimensionalized by the small scale parameters Vi

and n (Tennekes and Lumley, 1972, p. 267).

The results are shown in Figure 5.3. The universal
character of‘the spectra at high wave-numbers compares
favourably with the results given by Monin and Yaglom
(1975, p. 491). PFor the present data, however, the
spectra drop off somewhat faster at the high wave-numbers,

possibly because the hot wires used in the present work

were approximately 10n in length, thus reducing their hizgh

\
wave-number sensitivity. The spectra exhibit a -5/3

dependence for about one decade in agreement with Okwuobi

and Azad (1973).

A useful characteristic of this type of spectrun
normalization is that the low wave-number part of the
spectrum increases more rapidly with decreasing wave-

number as R, increases (Monin and Yaglom, 1975, p. 491).

Thus 1t can be concluded from these spectra that the

maximum value of R, occurs at (R/RREF ¥ 1.02), with mini-

mum values occurring near the wall and on the centre line.
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These conclusions are consistent with the results given

in Figure 5.1.

5.3 ™Pruncated uv Correlation

In an attempt to quantify the visualization results

of Brodkey, Kline and their co-workers, Wallace ef, al.

(1972) sorted the contributions to the uv product into

four categories depending on the signs of u and v. Thus,

;; = uvh o+ oty o utyT o+ uy.

The four quantities on the right in the equation above
are referred to as the truncated uv correlations. With
each is associated a particular type of event with a name
inspired by the results of the visualization studies.

‘Thus, u;v— is non-zero when low (axial) momentum fluid is
ejected a&ay from the Wall, hence ﬁhe name ejection event.

+
Similarly u v+ is non-zero when high (axial) momentum

fluid is swept toward the wall, hence the name sweep
event. Associated with the remaining two quantities,
u+v_ and ufv+, are the so-called outward and wallward

interactions respectively.

Wallace et al (1972) measured truncated uv correlations

in a boundary layer and normalized the results with the
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local value of uv. Their results are reproduced in
Figure 5.4, Using the circuit shown in Figure 3.6, the
same quantities were measured in the diffuser at four
stations, to show downstream development. The normalized
results are shown in Figures 5.5 to 5.8. At station 75
(in the pipe) the trends (Figure 5.5) are identical to
those of Wallace et al (1972) with the ejections larger
than the sweeps in the outer region, y+ > 15. For the
present case no measurements were made in the inner regilon.
Moving further downstream, the ejections remain larger
4than the sweeps for R/RREF less than 1 but are less than
the sweeps in the region where R/RREF is approximately
greater than 1. This region therefore corresponds to
the boundary layer.region, (y+ < 15) where the sweeps are
‘also larger than the ejections (Figure 5.4). Thus for the
diffuser,”the truncated uv correlation measurements are
very similar to those of a boundary layer, if (R/RREF 1)

in the diffuser is made to correspond to (y+ ¥ 15) in a

boundary 1éyer.

The non—normalized truncated uv correlation measure-
ments are shown in Figures 5.9 to 5.12. These results are

discussed further in Chapter 8.
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5.4 Vorticity Measurements

Since high levels of fluctuating vortlcity are
characteristic of all turbulent flows a number of quantitiles
relating to the longitudinal component of vorticity were
kmeasured usipg the foufewire vorticity probe described in
‘Appendix A, nThe experimental results, given in Figure 5.13
show that the measured r.m.s. vorticity, &'(meas) increases
‘from near 200 radians/sec on the centre line to over 800
radians/sec near the wall. The maximum rate of increase
occurs approximately at R/RREF = 0.9.' As discus§ed by
Willmarth (1975), flﬁctﬁating vorticity also increases
sharply when approaching the wall of a boﬁndary layer.
Thus the trend for the diffuser is similar to ﬁhat'of a

boundary layer.

Figure 5.13 also shows the isotropic values, Ekiso)

cbmputed from V5 u'/A given by Batchelor (1960). This
result is approximately twice the measured value,
g(meas) but with identical trend. Thus for this type of
flow;'the fluctuating longitudinal vorticlty can be

estimated from the simple relationship,

g' = u'/x,

‘The flatness factor of £ was also measured. It shows

a broad maximum (Figure 5.13) at R/RREF @ 0.4 and also near
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the wall. Similar trends exist for the flatness factor

of

du/dt (Fipgure 5.14) and the flatness factor of the

transverse velocity difference (Figure 5.17). The

significance of these similarities is discussed further

in

Chapter 8.

For the vorticity probe used, both £ and u were

simultaneously available. This prompted an investigation

to
As

Eu

30

show if any correlation existed between these quantities.
expected from symmetry considerations the cross-correlation
was found to be. very nearly zero throughout the station

profile. While the overall correlation is small or zero,

its four components;'i.e., the truncated correlations (as

discussed in Section 5.3 for uv) will in general not be

zero, Thus lgt

- + + - - -
.Eu = u+ + £ u+ + g+u + £ u
=A+B+C+D=0.
'Ffom'axial symmetry A = - B and C = - D and only two

independent quantities B and D say, need be considered.

From these can be formed the ratios of non zero quantities,

As

+
4= gttt o g

Y

Al

shown in Figure 5.13 ﬁhis_quantity is less than 0.5

over most of the flow indicating thét large longitudinal




vorticity,'of either sign‘corrélates better with low
(axial) momentum fluid than with high momentum fluid.
Near the wall (R/RREF > 1.35) the reverse appears true
with high vorticity correlating better with the high

momentum fluid.

5.5 . Skewness and Flatness Factor of 3ju/3t

The skewness and flatness factor of 3u/dt were
measured at station 30 with the results shown in Figure
5.14. For all the measurements the signal u was first

passed through a low-pass filter with the cthOff frequency

k

set to £, . Trends, taken from the boundary'layer experiments

of_Ueda and Hinze (1975)* are also shown for comparison.
A y+ value of 15 in the UH data is set to correspond‘to
R/RREF * 1.1 since in both cases this is the approximate

position o?bmaximum turbulence intensity.

Monin and Yaglom (1975) discuss the variation of the

“skewness S, and FF of Bu/at with RA From this discussion

S is expected to vary as RA3/16 and FF as Rll/2, assuming

the universal constant 0.5. Thus both S and FF are

¥Henceforth often referred to as UH.
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expected éo ipcrease'with RA' For turbulence with RA

less than 1000 the trend for S is reversed as shown by

UH. They have.-summarized the results of several research
groups who have made similar measurements in essentialiy
shear—free flows. Their summary 1is repeated in Figure ‘5.15

along with results of the present work for comparison.

UH glve the following explanation for their boundary
layer data. At y+.= 15 the bursting sequence is dominated
iargely by the sweep events resulting in an occasional
large increase in u with time (3u/3t > 0). Thus the skew-
ness and flatness factor of 3u/3t are increased.‘ Further-
fxmgpe.the increased FF cannot be attributed to increased RA
wﬁich decreases in this fegion. Further from the wall, at

+

Yy > 20 where both ejectlion and sweep events are important

Athe‘FF decreases wher'eas'R)t remains constant.

For the diffuser (Figure 5.14) at (R/R.,, < 0.6) the

REF

FF of 3u/dt is approximately the same as in the outer region

’6f”a_boundary layer. However at (R/RREF 2 1.0) the FF
shows a dip, somewhat opposite to the boundary layer case
which shows a maximum value-at y+ %~ 15. For (R/R‘REF > 1)
the FF of 3u/dt increases rapidly, and very close to the
wall even surpasses the maximum value reached in the

, + . : :
boundary layer at y < 15. Referring to the FF data in

Figure 5.15 the two FF values above the line correspond to
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measurements made near the wall while the cluster of
three values for 1argest RA correspond to measurements
for which (R/RREF ~ 1). Thus only on and near the centre
line do the FF of 3u/3t correspond to that of a shear-
free layer with the same Rl'
For the diffuser the skewness-of.eu/at remains'
approximately constant across the entire station 30 profile
(Figure 5.14) with no similarity to the trend shown for
the boundary layer. As shown in Figure 5.15 it is also
approximately equal té that of a shear-free layer with the

same R;\ .

5.6 Skewness and Flatness Factor of the Transverse
Velocity Difference '

The skewness and flatness factor of u, - u, were

1 2

measured at station 30. uq and u, were the fluctuating
components of the streamwise velbcity measured at two
points separated in the transverse direction,with uq closer

to the wall.

The results for various probe separations are shown
in Figure 5.16 and 5.17. For a homogeneous flow the
skewness should be zero, but was in fact always negative

for the diffuser, with a peak at (R/RREF T 0.4), a valley

at (R/RREF ¥ 1.0) and becoming more negative again as the
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wall is approached. The flatness factor measurements

show a similar trend, with the value increasing

significantly with decreased probe spacing.'

It 1s Interesting to speculate on the significance

of these results in terms of the bursting concept.

Consider for example the case where the two probes are

positioned at R/R ¥ 0.4, As shown in Figure 5.11

REF
this region is dominated by ejection events consisting of

low momentum fluid ejected from the direction of” the wall
towards the centre-line. For many of.such events the
velocity of the fluid passing probe 1 will temporarily

be reduced more than that of probe 2, because probe 1

is closer to the wall and therefore closer to the

qrigin of the low momentum fluid. Thus u; - U, will

be negative and the average ofvmany such events will
result in incréased negétive Skewness and flatness

factor.
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5.7 Flatness Factor Measurements of Narrow-band
Filtered Signals - Intermittency of su/st

The flatness factor of the narrow-band filtered u
fluctuations was obtained by first passing the u signal
through a narrow-band filter (Af’/fm = 0.43) and then
measuring the flatness factor using the circuit in Figure
3.4, The large flatness factor values obtained near the
wall at high filter frequencies are the result of repeated

measurements based on 100 second averages.

The results (Pigure 5.18) show an increase in FF

with filter frequency, fm/fk thus showing increased spot-

tiness of the fine structure, a property of all turbulence.

More'important, in the present case is the maximum
Value>of the FF which increases sharply as the wall is
approa¢hed. This result is shown in Figure 5.19 which
also shows the intermittency factor, vy, of 3u/3t measured
with the circuit shown in Figure 3.8. There is an obvious
relationship between the maximum FF c¢f the narrow-band
filtered u signal and the intermittency factor of 3u/dt.
Conversely this result also suggests that if the maximum

FF of the narrow-band filtered u signal is less than about

25, then 3u/3t is not intermittent.

It is interesting to compare these maximum FF results

for the diffuser with the results obtained by UH in a
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boundary layer. They have found this maximum to equal
about 20 at y' = 332 and about 65 at y' = 5.01. Thus
for a boundary layer the maximum narrow-band filtered

FF also increase sharply when approaching the wall.

UH suggest that for the boundary layer the in-rush

and out-flow are effective far from the wall, thus

doubling the spatial density of bursts and reducing
the flatness factor. Near the wall only the in-rush phase

will be effective, with a corresponding reduction of

bursts and an increase in flatness factor. The exact
nature of the flow for a boundary layer has been studied
in great detall with the aid of flow visualization and
much information is available on how the bursting éycle
proceeds through the various phases. One cannot readily
extrapolate these results to the case of a diffuser with
its adverse pressure gradient. For the diffuser, however;
there is also a relatively wide region (R/RREF > 1.1)
analogous to the boundary layer with y+ < 15 for which>the

intermittency of the fine structure is very large.

5.8 Spectra of (du/3t)?

To measure these spectra the signal, 3u/dt, was first
squared using the squaring circuit shown in Figure 3.4.

The spectra were then measured with a XH 3700 filiter
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(Af/fm = 0.43) and a Disa 55D35 r.m.s. voltmeter.

Following UH, the spectral distribution E (where

bo

¢ = (du/3t») was plotted in the non-dimensional form

u*?g /2nvE_ (where E_ = Jm af). At station 30 the

o0 o Coo

friction velocity, u¥ was calculated to be 0.116 m/sec

by extrapolating to the wall the sum of the viscous

shear, and the Reynolds stress, using the equation,

u*? = v3U/dy + uv.

The results are shown in Figure 5.20. At all radial
locations the high frequency end of the spectra collapse
with a single slope. For R/RREF less than 1 this slope
-1s approximately maintained for the lower frequencies.
Nearer the wall however (R/RREF > 1), the slopes at the
lower frequencies become more negative. From these results
it would thus appear. that this region has characteristics
‘similar to that of thevbuffer region for a boundary 1ayer\

where UH also found a dual-sloped spectrum for (du/d3t)?.

As discussed.in Chapter 2, the slope of spectrum of
(3u/3t)? equals p-1 in the inertial subrange. The slope of

the collapsed spectra in Figure 5.20 was estimated as -0.56

giving a value of 0.44 to the "universal" constant u.
Values ranging from 0.4 to 0.85 have been reported by

various authors (Ueda and Hinze 1975, p. 142).
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5.9 Probagbility Densities of U, Cénditioned on
Fine Structure ‘

Repeated observation of the u signal by oscilloscope
suggested the existence of a very definite relétionship """"""
between the high frequency components of u and the positive
excursioné of u as a whole. To quantify these observations

the conditional probability density of U was measured

with I(t), the two-state intermittency signal of du/dt used

as the conditioning signal. The results, given in Figures
5.21 to 5.24 show that fine-structure activity coincides
more with positive u, while fine-~structure inactivity
coincides more with negative u. Since 3u/%t was used as
the indicator of fine structure the above effect was

observed only where 3u/3t was intermittent (R/RREF > 0.8).




E-¢ E

= E = ] ] ] 1 i i

s—’4lH ~< = c’.‘ ' l [ }

. ’ M . V

120 6 0.12 600 (— 7 )

100 5 0.10 500 [
80 4 0.08 400
60 3 0.06 300

40 2 0.04 200 -

20 1 0.02 100 {— . I ’ —

1.6 1.4 1.2 . 1.0 0.8 . 0.6 0.4 0.2 0
R/RRF‘,F . '
Blmure Lol Distributlon of &y, A, L., and n at Sta, 3’()".®‘R‘}‘7 1 »: A.Lf; X @




PROBE SPACING
O - | MM
0, - 2 MM
d - 4MM
A -~ 6MM
Y - 8MM
X — |OMM

| -0

O O o) O =

6 o 0 0 O o) o) o) O O o g

; o]

O O o 0 D s
ng B 0O & H 0 0 o ds §
g A A d v 3

A | A A 96 &
O o - A e I
A E}/ D/ D/ D/ D/ D/ D/ D/ gj()
0 o' X X X A oY o ’ S
< X X & 4
s
| 1 1 1 L 1 n B
1.4 P2 10 8 6 4 2 0
. . (@0
R/RREF Vi

Figure 5.2 Distribution of Rll(O,y,O;O) at Station 30.




™ Ty T ™Tr T 7117 T 1T 11T
v i

1 f“!!ll

T YT T

(-
o

U .
LI B LR R ) 1 T 1 1 11T 1 T v 1T i 1 T v T viniag
1 )

9. n
AVO v © o
A(bveg A
® 50, |
o v
© 2
0° -
Slope = -5/3 ]
% i
Q .
A%O
:
& -
LEGEND o 3
R/Rppp = O ' -
. R/RREF = 0.43 ]
R/RREF~= 0.83 s,
R/RREF = 1.02 9. -E
R/RREF = 1.22 . .
— ® .
R/RREF = 1.40 2 “
o -
-
g, 3
e
0 E
v ]
° i
§ 1 1[111:] I N | lnn[ [ l.llllll L1 lll'lﬁl s
4 1072 1072 1071 1

kn

Figure 5.3 Normalized Spectra of Eu/vf{n atStation 30.

11




| IR B S T I A W T T T TTTT]I ﬁ
08 /d .
R — s i
/D/’ ...... Rt o SURI, 3 /
06 |- - Rt 1
. . B g8
— o~
g osf :
&
i
[§ o02f ~
Y
I
9
O~
O ™~ B
o o S SR
~o N Ao rER O ~J
—-02}- -3 5= E\\ -
o4t 11 ov1g 1 by ovrty %
3 S 10 20 30 50 100 200
y*

Figure 5.4 Non-dimensional truncated
' uv correlations for a
boundary layer.

...... sweep -——.-— ejection
—— — interaction (wallward)
..... interaction (outward)

(From Wallace, J.M., Eckelmann, H.
and Brodkey, R.S., J. Fluid Mech.

(1972) 55, part 1, p. 45).

87




A - Ejection

O — Sweep

XX ~Interaction
(Wallward)

Cf—Interaction
(Outward)

R/ RRer.
Y T

10 0.8 06 04 0.2

Figure 5.5 Normalized truncated uv correlations

at Station 75.

88




89

Figure 5.6 Normalized truncated uv correlations
at Station 55. Symbols szme as
Figure 5.5.
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6.0 STRUCTURE FUNCTIONS EXPERTIMENTS

A non-normallzed structure function of order n

is defined by (ul - u2)n where u, and u, are the fluctuating
components of the velocities in the main flow direction measured
at different positions in space. They are usually normalized
by the Kolmogoroff veloéity scale, Vk" As discussed in

Chapter 2, the structure functions can be used to indicate

the existence and extent of an inertial subrange.

Van Atta and Chen¥* (1970) have measured longitudinal
structure functions in the atmosphere at various distances
over an ocean surfaﬁe; For the present work both 1ong-
itudinal and transverse structure functions were measured
up to the fourth order at station-30, wlith Re = 137,000.
Since the third and fdufth order structure functions are
related to skewness and flatness factor measurements,
data and .discusslon concerning these quantities are also

gilven.

6.1 Experimental Procedure

The éxperiments, described in this chapter required
two signals, defined by,

A

xp = ulx + r) - ulx),

and

byy

m

w(y + r) - u(y). ‘ .

"%¥Henceforth often referred Lo as ve.
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A (or the longitudinal velocity difference) 1is
the difference of u, measured at two points in»space with
longitudinal separation r, and zero separation in the
remaining axes. The separation was simulated ﬁsing a
time délay, t (provided by the Lyric TR 61-2 tape recorder

with moveable playback heads) and Taylorfs hypothesis in

the form r = Ut. To obtain this quantity only a single

hot-wire probe was required.

Ayr (or the transverse veiocity difference) is the
difference of u, measured at two points with transverse
separation, r, and no separation along the remaiﬁing axes.

In this case the dual probes described iﬁ'Chapter 3 were

ﬁséd. They provided é'maximum transverse separation of 10 ﬁm,

Here, as for Axr’ the difference was obtained with a DISA

55D26 signal conditioner in the "subtract" mode.

The non-normalized second order structure functions,

DLL(r) and DNN(r) were obtained by measuring the mean

square values of AXr and Ayr respectively with a DISA

55D35 rms voltmeter. The skewneés and flatness factor of

Axr and Ayr were measured with the circuit shown in

section 3.4. The skewnesses are abbreyiated SAx’ and

SAy respectively and the flgtness factors, FAx and FK&

respectively.
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The remaining structure functions were calculated

from,
105
Drrn Sax - P,
D = F, . D2
LLLL rx * Prr
D F . D2

NNNN T Fay " PN

6.2 Experimental Results

6.2.1 Flatness Factor and Skewness of the Longithdinal
Velocity Difference

Compared with the results of VC, as shown in Figure
6.1, FAX for the diffuser 1is less than that of atmospheric
turbulence but greater than that of grid turbulence.
Furthermore, it decays to the gaussian Valué of 3 for r/n

at least 2 orders of magnitude less than is the case for

atmospheric turbulence.

According to the "constancy of skewness" theory,

discussed in Chapter 2, the skewness, S should be constant

Ax
in the inertial subrange. In the present case (Figure 6.2)
this skewness 1s approximately constant with a value of.
~0.25 for 50 < r/n < 200. By compérison, the atmospheric
turbulence data of VC show a much larger range bf

r/n with constant skewness, indicating a correspond-

ingly larger inertial subrange. For the grid turbulence,
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the skewness data of VC shows no constant region thus

indicating no inertial subrange.

6.2.2 Skeéwness and Flatness Factor of the Transvérse
Velocity Difference

These quantities are also discussed in section 5.6.
They are replotted here as a function of the non-dimensional
probe separation r/n. As shown in Figure 6.3 the flatness
factors, FAy essentially all collapse onto a single line

with a slope of ;0.255. The .skewness, S given in Figure

Ay
6.4 show no tendency to collapse.

6.2.3 Structure Fdnctions

Structure functions, up to the fourth-order, are
-given in Figureé 6.5 to 6.9. With the exception of those:
taken nearest the wall (at R/RREF = 1.4, shown as solid
clrcles) all of the structure functions tend to collapse
onﬁo a single line for the approximate rang¢,20 < r/n < 200.
Within this range the longitudinal second-order structure
functions (Figure 6.5) follow the theoretical (Chapter 2)
two-thirds 1aw; the fourth-order sfructure function
‘(Figunes 6.8 and 6.9) the theoretical four-thirds law,

and the longitudinal third-order structure functions
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(Figure 6.7), the more specific thedbretical law
5o o _ -
DLLL/Vk -0.8 r/n. For the transverse second-order
structure functions (Figure 6.6) the slope in the range,
20 < r/n < 200 was measured to be 0.854 as opposed to the

theoretical two-thirds value. No reason for this difference

can be offered.

For r/n < 20, all of the structure functions start
decreasing more rapidly with decreasing r/n. For.the
second-order structure functions, the slopes in phis
region are approximately 2 as shown in Figures 6.5 and
6.6. While these slopes are appropriate for r/n << 1,
(Monin and Yaglom 1975, p. 353) they already become
evident in the present caée for r/n < 20 as noted above.
This effect can possibly be attributed to the hot-wires
which were about 10n in length and hence insensitive to

eddies much smaller than 10n.

6.3 Discussion of Results

Except possibly near the wall, the structure
function measurements geﬁerally indicate the existence
of an inerﬁial subrange. In several cases (Figures 6.5,
6.6 and 6.9) the data near the wall also has the proper
slope but does not‘collaﬁse onto. the theoretical line
féllowed more or less by the other data. The transverse

structure function results of Figures 6.6 and 6.9 also
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s

suggest that the maximum transverse probe separatilon
(10mm) was not sufficient at all locations to completely

cover the inertial subrange.
For eddies of size r to be part of the inertial
subrangé it is'necessary that n << r << Lf, implying that
the inertial subrange will be largest where Lf/n is also
largest. All of the data show a largest inertial sub- =
range for R/RREF.z 0.827 and 1.024. As shown in Table I, L

-

these are also the locations of maximum Lf/n.

The results, generally show the.extent of the
inertial subrange to be about one decade, a fact-also
‘established by the spectra measurements of section 5.2.
This result i1s also consistent with the discussion of
Tennekes and Lumley (1972), p. 272, who suggest that the
extent of an inerﬁial subrange is usually about two decadeé\

- less than Lf/n, which approaches 103 in the present case.

Not surprisingly for the diffuser, the 1lnertial subrange

is much less than that found by VC in the atmosphere,.
Their second order structure function measurements
followed the twoéthirds law for 80 < r/n < 20,000; indicat-

ing the existence of an inertial subrange for more than

two decades.
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7.0 EXPERIMENTS USING AN ENVELOPE DETECTOR

An important property of all turbulence is the
spotty nature of the fine structure. Near the wall of
a boundary layer this spottiness is further increased by

large local shear due to the bursting process.

A number of experimenters have sfudied the fine
structure of turbulence using narrow-band filters. Rao et al
(1971) have assumed that for shear flow each "burst" of high
activity from tﬂe output of a narrow-band filter corresponds
to a burst of energy broduction. By manually counting these
bursts from paper-chart recordings they found a time scale,
(the mean time between bursts), which was constant across
the boundary layer (y+ > 15), and scaled on the outer
variables; i.e., the b undary layer thickness and free
stream veloclty. A similar technique was used by Ueda
and Hinze (1975) who found the mean time between bursts

to be twice as large in the viscous sublayef as for y+ > Lo,

~

The ﬁanual counting techniques described_above are
alwéys subject to a certain amount of arbitrariness since
it is often difficult to-decide what is a burst and what
is not. It was therefore decided to study some statistical
properties of narrow-band filtered signals by forming the
envelope of such signals. The envelope characterizes

only a narrow-band of frequencies, or wave-numbers, thus
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all of its statistical properties can be obtained as a

function of frequency, or wave-number. Furthermore, the
envelope experiments are unique. There are no "arbitrary"
adjustments or decisions similar to those required in
setting up an intermittency detector or in manually

counting the mean time between bursts.

Three important fine-structure properties of

turbulence are:

a) the average linear dimension of the fine~

structure bursts, LA’

b) the average spacing between the fine-

structure bursts, LB’

c) the degree of spottinéss, characterized

by the intermittency factor, vy.

Since LB = LA/y, the present work concentrates on measuring
LA and y3 the férmer'by analeing>the frequency spectra
of the envelope, the latter by analyzing flatness factors

and probability distributions.

7.1 The Envelope of a Gaussian Signal

As a preliminary experiment the enveliope of a
gaussian (or white noise) signal was formed at three

arbitrary frequencies, 1.25, 5 and 12f5 kHz. This signal
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was obtained from a prototype noise generator which was
thoroughly tested to insure that its probability density
was normal, and frequency spectrum flat within 3 db from

10 Hz to beyond 30 kHz.

The envelope detector has already been described

in Chapter 3. Figure 7.1 shows a block diagram of the

experimental set-up. The white noise was fed intoc a

narrow-band filter with bandwidth Af/fm = 0.43. TFor these
experiments the midband frequency of the filter 'fm; is

called the envelope freguency F The filtered signal was

E'
then fed into the envelope detector and the spectrum of
the envelope measured with a second narrow-band filter

and an r.m.s. voltmeter.

Figure 7.2 shows the spectra. As for gll these
measurements the vertical scales are normalized by the

lowest frequency value and the horizontal scale by FE.

When thus normalized it is readily seen that the envelope
spectra of gaussian signals are well described by the

emperical relationship,

_ 1
G(£/Fg) = 57338 £/Fg) )
7.1
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7.2 The Envelope of Narrow-band Filtered u

For each of four radial positions at station 30
(with Re = 137,000) the narrow-band envelope of u was

formed (Figure 7.1) at four frequencies. The radial

positions were:

a) Near the wall (R/R = 1,43),

REF
b) Near the radial position of maximum u'

(R/R = 1,04),

REF
c¢) In the core region (R/RREF 0.403).

1

d) On the centre line (R/R 0).

REF
Since the basic interest was in fine-structure the

envelope frequencies FE Wére.selected, starting from the
centre of the inertial subrange (500 Hz) to well into the
dissipation region (12.5 kHz). The selected frequen01es are
1dent1fled at the bottom of Figure 7. 3 which shows frequency

spectra of u for each of the four radial locations.

7.2.1 Spectra and Autocorrelations

Preliminarj inspection of the specﬁrum of an envelope
obtained néar the wall at FE = 12.5 kHz, suggested thét
it might be considered as a sum of two spectra, as shown
in Figure 7.4a. 1In this case_the autocorrelation
function of the envelope £(t), also révealed a rapid

decrease near zero time delay, followed by a much slower
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delay to zero with increased time délay (Figure 7.l4b).
These results suggested that the envelope consisted of
th components, one with a relatively long time scale

T called the large scale component, and the other, with

l}
a relatively short time scale;T2, called the small scale
component. These scales are properties of the envelope

which already represents a narrow-band of wave-numbers,

and must not be confused with similar terminology used to

describe large and small eddies.

For the envelope Jjust described the autocorrelation

f(t), was assumed to be of the form,

£(t) = Ale"tl'/Tl + Aze-ltl/TZ, (7.2)

for all t and with Al + A2 = 1,

Taking the Fourier transform of 7.2 gives the spectrum,

2A_T 2A T
S(f) = 171 + 2 2

1+ (anfr)? 1+ (2wnfr,)? (7.3)

While equations 7.2 and 7.3 are characterized by the

A T, and T

10 f20 Ty 2 |
proceed further using the spectral method. The envelope &;;f

same four parameters, A it was decided to

spectra for each radial position and envelope freauency
are shown in Figures 7.5 to 7.8 with the universal gaussian

envelope spectrum also shown for comparison. Only
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1

frequencies below FE are considered.
Two important features of. these spectra are:

a) As the envelope frequency decreases (corres-—
ponding -to lower wave-numbers or larger eddies)
the dual nature of the spectrum diminishes

and approaches the universal gaussian spectrum.

b) As distance from the wall increases the dual
nature diminishes further and is almost non-
existent on the centre line for any of the

envelope frequencies.

For the envelope spectra, the most'interesting

parameters are the delay time T, and Tye These were estimated

numerically using Powell's method (Box, Davies and Swann,
1969) of non-linear optimization, which selected the para-
meters such as.to minimize the sum of squared errors between

equation 7.3 and the spectral data.
Length scales Ll and L2 for various envelope

frequencies FE,and probe positions are shown in Figure 7.9.

These were obtained by multiplying the time scales T and

T, by the local mean velocity U. The data show that as

2
the envelope frequency increases from the centre to the
top of the inertial subrange the length scale of the large-

scale component increases whereas the length scale of the
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small component decreases. In the dissipation region
both components decreasé with.incréasing énvélope

frequéncy.

7.2.2 Probability Distribution, Intermittency, Flatness
Factor and Skewness ‘

To obtain intermittency information concérning the

envelobe, probability distribution méasurements were made.
For‘a gaussian signal the envelope has a Rayleigh
distribution (Middleton;v1960). To show how intermittency
factor and probability distribution ére related it is
useful to consider a gaussian signal chopped on.and off
vwith duty cycle y. The Intermittency faétor of the
resultant signal is also y. The probability density of
the envelope of such a signal will have an impulse of
.strength 1 - vy at the origin followed by a Rayleigh

probability dehsity function but with area equal to vy.

The probability distribution will thus have a step jump

from 1 to Y‘at the Srigin, then deéreasing monotonically
to zero. The intermittency factor is thus obtained by
extrapolating the probability distribution to the vertical
axis.. This is summarized quantitatively in Figure

7.4c,

Probability distributions for the envelopes e(t),

are shown In Figures 7.10 to 7.13. A logarithmic
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2

vertical scale has been used since this results in long
straight line segments readily extrapolated to the

vertical axis giving the intermittency factor. The ¥y

values thus obtained are plotted in Figure 7.14 and compared
with the y values obtained by feeding the envelopes directly
into the intermittency detector as shown in Figure 7.1.

The results show that the unambiguous technique‘of
probability distribution extrapolation produces results

very comparable to those obtained using the intermittericy

detector.

The FF of the filtered envelope was measured by Tirst
feeding the envelope through a narrow-band filter
'(Af/fm = 0.43) as shown in Figure 7.1. The results are
shown in Figures 7.15 to 7.18. For each envelope, the vy
value, obtained by using the intefmittency detector is
also indicated. The flatness factor and skewness of the
unfiltered envelope were also measured with the results
shown in Figure 7.19. These results generally show

increased values toward the wall.

7.3 Discussion of Results

In the previous section it was determined that the
envelopes of narrow-band filtered u generally have a dual

structure; i.e., are characterized by two length scales.
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It has thus far not been possible to determine the physical
significance ofieach length scale and the tentative
assumption will be that the linear dimension of the fine-
scale structure is actually represented by the large
length scale. The small length scale is thus assumed to
play only a secondary role, possibly related to tﬂat
electronic formation of the envelope and not really related

to the turbulence itself.

Under these assumptions it is interesting to determine
LB(= LA/Y), where L, 1s now the large length scale L,, and
Y. the intermittency factor. taken from Figure 7.14. Only
the results.at R/RREf = 1,41 are considered where y is
generally less than uﬁity. These results are summarized

in the following table.

'Ll(mm) Y Ly = Ly/y(mm) Fy (Hz)
9.91 0.17 54,06 12,500
25.94 0.56 46,32 5,000
16.28 0.80 20.35 2,000

6.96 1.0 6.9 _ 500

The& genérally shoﬁ that for envelopes found in the-
dissipation region (FE = 5 and 12.5 kHz) the length scaié
LB’ remains approximately constant, but decreases rapidly
with decreasing frequency in the inertial subrange. Thus,
when manually counting the-mean—tiﬁe between bursts, these

results would suggest that the centre frequency of the
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“narrow-band filter should be set in the dissipétion region,

It is interesting to investigaté the relatlonship
between the Intermittency factor <Y, and the flatness
factor of. the narrow-band filtered envelopes given in
Figures 7.15 to 7.18. For <y values less than 1.0 the
flatness factor'of the fililtered envelopes shows a peak
vélue at a frequency less than FE. Thﬁs 1t appears that
the exlstence of such a peak ihdicates the existence of
intermittency. Figure 7.20 shows the relationship
between these quantities. It is approximately linear and
suggests..the interesting prospect of replacing
intermittency measurements wiﬁh (more straight-

forward) flatness factor measurements.
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Figure 7.3 Frequency spectra of u at Station 30
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8.0 GENERAL DISCUSSION OF RESULTSI

An important aspect of the present study was to
investigate the developing nature of diffuser* flow.
Also investigated was the wall region, assumed at the
outset to have many similarities with that of pipes,
channels, etc. In this chapter these aspects of diffuser
turbulence are discussed further in the light of the
experimental evidence obtained. For purposes of discuss-—
ion,‘the diffuser is partitioned into three regions, A,
B and C as shown in Figure 8.1. The significance of the
boundaries between the various regions will be explained

as the discussion develops.

Regions B and C are characterized by large turbulence
production and intensities. As .shown in Figure 4.14b,
the maximum Value.of u' in these regions is nearly three
times that of the centfe line value at entry. Based on
the present results, and those of Azad and Huﬁmel (1971)
with non-turbulent potential flow at entry, it is generally

concluded that the turbulence in these regions is largely

¥Actually a very specific diffuser as described
in Chapter 3.
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dominated by the very intense turbulence produced there
and hence largely independent of the flow structure at

entry.

In region A the fIOW‘is.largely dependent on the
type of flow at entry. For example with non-turbulent
potential flow at entry, this region remains largely non-
turbulent forming an intermittent interface with region B
(Azad and Hummel, 1971). In the present case, as will be
shown, the flow in region A also retains many of" the

characteristics of fuily developed pipe flow.

Having shown briefly, the general characteristics
of the various regions, a more detailed discussion can
proceed starting with the core region which includes region
A and that part of region B for which R/RREF < 0.8. of
special interest are the skewness of u and the non-normalized
truncated uv correlation measurements, also referred to as

the uv components.

Figure 5.9 shows the uv components at station 75
(3 cm inside the pipe). The curves for the ejection and
sweep events are approximately straight lines with slopes
characteristic of such events in the core region of a
fully deﬁeloped pipe flow. Further down stream at station

30, (Figure 5.11) and for (R/RRE < 0.3), the slopes of

F
the sweeps and ejections are approximately the same as at
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station 75 (in the pipe). These are therefore referred

to as "pipe-like" sweeps and ejections. Wallward for
(R/RREF > 0.4), the sweeps and ejections increase more
rapidly, reaching peak values at (R/RREF ¥ 1) which are
about twice as large as those found in the pipe. These
sweeps and ejections are associated with turbulence
produced in the diffuser and would (presumably) also occur
with non-turbulent flow at entry. Hence, they are referred

to as "diffuser-like" sweeps and ejections.

Retﬁrning to station 75, the skewness of u shows a
ﬁaximum negative value at R/RREF ¥ 0.20 (Figure 4.8).
This result is consistent with the fully developed pipe
flow studies of Lawn (1971). Moving further down stream,
at station 55, the "pipe-like" sweeps and ejections merge
gradually with the "diffuser-like" sweeps and ejections
at'R/RREF'x 0.8, (Figure 5.10) with maximum negative u
skewness still occurring at R/RREF 2 0.20, (Figure 4.13).
Thus, at this station, the structure associated with
the core region Qf a fully developed pipe flow has been
maintained toward the centre line (R/RREF < 0.7) but has
been gradually replaced towards the wall by a new type

of the structure; i.e., "diffuser-like" sweeps and ejections.

Moving down stream, from station 55, the ridge of

maximum negative skewness maintains its radial position,




157

4

at R/R

rEF - 0.20, (Figure 4.13) up to about station L5
where it starts to diverge from the centre line. From
station 35 onward it returns toward the centre line,

increasing in value up to station 5, where 1t touches

the centre line.

At station 30, as previously discussed and shown in

Figure 5.18, the structure of the sweeps and ejections

changes rathér abruptly at R/RREF -~ 0.40 from one of %
"pipe-like" flow near the centre line to one of “diffuéer-

like" flow toward the wall. This radial location also

marks the approximate location of maximum negative u skew-

ness and is further characterized by,
a) Maximum FF of u, (Figure 4.10).

b) Maximum FF of the longitudinal vorticity,

(Figure 5.13).

c) A peak in the FF of 3u/dt, (Figure 5.14).

d) Maximum negative skewness and flatness factor
of .the transverse velocity difference,

(Figures 5.16 and 5.17).

e) The approximate outer edge (y = 0.1) of the
intermittent zone if the flow at the inlet

is non-turbulent (Azad and Hummel, 1971).
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It would thus appear that a rather dbrupt change of
structure does occur at R/RREF ¥ 0.4 with the boundary
marking the outer edge (measured from the wall) for which
"diffuser-like" ejections are effective. It is further
characterized by more intermittent local shear, a

conclusion based on the results of Figures 5.17 and 5.14
which show increased FF values of 3u/dy (estimated by the
velocity difference of two probes separated in the y
direction) and du/3x (estimated by du/dt). Between stations
5 and 35 the bdundary is coincident with the ridée of

maximum negative u skewness.

At (approximately) station 5, the ridge of maximum
negative skewness (Figure 4.13a) actually reaches the
centre line marking the end of region A in the down stream
direction. The explaination is that at approximately
station 5 and down stream some of the "diffuser-like"
ejections (low momentum fluid moving away from the wall)
actually cross over the centre line thus becoming wallward
interactions (low momentum fluid towards the opposite wall).
As shown in Figure 5.12 the "pipe-like" sweeps and ejections
have completely disappeared at this station. Fyrthermore,
the wallward interactions increase toward the centre line,
a feature not nearly so much in evidence for the other

stations. Thus, down stream from station 5 low momentum
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:
fluid is ejected across the centre line with equal
probability from all radial directions. The resulting
decrease in mean time between ejections on the centre
line results in decreased values for the skewness (magnitude)
and flatness factor. Thus moving down stream from station
5 the ridges of maximum negative skewness and FF diverge

from the centre line as the results show (Figure 4.13a, b).

In the absence of any‘flow visualization experiment
for the diffuser, it is interesting to speculate'on the
nature of the "bursting process™ associated with the
production of energy in regions B and C. Because of the
large mean lateral vorticity in this region (which can be
estimated by 3U/3y, the slope of the mean velocity profiles
in-Figure b 16, it seems.reasonable to assume that much of
‘the large scale turbulence will be produced in the form of
large lateral vortices. Using a flow visualization
technique; Nychas et al (1973) have demonstrated the
existence of such vortices for turbulence produced near
the wall of a boundary layer. The conjectufe is that
such vortices woula convect high (axial) momentum fluid
from region B into region C (sweeps) where the fluid would
_"Stall" or "become trapped" because of the adverse
pressure gradient. The highly intermittent fine structure

observed in region C would then be attributed to the high
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local shear rates generated when this "blob" of stalled
fluid comes in contact with or is torn apart by a higher
momentum fluid parcel from further up stream, trying to
displace 1t. The "stalled" fluid envisaged heré is
similar to the "decelerated" fluild discussed by Nychas
et al (1973). Such a model of "stalled fluid" being
-torn apart by high momentum fluid seems consistent with
the results given in Figures 5.21 to 5.24 which show the
fine structure to be coincident with the high momentum
fluigd. |

A major objective of the present work, wasfto draw
comparisons between the turbulence of a éonventional
boundary layer -and that for the diffuser (towards the Wéib;'
.For'the former, maximum u; and energy production. both
oecur,at'yf ~ 15 with a layer ofhcénstant Reynolds stress
further out from the wall. For the :diffuser, Okwuobi and.
Azad. (1973) have shown that the radial position for
:maximum u', energy produétion, and Reynolds stress all
céincide at approximately the entry radius throughout.
This radial position is shown in Figure 8.1 as "the
line of maximum u'". and defines the boundary between
regions B and C. -In thé analogy therefore reglons

C correspond to y+ < 15.
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In addition to those just described, the following

additional similarities have been observed.

1)

2)

3)

For both boundary layers and diffuser flow
maximum u' also correspond.to the position of
minimum FF and zero skewness of u. This can
readily be seen by comparing the results in
Figure 4.13 with the results of Echelmann
(1973}. Furthermore for y+ < 15 the skewness
of u in the boundary layer is positive.as it
is in region C and negative_for y+ > 15 as

i1t is 1n region B.

A comparison of the boundary layer data in

. Figure 5.4 with the diffuser data shown in

Figures 5.5 to 5.12 shows that region B is

- dominated by ejection events aé is the region,

y+ > 15 for the boundary layer. For the

diffuser, region C is dominated'by sweep
events with the outward interactionslarger
in magnitude than the wallward inéeractions.
This situation also exists in the region

(yt < 15) for the boundary layer.

As discussed in section 5.7 and Chapter 7, .
the fine structure in region C is very inter-

mittent. Ueda and Hinze (1975, Figure 6)

161
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have shown that the maximum FF of the
narrow-band filtered u signal is much larger
at y+ = 5.02 than for example at y+ = 21,

thus indicating increased spatlal localization
of the structure in the inner zone of a

boundary layer.

While the number of similarities is substantial,
Important dissimilarities exist. For example the peak in
the skewness of 3u/3t, observed by Ueda and Hinze (1975)
for a boundary layer et y+ X 15 does not occur for diffuser
flow at R/RREF z 1 (Figure 5.1#). This result strongly
suggests that region C for the diffuser is quite different

from the boundary layer region (y+ < 15) and a more detailed

comparison between the two regions is requilred.

For the boﬁndary layer, the region (y+ < 15) contains
the viscous sublayer (y+ < 5). Ueda and Hinze (1975,
Figure L) have shown that in the viscous sublayer, RA is
lese thanv35 and decreasing very rapidly toward the wall.
Thus oee-third of the region (y+ < 15)‘is dominated by
viscosity. For the diffuser, on the other hand, (at station
30), R, is less than 35 for (1.56 <'R/RREF < 1.575), a result
obtained by extrapolafing the RA results of Figure 5.1
to tﬁe wall. Thus at station 30, the viscous region

(corresponding to the viscous sublayer) is only about 3%
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of the thickness of region C which is therefore dominated
largely by inertial forces with a very narrow viscous

region near the wall.

From this discussion the following flow structure
is proposed for the wall region of the diffuser "far"
from the inlet; i.e., between stations 0 and 65, say.
Toward the inlet the flow structure must approach that of

a boundary layer.

Because of the rather large inertial regioh between
the maximum shear stress layer (R/RREF ~ 1) and %the wall,
the maximum shear sftress layer is viewed more as a boundary-
free shear layer than a wall bounded shear layer. This
effect increases in the down stream direction as region C
widens. The non-zero mean velocity gradient near the wall
(Figure 4.16) demands the existence of a viscous layer
adjacent to the wall. It is suggested that this viscous
layer is actually part of some sort of conventional
boundary layer very close to the wall. Such a 5ogndary
layer would be characterized by low wall shear stress,
decreasing in the down stream direction and would exist
only intermittently at any given wall location because of
the very intermittent nature of the large scale rmotion
in its outer region (region C). The exlstence of such a

layer would be demonstrated by increased turbulence
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production and dissipation very close to the wall, the
former already having been shown by Okwuobi and Azad

(1973).

From the above discussion the tentative conclusion
is that, for a diffuser, as used in the present work,

the "boundary layer" may be thought of as a composite or

two-stage layer with a boundary-free shear layer at

approximately the entry radius and a more conventional,
"intermittently existing", boundary layer very close to

the wall.
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9.0 CONCLUDING REMARKS

An experimental investigation of the turbulence

structure in a conical diffuser with fully developed pipe

flow at entry has been described. From the results the

following main conclusions can be drawn.

1)

2)

Por the core region near entry, the structure
is similar to that of fully developed pipe
flow. Moving down stream this structure is
gradually replaced by a more energetic'
structure expanding toward the centre line
from the wall. This more energetic
structure, associated with turbulence
produced in the diffuser, completely fills

the diffuser 5 e¢m upstream of the exit plane.

The boundary between the two types of structures

becomes better defined in the down stream
direction coinciding with the ridge of maximum

negative u skewness between stations 5 and

35.

In the vieinity of ‘R/R 1 the flow shows

REF ~
several similarities and dissimilarities with
boundary layer flow in the vicinity of y+ = 15,

The similarities are:
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a) At R/RREF ¥ 1 and y+ ~ 15, u' is maximum

but the flatness factor of u is minimumn.

b) For R/R < 1 (approx.) and y+ > 15, the

REF

skewness of u is negative with ejection
events making a larger contribution to

uy than sweep events.

c¢) For R/R > 1 (approx.) and y+ < 15, the

REF

skewness of u 1is positive with sweep

events making a larger contributioh to uv
than ejection events. Furthermore, the
fine structure, in both cases becomnes

very intermittent.
The dissimilarities are:

a) For the boundary layer, the peak in the
+
skewness of du/d3t at y = 15, does not

T 1.

occur in the diffuser for R/RREF

b) For the diffuser, the viscous part cf

the region R/R > 1, is percentage-

REF
wise less than the viscous part of the

boundary layer region y+ < 15; i.e.,

the viscous sublayer.

3) du/dt is intermittent only in the vicinity of

the wall where the fine structure coincides




1)

5)
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more with high (axial) momentum fluid than

low (axial) momentum fluid.

The envelope of narrow-band filtered u shows
two length scales; one increasing with wave-
number, in the inertial subrange and then
decreasing again in the dissipation region,
the other decreasing with wave-number through-
out. A linear relationship exists between

the "peak" value of the flatness factor of

the filtered envelope, and the intermittency

factor of the envelope itself.

Except near the wall, structure functicn measure-
ments show the existence of an inertial

subrange for a separation range of about one
decade. Thus the assumptions of Kolmogoroff
still have some validity for a flow as

complicated as that found in a diffuser.
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10.0 RECOMMENDATIONS .

A number of preliminary résults have beén given
for the envelope of narrow-band filteréd u. The
ultimate aim is to obtaih unambiguous fine sﬁructure
information and in particular, to measure the mean time

or distance hetween bursts., To test the ultimate worth

of such experimentation, i1t is recommended that further

experiments be performed in a boundary layer where the

results can be compared with those obtained by other

experimenters.
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APPENDIX A

2

“Vorticity Probe Calibration

The vorticity probefconsisﬁjugof four hot~wires

connected in the configuration of a Wheatstone bridge

is shown schematically in Figure A.l. A single anemometer
is connected across terminals A - D heating the wires and
measuring the down stream velocity U. The down stream
vorticity £,1s obtalned as the voltage difference between
terminals B and C. Corrsin and Kistler (1955) have given a
detailed description of such a probé; Thé probe was custom
made by DISA with geometry as shown in Figure A.2. Each

active wire was 3.6 at 23°C.

Calibration was by rotating the probe using é Type
AL-MTA/T mercury slipringless transmitter manufactured by
The Vibro-Meter Corporation, Fribourg, Switzerland.
Rotation was provided by a small d.c motor whose speed
could be easily controlled and measured to within 1% using
a stroboscopic light. A rotation rate of n revolutions/
second corresponds.to a vorticity of 2mwn radians/sec.

A variable velocity, irrotational flow was provided by
placing the probe on the centre line of the contraction

cone of the wind tunnel described by Trupp (1973).

Originally, as descrlbed by Corrsin and Kistler
(1955) this type of probe was used only in the constant

current mode. For the present work a DISA 55M01 constant
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L

temperature anemometer was used. Figure A.B shows the
vorticity output from the'probelfor'various mean velocities
and rotation rates. Thesé'voltagéS'are ofvthe order of a ffﬁ;;
féW'millivolts and wére measured using a Fluke 335
diffefential yoltméter. Cléarly‘théfvorticity readings
depend on the méan velocity and a way had to be found to

remove thils dependency. Analysis of the data showed that

if the vorticity output from the probe were multiplied by
UO°65, the depéndency would be largely removed.
Using only summing and a square root circuit,UO“65 can be

approximated by,

where

>~
R

0.138

Figure A.Y4 shows a schematic diagram of the vorticity
measuring system. Operational amplifiers Al and A2 were
specially selected for low input drift since, as shown in

Figure A.3 the difference of the inputs was very small (of

the order of a few milliyolts). The BALANCE control was
set for minimum change in output & for various mean
velocities, but with the probe not rotating. The ZERO

control was set for best zero value of & with various mean
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2
velocities, and also with the probe not rotating. . The

"constants", K., and K,, were adjusted experimentally by

1
potentiometers to minimize any effect of the mean velocity

on the vorticity output, €.

Figure A.5 shows the compensated vorticity output
voltages for various mean velocities and vorticities
(simulated by rotation). Maximum error was estimated to

be approximately 5%.
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Figure A-1 Schematic diagram of vorticity probe
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APPENDIX B

2

Normalizing Procedure For Probability Dénsity Functions

This Appendix descrihes the technique adopted for
normalizing the experimentally obtained probability density
functions.(PDF‘s). These were obtained in the form of
graphs drawn by an xy recorder with. the horizontal and
vertical scales arbitrary. The graphs were then "faired"
on a light table and a sufficiently large number of point
pairs (fl(xl), Xl) read manually from the resuléing graph.
The mean value, U, was measured directly using a d.c.

voltmeter.

A properly normalized PDF is defined such that;

a) f(x)dx = 1 (1)

b) o x f(x)dx = T. (2)

f(x) and x are found from the meésured'points fl(xl} and

Xy using the linear relationships,

f(x)

]

c fl(xl) (3)
x =D x, (4)

where C and D are constants to be found.
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,
By substituting (3) and (4) into (1) and (2) respectively,

it is easily shown that;
.Lo xy F0x) dxy

U U_wfl(xl) ?le B

and

U J_wfl(xl) dxl

J—w Xq fl(xl) Xm

These constants were readily found using numerical inte-
gration and the properly normalized PDF then found

from (3) and (4).




1932
1951

1955

1955-56
1956-57

1957-59
1959-60
1961-68

1968-69
1970

1969-72
1972-77

vVITA

RUDOLF HENRY HUMMEL

Born, January 26, in Winnipeg, Canada

Graduated from St. Paul's High School,
Winnipeg

Graduated B.Sc. (Electrical Engineering),
The University of Manitoba

Microwave Engineer — Manitoba Telephone System

Radar Engineer -~ Canadian Aviation Electronics
Montreal, Canada

Telecommunications and Radar Engineef - Federal
Electric Corporation - Paramus, New Jersey

Post Graduate Work in Electrical Engineering,
The University of Manitoba

Electronic Research and Development Engineer
Nuclear Enterprises Ltd., Winnipeg

M.Sc. student - The University of Manitoba

Graduated M.Sc. (Fluid Mechanics and Turbulence)
The University of Manitoba

Ph.D student - The University of Manitoba
Part-time Ph.D student; Electronic Engineer and

partner, TRIMET Instruments Ltd., 1792 St.
Mathews Avenue, Winnipeg, Canada




W.B.

REPORTS AND PUBLICATIONS

Reid, R.H. Hummel

Roulston, W.B. Reid,

Hummel

Reid, R.H. Hummel

Hummel

Azad, R.H. Bummel

Kostiuk, R.H. Hummel,

-Azad

I

Pulse Shape Discrimination in
Organic Scintillators
Canadian Nuclear Technology
Jan. - Feb., 1966

Some Recent Advances in Nuclear
Electronics

Physics in Canada

21, 31 (1965)

A Radiation Analyzer Which Detects
and Sorts Neutrons, Gamma Rays,

and Ionizing Particles

Nuclear Enterprises Internal Report
March, 1963 ’ '

On the Design and Performance of

a Time to Amplitude Converter
Nuclear Enterprises Internal Raport
1967 '

Measurements of the Intermittency
Factor in Diffuser Flow

Canadian Journal of Physics

49, 2917 (1971)

An Instrument for Measuring Pressure
in Turbulent Boundary Layers

Rev. of Scientific Instruments

42, 1127 (1971)




