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(ABSTRACT)

The strongly time variant flow in an incompressible, turbulent junction vortex formed at the

base of a streamlined cylinder with a circular leading edge placed normal to a tlat surface

was investigated. The investigation centered around spectral analysis and time resolved

measurements of the velocity fluctuations to characterize the time variant flow on the plane

Y Y of symmetry. All the measurements were performed with a two—color, two-component, fre-

quency shifted laser Doppler velocimeter.

_

Spectral analysis methods for randomly sampled data occuring from the LDV were evaluated

under various simulated and real flow situations. The real flow situations studied were the
vortex shedding flow behind a cylinder and the two·dimensional turbulent boundary layer. The

spectral estimates obtained from the discretized lag product method were found to be better

than those obtained from the direct transform method. lt was found that the exact lag product

method does not offer significant improvements in the spectral estimates to offset its compu-

tational slowness.

The mean velocity vectors in the junction vortex showed a single vortex on the plane of sym-

metry and a singular separation point upstream of the cylinder.

The time resolved measurements showed the instantaneous separation point on the plane of

symmetry to be randomly oscillating between two limits. Maximum possible excursions of the

junction vortex position and size were also obtained form the time resolved measurements.



The turbulence intensities in the junction vortex were found to be at least two to three times

higher than typical two—dimensional boundary layer values. The histograms of instantaneous

velocity fluctuations deviated from the expected Gaussian distributions and were found to

have multiple peaks.

The spectra! content of the junction vortex flow was investigated. The overall character of the

junction vortex flow was found to be similar to a two-dimensional turbulent boundary layer,

with greater amplitlcation perceived in the lower frequencies relative to the higher frequen-

cies. The spectra at locations above the time mean center of the junction vortex showed dis-

tinct peaks around 20~30 Hz, unlike boundary layer flows.



Acknowledgements

It is a great pleasure to be able to thank all the people who have helped me in one way or

another during my stay at Virginia Polytechnic Institute and State University.

4 Foremost, my sincerest appreciation goes to Dr. F. J. Pierce for his patience, tolerance, and

constant encouragement throughout the course of this work. I also thank him for providing

me this wonderful opportunity of working in a superior environment and seeing this part ofthe

world.

I would also like to thank all the shop personnel in the Mechanical Engineering department for

their help on numerous occasions.

Lastly, I thank all my friends in Blacksburg and elsewhere in the USA who helped to make

my stay here a very enjoyable one.

Acknowledgements _ lv



Table of Contents

1.0 Introduction ........................................................ 1

1.1 Flow Geometry ..................................................... 2

1.2 Previous Studies .................................................... 5

1.3 Present Investigation ................................................. 7

2.0 Facilities ......................................................... 10

2.1 Cylindric Body 10

2.2 Coordinate System ................................................. 12

2.3 Region Under Investigation and Choice of Equipment ....................... 12

2.4 Wind Tunnel ....................................................... 14

2.5 Calibration Wind Tunnel .............................................. 16

2.6 Laser Doppler Velocimeter ........................................... 18

2.6.1 Theory of Laser Doppler Velocimeter Operation ........................ 18

2.6.2 Seeding of the Flow .............................................. 19

2.6.3 The Fringe Model ................................................ 19

2.6.4 The Scattering Volume ............................................ 21

2.6.5 The Doppler Burst ............................................... 21

2.6.6 Direction Sensing by Frequency Shift ................................. 24

2.6.7 Signal Processing with Counters .................................... 24

2.7 Characteristics of LDV Data from Counters ............................... 26

Table of Contents v



2.8 Hot·Wire Anemometer System ......................................... 26

2.9 Computer Data Acquisition and Analysis ................................. 27

2.10 Statistical Blas Errors in LDV Measurement .............................. 27

2.10.1 Velocity Blas .................................................. 27

2.10.2 Fringe Blas ................................................... 28

3.0 Spectral Analysis ................................................... 29

3.1 Introduction ................,...................................... 29

3.2 Random Processes ................................................. 30

3.3 Definitions ........................................................ 31

3.3.1 Autocorrelation ................................................. 32

3.3.2 Spectrum ...................................................... 33

3.4 Spectral Estimation for Unlformly Sampled Data ........................... 34

3.4.1 Correlogram Method ............................................. 35

3.4.2 Periodogram Method ............................................. 38

3.4.3 Effect of Finite Record Length and Windowing .......................... 39

3.4.4 Aliasing and the Nyquist Frequency .................................. 43

3.4.5 Resolution and Bandwidth ......................................... 45

3.4.6 Statistical Errors ................................................ 46

3.4.7 Averaglng ..................................................... 48

3.4.8 Blas .......................................................... 49

3.5 Spectral Analysis of Non-Unlformly Sampled Data .......................... 49

3.5.1 The Effect of Random Sampling on Aliasing ............................ 50

3.5.2 Poisson Distribution of LDV Data .................................... 53

3.5.3 Performance of Interpolation in Spectral Analysis ....................... 53

3.5.4 Spectral Estimators for Randomly Sampled Data ........................ 55

3.5.5 Discretized Lag Product Method .................................... 57

3.5.6 Exact Lag Product Method ......................................... 60

Table of Contents vi



3.5.7 Direct Transform Method .......................................... 63

3.5.8 Statistics of the Estimators ......................................... 64

4.0 Experimental Methods ............................................... 68

4.1 Scattering Volume Location ........................................... 68

4.2 Non-Dimensionalization .............................................. 69

4.3 Throat Speed Measurement ........................................... 69

4.4 Determination of the Half-Angle for LDV.................................. 69

4.5 Spectral Analysis ................................................... 70

4.5.1 Discretized Lag Product Method .................................... 71

4.5.2 Direct Transform Method .......................................... 73

4.5.3 Normalizing of the Spectra ......................................... 74

4.5.4 Octave Averaging ............................................... 74

4.6 Vortex Shedding Flow ............................................... 75

4.7 Calibration of the Hot Wire ............................................ 75

5.0 Performance of Spectral Analysis Methods ............................... 79

5.1 Review ........................................................... 79

5.2 Tests of the Spectral Estimation Methods ................................. 81

5.3 Poisson Distribution Assumption ....................................... 82

5.3.1 Poisson Distribution .............................................. 82

5.3.2 Verification of a Poisson Distribution ................................. 84

5.4 Simulation Study ................................................... 89

5.5 Simulated Sine Wave ................................................ 91

5.6 Vortex Shedding Flow ............................................... 94

5.7 Two-Dimensional Turbulent Boundary Layer ............................. 103

5.8 The Exact Lag Product Method ....................................... 116

5.9 Conclusions ...................................................... 122

Table of Contents vll



6.0 Results for the Junction Vortex ....................................... 124

6.1 Introduction ...................................................... 124

6.2 Overview ofthe Junction Vortex Flow .................................. 125

6.3 Time Resolved Measurements in the Junction Vortex ...................... 125

6.3.1 Mean Flow Field ............................................... 129

6.3.2 Turbulence Intensities ........................................... 132

6,3.3 Histograms of the Instantaneous Velocities ........................... 137

6.3.4 Reverse Flow lntermittency ....................................... 142

6.3.5 Fluctuatlons in the Neighborhood of the Separation Point ................ 144

6.3.6 Maximum and Minimum Positions of the Junction Vortex................. 147

6.4 Spectra of the Junction Vortex Flow .................................... 150

6.5 Uncertainty Estimates .............................................. 163

7.0 Summary ........................................................ 174

8.0 References ....................................................... 177

Appendlx A. LDV Data for the Junction Vortex ................................ 182

Vita ................................................................ 204

Table of Contents vlll



Llst of Illustrations

Figure 1.1. The Flow Field Around a Turbulent Junction Vortex .................... 3

Figure 2.1. Cylindric Body and the Coordinate System .......................... 11

Figure 2.2. Measurement Region .......................................... 13

Figure 2.3. Open Circuit, Subsonic Wind Tunnel Used in the Experiments ............ 15

Figure 2.4. Formation of the Fringe Pattern ................................... 20

Figure 2.5. Scattering Volume ............................................. 22

Figure 2.6. Doppler Burst ................................................ 23

Figure 3.1. Spectral Window of a Rectangular Window in the Time Domain .......... 41

Figure 3.2. Spectrum of a Sine Wave of Frequency = 3 Hz, Amplitude = 1 .......... 42

Figure 3.3. Comparison of Hanning and Rectangular Spectral Windows ............. 44

Figure 3.4. Uniformly Sampled Time Series .................................. 51

Figure 3.5. Randomly Sampled Time Series .................................. 52

Figure 4.1. Experimental Arrangement for Vortex Shedding Flow .................. 76

Figure 4.2. Calibration Curve of Hot Wire .................................... 78

Figure 5.1. Histogram of Time Between Data for LDV Data Set 1, 102,400 Data Points . . 85

Figure 5.2. Histogram of Time Between Data for LDV Data Set 2, 102,400 Data Points . . 86

Figure 5.3. Verification of Poisson Distribution for LDV Data Set 1 ................. 87

Figure 5.4. Verification of Poisson Distribution for LDV Data Set 2 ................. 88

Figure 5.5. Spectrum from Simulated Data Using DLPM ......................... 90

Figure 5.6. Spectrum from Simulated Data Using DTM .......................... 92

Figure 5.7. Spectrum for Simulated Sine Wave (f=200 Hz) Using DLPM ............. 93

Figure 5.8. Spectrum for Simulated Sine Wave (f= 200 Hz) Using DTM .............. 95

List of Illustratlons lx



Figure 5.9. Spectrum for Simulated Sine Wave (f=40O Hz) Using DLPM ............. 96

Figure 5.10. Spectrum for Simulated Sine Wave (f=400 Hz) Using DTM ............. 97

Figure 5.11. Spectrum for a Simulated Mixture of.Sine Waves Using DLPM .......... 98

Figure 5.12. Spectrum for a Simulated Mixture of Sine Waves Using DTM ........... 99

Figure 5.13. Spectrum for Vortex Shedding Flow from Hot Wire Using Data 6000 ..... 101

Figure 5.14. Spectrum for the Vortex Shedding Flow Using DLPM ................. 102

Figure 5.15. Spectrum for the Vortex Shedding Flow Using DTM .................. 104

Figure 5.16. Comparison of Klebanoff’s Results with Hot Wire Spectra ............. 106

Figure 5.17. Comparison of Klebanoff’s Spectra with Hot Wire Spectra ............. 107

Figure 5.18. LDV Spectrum From Data Set 1 (102,400 points) Using DLPM .......... 108

Figure 5.19. LDV Spectrum From Data Set 2 (102,400 points) Using DLPM .......... 109

Figure 5.20. Average LDV Spectrum from 512,000 data points Using DLPM .......... 111

Figure 5.21. Average LDV Spectrum After Octave Averaging .................... 112

Figure 5.22. Average LDV Spectrum for 2DTBL Using DLPM in Log-Log Scale ....... 113

Figure 5.23. LDV Spectrum for 2DTBL Using DTM, 512,000 Data Points ............. 114

Figure 5.24. LDV Spectrum for 2DTBL Using DTM, Alter Octave Averaging .......... 115

Figure 5.25. Spectrum from Simulated Data Using ELPM ....................... 118

Figure 5.26. Spectrum for Simulated Sine Wave (f=200 Hz) using ELPM ........... 119

Figure 5.27. Spectrum for Vortex Shedding Flow Using ELPM .................... 120

Figure 5.28. LDV Spectrum for 2DTBL Using ELPM ............................ 121

Figure 6.1. Surface Flow Visualization ...................................... 126

Figure 6.2. Mean Flow Field in the Junction Vortex from Tree [23] ................ 127

Figure 6.3. Some Features of the Junction Vortex Flow ......................... 128

Figure 6.4. Time Resolved LDV Measurement Points .......................... 130

Figure 6.5. Mean Flow Field in the Junction Vortex ............................ 131

Figure 6.6. Computed Distribution of Vorticities (rad/sec) ....................... 133

Figure 6.7. Distribution of u Component Turbulence lntensities, ................. 135

Figure 6.8. Distribution ofv Component Turbulence lntensities, ................. 136

Llst of lllustrstlsns x



Figure 6.9. Locations of Histograms with Multiple Peaks ........................ 138

Figure 6.10. Selected Histograms of the u Component ......................... 139

Figure 6.11. Selected Histograms of the v Component ......................... 140

Figure 6.12. Effect of Amount of Data for Histograms .......................... 141

Figure 6.13. Reverse Flow Intermittency Distribution for the u Component .......... 143

Figure 6.14. Reverse Flow Intermittency Distribution for the v Component .......... 145

Figure 6.15. Reverse Flow Intermittencies Near the Separation Point .............. 146

Figure 6.16. Maximum Velocities in the Junction Vortex ........................ 148

Figure 6.17. Minimum Velocities in the Junction Vortex ........................ 149

Figure 6.18. Locations for Spectral Computations ............................. 151

Figure 6.19. Spectrum of u Component at x=-12.7 mm, y=5.1 mm ............... 153

Figure 6.20. Spectrum of u component at x=-12.7 mm, y=17.8 mm ............... 154

Figure 6.21. Spectrum of u Component at x=-12.7 mm, y=38.1 mm ............... 155

Figure 6.22. Spectrum of u Component at x=-38.1 mm, y=5.1 mm ............... 156

Figure 6.23. Spectrum of u Component at x=-38.1 mm, y=17.8 mm ............... 157

Figure 6.24. Spectrum of u Component at x=-38.1 mm, y=38.1 mm ............... 158

Figure 6.25. Spectrum of u Component at x=-50.8 mm, y=5.1 mm ............... 159

Figure 6.26. Spectrum of u Component at x=·50.8 mm, y=17.8 mm ............... 160

Figure 6.27. Spectrum of u Component at x=-50.8 mm, y=38.1 mm ............... 161

Figure 6.28. Spectrum ofv Component at x=-12.7 mm, y=10.2 mm ............... 164

Figure 6.29. Spectrum ofv component at x=-12.7 mm, y=17.8 mm ............... 165

Figure 6.30. Spectrum ofv Component at x=-12.7 mm, y=38.1 mm ............... 166

Figure 6.31. Spectrum ofv Component at x=-38.1 mm, y=10.2 mm ............... 167

Figure 6.32. Spectrum ofv Component at x=-38.1 mm, y=17.8 mm ............... 168

Figure 6.33. Spectrum ofv Component at x=-38.1 mm, y=38.1 mm ............... 169

Figure 6.34. Spectrum ofv Component at x=-50.8 mm, y=10.2 mm ............... 170

Figure 6.35. Spectrum ofv Component at x=-50.8 mm, y=17.8 mm ............... 171

Figure 6.36. Spectrum ofv Component at x=-50.8 mm, y=38.1 mm ............... 172

Llst of lllustratlons xl



List of Tables

Table 2.1. Nominal Laboratory and Wind Tunnel Conditions ...................... 17

Table A.1. LDV Data at (x,z)=(-3.2 mm, 0 mm) .............................. 183

Table A.2. LDV Data at (x,z) =(-6.4 mm, 0 mm) .............................. 184

Table A.3. LDV Data at (x,z)=(-9.5 mm, 0 mm) .............................. 185

Table A.4. LDV Data at (x,z)=(-12.7 mm, 0 mm) ............................. 186

Table A.5. LDV Data at (x,z)=(-15.9 mm, 0 mm) ............................. 187

Table A.6. LDV Data at (x,z)=(-19.1 mm, 0 mm) ............................. 188

Table A.7. LDV Data at (x,z)=(·21.8 mm, 0 mm) ............................. 189

Table A.8. LDV Data at (x,z)=(-25.4 mm, 0 mm) ..,.......................... 190

Table A.9. LDV Data at (x,z)=(·28.6 mm, 0 mm) ............................. 191

Table A.10. LDV Data at (x,z)=(-31.8 mm, 0 mm) ............,............... 192

Table A.11. LDV Data at (x,z)=(·34.9 mm, 0 mm) ............................ 193

Table A.12. LDV Data at (x,z)=(-38.1 mm, 0 mm) ............................ 194

Table A.13. LDV Data at (x,z)=(-41.3 mm, 0 mm) ............................ 195

Table A.14. LDV Data at (x,z)=(-44.5 mm, 0 mm) ............................ 196

Table A.15. LDV Data at (x,z)=(·47.6 mm, 0 mm) ............................ 197

Table A.16. LDV Data at (x,z)=(-50.8 mm, 0 mm) ............................ 198

Table A.17. LDV Data at (x,z)=(-54.0 mm, 0 mm) ............................ 199

Table A.18. LDV Data at (x,z)=(-57.2 mm, 0 mm) ............................ 200

Table A.19. LDV Data at (x,z)=(-60.3 mm, 0 mm) ............................ 201

Table A.20. LDV Data at (x,z)=(-63.5 mm, 0 mm) ............................ 202

Table A.21. LDV Data at (x,z)=(-66.7 mm, 0 mm) ............................ 203

Llst of Tables xll



Nomenclature
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e · 2.71828 ....
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N Total number of points

N„ No. of points in each slot

P Probability distribution function or probability

P, Total pressure from the Kiel probe

Q Dynamic pressure

Q. Dynamic pressure at the throat

r Lag number

R Gas constant for air

Re Reynolds number

R(1·) Autocorrelation function

S(t) Two-sided spectral density

T Record length

Nomenclature xlli



U,V Non-dimensionalized mean velocity components

u,v Instantaneous velocities

Ü,i? Non-dimensionalized turbulence intensities

u', v' Fluctuating components of u and v

Ü, V Mean velocities

V„ Velocity normal to the fringes

V. Mean velocity at wind tunnel throat

Var Variance

w(t) Window function

W(t) Fourier transform of w(t)

W,„, Fourier transform of rectangular window

W„„„ Fourier transform of Hanning window

x streamwise coordinate

x(t) Function oft

X(/) Fourier transform of x(t)

y Vertical coordinate

Greek Symbols

6 Boundary layer thickness

At Sampling interval or slot width

.•: Realtive error

0 Half-angle between the laser beams

J. Wavelength or mean sampling rate

p Viscosity of air

p Density of air

p„„ Density of air at
T_,

6 Standard deviation

Nomenclature xlv



1 time or time lag

1,,, Maximum time lag

Nomenclature xv



1.0 Introduction

The flow field in and around a turbulent junction vortex has been the subject of extensive in-

vestigations recently. The tlow in the turbulent junction vortex is highly complex. There is a

separation of the flow, accompanied by a prominent vortex (or system ofvortices) with a large

region of reverse flow, and the flow is highly three dimensional in nature. Accurate numerical
‘

simulation of such a tlow is very difücult because of a variety of reasons. the most important

reason being the lack of adequate turbulence models. The main thrust of the investigation

of the junction vortex tlow has thus been an experimental one. Most of the experiments were

concerned with documenting and understanding of the mean flow field. A few investigations

were aimed at determining the characteristics of the three dimensional turbulent boundary

layer and the Reynolds stresses. Many were just flow visualization studies. The experimental

results for the mean tlow field generally show a single well deüned vortex embedded in the

lower regions ofthe boundary layer and a singular separation point upstream from the leading

edge of the body.

But the actual flow in the junction vortex proves to be much more complicated than what the

mean flow and the turbulent stresses can describe. Hints of a very complex tlow phenomena

were first obtained from real time smoke flow visualizations. The smoke flow visualizations

revealed that the junction vortex is not such a well defined static structure as suggested by

the mean tlow results, but appears to be a very dynamic structure. Close observatlons of the

smoke flow visualizations show the whole vortex structure to be in constant, apparently ran-

dom movement, changing its size and position every instant. The motion of the vortex seems
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quite irregular, although clearly discernlble to the naked eye in the flow visualizations. This

extremely dynamic nature of the junctlon vortex was attributed to the strong time variance of

the junctlon vortex flow. lt should be noted here that any turbulent flow is time variant in na-

ture. The difference between the time variance of a typical turbulent flow and the time vari-

ance of the junctlon vortex flow appears to be mainly one of magnitude. The fluctuatlons ofthe

junctlon vortex flow were considered to be much stronger than the typical fluctuatlons ex·

pected ln turbulent boundary Iayers. To describe this very dynamic nature of the junctlon _

vortex flow, the words ’strong time variance’ or ’strongly time variant' will be used throughout

this report.

The strongly time variant behavior of the junctlon vortex flow led to questions as to whether

the flow is dominated by a characteristic frequency (as in the case of shedding vortices from

a cylinder) or a range of frequencies, and the spatial e><tent and the time variant position of

the vortex. The present investigation attempts to shed some light on this very complicated

time variant aspect of the flow through real time measurements.

1.1 Flow Geometry

The complex separated turbulent flow under investigation is the three-dimensional separated

turbulent flow centered about a junctlon or horseshoe vortex system. This type of flow field is

typically generated around an obstacle protruding through a turbulent boundary layer. The

dominant feature of this type of flow is a horseshoe shaped vortex (or system of vortices)

found near the intersection of the protruding obstacle and the flat surface on which the tur-

bulent boundary layer is growing. The flow in the present investigation is generated by placing

a streamlined cylinder normal to a flat surface in a thick turbulent boundary layer as shown

in Fig. 1.1. The physical mechanlsm responsible for the formation of this vortex is the total

pressure gradient near the leading edge of the obstacle resulting from the upstream boundary

layer flow.

4 Introduction 2
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This type of flow is encountered frequently in a wide variety of real world flow circumstances.

Among these are the flow around bridge piers in rivers, around buildings and structures in

an atmospheric boundary layer, at wing-fuselage junctions, at strut·surface junctions, control

surface-body junctions, at strut-surface junctions in turbomachine flow passages, at the lead-

ing edge junction between turbomachine blades and end walls, around submarine sail—huIl

and control surface junctions, and in and around ship hull-strut intersections.

For ease of reference, the total flow system is arbitrarily divided into four regions, which in-

clude :

1. The three-dimensional pressure-driven turbulent boundary layer-like flow upstream

and around the body but excludlng the separated flow.

2. The three-dimensional separation region including the separation sheet/envelope

and the three-dimensional junction vortex system which is contained between the

separation sheet and the body itself, including the flow forward of and around the

body sides to the trailing edge.

3. The near-wake flow dominated by the strong mixing ofthe tails ofthe junction vortex

system coming off the two sides of the body, as well as the wake from the boundary

layers developed on the body sides and mixing with the adjacent boundary layer-

Iike more remote floor flow.

4. The far-wake flow where the various complex turbulent flows in region three con-

tinue to mix and homogenize to some extent toward a more typical boundary

layer-like downstream flow.

The present study is conducted in region two in the junction vortex, and is especially con-

centrated on the flow forward ofthe leading edge in the plane of symmetry. In connection with
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the present work, the word junction vortex will be used to refer to this region under investi-

gation.

1.2 Prevlous Studies

An extensive body of literature [1-37] exists on the junction vortex flow. Most studies [1-14]

concentrated on the mean flow field, surface pressure distributions and surface flow visual-

izations. Turbulent stresses were also reported along with the mean flow results in some of

the investigations [15-23]. The experimental results generally show a single vortex embedded

in the boundary layer and a singular separation point upstream of the body. From topological

considerations, multiple counter-rotating vortices have been predicted by Hunt, et al. [24], and

some evidence of this can be found in Baker [9], lshli and Honami [12]. The question of mul-

tiplicity of vortices is discussed in Pierce and Tree [25].

Computational studies of the junction vortex flow are not very abundant, probably because of

the great complexity of the flow field, and the difficulty of finding an appropriate turbulence

model. Gorski, et al. [26] attempted to simulate the incompressible turbulent junction vortex

flow in the region between the leading edge and the trailing edge of the body. They used a

parabolic marching method, using experimental results of Shabaka [16] as the initial condi-

tions. They compared the results from an eddy viscosity turbulence model to the results from

the k — 6 model and found that the k — 6 model yielded better results. Smith and Gajjar [27]

used triple deck theory to calculate the incompressible laminar flow in a wing-body junction,

assuming large Reynolds number flow. Kaul, et al. [28] simulated the incompressible laminar

flow around a cylinder-endwall junction by solving the three-dimensional Navler-Stokes

equations. A Reynolds number of 1000 based on the cylinder diameter was used in their

computations. Briley and McDonald [29] solved the three-dimensional compressible Navier-

Stokes equations for a laminar junction vortex created at the intersection of an elliptical strut

and a flat plate. Their study was conducted for a Reynolds number of 400 (based on the body
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chord) and a Mach number of 0.2. Moore and Moore [30] solved the turbulent junction vortex

flow in a turbine cascade. Their numerical solution method used tinite difference methods

along with a pressure correction procedure. The Prandtl mixing length turbulence model was

used. There was a notable lack of any e><tensive and self consistent data bases against which

to compare or calibrate the computational methods. To fulfil this requirement, Pierce, et al.

[2,3] have developed a self consistent data base for a turbulent junction vortex flow.

The strongly time variant nature of the junction vortex flow has not received much attention,

excepting the investigations of turbulent stresses. Rood [32] investigated the existence of what

he termed as ’Iarge scale, time dependent structures’ in the junction vortex flow. He argued

that the large scale structure can be identified by a phase relationship between the instanta-

neous velocity fluctuations in the junction vortex. To determine the large scale spatial struc-

ture, he mapped contours of correlation values between veloclties at two spatially separated

points, using the maximum value of the coherence function as a measure of the correlation

between two points in the flow field. From the correlation contours, he determined the spatial

extent of large scale structures in the junction vortex. This investigation was extended to the

wake region by Rood and Keller [33]. Rood [34] also used the correlation technique to in-

vestigate the influence of the body leading edge (nose) radius on the spatial extent of the

junction vortex in the wake region, when the body was placed at a small angle of incidence.

ln another investigation, Rood and Anthony [35] studied the effects of different trailing edge

profiles on the junction vortex flow in the wake region, again for a body placed at an angle of

incidence. Hasan, et al. [36] studied the wall pressure field around a wing-bodyjunction. They

analyzed the wall pressure fluctuations for their spectral content and concluded that the effect

of the adverse pressure gradient due to the presence of the wing is to increase the low fre-

quency content of the pressure fluctuations while decreasing the high frequency content. An

interesting report on the time variant characteristics of a Iaminar junction vortex flow was

presented by Thomas [37]. He presented pictures of hydrogen bubble flow visualizations in the
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plane of symmetry upstream of the body. The pictures from the visualizations show evidence

of a periodic generating and shedding of vortices from the separation line.

1.3 Present Investigation

The study reported here focuses on the strongly time variant behavior ofthe flow in a turbulent

junction vortex. Understanding of such a flow is important from the basic fluid dynamic point

of view insofar as it sheds light on the behavior of large scale vortices embedded in a turbu-

Ient flow field. lt can be speculated that vortices generated by other flow circumstances may

behave in a similar way as the junction vortex. lt may also help in improving the under-

standing the underlying mechanisms producing such strongly time variant flows. This study

may also be useful in the selection of an appropriate turbulence model for numerical compu-

tations.

It is also speculated that the unsteady flow field in the junction vortex is a possible source of

noise, produced by both hydrodynamic sources and surface noise through wall pressure

fluctuations. ln many practical situations, it is important to control or reduce the noise level.

A relevant example is underwater surveillance of submarines. The achievement of a lower

noise level would be useful in escaping detection. Also any unique characteristics ofthe noise

generated by the junction vortex would be undesirable as this signature could be used for

identification.

lt is also expected that the unsteadiness of the junction vortex gives rise to unsteady forces

on the body. A characterization of the unsteady forces may be of interest to a designer.

The present study of the strongly time variant flow in the junction vortex consists of spectral

analysis and time resolved measurements of the velocity fluctuations. A frequent question

concerning a time variant phenomena is whether there are any dominant periodic compo-

nents. A spectral analysis is usually conducted for this purpose. Conducting a spectral
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analysis may be relatively simpler in many situations. ln the junction vortex flow many com-

plications arise which make it very difficult to estimate spectra. ln the case of velocity spectra,

the first difficulty is encountered in the choice of a measurement system for obtaining velocity

signals. For reasons which will be discussed later, the only reliable velocity signal obtainable

from the junction vortex flow is through the use of a laser Doppler velocimeter. The laser

Doppler system used for the experiments was equipped with a burst type counter processor.

This compicates the spectral estimation process even further because the signal obtained

from a counter processor ls not a continuous one. Rather the data is obtained in a random

fashion depending on the arrival ofthe seeding particles. In the usual spectral analysis, it is

assumed that the data is available either in a continuous form or in an uniformly sampled

manner. The only kind of velocity data available for the junction vortex flow using a LDV is a

randomly sampled velocity signal. The problem then is how to estimate spectra from this

non-uniformly sampled velocity data.

The various methods available for spectral estimation of non-uniformly sampled data were

discussed first. The performance of these methods were then evaluated for various simulated

data and real flow circumstances. Based on the results of this evaluation, a best method was

chosen and applied for estimating spectrum from the velocity fluctuations in the junction

vortex.

The time resolved velocity measurements were made with a laser Doppler velocimeter in the

plane of symmetry. From the time resolved velocity measurements, the spectra and various

other characteristics of the strongly time variant flow were computed in addition to the mean

velocities and turbulent stresses.

The following chapters describe this experimental study of the strongly time variant flow of a

turbulent junction vortex. Chapter two contains a description of the equipment used in the

experiments and the coordinate system. The methods of spectral analysis for both uniformly

and non-uniformly sampled data are described in Chapter three. Chapter four discusses the
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experimental methods used. The results of the investigation of the performance of various

spectral analysis methods for non—uniformly sampled data are presented in Chapter tive.

Chapter six contains the results ofthe spectral analysis and the time resolved measurements

of the velocity tluctuations in the junction vortex. A brief summary of the experimental study

and the results is given in Chapter seven.
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2.0 Facilities

2.1 Cylindric Body

The turbulent junction vortex is generated by placing the streamlined cylindric body shown in

Fig. 2.1 in the turbulent boundary layer on the flat floor of the wind tunnel. The flat sides of the

cylinder terminate in a sharp trailing edge and are tangent to the circular leading edge of the

body. The cylinder has a leading edge diameter (maximum thickness) of 127 mm, an overall

length (chord) of 298 mm, and a height of 229 mm.

This particular body geometry was selected by Pierce et al. [2,3] as a standard test case for

evaluating predictive capabilities of numerical codes attempting to solve a complex three-

dimensional turbulent flow problem. lt was selected to generate a strong surrounding three-

dimensional turbulent boundary layer and a physically larger junction vortex flow. An exten-

sive data base is available [2,3] for the flow field around this body, as well as in the wake re-

gion. The measurements were taken with a five-hole probe. In the plane of symmetry forward

to the leading edge, an additional set of LDV measurements made by Tree [23] are also

available.

Other bodies with different dimensions have been used by various people to generate the

junction vortex flow. For example, Dickinson [10] used a NACA 0020 profile, and Devenport and

Simpson [22] used a NACA 0012 proüle in their experiments. The body used in the present

experiment has a higher thickness to chord ratio than the NACA profiles.
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Figure 2.1. Cylindric Body and the Coordinate System
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2.2 Coordinate System

The righthand orthogonal coordinate system used to describe this flow is also shown in Fig.

2.1. The origin of the coordinate system is at the intersection of the floor center line with the

leading edge of the body. The flow is in the positive x direction. The x direction may some-

times be referred to as the streamwise direction and the y direction as the vertical direction.

2.3 Region Under Investigation and Choice of Equipment

The experiments reported here are concentrated on the upstream plane of symmetry. The

measurement area includes the separated region containing the junction vortex. The meas-

urement region extends 83 mm in front of the body leading edge and 51 mm above the wind

tunnel floor as shown in Fig. 2.2. The flow field in this region is characterized by the following:

1. The flow is highly turbulent.

2. There are large areas of both instantaneous and mean reverse flow.

3. A large portion of the flow has very high pitch angles. That is, u and v components

ofthe flow are comparable in magnltude.

The use of a pressure probe for flow measurement in this region may be questioned because

of problems inherent with any type of physical pressure probe measurements. These include

·the following:

1. Question of interference with the flow because of the physical insertlon of a probe

in the flow field.

2. Does not detect flow reversal.
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3. Difficult to interpret in zones of high local turbulence intensity.

A hot wire/film anemometer system also suffers from similar disadvantages. In addition, an

assumption that the flow is dominant in one direction (v/u < < 1) has to be made for the sensor

analysis of a hot wire anemometer response. ln the junction vortex flow, velocities in both the

x and y directions are comparable in magnitude and hence a sensor analysis assuming a

single dominant flow velocity is not valid. A hot wire anemometer system also has the disad-

vantage of requiring very careful and frequent calibrations.

To overcome these problems, a frequency shifted LDV was chosen to investigate this region

of the plane of symmetry flow field. Being an optical technique, it eliminates probe interfer·

ence effects. Spatial resolution was significantly improved, and its directional sensitivity al-

lows easy measurements in the reversed flow region. Despite its high cost and the large effort

required to set up, the LDV is still the most attractive means of gathering reliable velocity data

in this type of complex flow.

2.4 Wind Tunnel

The experiments were conducted in an open circuit, subsonic wind tunnel shown in Fig. 2.3.

Air is drawn into the wind tunnel through a rectangular inlet 3.66 m wide and 2.44 m high (flow

area equal to 8.92 mz) and passes through a series of ülters and flow straighteners. A 16 : 1

area ratio contraction follows the inlet and is designed to produce a uniform, non-accelerating

flow at the exit of the contraction area (henceforth referred to as the throat). The boundary

layer is tripped on all four sides of the wind tunnel throat with 2.8 mm diameter rods. A 1.6

mm diameter pitot tube is positioned at the throat to measure the air speed. The wind tunnel

has adjustable Iouvers at the discharge end to control the Reynolds number. Air speeds of

up to a maximum of 25 m/s can be attained in this tunnel.

l Facilities 14
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The test section is a rectangular channel 0.91 m wide, and 0.61 m high (flow area equal to 0.56

mz, aspect ratio equal to 1.5). The streamlined cylindrical body is placed 5.0 m downstream

of the throat of the wind tunnel.

One side wall of the test section is made up of transparent material (plexiglass) to allow ac-

cess for LDV measurements. Since minor surface scratches in the access wall may degrade

the LDV signal to noise ratio, both the inner and the outer surfaces of the side wall were kept
‘

polished and scratch-free.

ln order to make LDV measurements close to the floor, undesirable diffuse reflections from the

floor produced by the laser beam must be eliminated. A highly polished aluminium plate was

used as the floor of the test section to reduce diffuse reflections and allow measurements

close to the wall.

Dynamic similarity for the low-speed, three-dimensional study was achieved by maintaining

a constant Reynolds number at the wind tunnel throat. The Reynolds number per unit length,

Re _ PV·
L

-—-ll (2.1)

was equal to 1,340,000 per meter, where V. is the mean velocity at the wind tunnel throat.

Table 2.1 summarizes the nominal laboratory and tunnel conditions for the experiments.

2.5 Calibration Wind Tunnel

Hot wire calibrations were conducted in a separate calibration wind tunnel. The calibrations

were performed in the center of a large free jet leaving the wind tunnel duct. Air speeds in the

core of this large jet ranging from 5 to 40 m/s at a turbulence intensity level of less that 1

percent were possible in this wind tunnel.
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Table 2.1. Nominal Laboratory and Wind Tunnel Conditions

Ambient Temperature 25 C

Barometric Pressure 94.5 kPa

Dynamic Pressure at Tunnel Throat 0.274 kPa

Reynolds Number at Throat
‘

980,000

Pressure Drop Through lnlet Section 45 Pa

Flow Parameters at Test Section 2

Freestream Turbulence lntensity 0.5% · 0.6%

Freestream Speed/Speed at Throat 1.077

Boundary Layer Thickness 81.6 mm

Displacement Thickness 10.5 mm

Momentum Thickness 8.09 mm

Skin Friction Coefiicient 0.00256

l Based on the hydraulic diameter ·

2 Test section refers to a streamwise position 5.0 m downstream of the wind tunnel throat
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2.6 Laser Doppler Velocimeter

A two-color, two-component, frequency shifted laser Doppler velocimeter (referred to as LDV)

system was used to gather the experimental data. The laser Doppler velocimeter, sometimes

called a laser Doppler anemometer, is a system using optical techniques for measuring in-

stantaneous velocities in fluids. Unlike other flow measuring devices, the LDV has the advan-

tage of being a non-intrusive method. Thus the uncertainty of interfering with the flow field by

the introduction of a physical probe is completely eliminated. A LDV is sensitive only to the

velocity of the flow and is not affected by fluctuations of temperature, pressure, or fluid prop-

erties. The device is also linear, so it does not require extensive and frequent calibrations. ln

difficult flow measurement situations, such as measurements in recirculating or separated

flows, and in flames or combustion gases, the LDV, however complex, onen appears as the

most reliable method of measurement.

2.6.1 Theory of Laser Doppler Velocimeter Operation

Only a brief review of the theory behind the operation ofthe LDV is presented here. A number

of books [38-40] treat the subject in detail and should be consulted for further reference.

A laser Doppler velocimeter measures the velocity by detecting and measuring the Doppler

shin of monochromatic light scattered from a moving object. ln velocity measurements, the

moving object is generally a particle in the flow. The flow is typically seeded with the particles,

although particles naturally present in the flow are onen used to scatter the incident light. The

particles are assumed to be small enough so that they follow the fluctuations of the flow to a

high degree.

A measurement is made when a particle, moving with the flow, scatters the incident light in

all directions, and a portion of this scattered light is collected from any direction by a

photodetector. The frequency of the scattered light collected by a stationary detector is
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Doppler shifted and the shift is referred to as ’the Doppler frequency of the flow'. The Doppler

frequency is proportional to the particle velocity and hence, to the flow velocity.

2.6.2 Seedlng of the Flow

ln laser Doppler velocimetry the velocity actually measured by the instrument is the velocity

of small particles suspended in the flow. ln order to infer fluid velocities from the measured

particle velocities, the particles are assumed to accurately follow the flow. Furthermore, these

particles must be good light scatterers, their concentration should be high enough to produce

a desirable data rate, they must be conveniently generated at low cost, and they must be

non-toxic.

In the present experiment the seed was generated from a seeding solution made from 20

percent cane sugar and 80 percent water (by volume). The solution was atomized and sprayed

into the flow by compressed air near the throat of the wind tunnel. The atomized liquid drop-

lets were spherical in shape and were roughly one micron in diameter.

2.6.3 The Frlnge Model

This experiment used a dual beam system, a common arrangement where two laser beams

of equal intensity are focussed at a point in the flow field. This arrangement has a pair of

beams for a single channel system measuring one component of the flow velocity. The op-

eration of the LDV ls best explained by a model known as the fringe model.

When two similarly polarized, monochromatic, Gaussian laser beams of equal intensity inter-

sect at an angle (Fig. 2.4), a set of parallel fringe systems are formed at the intersection re-

gion. The distance between the fringes, d,, is given by the equation
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J
d = 2 sin 6 (2*2)

where J is the wavelength of the laser light, and H is the half-angle between the two beams.

2.6.4 The Scatterlng Volume

The region where the two beams intersect is called the scattering volume. lt is ellipsoidal in

shape (Fig. 2.5), and its boundary is defined by a surface of constant light intensity, lo/ez, where

l„ is the light intensity at the center of the incident beams. When a small particle passes

through the scattering volume, it will encounter alternating light and dark regions of the

fringes. The light scattered by the particle will vary in proportion to the intensity ofthe incident

light in these light and dark fringes.

2.6.5 The Doppler Burst

The intensity variation of the scattered light is converted by a photodetector into a voltage

signal whose amplitude is directly proportional to the scattered light incident on the detector.

A representative voltage trace for a single particle going through the scattering volume is

shown in Fig. 2.6. It is made up of a sinusoidal ac component superimposed on a Gaussian

mean, and it is usually called a Doppler burst. The mean value, resulting from the particles

crossing a region with Gaussian-shaped light intensity, is referred to as the pedestal and is

removed by high-pass filtering prior to any signal processing. The sinusoidal component has

a unique frequency, commonly termed the Doppler frequency, ß, and is given by

V„ V„2 sin 0
fD —

E

—

TwhereV„ is component of the velocity normal to the fringes.
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The velocity of the particle is then given by

V" = (2.4)

Since 11 is known for a given type of laser and 6 is determined from the geometry of the

transmitting optics, measurement of the velocity simply involves the measurement of the

Doppler frequency. Furthermore, since J. and 9 are fixed for a given experiment, the above

equation is linear. Thus, there is no need for a calibration and all the problems associated

with calibration can be avoided.

2.6.6 Direction Senslng by Frequency Shift

The symmetry of the photodetector signal generated by a particle going through the scattering

volume shows that the frequency of the signal does not indicate whether the particle velocity

is positive or negative. The direction of the particle motion is obtained by using a frequency

shift system. The addition of the frequency shift system results in a particle with zero velocity

generating a photodetector signal having a frequency equal to the shift frequency. From a

fringe model viewpoint, the effect of the frequency shift is explained by a set of fringes moving

at a velocity consistent with the shift frequency. The motion of the fringes against the direction

of motion of the particles gives a higher frequency while motion of the fringes in the direction

of motion of the particles gives a lower frequency.

2.6.7 Signal Processing with Counters a

A number of methods can be used to determine the Doppler frequency in a Doppler burst.

Methods that have been successfully employed include photon correlation, spectrum analysis,

frequency tracking and frequency counters. With the rapid advancements in digital electronics

in recent years, counters have become the most popular technique. In the LDV set up used for
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the current investigation, a commercially available counter made by DISA (now DANTEC) was

used.

The counter basically functions as a high-speed electronic stop-watch. Using an internal,

high-speed clock the LDV counter measures the time taken for a particle to cross a given

number of fringes. From this, the time required to cross one pair of fringes, which is equal to

the Doppler period, is computed. The Doppler frequency is then computed simply by inverting

the Doppler period.

Counters are generally equipped with validation clrcuits which perform a check on the data.

The purpose of this validation check is to verify the self-consistency within a single Doppler

burst. Since a Doppler burst is characterized by a single frequency, the Doppler period

computed from 5 fringe crossings and the Doppler period computed from 8 fringe crossings

should be approximately the same. This ls determined by performing the following compar-

ison in a validation circuit

100 x ——?——— s 6 (2.5)
TTS

The parameter 6 is externally user selectable in most counters, and it is usually set in the

range of one to ten percent.

lt should be noted here that the validation check does not reflect the accuracy of the Doppler

frequency measurement. Rather, it indicates the repeatabllity of the measurement within a

single Doppler burst. Any burst that falls this validation check is rejected from further proc-

essing. While there are a number of reasons that can lead to a rejected Doppler burst, the

primary cause is simultaneous multiple bursts. This condition occurs when multiple particles

are present within the scattering volume, and the Doppler burst from one particle is super-
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imposed on the Doppler burst generated by another particle or particles. The resultant mixed

burst is not characterized by a single frequency and so it is rejected.

2.7 Characteristics of LDV Data from Counters

lt is clear from the above descriptions that the following conditions should be met for the LDV

system to get an output.

1. A scattering particle goes through the scattering volume and generates a Doppler

burst.

2. The Doppler burst ls validated by the valldation circuitry.

Since the arrival ofthe particles in the scattering volume is random, the output data from the

counters are placed in a random fashion in time. Most counters are also equipped with an

analog output. The analog outputs operate essentially with a sample and hold scheme. That

is, the output level is kept constant at the previous value until new data arrives. To obtain a

reasonable representation ofthe contlnuous time series in an analog output, a very high data

rate is needed, which is a luxury not practically obtalnable in most LDV systems.

2.8 Hot-Wire Anemometer System

A hot wire anemometer system was used for measuring spectra for comparison purposes in

a two·dimensionaI turbulent boundary layer and behind a vortex shedding cylinder. A single

hot wire mounted normal to the flow was used for this purpose. The anemometer system uti-

lized a DISA constant temperature anemometer bridge. The output from the bridge was cali-

brated very carefully ln the calibration wind tunnel. The calibrated output was then passed

through a Iinearizer and anti-aliasing filter. The output signal was analyzed for the spectra

using a DATA 6000, an advanced digital waveform analyser. The DATA 6000 can acquire data
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on two channels simultaneously and perform various mathematical analysis (FFT,

autocorrelation etc.). It also has two disk drives which can be used to store the data.

2.9 Computer Data Acquisition and Analysis

Individual Doppler frequencies measured and validated by the counter are available in binary

form. An interface is used to transfer this data directly to a DEC PDP11 minicomputer via Di-

rect Memory Access (DMA). The DMA transfer protocol bypasses the CPU and thus achieves

a much faster data transfer rate. The data is then stored in a hard disk from where it can be

subsequently recalled for analysis.

Data collection was accomplished by DRP3, a commercially available software package mar-

keted by TSI Inc. In addition to data acquisition, the program performs various statistical data

analysis and has the capability of graphical display of results.

For the purpose of spectrum analysis, the data was sent to the IBM mainframe computer for

further computations. Analyses of the data for evaluating time variant flow properties were

done in the minicomputer itself. For this purpose, the program DRP3 was modified and suit-

able subroutines were incorporated.

2.10 Statistical Blas Errors In LDV Measurement

2.10.1 Veloclty Blas

A Burst mode laser velocimeter produces a velocity output whenever a particle is passlng

through the measurement volume. The arrival rate of measurement particles is not statis-

tically independent of the flow velocity which brings them to the measurement volume. More

particles with higher velocities will arrive in the measurement volume. As a result, computed

averages are likely to be biased ifa simple averaging is used.Facilities 27



To correct for this bias, a residence time weighting technique has been used. This method has

been recommended for use with all data densities by the 1985 ASME panel of the Second

International Laser Anemometry Symposium [41]. In this method, the amount of time that a

particle spends in the measurement volume is measured in addition to the particle velocity.

This residence time is then used as a weight to remove the velocity bias. Thus the mean is

calculated as

ZI/Fi
Mean = ———— (2.6)Bi

where v, is the velocity obtained in the i"' measurement and 1, is the corresponding residence

time. Higher moments are calculated in the same fashion.

2.10.2 Fringe Blas

Fringe bias is caused by the fact that real processors cannot measure all speeds at all angles.

lt is also referred to as angle bias. This bias can be almost completely eliminated in a prop-

erly used frequency shifled LDV system. This problem has been discussed in great detail by

Tree [23]. His recommendations for eliminating the fringe bias have been followed in the

present investigation. '
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3.0 Spectral Analysls

3.1 Introduction

Spectral analysis of a signal is the use of a processing method which characterizes the fre-

quency content of the signal. Usually, spectral analysis is used to determine the distribution

of the mean square value over the range of frequencies of interest. In electrical engineering,

the spectrum is often described as a distribution of power, which comes from the fact that the

power dissipated in an electrical circuit is proportional to the mean square value of the volt-

age (or current) applied.

Statistics plays an important role in spectral analysis because, in practice, 1) the signals en-

countered are inherently random in nature, and 2) only a finite segment of a random signal is

available so that only an estimate of the spectrum can be obtained. If the signal is

deterministic, that is, a signal which can be predicted for all times, the problem of spectral

analysis becomes relatively simpler.

The word 'signal’ used in the preceding description is borrowed from electrical engineering

terminology. A more general term is a ’time series’ and it will be used throughout this report.

A time series is defined here as a discrete series obtained by sampling a random or non-

deterministic function x of an independent variable t . ln most situations, the function x(t) will

be a function of time, but in some cases it may be a function of some other physical parameter

t , where for example, t could represent a space variable.
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3.2 Random Processes

A random variable is a variable whose value cannot be predicted accurately, except to the

extent that it may take on one of a set of values, each with some probability. Similarly, a

random process is a function x(t) whose value at any point oftime cannot be predicted, except

probabilistically. A random process is thus essentially described by its probability distribution.

Stationarity is a very important concept for random processes. ln a loose and descriptive

sense, it means ’unchangingness’ in time of the underlying generating mechanism for the

random process. The idea of stationarity is that the behavior of a set of random variables at

one time is probabilistically the same as the behavior of another set of the same random

variables at another time.

Mathematically, in the general case of n random variables, we can capture this property by

making the linite dimensional probability distribution time invariant [42]. If the joint probability

distribution function is denoted by

P[x1(t1)• x2(t2)- ¤ xn(tn)]•

then a random process is strictly stationary if

P[X1(t1 + Ü· X2(t2 + Ü· ·
Xn(tn + Ü] = P[X1(11)· x2(t2)¤ ·Xn(1n)] (3-1)

for all possible t,, tz, , t„ and 1.

Thus the probability distribution depends on the relative time separations, |t,— t]|,of the ran-

dom variables but not on their absolute time locations t,, tz, , t„. Another way of saying this

is that the probability distribution associated with any set of times t,, tz, , t„ is the same as

that associated with any other set of times obtained by translating t,, tz, , t„ ahead or back-

ward by an amount 1 .
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Offen a less strict definition of stationarity called weak stationarity is invoked. A random

process is called weakly stationary ifthe mean ls a constant and the autocorrelatlon function

is a function of only the time separation. Sometimes other terms as second order stationary

or wide sense stationary are also used to denote weak stationarity.

Another important concept is the property of ergodicity. Usually statistical ensemble averag-

ing is used to define the mean, autocorrelatlon and spectral densities of random processes.

However, in practice, an ensemble averaging is often impossible and it is desirable to esti-

mate all statistical properties from a single sample time series x(t) by substituting time aver-

ages for ensemble averages. The property of the random process necessary to allow this is

called ergodicity. A stationary random process is said to be ergodic if all its statistics can be

predicted from a single time series via time averaging, regardless of the origin of the time

series. That is, the time averages of all possible single time series are equal to the ensemble

average.

A stationary ergodic process will always be assumed in the following discussions. lt is also

convenient to subtract the mean value from the time series prior to analysis, leaving a sta-

tionary ergodic process with zero mean.

3.3 Definitions

There is considerable disagreement in the literature about the terminology in spectral analy-

sis. Different names have been used in the literature for the same term. To avoid confusion,

some terms are defined in the following. Various names in use for the same term have been

listed in these definitions.
l
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3.3.1 Autocorrelation

For a continuous signal, x(t), from a stationary random process with zero mean, the

autocorrelation function, R(1), is defined as

1 T
R(1)= lim — x(t) x(t+·r) dt (3.2)

T—•oo T 0

where T is the total length of the record and 1 is the lag time at which the products

x(t) x(t + 1) are computed.

The autocorrelation function is usually defined as in Eq. 3.2 in engineering texts [43,44]. Sta-

tistics te><ts [42] sometimes use the term autocovariance function for the definition given in

Eq. 3.2 and use the term autocorrelation function for the autocovariance function normalized

to have magnitude Iying between zero and unity.

Two important properties of the autocorrelation function are worth mentioning. Firstly, the

autocorrelation function at zero lag time gives the variance of the signal.

R(0) = E[x2] (3.3)

where E denotes the expectation operator.

Secondly, the autocorrelation function is an even function, that is,

R(1) = R( — 1) (3.4)
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3.3.2 Spectrum

The spectrum or spectral density, S(f), is defined from the autocorrelation function by a Fourier

transform,

00

$(1)
af

R(1)
6‘*2"" 61 (3.5a)

*00

The inverse Fourier transform gives back the autocorrelation function,

OG

R(1)
={(‘

$(1) 6/2"" df (3.5b)
*00

Since the autocorrelation function is an even function, Eq. 3.5a can be written as,

00

S(/)
=j·

R(·r) COS(21'l'fT) dr (3.6)
*X

The complex part drops out because ofthe symmetry of the autocorrelation function. Thus the

spectral density is always a real quantity.

Symmetry of R(·:) also allows Eq. 3.6 to be written as,

O9

S(l) = 2f R(·r) c0S(21rf1·)d·r (3.7)
0
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The spectrum, S(/), defined here is sometimes called a two-sided spectrum. That is, the

spectrum is defined and assumed to exist for a frequency range extending from —oo to oo .

In practical computations only positive frequencies are encountered and a one sided definition

ofthe spectral density. GU), where the spectrum extends from 0 to oo, is used. The relationship

between the two definitions is given by

G(/) = 2S(f) fz 0
(3.8)

= O f< Ü

The one sided definition of spectral density will always be used in the results presented in this

report.

According to the above definitions, the unit of spectral density is given by xz/Hz .

In some of the literature, the angular frequency, w, is used instead of f in the definition of

spectral density. ln such cases, a factor of 21: is usually included in or shared by Eq. 3.5a and

Eq. 3.5b.

Other terms used for the spectral density are power spectral density, power spectrum, or

simply spectrum.

3.4 Spectral Estlmatlon for Unlformly Sampled Data

This section contains a brief description of the spectral estimation methods for uniformly

sampled data. A number of good textbooks [42-46] are available on this subject and should

be consulted for further reference.

In the classical methods of spectral estimation, the continuous signal is always uniformly

sampled. That is, the values of the time series are available at equidistant points in time.

Spectral Analysis 34



Basically there are three types of approaches for spectral estimation from uniformly sampled

data. These are:

1. The correlogram or Blackman·Tukey method. This method involves computing the

autocorrelation function of the time series and then taking the Fourier transform of

the autocorrelation function.

2. The periodogram or the direct Fourier transform method. The Fourier transform of

the original time series is computed, and the square ofthe magnitude of the Fourier

transform gives an estimate of the spectrum.

3. The bandpass filter method. This involves the use of digital bandpass filters (or an-

alog ülters if the analog signal is analyzed), one for each frequency range of inter-

est. The output ofthe filter is squared and averaged to yield the spectrum.

The three different methods of spectral anlysis have been shown to be equivalent (see [45] for

further references). It should be noted that the equivalence is valid only under limiting con-

ditions, so that actual results obtained by different methods may not be exactly equal.

The correlogram and the Fourier transform method are described in the following. The

bandpass filter method is not very popular for discrete data, and will not be discussed here.

3.4.1 Correlogram Method

This is also known as the Blackman-Tukey method [46]. The autocorrelation function is first

estimated and then the spectrum is computed from the Fourier transform of the

autocorrelation function.

For a uniformly sampled discrete time series of finite length, the autocorrelation function is

estimated by,
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N—r

l$(1·) = /$(rAt) =ÜZx(n) x(n + r), r = 0,1,2, ,m (3.9)
I'l=1

where x(n) is the time series of N points, At being the time interval between points. The lag

number is denoted by r and m is the maximun lag up to which computations are performed.

Usually the number of points, N, is taken to be at least 10 times the maximum lag, m. The hat

will be used throughout this report to denote estimated quantities. It is enough to calculate the

autocorrelation function at positive lag values because of the symmetry of the autocorrelation

function.

The spectral density was defined as the Fourier transform of the autocorrelation function as

shown in Eq. 3.5a. For a discrete time series, the spectral density is given by the discrete time

Fourier transform of the autocorrelation function.

°° .
$(1) = At

e‘l2""^‘
(3.10)

f=—oo

or using Eq. 3.6,

00

S(f) = At 2 R(rAt) cos(2nfrAt) (3.11)
I'=—oo

I
The correlogram method of spectral density estimation simply substitutes a tinite sequence

of autocorrelation estimates for the inflnite sequence of unknown true autocorrelation values.

For example, substitution of the autocorrelation estimates I$(rAt) up to a maximum lag m

yields the following spectral density estimator,
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m
§(/) = At R(rAt) cos(2¢:frAf) (3.12)

f=—IT|

Using the one sided definition of the spectral density, Eq. 3.12 can be written as,

m
A A A

G(I) = 2At R(O) + 2ZR(rAt) c0s(21rfrAt) (3.13)
I'=1

Blackman and Tukey, in their pioneering work [46], computed the spectral density from the

autocorrelation function by a slightly different formula,

m-1
A A ^ A
G(f) = 2Af R(O) -+- 2ZR(i) cos 21:fiAt + R(m) cos 21¢fmAt (3.14)

l'=1

This formula is obtained by using Eq. 3.5 and a trapezoidal integration formula. The two

equations differ only by a factor of 2 in the last term of the summation in Eq. 3.13. Results

obtained from these two equations will differ by a small amount when no windows are used.

lf a window function is used, the results will be identical since the window goes to zero for the

last term.

The frequencies at which spectra are calculated are given by,

(3.15)
* 2mAz ‘ ‘ ‘ ' '

This produces (m +1) equally spaced spectral estimates. This frequency spacing was first

suggested by Blackman and Tukey from degree of freedom considerations and is conven-

tionally used now.
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Equation 3.14 can be rewritten in a computational form as,

m-1
^ ^ ^ . nik ^G(f) = 2At R(0) + 2ZR(1) cos F- + R(m) cos nm , k = 0,1,,m (3.16)

l=1

Two other important considerations in the estimation of spectrum are the use of a window

function and the upper limit of the frequency up to which spectral estimates can be computed.

These topics are discussed in detail later.

3.4.2 Periodogram Method

ln this approach the data set is Fourier transformed directly and the squared magnitude ofthe

Fourier transform then gives an estimate of the spectrum [44]. For a finite data set

x(0), x(1), , x(N -1) ofN samples, the discrete Fourier transform, X(f), is given by,

N-1 l
x(r) (3.17)

r=O

The periodogram estimate is then given by

^ 2At 2
G(f)=T· |X(¢)| (3-18)

The Fourier tansforming is usually performed with a Fast Fourier Transform (FF'l') routine. The

data set is usually multiplied by a window function prior to the Fourier transformation.

The frequencies at which spectral estimates are calculated are given by

f =l— k=O 1 N (3.19)k 1 1 1 1

·
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This produces independent spectral estimates at N equidistant points.

This estimator is known to be inconsistent, that is, the variance does not decrease as the re-

cord length is increased. Some sort of averaging procedure must be adopted with this ap-

proach to get consistent estimates. The different methods of averaging are discussed in detail

later.

3.4.3 Effect of Finite Record Length and Windowlng

The definition of a spectrum involves the use of an Infinite record length (see Eq. 3.5a). Since

only a finlte amount of data Is available in practice, the effect of a finite record length is im-

portant to consider. Suppose in Eq. 3.6, the maximum lag value available is m and the corre-

sponding lag time is 1-,„_ then the estimate of the spectral density has the form,

A Tm
S =

J3
R(·r) COS(21rf·r) dr (3.20)

This expression can be rewritten In a form similar to Eq. 3.6, Introducing the rectangular win-

dow function, w,„,(·r) , as

^
00

S dt (3.21)
*%

The rectangular window, w,„,(1) , is then defined as

wrect(T) = 1 “ Tm S T S Tm
(3.22)

= 0 otherwise
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Since multiplication in the time domain is equivalent to convolution in the frequency domain,

the spectrai estimate from a finite length data set can be written as [45],

^
00

$(/) =I $(¢) W„„(f— 4>) d¢ (323)
-00

where S(¢) is the spectrai density for an infinite record length, and W,„,(f) is the Fourier

transform ofthe rectangular window function. The Fourier transform of the window function is

also called the spectrai window. The spectrai window is important in determining the resol-

ution of the spectrai analysis method, as discussed later. ln this report, a ’window’ is used to

denote the window function in the time domain, as opposed to ’spectral window', which is

used to denote the window function in the frequency domain. Figure 3.1 shows the spectrai

window for the rectangular window function.

The net effect of this convolution process is the spreading of the mean square value (often

called power) from one frequency band to adjacent frequency bands through the sidelobes of

W(f). This effect is also known as leakage.

The effect of leakage can be more clearly seen in the case of the spectrum of a sine wave

calculated from Eq. 3.23. Thus instead of obtaining a single delta function, the finite record

length spreads or smears the main lobe considerably. This is shown in Fig. 3.2. Besides the

spreading of the main lobe, there is also an intinite number of smaller side lobes added to the

spectrai density, with both effects due to the truncation process.

To minimize these problems, window shapes other than the rectangular window have been

tried. They obtaln their improvements by modifying the rectangular window in the time domain

( or an equivalent operation in the frequency domain). There are many possible window

shapes, none of which is obviously the best. Each window has its advantages and disadvan-
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tages. The window shape used in the present work is called a Hanning window and is given

by,

’"
(3.24)

= 0 otherwise

The Fourier transform of the Hanning window, W„,,,„(f), along with the Fourier transform of the

rectangular window, W,„,(f), are shown in Fig. 3.3. lt can be seen that the Hanning window

reduces the side lobes although at the expense of a wider main lobe.

The foregoing discussion about the effect of a finite record length and windowing is also valid

for the periodogram method. The main difference is that in the periodogram method, instead

of the autocorrelation sequence, the data sequence is being truncated. So the windowing is

applied to the data sequence.

3.4.4 Aliasing and the Nyquist Frequency

Aliasing is a problem associated with the sampling of data. lf a sine wave whose frequency

is greater than 1/2At is sampled at an interval At , it appears as a lower frequency in the

spectrum. That is, rather than appearing at its true frequency, it appears at its aliased (lower)

frequency.

The frequency 1/2At Hz is called the Nyquist frequency and is the maximum frequency that

can be correctly detected when data is sampled at a time spacing of At . Thus the Nyquist

frequency is one-half of the sampling frequency, 1/At .

The phenomenon of aliasing is very important when analysing practical data. The Nyquist

frequency 1/2At must be high enough to cover the full frequency range present in the time

series. This requirement may be impossible to meet in some cases and the use of analog fil-

ters called antialiasing filters is common in practice. Such filters try to remove all frequency
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components higher than the Nyquist frequency. Because of real filter characteristics, it is

common to sample at frequencies larger than twice the Nyquist frequency.

3.4.5 Resolution and Bandwldth

The resolution determines the capability of the spectral estimation procedure to resolve fine

structures in the frequency properties of the data, such as narrow peaks in the spectrum.

The resolution of a spectral estimator is closely related to the bandwidth of the spectral win-

dow. The bandwidth is a property associated with a spectral window used to measure the ef-

fective width of the spectral window. For example, the bandwidth of a rectangular spectral

window would be the width of the window itself. For a non-rectangular spectral window shape,

the bandwidth is usually detined in one of the following two ways:

1. The frequency lnterval between the half power points in the spectral window.

2. The width of a rectangular spectral window which gives the same mean square

value as the spectral window in question.

The bandwidth of the spectral window determines the resolution capability of the spectral es-

timator. For this reason, resolution and bandwidth are often used synonymously.

It was shown earlier how a single spike in the spectrum (sine wave) is spread out in a broader

peak (leakage) due to the tinite window width in the time domain. lf the spectrum contains two

narrow peaks closer together than the bandwidth of the spectral window, the resulting broad

peaks in the estimated spectrum overlap and may form a single peak. ln this case, it is said

that the estimator has failed to resolve the peaks.

It is clear that the bandwidth will be different for different window shapes. lt also depends on

the definition used. For simplicity, in practical computations an approximate value of resol-
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ution or bandwidth is normally used [45] for discrete data. For the correlogram method, the

approximate resolution or bandwidth is given by

1B- fm - mm (3.25)

where m is the maximum lag number and 1,,, is the maximum time delay value in the

autocorrelation computation.

The approximate resolution or bandwidth for the periodogram method is given by

- J. ..J.B - T - NM (3.26)

where T is the total record length, N is the number of data, and At is the time interval between

data points.

3.4.6 Statistical Errors

Statistics of spectral estimators describe the behavior of spectral estimators when applied to

a stochastic signal. Statistical error, as opposed to instrument error, is the uncertainty in

measurements due to the amount of data gathered, the underlying probabilistic nature of the

data, and the method used in estimating the desired parameter.

Two important detinitions used in describing an estimator are bias and consistency. Suppose

that a parameter ¢> is being estimated and the estimate of ¢ is Ä: . Such an estimator is un-

biased if

AE [46] = ¢· iwi

where E[ ] denotes the expectation operator.
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The mean square error of the estimate is defined by

Mean Square Error= E [(2 - qs)2] (3.28)

The estimate
(/[Ä

will usually be a function of the record length T. lfÄ> is a consistent estimate

of ¢> , then

Ar E - 2 =0 3.29TL; [(¢ ¢») ] < >

This implies that as the record length becomes larger, the mean square error tends to de-

crease. lt should be noted that the mean square error defined here is the same as the vari-

ance and these two terms will be used interchangeably.
’

The statistics of the periodogram method is considered first. Jenkins and Watts [42] show that

the spectral estlmator, §(f), in the periodogram method ls asymptotically (in the limit ofinfinite

record length) unbiased. They also show that the variance is given by

var [S\(f)] =
62

= [S(t)]2 (3.30)

where §(f) is the estimate of the actual spectrum S(/) . lt follows that the relative error is

6
=

——— = 1 3.31° Sm
‘ 2

Thus, the rms fluctuations in the estimated spectrum are as large as the mean level of the

spectrum itself, a very unsatisfactory result.

Another important relation connecting the relative error to the bandwidth and the record

length is given in Newland [43] and Otnes and Enochson [45] as,

26 —
BT

(3.32)
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where B is the bandwidth and T is the record length. Equation 3.32 is a general relation ap-

plicable to any spectral estimation method. lt can be seen easily that Eq. 3.32 reduces to Eq.

3.31 for the periodogram method.

3.4.7 Averaglng

There are two common methods in use to obtain consistent spectral estimates:

1. Ensemble average independent estimates of the spectrum based on non-

overlapping data segments. This technique can be viewed as doing the experiment

many times, and can be implemented by subdividing a long record into smaller

segments. ·
l

2. Use the fact that the estimates at different frequencies are uncorrelated when sep-

arated by more than the resolution of the spectral estimation procedure and aver-

age over adjacent frequencies. This process is also called smoothing.

The rate of convergence due to the first method is the same as that for any ensemble aver-

aging process. lt can be shown that for a spectrum computed by averaging N independent

samples, Eq. 3.31 becomes,

1s =
— (3.33)
./N

This makes the estimate consistent in that by increasing the number of averages, the relative

error can be made as small as necessary. The second method of averaging increases the

effective bandwidth and as a result, the relative error decreases (Eq. 3.32).
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Frequently a combination of the two methods is used. For example, the spectra may be en-

semble averaged first and then the neighboring estimates may be averaged to yield the final

spectrum.

3.4.8 Blas

The method of averaging over adjacent frequencies effectively increase the bandwidth and

decrease the resolution. Besides reducing the ability to resolve sharp features, this method

also introduces a bias error. Jenkins and Watts [42] show that the bias error can be related

to the curvature of the spectrum. The bias error increases with the extent of the curvature of

the spectrum inside the spectral window. lf the spectrum is constant inside the spectral win-

dow, unbiased estimates are obtained even for large spectral windows. This places a con-

straint on the maximum bandwidth that can be used.

3.5 Spectral Analysis of Non·UniformIy Sampled Data

Traditionally, spectrum estimation has always been done on periodically sampled data. One

reason behind this was computational efficiency, as FFT algorithms can be effectively utilized

which make near real—time measurements more readily attainable because ofthe speed ofthe

FFT algorithms. Signals to be analyzed were mostly analog in nature and a periodic sampling

to digitize the signal was convenient.

Unfortunately in the case of LDV signals from a burst type counter processor, the data arrive

in a random fashion corresponding to the random arrival of scattering particles in the meas-

urement volume. The standard methods of estimating the spectrum cannot be used with such

randomly distributed data.
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To illustrate the differences and to give an idea of the difticulties involved with randomly

sampled data, two tigures showing representative samples of uniformly sampled and ran-

domly sampled data are presented.

Figure 3.4 shows an example of a uniformly sampled time series. This time series was ob-

tained by periodic sampling from a hot wire anemometer output. The form of the time series

and the details of the tluctuations can be followed very easily. ln comparison, Fig. 3.5 shows

an example of a randomly sampled data set. This time series was obtained from LDV meas-

urements under the same circumstances as the hot wire data. ln this case of randomly sam-

pled data, some imagination is needed to visualize the nature of the tluctuations.

3.5.1 The Effect of Random Sampling on Allaslng

The effect of random sampling on spectral estimation has been investigated by statisticians

since 1960 [47-50]. These investigations were mainly concerned with the establishment of

conditions under which alias-free spectral estimation is possible. It was found that certain

forms of random sampling may have some advantages in spectral computation.

The effect of various forms of random sampling on spectral aliasing was tirst studied by

Shapiro and Silverman [47]. They showed that in the case of Poisson sampling, in particular,

the spectral estimate is free from aliasing effects, irrespective of the average sampling rate.

Other sampling schemes are also possible which have this property. This result was arrived

at from a strictly theoretical analysis and is valid in an asymptotic sense (infinite amount of

data). lt should be noted that it is the time between individual samples which followed a

Poisson distribution. The value of the random variable itself was assumed to follow a

Gaussian distibution. Buetler [48] also presents similar results.

The theoretical result of Shapiro and Silverman that it is possible to obtain alias-free spectra

is fundamental to spectral estimation for irregularly sampled data. This phenomenon is well
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accepted in the statistical literature, although it is surprising to find the problem of aliasing

disappear. This is a major advantage of random sampling. On the other hand, it will be shown

later that random sampling has the disadvantage of having higher variability in the spectral

estimates.

Alias-free spectra is particularly important for LDV data. The maximum data rate obtainable

from a well tuned LDV system is usually of the order of 1 KHz. If the data were uniformly

sampled, aliasing would restrict spectral estimates to the Nyquist frequency, 500 Hz in this

case. For LDV data, which is randomly sampled by nature, spectral estimates can be com-

puted beyond the Nyquist frequency.
l

3.5.2 Poisson Distribution of LDV Data

ln the literature, a Poisson distribution of LDV data is always assumed for theoretical analysis

of the spectral estimators and their variances. Alias-free spectra may be calculated well be-

yond the Nyquist limit on the assumption that the data follows a Poisson distribution. A

question can be raised as to the validity of such an assumption. From a statistical standpoint,

it can be argued that the very nature of the process would lead to a Poisson distribution. A

similar process exists in queing theory, which is successfully modelled using a Poisson dis-

tribution. A few investigations [51,52] have shown experimentally that the distribution indeed

follows the Poisson distribution closely. The validity of this assumption for the data in this
V

study is investigated in detail and the results are presented in Chapter five.

3.5.3 Performance of lnterpolatlon in Spectral Analysis

Classically, a band limited signal can be sampled at a rate greater than twice the highest

frequency contained in the signal (Nyquist criterion) and the characteristics of the continuous

signal may be completely recovered (as far as the spectral information is concerned), by using
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a linear interpolation filter [53]. The linear interpolator defined in [53] is not the normal linear

interpolation, where the function is assumed to vary in a linear fashion between the two points

in question. This interpolator is defined by a convolution of all the past values in the time se~

ries with a deterministic interpolator function chosen such that it minimizes the mean square

error in reconstructing the continuous signal.

Thus it is tempting to try to reconstruct the continuous signal in the randomly sampled case

by some form of interpolation. The resulting reconstructed signal then can be sampled peri-

odically, thus avoiding all the difficulties associated with random sampling.

The subject of the error in reconstruction of the time history by interpolation from random

samples have been theoretically studied by Leneman and Lewis [53]. They compared mean

square errors for different interpolation schemes for three different sampling schemes, in-

cluding the Poisson sampling. The mean square error for Poisson sampling was large for all

the interpolating schemes for sampling rates lower than twice the Nyquist frequency. The er-

rors became smaller as the sampling frequency became greater than twice the Nyquist fre-

quency, but did not become zero (as it does for periodic sampling with an ideal linear

interpolation scheme). Even for the best interpolation scheme, the mean square error became

zero only after the sampling rate became greater than about six times the Nyquist frequency.

This best interpolating scheme was called polygonal hold, which was essentially a linear in-

terpolation between the present value and the next available value in time.

Other interpolation schemes had much larger mean square errors and approached zero only

in the limit of intinite sampling frequency. Most important among these interpolation schemes

was the sample and hold, which is usually utilized in many LDV systems with analog outputs.

In the sample and hold interpolation scheme, the output is held at the present level until the

next data arrives. Thus to obtain good spectra from sample and hold signals, a very high data

rate is needed.
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Adrian and Yao [54] investigated the spectrum obtained from simulated sample and hold

signals. They show that the measured spectrum is filtered at the mean sample rate (that is,

the process loses information at frequencies above the mean sample rate), and the spectrum

contains a white noise spectrum caused by the steps in the sample and hold signal.

3.5.4 Spectral Estlmators for Randomly Sampled Data

The traditional methods for spectrum estimation from periodically sampled data follow two

basic approaches,

1. The autocorrelation approach, commonly known as Blackman-Tukey algorithm,

computes the autocorrelation function first. The spectrum is then obtained by

Fourier transforming the autocorrelation function.

2. The periodogram approach, where the data set is Fourier transformed directly. The

square of the magnitude of the transform then gives an estimate of the spectrum.

The methods for spectrum estimation from randomly sampled data fall into one of these two

categories. Three different methods were identiüed in the literature. They are,

1. Direct Transform Method (DTM)

2. Discretized Lag Product Method (DLPM)

3. Exact Lag Product Method (ELPM)

All three methods are extensions of the two approaches used in uniform time series work. The

direct transform method is similar to the periodogram approach, while the other two methods

follow the autocorrelation approach.
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The first attempt to define a practical spectrum estimator for randomly sampled data was

made by Jones [55,56]. He proposed a time discretizing technique which is very similar to the

discretized lag product method. Jones [57] also investigated the effect of aliasing for randomly

sampled data when no assumptions are made about the sampling scheme and showed that

the random sampling introduced irregular side Iobes away from the center of the spectral

window.

Thompson [49] discussed a spectral estimator for randomly sampled data similar to the direct

transform method. He neglected to subtract the estimate of a white noise term which arises

from the random sampling process. Otherwise, he would have discovered the direct transform

method proposed by Gaster and Roberts [58,59].

The discretized lag product method was first formally described and used independently by

Mayo, Shay and Riter [60], Smith and Meadows [61] and Scott [62].

Gaster and Roberts [63] proposed the exact lag product method and showed that it has the

advantage of being asymptotically unbiased. They also describe the discretized lag product

method as a special case of the exact lag product method. The exact lag product method has

the disadvantage of being extremely slow computationally.

Marquardt and Acuff [64] discussed a spectral estimator which they called a direct quadratic

spectrum estimator. This method is very similar to the exact lag product method and will not

be discussed separately here.

The spectral estimators for randomly sampled data are described in the following.
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3.5.5 Discretized Lag Product Method

This method is similar to the correlogram approach for periodically sampled data. This

method is presented in the literature as an algorithm without providing a rigorous theoretical

basis by Mayo, et al. [60], Smith and Meadows [61] and Scott [62].

In the correlogram method, an estimate of the autocorrelation function is computed first. The

Fourier transform of the autocorrelation function then gives an estimate of the spectrum. Since

the data are uniformly sampled, estimates of the autocorrelation function in correlogram

method are distributed uniformly in the time lag axis. On the other hand, for randomly sam-

pled data, the estimates of the autocorrelation function are also randomly distributed along

the lag axis. The basic idea of discretized lag product method is to form estimates of the

autocorrelation function at uniformly distributed points.

ln the discretized lag product method, an estimate of the autocorrelation function is first

computed and then the spectrum is obtained by Fourier transforming the autocorrelation

function. The autocorrelation estimate is formed by dividing the time axis of the

autocorrelation function into equidistant intervals, called slots. The randomly sampled data,

which consists of discrete points in time along with the time between samples, are then used

to compute an estimate of the autocorrelation function. This is accomplished by forming the

product of two data points, determining the time difference (lag) between them and then find-

ing the time slot which best approximates the time difference or lag. The sum of these pro-

ducts at each slot is formed for all the data points and the average value ofthe lagged product

within each slot is taken as an estimate ofthe autocorrelation function at the center of the time

slot.

With estimates of the autocorrelation function at uniformly distributed points, one can treat

these as if they came from a uniformly sampled data set. ln fact, from this point on, the pro-
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cedure for obtaining spectra from the autocorrelation function is exactly the same as the

correlogram method.

lt is useful to remove the mean from the data before any spectral computation is done. The

steps involved in spectrum estimation using the discretized lag product method are outlined

below :

1. Remove mean from the data.

2. Select maximum lag 1·,„ and lag increment At. The value of maximum lag is selected

depending upon the resolution required. The resolution is given by,

6 =L (3 34)Tm '

The value of At chosen should satisfy the Nyquist criterion. Although theoretically

Poisson sampled data should lead to alias-free spectra, the allaslng comes in be-

cause of the slotting of the correlation values. Hence the Nyquist criterion should

be respected while choosing At . The Nyquist frequency is given by,

1fNyq (3.35)

So now -z„, is divided into m slots of At each, where m is given by,

Tm = mAt (3.36)

3. An estimate of the autocorrelation function at a lag ofn At is formed by adding cross

products between samples x(t,) and x(tl) separated by lag times (ti—t,) falling in the

range (n At 3 %Al) and counting the number of such products. The estimate of the
V

autocorrelation function is then given by,
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NA A — * ä Z A ·(n t) -7/7- x(t,) x(tj), _1>i (3.37)

where, N„ is the number of products such that,

(n- 1/2) At<(tj—t,)<(n + 1/2) At

The summation is carried out over all possible lag products. This provides estimates

ofthe autocorrelation function at uniformly distributed points. From this point on, the

procedure is exactly the same as that for uniformly sampled data.

4. A window for the autocorrelation function is now selected. A common window is the

Hanning window which is given by,

w(n) = %
(1 + cos $,7,-Z-) (3.38)

A corrected autocorrelation function is now computed,

E(nAt) = ä(nAt) w(n) (3.39)

5. The estimated spectrum is now obtained by Fourier transformation of the

autocorrelation function. If the number of autocorrelation estimates are not too

large, the estimated spectrum can simply be found by trapezoidal integration fol-

Iowing Blackman and Tukey [46] as follows, .

m—1

@(0 = 2 At EO + 2ZE, cos(21zfrAt) + Em cos 2-r-,„ (:;.40)
I‘=1
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Here é(f) is the one-sided spectrum.

A standard set of frequencies at which spectral estimates are generated are given

by,

(341)
" 2mAt * · · · ·

The formula for calculating spectral estimates can also be written in a form suitable

for computation as,

m—1

Ö(f) = 2At 50 + 22F;, cos + Em cos nk , k = 0,1,...,m (3.42)

i==1

3.5.6 Exact Lag Product Method

In the discretized lag product method, the values of the individual time intervals between

successive samples are not used in the estimation of spectrum. The exact lag product method

[58] uses the time information between samples. Instead of Iumping the lag products into

uniformly distributed slots as in the previous method, the exact lag values are used here in

the computation.

Consider a record of length T containing N samples. x(t,) . x(t,) , x(t„), where t, are Poisson
I

distributed. The products x(t,)x(tj) , j>i can be regarded as estimates of the true

autocorrelation function for lag (tl- t,). Since the autocorrelation function is the expected or

average value of the individual lag products, the individual lag products will scatter around the

true autocorrelation function. The method estimates the spectrum from these individual

autocorrelation estimates by a cosine transform (Eq. 3.6).
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The two-sided spectral estimate can be written as,

00

S(f)= 2 R(1) COS(21rf1) d: (3.43)
-

where the autocorrelation function.

Introducing a window function, w(1) , which is non-zero in the interval —1,„$1s1,,, , the

spectral estimate becomes,

A fm A
S = 2 R(1) W(1) cOS(21rf1)d10

The limits of integration are 0 to 1,,, because w(1) is zero outside the maximum lag 1,,,.

The estimate for the autocorrelation function for positive lag values can be written as,

^ 1 T-:
R(1) X(f) X(f + 1) df (3.45)T — 1 0

where x(t) is the continous process from which the samples x(t,) has been obtained.

Now substituting Eq. 3.45 into Eq. 3.44 gives a double integral in terms ofthe time tand the lag

1 .

A 2 Tm T-4
S(f) x(t) x(t + 1) w(t) cos(211f1) dt d1 (3.46)

The Iagged products x(t) x(t+ 1) can be replaced by the products x(t,) x(t,) for a lag of

1= t,— t,_ Gaster and Roberts [63] have shown that the individual correlation estimates have
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a uniform distribution along the lag axis when samples are Poisson distributed. Hence, they

argued that the integral can be repiaced by a summation multiplied by the mean spacing of

the autocorrelation estimates. On the basis of the preceding arguments, Eq. 3.46 is directly

e><tended for discrete data (without any rigorous basis) to give the exact lag product estimator

as,

N N
^ 2 . .
$(/):-2;- x(t,) x(t])w(tj—t,) cos[21:f(t/—t,)], j>1 (3.47)

Ä T 1=1 j=1

where A is the mean sample rate and T is the total record length. The summation is carried

out over all possible lag products with j >i .

Equation 3.47 differs from the form given by Gaster and Roberts [63] by a factor of 21: because

of the use of cyclic frequency rather than anguiar frequency.

The factor 1/AZT in Eq. 3.47 is equivalent to the mean spacing ofthe autocorrelation estimates,

l.e., the mean value of d: . This can be seen from the fact that the average number of data

points in T is given by AT . Also for each data point, A·:„, lag products can be formed on the

average. Hence, the total number of lag products (on the average) in T with a maximum lag

:,„ is A*T:,„ . So the mean spacing of the autocorrelation estimates ls given by 1/A'T.

An advantage of this method is that because ’zero lag' products are not used ln the compu-

tation, spectral estimates generated by this method are insensitive to any white noise which

may be added to the signal.

The major disadvantage of this method is that it is very slow because of the necessity of

computing a cosine function for each lag product.
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3.5.7 Direct Transform Method

The previous methods of spectral estimation were based on the cosine transformation of the

estimated autocorrelation function. Here an estimator is given based on direct Fourier trans-

form ofthe sampled data, or rather short blocks ofthe data. It is analogous to the periodogram

approach for periodically sampled data.

ln the periodogram approach, a spectral estimate is given by,

A 1 r 2
S(f)=7 x(t)w(t) exp(-j2¤ft) dt (3.48)

o

For discrete instants of time, not necessarily uniformly distributed, one can write,

A " 21 .$(0 =—;
E ><(¤‘)) w(0) ¤><¤( —12¤f0) A0 (3-49)
i=1

where At, = tm — t, .
V

This equation is equivalent to Eq. 3.18 for uniformly sampled data when the sample times are

equally spaced and same windows are used.

For random sample tlmes with a Poisson distribution, Gastor and Roberts [58] suggest a

spectral estimate by replacing At, by the mean time interval At=% where 1 is the average

sampling rate. This spectral estimate is then given by,

A " 21 .$(0 =·—7
E ><(0) w(0) ¤><¤( —12¤f0) (3-53)

Ä T i=1
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Gaster and Roberts [58] show that this estimator is biased by a constant amount (asymptotic

value). A true estimate is given by, subtracting the bias term from Eq. 3.50 as,

N N
^ 1 . 2 2 2$(1)-7 -2 X (¢1)w (11) (3-51)

Ä T i=1 i=1

This method has the disadvantage of having a high variance. To reduce the variability, the

authors suggested the use of ensemble averaging over short blocks of data. This is a common

practice for uniformly sampled data, and it is applicable here also.

In a later paper [59], Gastor and Roberts examined ways to reduce the variability of this

method. They found that subtracting the mean of the data block from each data point In the

block prior to computing the transform reduces the variability.

3.5.8 Statistics of the Estlmators

The exact lag product method is considered ürst. Gaster and Roberts [63] have assumed that

x(t) is normally distributed and the record length T is large to calculate the mean and variance

of this estimator. Their results show that the estimator is unbiased and alias-free. The version

of the estimator used by Gaster and Roberts used a Hanning window function with maximum

lag 1,„=t,,—t! . They evaluated the variance of the exact lag product estimator with the

Hanning window function for the asymptotic case where the maximum lag time, 1,,, , ls much

larger than the integral scale of the autocorrelation function. The variance is given approxi-

mately by,

A 31,,, R(0) 2
Vaf — + Ä

(3.52)

where R(0) is the autocorrelation value at zero lag and A is the mean sample rate.
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A factor of 21r has been deleted in the denominator of the second term inside the brackets in

Eq. 3.52 to make the result compatible with the definition of the spectrum used here. The

factor 31·„,/4 arises from the Hanning window and is the inverse of the bandwidth of the

Hanning window (calculated by the second method in Section 3.4.5).

Masry and Lui [66,67] also have derived a formula similar to Eq. 3.52 for the variance of the

exact lag product estimator.

The variance of S(f) obtained by the correlogram method for uniformly sampled data with a

Hanning window ls given by Blackman and Tukey [46] as,

var [$0)] = Eh tsv)? (3 53)4T '

Thus the effect of random sampling is an increase in the variance of the spectral estimates.

A comparison of Eqs. 3.52 and 3.53 shows that the second term of Eq. 3.52 inside the brackets

can be interpreted as arising from the random sampling and approaches zero for high data

rates. lt should also be noted that the this term will dominate when spectral levels are low.

For the special case when the spectral level is small, the variance approaches,

2 o 2
var [§(r)] =Äüil- (3.54)

4Tl

The direct transform estimator was analyzed by Gaster and Roberts [58]. They show that the

estimator is asymptotlcally unbiased. The variance ofthe direct transform estimator for large

data collection time was derived by Gaster and Roberts and is given by,

A R(0) 2
var |:S(f)j| = S(f) +

—— (3.55)
A.
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The corresponding result for uniformly sampled data using the periodogram method is derived

in Jenkins and Watts [42] as,

^ 2var [$0)] = [50)] (3-56)

Thus it is seen that the variance ls increased by the random sampling in this method as well.

The e><tra term due to random sampling is the same as that obtained for the exact lag product

estimator.

The variance given by Eq. 3.55 is very high. As in the periodogram method, this estimator is

also inconsistent. That is, the variance does not decrease as the record length ls increased.

To reduce the variability, some sort of averaging procedure must be used with this method.

Usually the total record is divided into short blocks and the estimates from each block are

ensemble averaged.

Unlike the two earlier estimators, the discretized lag product method produces an estimate

of the autocorrelation function. The properties of the autocorrelation estimate have been

studied by Scott [62]. He showed that the autocorrelation estimates are asymptotically (van-

ishing slot width) unbiased and consistent.

By applying the slotting technique to simulated data, it has been shown by Gaster and Roberts

[63] that the slotting procedure does not signiflcantly influence the validity of the variance

formula given by Eq. 3.52.

Mayo, et al. [65] used the low data rate assumption to derive an expression for the variance

of the discretized lag product method. This result is presented in reference 65 for a Bartlett

window forthe case when spectral level is small as,

A 2Tm 2var [s(r)] =T[R(0)] (3.57)
3). T
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Noting that the bandwldth of the Bartlett window is 3/21„, as opposed to the bandwldth of the

Hanning window, 4/31,„ , lt is clear that the variances for the exact lag product estmator (Eq.

3.52) and the discretized lag product estimator,(Eq. 3.57) are the same when spectral level is

very small (approaches zero).

The variance formula (Eq. 3.57) was verilied for simulated data by Mayo, et al. [65] and Gaster

and Roberts [63] for regions of the spectrum where the spectral level is close to zero.
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4.0 Experimental Methods

4.1 Scattering Volume Location

Accurate positioning of the scattering volume is essential in reducing experimental uncer-

tainty. lt is even more important in the case of a complex flow field like the junction vortex

flow, where large velocity gradients are present. lnaccuracies in Iocating the scattering vol-

ume can lead to poor repeatability of data and large uncerlanties in the measured data and

the results.

The technique used in the present experiments for positioning the scattering volume utilized

a small pinhole drilled into a square positioning block. Two edges of the square block were

used as reference edges. The pinhole was located at a distance of 38.10 mm (1.5 in.) from the

two reference edges and was 0.20 mm in diameter. Since the nominal diameter of the scat-

tering volume is 0.15 mm, all the laser beams would easily pass through the pinhole if the

scattering volume coincides with the pinhole location. A small error in positioning would result

if one of the beams was being blocked.

To position the scattering volume, the positioning block was placed at the corner formed by

the body leading edge and the wind tunnel floor, i.e., at the origin of the coordinate system in

Fig. 2.1. The scattering volume was then positioned until all the laser beams entered the

pinhole and exited from the other side unobstructed. This position (-38.1 mm, 38.1 mm) was

used as a reference in Iocating all other measurement positions.
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The traverse system for positioning the scattering volume used two dial indicators, with a least

count of 0.025 mm. With this technique, an accuracy of $0.1 mm in Iocating the scattering

volume was achieved.

4.2 Non-Dlmenslonallzatlon

All the velocity and turbulence data presented in this report was non·dimensionalized with the

speed at the throat of the wind tunnel used as the reference velocity.

4.3 Threat Speed Measurement

The speed at the throat of the wind tunnel was used both as a reference velocity in non-

dimensionalizing and to set the tunnel speed in order to maintain dynamic similarity.

The air speed at the throat was measured using a 1.6 mm diameter pitot-static tube positioned

at the center of the throat. The dynamic pressure obtained from the pitot-static tube was read

off a Datametrics digital manometer. The air speed was then computed using Bernoulli’s

equation,

20. 1/2
V. = (4.1)

where Q. is the dynamic pressure, V. is the speed at the throat of the wind tunnel, and
p__

is

the density of air at room temperature and pressure.

4.4 Determlnation of the HaIf·Angle for LDV

The half-angle between the laser beams needs to be measured for the calculatlon of the ve-

Iocity from the Doppler frequency from Eq. 2.4. The half-angle was computed by directing the
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laser beams onto a wall ofthe laboratory approximately 2.5 m away from the scattering vol-

ume. From the separation of the beams on the wall, the half-angle was then computed.

4.5 Spectral Analysis

The data acquisition from the LDV was performed by a DEC PDP11 microcomputer running a

program called DRP3. DRP3 is a commercially available software package marketed by TSI

Inc. Besides collection of data, this program can also perform statistical analysis of data and

display results graphically. The software needed for the subsequent spectral analysis of the

data were developed by the author.

The spectrum at each measurement point was calculated using 512,000 data points. The data

was collected in lifty sets of 10,240 points each and stored on the system disk. The raw data

stored by DRP3 consisted of the Doppler frequency and the time between data points. The raw

data were further processed to calculate the velocity. The velocity and the time information

was ultimately stored in a binary format to save disk space and subsequent file transfer time.

These data files were then transferred to the IBM mainframe computer for spectral analysis.

Before any spectral analysis, the data was preprocessed to remove the mean and flag any

data point with erroneous time information. A point with an erroneous time information re-

sults from the following reason. The time between data points was counted with an internal

clock in the data collection unit (TSI 1998A perepheral interface), and had a maximum count

of 4095. The least count corresponding to each tick of the clock was user selectable, and had

a value of 2", where N could be selected from a range of0 to 12. lf the true time between two

data points was larger than the maximum time that the clock could count, the counter stopped

at 4095 and this value may not be the true time between data points. The least count of the

clock was carefully selected during the experiments so that the number of data points with

such erroneous time between data points was kept to a minimum. Typically about 5-10 bad
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points were found in a set of 10,240 data points. Whenever a bad data point was found, ap-

propriate actions were taken (discussed later) in the spectral computations.

The least count of the time between data points was usually selected to be 8 microseconds.

This was determined by the data rate (which was usually in the range of 250-800 Hz) and the

maximum count of the clock (4095). Because of the least count, a few data points would be

found in each data set with time between data points equal to zero. Such data points were

discarded, as if they were never measured.

Spectra were calculated by using both the dlscretized lag product method and the direct

transform method. The exact lag product method is known to be computationally very slow

but had the advantage of being unbiased and theoretically more accurate than the dlscretized

lag product method. The exact lag product method was tried in two cases and the resulting

spectra compared with the spectra obtained by the other two methods. lt was found (see

Chap. 5.8) that the exact lag product method did not offer significant improvements in the

spectra! estimates to justify its use.

4.5.1 Discretlzed Lag Product Method

A few parameters needed to be chosen before any spectra! analysis could be conducted. The

maximum lag time up to which autocorrelation estimates are to be computed was selected

depending on the resolution of the spectrum required. A value of1-„, corresponding to an ap-

proximate resolution of 5 Hz was decided to be suflicient. Using Eq. 3.25, this required a value

of 1,,, equal to 0.2 seconds.

The value of the slot width, At, has important effects on the estimated spectrum. Scott [62] has

shown that the estimates ofthe autocorrelation functions are biased for finite values ofthe slot

width and vanishes as the slot width tends to zero. This biasing effect is a direct consequence

of the fact that the errors in the time domain in estimating the autocorrelation function were
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of the order of ;t Af/2. This bias error due to the excessive slot width results in aliasing ofthe

spectra (similar to the periodic sampling case) and uncertainties in the high frequency end

of the computed spectrum.

ln order to keep the bias error small, the slot width should be kept much smaller than the

mean time interval between the data points. But the slot width cannot be made as small as

possible and a lower limit is enforced by the requirement that there must be enough lag pro-

ducts in each slot in order to get a meaningful average. Thus the slot width has to be much

larger than the minimum time observed (least count) between the data points.

After some preliminary experimentation, it was found that a value of the slot width of 128 or

256 microsecond gave the best results.This conclusion was based on a qualitative comparison

of the spectra. lt should be noted that this value is dependent on the data rate and corre-

sponded to a data rate of about 250-800 Hz.

The computation of the autocorrelation estimates using the dlscretized lag product method

proceeded as follows. Starting with the first data point, a buffer of data points up to the maxi-

mum lag time, ·:,„, was read in. All possible lag products with the first data point were then

calculated. The first data point was then removed from the buffer and the next data point in

time became the first data point in the buffer. Additional data points were read to the buffer

as needed to maintain a series up to the maximum lag time. All possible lag products were

again computed with the current first data point. This process was continued for all the points

in the data set. lf a bad data point with erroneous time between data was found, all lag pro-

' ducts calculated from the data points for a time lag of 1-„, before the bad data were discarded.

The estimation process started again with the ne><t data point following the bad data.

Once the autocorrelation estimates were formed, a Hanning window was applied to the

autocorrelation estimates and the spectra was computed using Eq. 3.42.
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Zero lag products have special effects in spectral estimation from randomly sampled data. lt

has been shown in George, et al. [68] that as a consequence of the random sampling of the

data, the autocorrelation function has a spike at the origin, and consequently the estimated

spectrum has a white noise term added to it. George, et al. [68] suggested that this problem

can be avoided by simply ignoring the zero lag terms in the spectral computations.

Srikantaiah and Coleman [69] have also shown the presence of the white noise term. Their

results also show that better estimates are obtained by omiting the zero lag terms. To avoid

the increased white noise, the zero lag terms were always omitted from the spectral compu-

tations reported here.

For the discretized lag product method, the total amount of data (512,000 points) was divided

into 5 subsets of 102,400 points each. The spectrum was calculated from each subset sepa-

rately and the average of the tive subsets was taken to yield the final spectrum. This proce-

dure was arrived at after comparing results from averages of subsets of different lengths.

4.5.2 Direct Transform Method

To generate spectral estimates using the direct transform method, the total data set was di-

vided into short blocks, and the resulting spectral estimates from each block were then en-

semble averaged. The length of the blocks, T, was determined to correspond to an

approximate resolution of 5 Hz using Eq. 3.26.

A block of data points having a length of T was tirst read in. All the data points in the block

were then checked for any bad data, i.e., a data point with erroneous time information. If any

bad data was present, the entire block was discarded. Once an error-free block of data was

found, the mean value for the block was computed and the block mean was subtracted from

each data point. This procedure reduces the variability of the spectral estimates as shown

by Roberts and Gaster [59]. A Hanning window was then applied to the data and spectral es-
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timates were generated for this block using Eq. 3.51. This procedure was repeated for all the

blocks and the resulting estimates were ensemble averaged.

4.5.3 Normalizlng of the Spectra

ln order to be able to compare spectra obtained from different methods or different data sets,

the spectra needs to be normalized. Three methods of normalizing the spectra were consid-

ered,

1. Set area under the spectrum, that is, the total energy equal to one.

2. Normalize by dividing by the maximum value of the spectrum.

3. Normalize by dividing by the total energy in the spectrum,

The second method of normalization was used throughout this report as it was found to be the

most convenient to use.

4.5.4 Octave Averaging

Averaging of the adjacent spectra! estimates is often done to improve the appearance of the

spectra at the cost of the resolution. For logarithmic plots, the averaged estimates should be

Iogarithmically placed to avoid crowding in the higher frequency regions. Averaging over fre-

quency octaves is used in such a case. In lower frequencies, fewer estimates are averaged

whereas in higher frequencies larger number of estimates are averaged.

An one-third octave spacing of averaged estimates is often used. According to one-third

octave spacing, the frequency limits of the n"' interval can be written as,

q
2(""”°

S r„ S r,
2”’°

(4.2)
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where L is the lowest frequency and L, is the frequency of the n'* interval.

The estimates which fall inside this interval are averaged and are assumed to correspond to

the midpoint of the interval.

4.6 Vortex Sheddlng Flow

In order to gain confldence in the spectral estimation methods, it was decided to test their

ability to resolve dominant frequencies in a spectrum of velocity fluctuations. The classic ex-

ample of such a flow field is the vortex shedding flow behind a cylinder. This flow was inves-

tigated for its spectral content by using both LDV and a hot wire system.

The experimental arrangement consisted of a wooden cylinder, 7.82 mm (0.3 in.) in diameter,

supported horizontally between two stands 203.2 mm (8 in.) apart. The height of the cylinder

axis above the wind tunnel floor was 133.5 mm (5.25 in.), This placed the cylinder well outside

the boundary layer on the floor. Measurements were taken downstream of the cylinder at a

point located 44.5 mm (1.75 in.) behind the cylinder axis and at a height of 133.5 mm (5.25 in.)

from the wind tunnel floor. The experimental arrangement for the vortex shedding flow is

shown in Fig. 4.1. The selection of the measurement point was arbitrary.

The LDV and the hot wire systems were set up to measure only the u-component of the ve-

locity. So the computed spectrum reflects the fluctuation characteristics of the u-component

of the velocity. lt should be noted here that the hot wire is sensitive to the velocities ln the

other directlons also and probably measures a combination of all the velocity components.

4.7 Callbratlon ot the Hot Wire

A single tungsten 1.5 micron dia. hot wire (TSl probe 1210-T1.5) was used for the present ex-

periments. The hot wire was carefully calibrated in the free jet of the calibration wind tunnel
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Figure 4.1. Experimental Arrangement for Vortex Sheddlng Flow
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using a 3.18 mm United Sensor Kiel probe to measure the dynamic pressure. The Kiel probe

was positioned near, but not too near, the hot wire to be calibrated. The speed was given by,

2RT Ov= /$ 4.3

where Q =P,— P„ , and P, is the Kiel probe pressure. The dynamic pressure in Eq. 4.3 was

measured by a Datametrics model 1400-9AX digital manometer.

The output voltage from the DISA 55M10 constant temperature anemometer bridge was

measured by a DISA 55D31 digital voltmeter. The calibration function used for the calibration

method was given by,

E2 = A + eu" (4.4)

where E is the output voltage from the anemometer and u is the velocity. A, B, and n were

taken as constants.

The exponent n obtained from the calibration process was used to set the parameters of a

DISA 55M25 linearizer which was connected at the output of the bridge. Figure 4.2 shows the

final calibration curve for the Iinearized voltage versus the velocity.

The output from the hot wire system was low-pass filtered at 2 kHz to prevent aliasing effects

by a DISA 55026 signal condltioner before spectral analysis. The filters in the signal condl-

tioner had a rolloff of 18 db/octave. The sampling rate was set at 5 kHz and the spectral

analysis was performed by a DATA 6000 signal analyser.
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5.0 Performance of Spectral Analysis Methods

5.1 Review

The spectral analysis methods for randomly sampled data have been applied on simulated

data by several investigators [51-52,58-63]. Applications of these methods for real LDV data

have been limited. Roberts, et al. [51] used the direct transform method to obtain spectra on

the centerline of an air jet of diameter 25.4 mm, at one diameter downstream from the mouth

ofthe jet. Two LDV data sets of 24,000 points each with average sampling rates of 147 and 1115

samples per second were used. The computed spectrum from LDV data was compared with

spectra obtained from hot wire signal and good agreement was found. It was noted that their

spectral estimates were given up to a maximum frequency of about 60 Hz for the data set with

the average sampling rate of 147 samples/sec and up to a maximum frequency of about 600

Hz for the data set with average sampling rate of 1115 samples/sec. Spectral estimates were

presented only at a few discrete points in these two cases.

Smith and Meadows [61] used the discretized lag product method to obtain spectra from LDV

data for a jet excited by a loudspeaker at frequencies of 850 and 4400 Hz. They show computed

spectral estimates up to a maximum frequency of 50 kHz. The spectra show the peak expected

corresponding to the exciting frequencies but had signiiicant levels of noise elsewhere. An

additional spectrum was presented on the centerline of an unexcited jet using the discretized

lag product method. Comparisons were made in this case with spectra obtained from a hot

wire and good agreement was found. The spectrum was computed up to a maximum fre-
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of 20 kHz and had relatively small variances everywhere. The amount of data used and the

average sampling rates were not mentioned.

Scott [62] obtained spectra from LDV data for a free jet, six diameters downstream from the

mouth of the jet, using the discretized lag product method. Comparisons were made with

spectra computed from hot wire data and good agrrement was found. The presented spectrum

was smooth, with little variance. His data sets contained 45,000 points and the spectrum was

shown up to 9 kHz. He does not mention the average sampling rate for the data set.

Srikantaiah and Coleman [69] also obtained LDV spectra for MHD flow, using both the

discretized lag product and the direct transform methods. He analyzed two data sets of

100,000 points each with average sampling rates of 107 and 796 samples/sec to obtain the

spectra. He reported spectral estimates up to 1000 Hz and mentions that non-negative esti-

mates only up to the mean sampling frequency were found for both the methods.

Reis, et al. [70] used the discretized lag product method to obtain spectra from LDV data in

an MHD flow. They show spectra computed from two data sets with average sampling rates

of 8 kHz and 1.8 kHz. Each data set contained 90,000 points. They show spectral estimates

up to 16 kHz for the data set with average sampling rate of 8 kHz but aüer about 2 kHz mostly

noise-like spectra were obtained. Similarly spectral estimates were shown up to 4 kHz for the

data set with average sampling rate of 1.8 kHz, but after about 1 kHz mostly noise-like spectra

were obtained.

Saxena [71] shows spectra computed from LDV data using the discretized lag product method

for the swirling flow in a cylinder and the flow near the spark plugs of an engine during intake.

For the swirling flow, the spectrum was shown up to 300 Hz and showed noisy spectra away

from the peak corresponding to the swirling frequency. For the other case, spectra were

shown up to 5 kHz, but were noisy after about 1.5 kHz. He does not report any details about

the parameters used in the spectral estimatlon.
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5.2 Tests of the Spectral Estimation Methods

lt was felt that there was a need for a comprehensive study ofthe performance ofthe spectral

estimation methods, when applied to real data. The results obtained from the different

methods of spectral analysis for randomly sampled data are compared in this chapter. The

performance of the various methods are investigated in detail to compare their performance.

The methods have been tested under both simulated and real flow situations. Tests have been

performed under the following situations:

1. Only simulated data.

2. Simulated sine wave, but the time between data points taken from real LDV data.

3. Vortex shedding flow behind a cylinder.

4. Two·dlmenslonal turbulent boundary layer.

Spectra were computed using all the three methods discussed in Chapter Three. However, in

the following sections, spectra computed by the discretized lag product method and the direct

transform method will be discussed in detail. The exact lag product method has the disad-

vantage of being extremely slow computationally. However, at least one spectra for each test

case was computed using the exact lag product method. The spectra calculated using the

exact lag product method are presented in a separate section.

Unless otherwise mentioned, it should be assumed that all data sets contained 512,000 points.

For the discretized lag product method, a slot width of 128 microseconds was always used. A

resolution of 10 Hz was used for the first three cases. For the 2DTBL, a resolution of 5 Hz was

utilized. Spectral estimates were calculated upto 3900 Hz, which is the maximum value con-

sistent with the slot width. For the direct transform method, the whole data set was divided

into short blocks of length 0.2 seconds each, giving an approximate resolution of about 5 Hz
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for the 2DTBL, while a resolution of 10 Hz was used for the other cases. The estimates re-

sulting from each block were then ensemble averaged. Spectral estimates were calculated

up to an arbitrary maximum limit of 2000 Hz. A Hanning window was used in all cases.
1

5.3 Poisson Dlstrlbution Assumptlon

ln theoretical analysis of spectra from randomly sampled data, it is usually assumed that the

sampling follows a Poisson distribution. Shapiro and Silverman [47] showed from theoretical

considerations that for Poisson distributed sampling, alias free spectral estimates can be ob-

tained for any sampling rate.

Thus the assumption that the sampling follows a Poisson distribution plays an important role

in spectral analysis of randomly sampled data. For real LDV data, the validity of this as-

sumption needs to be experimentally demonstrated for data sets arising from various flow

fields and experimental situations. The only attempts at verifying the Poisson distribution were

reported by Roberts, et al. [51] and Srikantaiah [52]. These authors show that the sampling

follows a Poisson distribution for their data sets.

5.3.1 Poisson Distribution

A sequence of random events occuring in time are considered, where each event is repres-

ented by a point on the time axis. The probability of finding exactly k points within a fixed in-

terval of length f is given according to the Poisson distribution as

lf "put) =
e"‘%

(5.1)

where 1 is the Poisson parameter and is equal to the mean number of points per unit time.

Performance of Spectral Analysis Methods 82



lt can be also shown that [72] the time between successive events in such a case follows a

negative exponential distribution. Thus the probability distribution function for the time be-

tween events ls given by _

F(t) = 1 —
e'“

(5.2)

The corresponding probability density function is given by

rn) =
1e'^‘

(5.2)

ln the case of the data from LDV, the events correspond to the arrival of a particle in the

measurement volume and subsequent validation of the doppler burst. To determine whether

an observed sequence of points can be reasonably identitied as a Poisson process, the ex-

ponential distribution of the time intervals is used as a criterion [73].

If consecutive intervals t,. t,, , t„, occuring from a Poisson distribution are considered, the

probability distribution function is given by Eq. 5.2. lt follows that the probability of an interval

1 being greater than t is given by

Pr[1 > t] = e"" (5.4)

Equation 5.4 can also be written as

L- —M
NO - e (5.5)

where N is the number of intervals of size larger than t and N, is the total number of intervals.

It follows that if the intervals are ranked by order of magnitude and log N is plotted versus t,

a straight line should be obtained.
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5.3.2 Verification of a Poisson Distribution

Histograms of the time between data points were computed for two LDV data sets used later

in the spectral analysis of the two-dimensional boundary layer. Each data set contained

102,400 points. The time intervals between data points had a range from zero to 32,760

microseconds in these cases. To compute the histogram, this range of possible time intervals

was subdivided into 40 slots of equal length. The time between data points were checked for

each data point and the slots in which it fell was determined. This procedure gave a histogram

containing the number of data points in each slot. From the histogram data, the number of

data points, N, having the time between data points larger than twas computed for each slot.

A plot of log N vs. t was then made, and this should be a straight line ifthe sampling followed

a Poisson distribution.

Figures 5.1 and 5.2 show histograms obtained from the LDV data sets 1 and 2 respectively.

The discontinuity of the y-axis for the first histogram bar should be noted, with the value of the

first bar displayed at the top. From the histograms, it can be seen that distributions follow an

exponential law. In Figs. 5.1 and 5.2, slots around 4800 microseconds seems to have fewer

data points than expected. This feature was present in many of the data sets analyzed. The

reason for this was not clear.

As discussed earlier, the Poisson distribution can also be verified by a plot of log N vs. t where

N is the number of intervals of size larger than t. These data should fall on a straight Ilne lf it

follows a Poisson distribution.

Figures 5.3-5.4 shows plots of log N vs. t for the two data sets. The solid line in each ofthese

plots is the computed best fit line through the data points. lt is seen from the plots that the

Poisson distribution was followed closely with possibly minor deviations, as observed by the

dips in the histograms.
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5.4 Simulation Study

The methods for the spectral analysis for randomly sampled data sets were first studied using

a simuiated data set. A first order spectrum, which represents the output of a first order linear

system excited by white noise, was chosen for the simulation study. This spectrum was given

by,
l

A$(0 =li ($-6)
1 + B(21·rf)

with constants A = 1 and B
=10·‘

. This spectrum was chosen because of its similarity with

a typical turbulence spectrum. Similar spectra were also simuiated and studied by Gaster and

Roberts [58,59] and Srikantaiah and Coleman [69].

Data sets corresponding to the spectrum given by Eq. 5.6 can be generated by a method de-

scribed by Franklin [74]. Franklin described the method for uniformly sampled data, but the

method is easily adapted to compute randomly sampled data sets.

A data set containing randomly sampled data was generated using Franklin’s method and the

spectra were computed. The data set contained 100,000 data points. The time between data

points in the data set were generated using an IMSL routine such that the sampling followed

a Poisson distribution. The mean sampling rate was set to 500 Hz. This value was chosen as

it is in the range of the actual LDV sample rates obtained in later experiments. Spectra were

calculated by using both the discretized lag product method and the direct transform method.

Figure 5.5 compares the spectrum calculated by the discretized lag product method with the

theoretical spectrum. The figure shows an excellent agreement with the theoretical spectrum.

After about 150 Hz, where the spectral level is close to zero, spectral estimates became neg-

ative. Because of the presence of these negative spectral estimates, the spectrum here is

shown in a semilog scale rather than the usual log-log scale.
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Figure 5.8 shows the spectrum computed by the direct transform method. The total data set

was divided into blocks of length 0.1 seconds each and the estimates from all the blocks were

ensemble averaged to yleld the final spectrum. The direct transform method is also seen to

perform very well for the simulated data set. Negative spectral estimates were found in this

case also, but were relatively fewer.

5.5 Slmulated Slne Wave

In this exercise the performance of the methods of spectral estimation were investigated for

a simulated sine wave. This was not a pure simulation, however, because the time between

data points were taken from an actual LDV data set. Thus this exercise was one step closer

to the real situation.

To generate the simulated sine wave, the velocity information in a LDV data set was replaced

by the value corresponding to a sine wave or a mixture of sine waves. The time between the

data points in the LDV data set was left undisturbed. Two situations were examined:

1. A pure sine wave.

2. A mixture of two sine waves, with closely spaced frequencies.

The LDV data set from which the simulated sine waves were constructed contained approxi-

mately 20,000 points and had an average sample rate of 230 samples/sec. The simulated sine

waves had frequencies of 200 Hz or 400 Hz for the single frequency case. A mixture of sine

waves with frequencies 200 Hz and 220 Hz in equal amplitude was used for the second case.

Figure 5.7 shows the spectrum computed by using the discretized lag product method. As

expected, the calculated spectrum has a peak at the sine wave frequency and ls close to zero

elsewhere. lt is also interesting to note that the average sample rate was 230 samples/sec,
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which corresponds to a Nyquist frequency of 115 Hz for uniformly sample data. The figure

shows spectra calculated up to a maximum of 1000 Hz, without any noticeable aliasing effects,

thus demonstrating the lack of aliasing for randomly sampled data. '

Figure 5.8 shows the spectrum for the same data set obtained with the direct transform

method. Excellent agreement is obtained again.

A second data set containing simulated sine wave of frequency 400 Hz was studied in the

same manner as before and the results are shown in Figs. 5.9 and 5.10.

The preceding experiments with simulated sine waves with actual time between data clearly

demonstrate the feasibility of resolving a spectral peak with sampling rates much lower in the

· case of randomly sampled data than what would be needed if the data were uniformly sam-

pled. For example, to detect a frequency of 400 Hz with uniformly sampled data, a minimum

sampling rate of 800 Hz is required. For the randomly sampled data, an average sampling

rate of 230 Hz was used and this rate was demonstrated as adequate to detect the frequency

component correctly, with no detectable aliasing.

Resolution of two closely spaced sine waves was also studied for these two spectral esti-

mation method. Figures 5.11 and 5.12 show the spectra computed by the discretized lag

product method and the direct transform method respectively. Both methods are seen to

produce good results. The peaks corresponding to the sine wave frequencies were detected

correctly and the spectral levels were close to zero elsewhere.

5.6 Vortex Sheddlng Flow

lt was seen from real time smoke flow visualizations of the junction vortex flow field that the

flow is strongly time variant. lt was also suspected that there might be periodic components

in the iluctuations of the velocity. ln order to be confident that the spectral analysis methods
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used in investigating the junction vortex flow are capable of reproducing a spectra with a

dominant frequency, it was decided to test the spectral analysis methods for a real flow with

a dominant frequency. A convenient and well documented example of such a flow is the

vortex shedding flow behind a circular cylinder, and so it was chosen for the test.

The flow conüguration and the experimental location were discussed in Section 4.6. The

spectra were computed from the data obtained by both a single hot wire and LDV and the

results were compared.

Assuming a Strouhal number of 0.21 (Schlichting [75]),the vortex shedding frequency for the

cylinder under the experimental conditions was expected to be about 615 Hz.

Figure 5.13 shows the spectrum of the vortex shedding flow as computed from uniformly

sampled data from a hot wire using the DATA 6000 (periodogram method). The output from the

Iinearized hot wire was tiltered at 2.5 kHz. The sampling interval was 200 microseconds and

100 ensembles were averaged to produce the final spectrum. Each ensemble consisted of 1024

points. The spectrum shows a peak at 565 Hz and is close to zero elsewhere. A very weak

peak at the frequency corresponding to the second harmonic can also be observed.

A set of LDV data consisting of 102,400 points were also taken at the same point in the flow

field. The average sampIe_ rate was about 230 samples/sec. The entire data set was then

analyzed using the two different methods of spectral estimation for randomly sampled data.

Figure 5.14 shows the spectrum computed by using the discretized lag product method. The

spectrum shows a peak at 565 Hz. lt should be noted again that the average sample rate is

well below the minimum suggested by the Nyquist criterion.

Away from the peak, the spectral level should be close to zero, as seen from the hot wire

spectrum. Figure 5.14 shows the calculated spectral points scattered about the zero value,

with a high variability. The higher variability has been predicted by the analyses of spectral
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estimation methods (see Section 3.5.8) and arises due to the random sampling of the data.

For spectral levels close to zero, the variability of the discretized lag product method is given

by Eq. 3.54. The standard deviation of the spectral estimates computed from Eq. 3.54 and 3.55

for this case was of the order of 0.01. The extent of variability found here is much larger than

that predicted by Eq. 3.54. lt should be also noted that due to the higher variability, the second

very weak peak as seen in the hot wire spectrum is impossible to resolve with this method.

Figure 5.15 shows the spectrum computed using the direct transform method. The peak is

again reproduced correctly at 565 Hz. Away from the peak, an added white noise is present

in the spectrum, in the regions where expected spectral levels were close to zero. This added

white noise will be found in most other spectra computed by the direct transform method, and

is a serious disadvantage of the method. There is also a large scatter of the computed

spectral points around the added white noise level. The scatter is much larger than the pre-

dicted theoretical limits as given by Eq. 3.55.

For the vortex shedding flow studied here, it was seen that both the discretized lag product

and the direct transform methods performed very well in reproducing the dominant spectral

peak exactly. The tests also demonstrated the lack of alising for average sampling rates much

below the Nyquist value. Away from the peak, where the spectral levels were close to zero,

the discretized lag product method showed high variance and yielded negative estimates. ln

the same regions, the direct transform method also showed high variance, but around an

added white noise level.

5.7 Two-Dimenslonal Turbulent Boundary Layer

The two·dimensional turbulent boundary layer is the most common and most investigated flow

field. Hence the methods of spectral estimation were applied for this type of flow. The spec-

trum of a two-dimensional turbulent boundary layer has been discussed in KlebanofT’s classic

work [76]. Klebanoff computed his spectra from measurements obtained with a hot wire
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anemometer. Klebannoff’s results will be used here as a basis for comparison in the spectral

results presented below.

The two-dimensional turbulent boundary layer used in the present investigation was the

boundary layer growing on the flat floor of the wind tunnel. The relevant parameters for this

boundary layer were listed in Table 2.1. The data was taken at a height of 16.3 mm above the

lloor. This was chosen to give a value of y/6 of 0.2, which corresponds to one of the stations

reported by Klebanoff.

W
To begin the investigation, the spectrum for the u-component ofthe two-dimensional turbulent

boundary layer was investigated using a single hot wire anemometer. The output from the hot

wire was liltered at 2 kHz and sampled at a rate of 5 kHz. Two thousand forty-eight points

were used for each ensemble in the periodogram method and 256 ensembles were averaged.

Figure 5.16 shows a comparison of the hot wire spectrum with Klebannoff’s data. Excellent

agreement is obtained.

Because of the presence of negative values in the spectral estimates, computed spectra are

shown later in a semilog scale rather than the usual log·log scale. For ease of comparison

with Klebanoff’s data, Fig. 5.16 is shown again in Fig. 5.17, but in a semilog scale.

Five LDV data sets containing 102,400 points each were then collected at the same point

where hot wire spectra was obtained. The average sample rates for these data sets were

about 250 samples/sec. lnitially it was thought that a set of 102,400 points would be enough

to produce good spectra. Figures 5.18 and 5.19 show the spectra computed from two of the

üve data sets using the discretized lag product method. The spectrum shown in Figs. 5.18 and

5.19 was plotted in a semilog scale rather than the usual log-log scale because of the pres-

ence of negative spectral estimates towards the high frequency end. This arises due to the

variability of the spectral estimates in regions where the spectral levels were close to zero.
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It was seen that there was still substantial amount of variability present in these spectra. After

experimenting with averages of subsets of different lenghts, it was decided that averaging

spectral results computed from tive subsets of 102,400 points each gave the best spectra.

Figure 5.20 shows the averaged spectra in comparison with KIebanoff’s data.

In order to improve the appearance of the spectra, and possibly to eliminate some of the

negative estimates, it was decided to average the spectral estimates according to an one-third

octave averaging scheme (discussed in Section 4.5.4). Figure 5.21 shows the averaged spec-

trum from the five data sets using the discretized lag product method after octave averaging.

The negative spectral estimates are still present, although the appearance of the spectrum is

improved, as seen by comparing with Fig. 5.20. All the spectra presented henceforth will be

presented after octave averaging, unless otherwise stated.

For frequencies below about 200 Hz, the spectral estimates from the LDV data sets were found

to agree well with Klebanoff’s data, with some amount of scatter. Beyond 200 Hz, when the

spectral levels were small, negative estimates were found. Spectral estimates became posi-

tive again at frequencies above approximately 2500 Hz.

Figure 5.22 shows the spectral estimates using the discretized lag product method for the five

data sets in the more usual log-log scale. To plot the spectral estimates in this way, all neg-

ative estimatesfound after octave averaging were discarded.

The averaged spectrum computed using the direct transform method from all the üve data

sets is shown in Fig. 5.23. The direct transform method is seen to have lesser variance but

appears to have an added white noise level in the regions where spectral levels are close to

zero. A trend to overestimate the spectral levels can also be observed for the direct transform

method. The spectrum after octave averaging is shown in Fig. 5.24.
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For the two-dimensional turbulent boundary layer, good spectral estimates were obtained only

up to a maximum limit of about 300 Hz. At higher frequencies, the spectral level for the two-

dimensional turbulent boundary layer was close to zero, and the discretized lag product

method yielded negative estimates whereas the direct transform method had a signiticant

amount of white noise.

lt is recalled from the review earlier in this chapter that the spectra obtained from LDV data

were all limited to lower frequencies, except for the experiments with jet flows. lt should be

noted that for jets, the spectral level did not fall close to zero up to frequencies of the order

of 10-20 kHz.

Comparing the performance of the two methods, it was observed that at lower frequencies, the

estimates from the discretized lag product method were relatively better. The direct transform

method had a tendency to overestimate the spectral levels at lower frequencies. At higher

frequencies with near zero spectral values, both methods performed poorly.

5.8 The Exact Lag Product Method

All the spectra presented so far have been calculated by the discretized lag product method

or the direct transform method. The third method, the exact lag product nethod, has the dis-

advantage of being extremely slow computationally. On the other hand, it does not suffer from

inaccuracies due to the slotting. Perhaps due to the slowness of this method, no reports of

spectra computed using this method were found except for one simulation study by Gaster

and Roberts [63].

It was decided to investigate whether this method offers any improvements in the spectral

estimates to offset its computational disadvantage. Spectra were calculated for all the cases

already discussed and the results are presented in the following.
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Figure 5.25 shows the spectra computed for the simulated data set using the exact lag product

method. Execellent results were obtained. However, the improvement over the results of the

other two methods of Fig. 5.5 and 5.6 were found to be only modest.

Figure 5.26 shows the spectrum for the simulated sine wave at 200 Hz with real LDV time be-

tween datah using the exact lag product method. Again the results were comaparable to the

other two methods as seen by comparing with Figs. 5.7 and 5.8.

Figure 5.27 shows the spectra obtained by the exact lag product method for the vortex

shedding flow. lt is seen that the spectrum is similar to that obtained by the direct transform

method shown in Fig. 5.15. That is, an added white noise level occurs where the spectral lev-

els are small, with high variability in the estimates. The results for the discretized lag product

method in Fig. 5.14 show a similar variability but around a spectral level close to zero. lt

should be noted that octave averaging was not performed for the spectra presented in Figs.

5.31-5.33. This is consistent with the results in the comparable tigures, Figs 5.5-5.8.

Figure 5.28 shows the spectrum computed by the exact lag product method for the two-

dimensional turbulent boundary layer. Averages of the spectra computed from the five indi-

vidual data sets of 102,400 points each were used to yield the final spectrum. This method is

again seen to have a higher noise level when spectral levels are close to zero, similar to the

results in Fig. 5.23 for the direct transform method.

lt was concluded that for these selected data sets studied, the exact lag product method did

not perform significantly or consistently better than the other two methods. Hence it was

concluded that the use of this method was not justified as it did not lead to any significant

improvements to offset its computational slowness.
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5.9 Concluslons

Three methods of spectral estimation for randomly sampled data, the discretized lag product

method, the direct transform method and the exact lag product method, were tested for their

performance under various simulated and real flow situations.

The discretized lag product method and the direct transform method both resulted in good

spectral estimates for simulated data. In real tiow situations, however, the direct transform

method was seen to have an added white noise level where the spectral level was close to

zero. On the other hand, the discretized lag product method gave rise to negative estimates

where the spectral levels were close to zero. ln the regions where the spectral levels were

not small, both methods produced good spectral estimates. For spectra with a dominant fre-

quency, accurate resolution of the spectral peak was possible using both the methods. For the

two-dimensional boundary layer, reasonable prediction was possible only up to a maximum
‘

frequency of about 300 Hz. This upper limit appears to be determined by the near zero spectral

levels after this frequency. ln general, it was found that the spectral estimates were poor

when spectral levels fell close to zero.

· The absence of aliasing effects for randomly sampled data was demonstrated for the simu-

lated sine waves with real time between data and for the vortex shedding flow. ln both cases

the average sampling rates were signiücantly below the classical Nyquist rate.

The spectral estimates obtained from the discretized lag product method were generally

considered to be better than the those obtained from the direct transform method. This was

evident in the cases of the vortex shedding t'Iow and the boundary layer flow. For this reason,

the discretized lag product method was used in all further spectral computations.

The exact lag product method was found to yield spectral estimates which were not signif-

icantly better than the other two methods, and also had high noise levels in the regions where
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the spectral level was close to zero, similar to the direct transform method. Hence it was

concluded that the use of the exact lag product method was not justified as it did not lead to

any improvements in the spectral estimates to offset its computational slowness.

The assumption that the sampling follows the Poisson distribution was veritied for two data

sets. These data sets were found to follow a Poisson distribution closely.
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‘ 6.0 Results for the Junction Vortex

6.1 Introduction

The characteristics of the strongly time variant flow in the junction vortex are discussed in this

chapter. Evidence of this strongly time variant flow was first observed in real time smoke vi-

sualizations and subsequently conllrmed in the real time measurements of Tree [23]. Several

mechanisms for the strongly time variant flow in the junction vortex can be hypothesized.

Possible mechanisms are:

1. The time variant flow in the junction vortex is associated with an inherent instability

or natural frequency of the particular flow geometry. The spectrum of velocity fluc-

tuations in such a flow could be characterized by a signature such as the dominant

peak for a vortexnsheddlng behind a cylinder.

2. The time variance in the junction vortex flow may be associated with the random

flow fluctuations present in the upstream boundary layer.

3. The time variant flow may be generated by the random oscillations of the three-

dimensional separation line.
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6.2 Overview of the Junctlon Vortex Flow

The flow in the junction vortex has been investigated in great detail by Pierce, et al., [2] and

Tree [23]. Some prominent features of the flow field obtained from these investigations are

discussed in the following.

Figure 6.1 shows the picture of a surface flow visualization conducted by Pierce, et al. [2]. The

separation point where the streamwise flow from upstream meets the reverse flow in the

junction vortex was located from the surface flow visualization to be between x=-60 mm and

x=-57 mm. From the separation point, two lines emanate, one to each side of the centerline,

corresponding to the loci of ordinary separation points. Downstream of the ordinary sepa-

ration line at x=-38 mm, is a distinct line under the vortex and corresponds to a relative

minimum in the surface pressure distribution.

Figure 6.2 shows the mean flow field from LDV measurements made by Tree [23]. The mean

flow field shows a single well defined vortex, the center of which was estimated by Tree at

x=·35.7 mm, y=6.6 mm. The separation point is also shown upstream from the vortex and

was estimated by Tree from the LDV velocity data closest to the floor to be at x=-50.8 mm.

The differences in the location of the separation point indicated by the surface flow visualiza-

tions and the near wall velocity data suggested possible large gradients in a thin fluid layer.

Figure 6.3 shows a summary of the features ofthe junction vortex flow obtained from different

measurements.

6.3 Tlme Resolved Measurements in the Junctlon Vortex

In order to study the characteristics of time variant flow, a detailed set of time resolved LDV

measurements were taken in the junction vortex flow region. From these data, various pa-

rameters which help in characterizing the time variant flow were computed.
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The measurement region and the points where LDV data were taken in the present investi-

gation is shown in Fig. 6.4. Data were taken in a total of five hundred and four points. The

measurement region extended 66.7 mm upstream from the leading edge of the body and 50.8

mm in the vertical direction. The closest data points from the body leading edge were at a

distance of 3.2 mm. The data points closest to the floor were ata distance of2 mm. Additional

data were collected around the separation region at y=2 mm up to x=-82.6 mm and are not

shown in Fig. 6.4. At each measurement point, 10,240 individual LDV realizations with a nom-

inal data rate of about 250 Hz were collected. The various parameters characterizing the time

variant flow are presented in the following.

6.3.1 Mean Flow Field

The mean velocity vectors of the junction vortex flow are shown in Fig. 6.5. The LDV meas-

urements show a single, well deüned vortex, and a separation point in the region between the

vortex induced reverse flow and the incoming flow from upstream. These features are essen-

tially identical to those obtained from the more detailed LDV measurements made by Tree

[23], and summarized in Fig. 6.3. From a linear interpolation ofthe velocity vectors, the center

of the time mean vortex was located at x=-38.8 mm, y=6.9 mm. This position differs only

slightly from the position given by Tree (x=·35.7 mm, y=6.6 mm).

lf the separation point is defined as a point bounded by positive and negative velocities on

opposite sides, then this point can be approximately located from the velocity data closest to

the floor. Using linear interpolation between the velocity values closest to the floor, the sin-

gular separation point was located at x=-60 mm. This value differs signillcantly from the po-

sition estimated by Tree (-50.8 mm) but is consistent with surface flow visualizations. lt should

be noted that in the present investigation velocity data were obtained closer to the floor (2

mm) than those obtained by Tree [23] (2.3 mm).
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The nominal center of the mean vortex is indicated by the dot in Fig. 6.5. The arrow in the x-

axis indicates the location of the separation point as calculated from the mean velocity vec-

tors. In some of the figures which follow, the dot and the arrow will be used to show the

locations of the vortex center and the separation point respectively.

Figure 6.6 shows the distribution of the vorticity values computed from the velocity data. The

vorticity values were computed by using a second order accurate central difference formula

for the interior points and forward or bacl<ward difference formula for the boundary points.

From the 504 vorticity values computed from the measured velocity field, the contour gener-

ating software interpolated and estimated the vorticity values on a 100 x 100 grid. The vorticity

distribution is consistent with the mean flow field. The core of the large vortex as seen from

the vorticity plot and the mean flow field were coincident, and the highest values of vorticity

of about negative 500 rad/sec were found in the approximate region of the center of the vortex.

From the vorticity contours, the presence of two other vortices located close to the floor may

also be inferred. The vortex located around x=-50 mm is physically the more prominent and

has positive values of vorticity of up to about 200 rad/sec. While the other smaller vortex close

to the body leading edge is less prominent, it has peak values of vorticities of up to about

negative 700 rad/sec.

6.3.2 Turbulence intensities

Turbulence intensities were calculated for both the u and v component of the velocities from

the LDV data. The turbulence intensity, Ü, of the u component was calculated from

u =T- (6.1)

where u' is the fluctuating component of the velocity and V. is the reference velocity at the

throat of the wind tunnel. For a two-dimensional boundary layer usually the freestream ve-

Iocity or the local velocity is used to normalize the turbulence intensities. Normalizing by the
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local velocity is not convenient for the junction vortex flow as there are locations with veloci-

ties near zero. ln such locations the turbulence intensity would tend to infinity if normalization

with the local velocity were used. A residence time weighting was used in the calculation of

the numerator in Eq. 6.1 to remove velocity bias as discussed in Chapter two.

Figure 6.7 shows the distribution of turbulence intensities of the u component for the entire

flow field. The maximum turbulence intensities were found in the region between the time

mean center of the vortex and the time mean separation point. Typical maximum values of

turbulence intensity found in boundary layer flows is of the order of 0.1, when non-

dimensionalized with the freestream velocity. The turbulence intensities found in the junction

vortex were very high, being two to three times higher than typical boundary layer values.

Relatively lower turbulence intensities were found near the leading edge of the body.

Figure 6.8 shows the distribution ofturbulence intensities for the v component ofthe velocities.

Again very high values of the turbulence intensities were obtained. Peak values ofturbulence

intensities of the v component were found in the vicinity of the time mean center of the vortex.

Relatively smaller turbulence intensities were found above approximately y=15 mm, indicat-

ing that most of the energetic lluctuations in the junction vortex are contined within a distance

of approximately 15 mm from the wall. This is about twice the distance from the floor of the

position of the time mean center of the large vortex.

Thus the time variant flow in the junction vortex is found to be characterized by very energetic

fluctuations, confirming the observation from smoke flow visualizations. Fluctuations of ve-

Iocities at least two to three times stronger than the usual boundary layer intensities are ob-

served in the junction vortex.
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6.3.3 Hlstograms of the Instantaneous Velocitles

lt ls usually assumed that the turbulence is Gaussian, i.e., the instantaneous velocities follow

a normal distribution. Regions of flow were found in the junction vortex flow, where marked

deviations from the normal distribution were observed.

An approximate boundary where such histograms were found, is given by Fig. 6.9. In partic-

ular, histograms with multiple peaks were found for all points below the solid line. This region

encompasses the whole junction vortex flow, including the mean separation point. This simi-

larify in characteristics for the three-dimensional separation flow and the junction vortex flow

may be speculated as an evidence that these two flow structures are interdependent.

Eighteen most prominent histograms for the u and v components of the velocities are shown

in Figs. 6.10 and 6.11. The locations of the u histograms were denoted by the points marked

with plus signs and the locations of the v histograms were marked with crosses in Fig. 6.9.

Although the outer envelope of the histograms are similar to a normal distribution, there are

two or more prominent peaks in the histograms. Tree [23] and subsequently Devenport and

Simpson [22] also reported two peaks in the histograms ofthe velocities in the junction vortex.

Hlstograms with multiple peaks were less frequent for the v component. Most of the

histograms for the v component were close to the shape of a normal distribution.

Initially it was thought that the peaks in the histograms were occuring because of an inade·

quate number of data points used in the histogram construction. lt was thought that as larger

data sets were used, the gaps in the histograms would fill in, with the histograms more closely

resembling the normal distribution. The histograms in Figs. 6.10 and 6.11 were computed from

10,240 LDV realizations. To test whether this amount of data was adequate, u histograms with

ten times the usual number, i.e., with 102,400 LDV realizations were constructed at x=-38.1

mm, y=5.1 mm. No differences in the histograms were found with the increased number of

data as seen from Fig. 6.12. lt is believed that the peaked shapes of the histograms occur
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because of some yet to be determined characteristics of the junction vortex flow. lt is also

interesting to note that there were always at least a few empty slots in the histograms, in spite

of the large number of data analyzed. These are very interesting phenomena, whose study

may lead to new physical insights for the junction vortex flow.

6.3.4 Reverse Flow intermittency

The reverse flow intermittency is defined here as the probability that the instantaneous ve-

locity is in the reverse direction. The positive directions of the coordlnate axes were taken

as the forward directions. The reverse flow intermittency was computed for both the u and the

v components of the velocity. Histograms of the instantaneous velocity values were first con-

structed for each measurement point, a few of which were shown in Figs. 6.10 and 6.11. From

the histogram data, the reverse flow intermittency was calculated as follows.

lf h,, hz, , h„ are the histogram ordinates for velocity values u,_u,, , u„, then the reverse flow

intermittency was given by,

m

Z"'l= (6.2)

Z"'i=‘l

where m is the maximum histogram ordinate up to which the velocity is negative.

The distributions of the reverse flow intermittency for the u component of the velocity are

shown in Fig. 6.13 for the entire flow field. From the contour line corresponding to 0.1 in Fig.

6.13 it can be seen that for an approximate value ofy greater than 10 mm, the flow is primarily

in the forward direction. ln a similar way, mostly reverse flow (contour Iine=0.9) is present in

a region approximately bounded by y=4.3 mm and -44.7 mm 5 x 5 0 mm. Between these two
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e><tremes, the flow is partly in the forward and partly in the reverse direction. These results

are consistent with the location of the time mean center of the vortex and the singular sepa-

ration point.

Figure 6.14 shows the reverse flow intermittency distribution for the v component of the ve-

Iocity. Here a region in the range -38.1 mm sxs 0 mm is seen to have mostly reverse ve-

Iocities, corresponding to the contour line of 0.9.

The center of the time mean vortex can be defined as a location where the reverse flow

intermittencies for both the u and v component of the velocities have a value equal to 0.5. This

point was computed from the reverse flow intermittency data and was located at x=-39 mm

and y=6.9 mm. This value agrees very closely with the position of the center of the vortex

obtained from the mean velocities.

6.3.5 Fluctuatlons In the Nelghborhood of the Separatlon Point

From the mean flow information, the time mean separation point was computed to be at ap-

proximately 60 mm. ln real time, the separation point for turbulent flows is not a single point

well defined in space, but fluctuates with time. This was demonstrated by Simpson, et al. [77]

for a two-dimensional turbulent boundary layer under adverse pressure gradient.

Figure 6.15 shows the reverse flow intermittencies calculated at the measurement point clos-

est to the wall (y=2 mm) plotted as a function of distance from the leading edge of the body.

The intermittent reverse flow starts appearing at around x=-80 mm to -70 mm and increases

continually until a region around x=-38 mm to -30 mm is reached where the flow is in the

reverse direction most of the time. This is consistent with the mean flow results as under the

vortex the velocity is in the reverse direction most of the time. lt should be noted that these

results are obtained from velocity data very close to the floor, but not on the floor.
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lt ls also interesting to note that the location correspondlng to a value of reverse flow of

intermittency of 0.5 from Fig. 6.15 is given as x=-58.8mm. This location of the singular sepa-

ration point agrees within 1.2 mm with the location obtained from the mean flow results.

The instantaneous singular separation point can be defined as a location of zero instantane-

ous velocity. Also, positive values of velocity are expected before separation and negative

values of velocity after separation. From the reverse flow intermittency data, then it can be

concluded that the instantaneous position of the separation point fluctuates between the ap-

proximate limits -80 mm S x S -30 mm. The position of the junction vortex is bounded by the

separation point and the leading edge of the body. Hence the size of the junction vortex can

be envisioned to fluctuate between these two limits.

6.3.6 Maximum and Minimum Positions of the Junction Vortex

From the instantaneous velocity data collected at each point, average values of maximum and

minimum velocities were calculated. The maximum and the minimum values ofthe fluctuating

velocities were defined here as the maximum or the minimum value between two zero

crossings, where the mean value was subtracted from the instantaneous velocities before

processing. For a given sequence of instantaneous velocities, there will be many such maxima

and minima. All the maxima and minima found were averaged to give an average value ofthe

maximum or minimum velocity at the measurement point.

Figures 6.16 and 6.17 show vector plots of the maximum and the minimum velocities respec-

tively. Since the separation point in the plane of symmetry bounds the junction vortex on one

side, it is reasonable to assume that the size of the junction vortex flow region changes with

the location of the instantaneous separation point. If it is further hypothesized that the fiuctu-

ating velocities at all points attain the maximum and minimum at the same time, so that the

vortex moves as a rigid body, then Figs. 6.16 and 6.17 can be viewed as the extreme positions

and shapes of the junction vortex. ln any case, the limits seen in these figures are the maxi-
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mum possible excursions of the junction vortex in a mean sense. The reader is cautioned that

other than the preceding description, no other physical meaning should be attached to these

plots.

6.4 Spectra of the Junctlon Vortex Flow

The strongly time variant character of the junction vortex flow was investigated using the time

resolved LDV measurements as described in the previous sections. ln addition to the very

strong fluctuations, it was found that the histograms of the instantaneous velocity fluctuations

had multiple peaks. This, along with the very dynamic nature ofthe junction vortex fluctuations

observed in the real time smoke flow visualizations raised questions about the presence of a

single characteristic frequency or a band of dominant frequencies in the junction vortex flow.

The results ofthe investigation of the spectral content of the junction vortex flow are presented

in this section.

The junction vortex flow was studied for its spectral content using the discretized lag product

method. Both the u and v components of the velocity were analyzed for their spectral content.

The locations where the spectra were computed are shown in Fig. 6.18. The spectra for the u

and v components were computed at nine locations in and around the core of the time mean

junction vortex. At each point where spectrum was computed, 512,000 LDV realizations were

collected for computing the spectra. The average sample rate was kept around 250 samples

per second. In all cases, a slot width of 128 microseconds was used. Fifteen hundred sixty-two

autocorrelation estimates were computed, giving an approximate resolution of 5 Hz. Spectral

estimates were computed up to a maximum frequency of 3900 Hz. The total data set of 512,000

points at each point was divided into live subsets of 102,400 points each. The spectral esti-

mates from the live subsets were then averaged to yield the final spectrum. The spectrum was

further smoothed by octave averaging before plotting. In each case, spectra are shown in
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both semilog and the more usual log-log scale. To plot the spectra in the log-log scale, all

negative estimates found after octave averaging were discarded.

All the spectra presented for the u component were superimposed with Klebanoff’s data for

a two-dimensional turbulent boundary layer [76]. The two—dimensional boundary layer results

presented from Klebanoff here were for a value of y/6 = 0.2 . Since the spectra presented in

Klebanoff did not vary substantially with y/6, the results at 0.2 was chosen as a representative

spectrum. lt should be noted that the nature of the junction vortex flow is very much different

from a two—dimensional turbulent boundary layer and agreement with Klebanoff’s results were

not sought; The purpose of superimposing Klebanoff’s results was merely to give a reference,

deviations from which can be more clearly observed.

Figures 6.19-6.27 show the spectra obtained for the u component of the velocity fluctuations

in the junction vortex flow. Figures 6.19-6.21 show the spectra at x=-12.7 mm, and y=5.1 mm,

17.8 mm and 38.1 mm respectively. Figures 6.22-6.24 show the spectra at x=-38.1 mm for the

same y locations. Figures 6.25-6.27 show the spectra at x=-50.8 mm, also for the same three

y locations.

Reasonable spectral estimates were obtained up to a maximum frequency of approximately

200-300 Hz. After 300 Hz, the spectral levels became close to zero, and the discretized lag

product method typically yielded negative spectral estimates. Thus the effective range of

spectral measurements were contined up to a maximum frequency of about 300 Hz. It is noted

here that most of spectral energy is concentrated in this band and hence this range may be

adequate for practical spectral estimations where the intention is to detect dominant spectral

components. lt should be also noted that this cutoff frequency of approximately 300 Hz appears

specific for this and similar cases where spectral levels fall close to zero after 300 Hz.

A few positive spectral estimates were found again in higher frequencies around 2000-3000

Hz. These estimates were rather erratic, although close to zero. The differences appear rather
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magnifled in the log-log plots. Not much confidence should be placed on these higher fre-

quency spectral estimates, and these were included merely for completeness. It should be

noted here that that the sample rates for the data sets were in the range of 250 Hz. Although

theoretical results show that spectral estimates can be obtained up to any frequency for ran-

domly sampled data, the limited results shown here demonstrate that the spectral estimates

are very noisy in regions where the spectral level is close to zero.

Although the general nature of the spectra shown in Figs. 6.19-6.27 were similar to a two-

dimensional boundary layer flow, some of the individual spectra showed marked and sys-

tematic deviations. The spectra shown in Figs. 6.20 and 6.26 were found to agree with a 2DTBL

most closely. The spectra in the two locations around the separation region as shown in Figs.

6.22 and 6.25 were also essentially similar to a 2DTBL, with the difference being that the

spectral levels fell close to zero at around 100 Hz, in contrast with around 200-300 Hz for a

2DTBL. This behavior may be connected to the separation phenomena, with most of the fluc-

tuating energy of the turbulent flow around the separation point being concentrated in fre-

quencies less than 100 Hz.

The spectra shown in Figs. 6.21, 6.23, 6.24 and 6.27 showed clear evidence ofa peak at around

20-30 Hz. lt should be noted that all the locations with spectral peaks were in the upper

portions of the measurement region. lt appears that the outer boundary of the junction vortex

flow region fluctuates with a frequency of about 20-30 Hz.

To summarize, the overall character of the junction vortex flow appears to have similar char-

acteristics to a two-dimensional boundary layer, with relatively greater energies in the lower

frequencies. Based on the spectra at the individual locations, it can be speculated that there

is an evidence of different flow regimes in the junction vortex flow. The approximate region

below the time mean center of the junction vortex appears to behave similar to a two-

dimensional turbulent boundary layer, while the upper region showed a peak around 20-30

Hz, and had increased spectral energies in the lower frequencies.
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In the case of the v component of the velocity, the junction vortex flow is drastically different

from a two·dimensional turbulent boundary layer. The magnitude of the v component of ve-

Iocity is comparable to the u component of velocity in the junction vortex, as opposed to the

dominant u component in a two-dimensional turbulent boundary layer. ln addition, both posi-

tive and negative values of the v component are found in the junction vortex. For these rea-

sons, a comparison with the spectra of a two-dimensional turbulent boundary layer were not

considered to be very meaningful. However, the spectra for the v component in a two-

dimensional turbulent boundary layer obtained by Klebanoff [76] at y/ö=0.05 is shown for

comparisons. Figures 6.28-6.36 show the spectra obtained from the v component of the iluc-

tuations in the junction vortex. The spectral computations for the v component were performed

in exactly the same manner as the u component. The spectrum at each location is shown in

both semilog and log-log scale.

The spectra for the v component ofthe velocity tluctuations show very much the same features

as the u component. The spectral level decreased in a continuous fashion up to about 200-300

Hz. After about 300 Hz, spectral levels became close to zero, and negative spectral estimates

were found. Evidence of a peak can be found in Figs. 6.32 and 6.33. The spectra of v compo-

nent at x=-50.8 mm, y=38.1 mm as shown in Fig. 6.36 exhibited noise-like behavior. This

behavior persisted alter repeated experiments and was concluded to be due to some feature

of the flow and not due to any mistake in data acquisition or computations. The reason for this

noise-like behavior could not be explained.

6.5 Uncertainty Estlmates

Techniques for estimating uncertainties of experimental results in engineering have been

treated in detail by Kline and McClintock [78]. These methods were followed to report the

uncertainties in the mean velocities in the present experiments. The reader should be cau-

tioned, however, that there are various types of bias errors that can occur in the measurement
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with a LDV. Some of these have been experimentally demonstrated, while the existence of

others have only been speculated on. But in all cases, the present uncertainty estimates do

not account for possible errors which might be attributed to such LDV bias errors. For the

mean velocities, the maximum uncertainty was estimated to be about zl: 0.009 on the non-

dimensional velocity values. This uncertainty estimate is based on a 95 percent confidence

level. Because this estimate is based on single sample data, it only refiects the author’s best

estimate at the specified odds. The computed maximum and minimum velocities were also

estimated to have an uncertainty of the same order as the mean velocities.

For the turbulence data, a rigorous analysis of the uncertainties were not carried out. How-

ever, based on differences with previous independent measurements by Tree [23] and re-

peated observations at the same point, the uncertainty was estimated to be not more than ten

percent.

Uncertainties in the reverse flow intermittency data were estimated to be about zh 0.05. Again

this value refiects the author’s best estimate and was arrived at from experimental experi-

ences rather than a rigorous analysis.

Uncertainties in the spectral estimates are very difficult to estimate for randomly sampled

data. The relative error in a spectral estimate from uniformly sampled data is primarily de-

pendent on the number of averages made for the periodogram method and the ratio ·t·,„/T for

the correlogram method. From this consideration alone, the uncertainty in the spectral esti-

mates would not have exceeded three percent if the data were uniformly sampled. For the

non-uniformly sampled data used here, the uncertainties in spectral estimates may be much

larger. These uncertainties were difficult to quantify accurately but the author’s best estimate

is that they would not exceed ten per cent.
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7.0 Summary

The spectral content and the characteristics of the strongly time variant fiow in the junction

vortex were investigated using time resolved veiocity data. Time resolved mesurements in

the junction vortex were taken with a laser Doppler velocimeter.

The randomly sampled data from a LDV with a counter processor posed special problems for-

spectral analysis of the veiocity fluctuations. Three different methods for spectral analysis

from randomly sampled data were examined. The three methods were, 1) exact lag product

method, 2) discretized lag product method, and 3) direct transform method. The performance

of these methods were compared for various simulated and real fiow situations.

Simulation studies were carried out with simulated data corresponding to a first order spec-

trum and a sine wave or a mixture of sine waves. ln the case of simulated sine waves, the

sampling times were taken from an actual LDV data set, so this simulation was one step

closer to the real situation. All three methods of spectral estimation performed very well for

simulated data.

The three methods of spectral estimation for randomly sampled data were then further tested

for two real flow situations. The first fiow to be tested was the vortex shedding fiow behind a

cylinder. The spectrum for this flow has a dominant peak at the vortex shedding frequency.

The results from the spectral analysis methods for the LDV data agreed well with the spectra
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computed from hot wire data (uniformly sampled). The spectral peak at the vortex sheddlng

frequency was reproduced exactly by all three methods.

The spectral analysis methods were also applied to a two-dimensional turbulent boundary

layer. The results from the spectral analysis of the LDV data were compared with hot wire

spectra and Klebanoff’s data.

ln regions of relatively small spectral magnitudes, the discretized lag product method tended

to produce negative spectral estimates, whereas the spectrum from the direct transform

method usually had a significant white noise. In the regions where the spectral levels were

not close to zero, both methods performed well. The estimates from the discretized lag prod-

uct method were found to be consistently better than the estimates from the direct transform

method. The discretized lag product method was used for computing spectra for the junction

vortex flow.

The assumption that the sampling times follow a Poisson distribution was verified for several

representative LDV data sets. The tests also demonstrated the lack of aliasing effects in the

case of Poisson sampled data. No aliasing was found for sampling rates much lower than that

necessary for uniformly sampled data, as given by the Nyqulst criterion.

From a comparison of the performances of the three methods of spectral analysis for ran-

domly sampled data, it was found that the exact lag product method produced spectral esti-

mates which were not significantly better than the other two methods. Hence it was concluded

that the use of this method is not justified because it does not offer any improvements in the

spectral estimates to offset its computational slowness.

The characterlstics of the time variant flow were studied from a detailed set of time resolved

LDV measurements. The mean veloclty vectors showed a single well defined vortex and a
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singular separation point in the region between the vortex induced reverse flow and the flow

coming from upstream.

The turbulence intensities found for the junction vortex flow confirmed the observation from

smoke flow visualizations that the flow is strongly time variant. ln the junction vortex, turbu-

Ience intensities normalized by the free stream velocity were at least two to three times

greater than the typical two·dimensional boundary layer values.

The histograms computed from the u component of the velocity fluctuations deviated markedly

from the normal distribution, and exhibited multiple peaks. Such histograms were found all

around the core of the junction vortex and near the mean singular separation point.

The reverse flow intermittency data shed some light on the separation point on the plane of

symmetry. It was found that the instantaneous separation point oscillates in a random fashion

between two extreme limits. The extreme positions of the junction vortex was also identifled

approximately from the time resolved measurements.

The spectral content of the junction vortex flow was studied using the discretized lag product

method. The overall character of the junction vortex flow appeared to have similar character-

istics as a two-dimensional turbulent boundary layer, with relatively greater energies in the

lower frequencies than in the higher frequencies. Based on the individual spectra, it is possi-

ble that there exists two different flow regimes in the junction vortex. The spectra in the upper

region showed peaks around 20-30 Hz in contrast with the spectra in the regions below the

time mean vortex center, which resembled boundary layer spectra and showed no peaks.
·
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Appendlx A. LDV Data for the Junctlon Vortex

The data computed from the time resolved measurements using a LDV in the junction vortex

is presented in the following tables. In the following tables,

x,y,z Coordinates

U,V Non-dimensional mean velocities

Ü, Ü Turbulence intensities

I„, I, Reverse flow intermittencies

Umax, Vmax Average maximum velocities

Umin, Vmin Average minimum velocities
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Appendlx A. LDV Data for the Junctlon Vortex 201
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NAppendlxA. LDV Data for the Junctlon Vortex 202
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>·AppendlxA. LDV Data for the Junctlon Vortex 203




