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~BSTRACT

•
Eight tube arrays were tested to determine the effect of tube

pat~n a!,d pitch on excitation phenomena in tube arrays in cross-

flow. These consisted of two different pitch-to-diameter ratios for

each of the four standard heat exchanger tube array configurations •
.,

Measurements of vortex shedding frequencies s~owed that laminar vortex
''-.

shedding may occur for some tube arrays at ~ow Reynolds numbers and is

associated with very high

mUltiPle,rvalues of Strouhal
~

Strouhal numbers.- Some arrays showed

numbers at moderate Reynolds numbers, and

over a small rang~ of pitch ratios. Quite good agreement is found

with some of the published results. Also, an improved correlation oL

the existing Strouhal numb~rs.is obtaiped. The effect of tub~ pattern

dampingthevelocity with

flow'velocities at low damping parameter was
"'

other· available rellults toThe res~s were used with

determine the variation of the reduced.\
parameter for the different arrays tested.
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and pitch on the critical

•

"

...

. ...

\
iii

•



,

..

,

ACKNOWLEDGEMENTS

The author' is indebted to his supervisor Dr. D. S. Weaver, for
,

his sincere guidance during the course of this study.

Thanks are also due to Departmental technicians, Mr. Dave

Schi'ck and Mr. Frank Drieman, for their help during this work. The

author further' wishe~ to express... his appreciation to Mrs. Debbie
J

Harri. for the great effort of produc(n~ this work on the word
fJ

processor.
"

The author' gratefully acknowledges !:"he financial support of

the Natural Science and Engineering Research Council under Grant

A8284.
•

..

/

•

....'-

iv

r

I



...

,
)

\ TAB)..E OF CONTENTS.

Page

ABSTRACT iii

ACKNOWLEDGEMENTS iv,
--J

/.

CHAPTER 1 INTRODUCTION 1

•

4.2 Tube Frequency and Damping

t '"

3.3 The Flexible Tube Model
e -

3.4 The Test-Arrays

" ;;J.5 Vortex Shedd~g Response Equipment

3.6 Instrumentation

,
CHAPTER 4 EXPERIMENTAL RESULTS AND ANALYSIS

2.1 Vortex Shedding

A LITERATURE SU~VEY 8

... 9

25
'l,

..
38

39

41

~
52

54

~

60

61

64

at Different

AND INSTRUMENTATION

Instabilit~'Mechanism,

"
Typical Tube-Response
Flow Velocities

Fluidelastic

4.1

\

~
EXPE NTAL FACILITY

3.1 The Wind ~nel

3.2 The Test-Section

2.2

CHAPTER 3

CHAPTER 2

)

v



/
Page



.'
/ Page

"

REFERENCES 229

242

237
.'; ..

APPENDIX A: Specifications of the Instruments Employed.

APPENDIX B: Instr\ent Calibration

APPENDIX C: 'Ratios Between Gap and Upstream Flow Velocities 259

./

'. ..
•

- ,

•

•

. ,,

vii
I .



LIST OF FIGURES

Flow regimes across circular cylinder
from Lien~ard [32J.

Chen's maps [101 for Strouhal numbers.

Fitz~Hugh's maps [IIJ for Strouhal'numbers.

:Zukauskas and Katinas' ~esults [12J for
.s trouhal numbers.

f' . i
Paidoussis 's .plots [7] for StrouhalQ!.umbers.

Standard array configurations·.

'Stability threshold for different array'
patterns from Hartlen [16].

Page

II

17

18

20

22

'28

29

"

Schematic of the wind-tunnel derived from [73].

A photograph of the test-section with one of the
tube arrays and the probes in position~

A test-array,.

Layout of tube-arrays.

A photograph of seven of tbe tube arrays.

Plugs used to facilitate measuring vortex
shedding freq~encies.

Layout of the work.area.

•
A photograph of the experimental equipment.

/,
A photograph of the wind-tunnel and part
of the working area.

A scaled photograph of the probes •.

•
viii

4rJ
•

43

44
or

46

50

51

53

• 56

. 57

58

;;9



I

)

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

>Figure 4.6:

Figure 4.7:

I

Ide~lized response ,of a tube in an array
subjected to cross' flow.

~A typical frequency spectrum of a movable
tube in the arrays.

A typical amplitude decay trace used for'
calculating flexible tube damping.

Layout of normal square array with P/d = 1.331
\

Velocity spectra for the normal square array
with P/d = 1-.33.,

,Vortex shedding frequency versus upstream
velocity for the normal square array with
P(d = 1.33. .
Gap ~trouhal numbers for. in-line arrays
from Chen [10J and Fitz-Uugh [11).

Page

62

66

68

70.

72

77

79

Velocity spectr~ for the normal square array
with P/d = 1.5. __

Fi$~re 4.8:

Figure 4.9:

Layout of ,normal square array with P/d
•

1.5., 84

84

'Figure 4.10:

Figure 4. 11 :.

Figure 4.12:

Figare 4.13:

Figure 4.14:

Figure. 4.15:

Figure 4.16:

Figure 4.17:

Continued velocity spectra for the normal
square array',with P/d = l.5'.

Continuetl,velocity spectra for the normal
square ~rray with P/d = 1.5.

Vortex shedding frequenc, versus upstream
velocity'for the normal square array with
P/d = 1.5.

Ga~ St'rouhal numbers for noemal square arrays.

Ups~~am Strouh,al num;.2br"f. r normal square
arrays:~

Layout of rotated squa e array with
p/d = 1.4l4.

'Velocity spectra for the rotated square
array with P/d = l.414.

Vornex shedding frequency versus upstream
velocity for the rotated. square array
with P/d = 1.414:

ix

_ 86

88

...89

95-

'~97

•. 99 :

101

105



•

Page

106

108

110

112 ./

114 \
t·

117

119

121

122

125

..
128

129

133

Gap Strouhal numbers for staggered arrays
from Chen [10 J and FA.tz-Hugh [11].

Layout of rotated square array with
P/d = 1.7.

Velocity spectra for the rotated square
array. with P/d = 1.7.

Upstream Strouhal numbers for rotated
square arrays.

Velocity spectra for the normal triangular
array with P/d = 1.33.

Layout of· normal triangular array with
P/d = 1.33.

Vortex shedding frequency versus upstream
velocity, for the normal triangular array
Wi~'P/d = 1.33.

La~~t of normal triangular array with
P/d - 1.5.

Figure 4.19:

Figu~O:

Figure 4.26:

Figure 4.27;

Figure 4.28:

Figure 4.21: Continued velocity spectra for the rotated
squf:array with ~/d = 1.7.

Figure 4.22: Vortex .sheddi~frequency,versus upstream
velocity for the rotated square array

/'
ith P/d = 1.~.

. ,
Figure ~p:rtrouhal numbers for rotated square

arrays. .

Figure '4.29: Velocity spectra for the normal triangular
array with Pia = 1.5~

Figure 4.30: Vortex shedding frequency versus upstream
velocity for the normal triangular array
with P!d ='1.5.

. Figure 4.18:

~4.24:

Figure 4.25:

Figure 4.'31: Gap. StI'ouhal numbers for normal
triangular arrays. 135

Figure 4.32: Upstrea~ Strouhal numbers for normal
triangular arrays. 137

Figure 4.33: Layout of parallel triangular array with
P!d = 1.375. 138

x



J
Figure 4.34: Velocity spec~r the

array with P/d = 1.375.
parallel triangular

Page

140

Figure 4.35: Vortex shedding frequency versus upstr~am
velocity for the parallel triangular array
with P/d = 1.375.

143

Figure·4.36: Layout of parallel triangular array w~th
P/d = 1.73. 145 1

Figure 4.37: Velocity spectra for 'the parallel triangular
array with P/d = 1.73.

Figure 4.38: Vortex shedding frequency versus upstream
velocity for the parallel triangular r:ay
with P/d = 1.73.

147

150

Gap Strouhal numbers for parallel
triangular arrays. .

(' Figure 4.39:

Figure 1..40:

Figure 4.41:

\p-gure 4.42:

Upstream Strouhal numbers
tr!angular arrays. '

Amplitude respoAse of a tube in
of the normal square array with

Amplitude response of a tube in
of the normal square array with

, .

he second row
/d = 1.33.

he third row
/d = 1.33.

152

153

165

167

Figure 4.43: Amplitude response of a tube in the second row 169
of the normal square array with P/d = 1.5.

Figure 4.44: Amplitude response of a tube in the third row 170
of the normal square array with P/d 1.5.

Figure,4.45: Tube response in the third row of the normal 172
square array with P/d = 1.5.

. /

.~ Figure 4.46: Amplitude response of a tube in the second row
of the rotated square array with P/d = 1.414.

174

. .

Figure 4.47:

Fi~ure 4.48

Figure 4.49:

Amplitude response of a tube in the fourth row
of the rotated square array with P/d = 1.414.

Amplitude ,response of a tube in the second row
of the rotated square array with P/d = 1.7.

Amplitude response of a tube in the fourth row
of the rotated square array with P/d = 1.7.~

xi

176

177

179



".'

Page

Figure 4.50: Amplitude response- of a tube in the second row 181
of the normal triangular array with P/d = 1.33.

Figure 4.51: Amplitude response of a tube in the l;ltlrd row 182
of the normal triangular array with P/d = 1.33.

Figure 4.52: Amplitude respons~ of a tube in the seconp row )84
of t~ normal triangular array with P/d = 1.5.

Figure 4.53: Amplitude response of a tube tn the third row
of the normal triangular array with P/d = 1.5.

185

/
Figure 4.54:

Figure 4.55:

Figure 4.56,:

Figure 4.57:

Figure 4.58:

,Figure 4.59:

Figure 4.60:

Figure 4.61:

Amplitude response of a tube in the third
row of the parallel triangular array'with
P/d = 1.375.

Amplitude response of a tube in the fourth
row of the parallel triangular array with
P/d = 1.375.

Amplitude response of a tube in the third
row of the parallel triangular array with
P/d = 1.73.

Am~litude response of a tube in the fourth
row of the parallel triangular array with
P/d = 1.73. tt

Stability diagrams from .[84].

Stability diagrams from [84].

Stability diagrams from [85].
,

Instability factors for normal square Brrays.

187

188

190

192

203

204

205

207

Figure 4.62: ' Instability factors for rotated square ar-rays. ;W8

Figure 4.63:

Figure 4.64:

Figure 4.65:

Instability factors for normal triangular
arrays.

Instability factors for parallel triangular
arrays. -....... ~

Stability diagram,for the normal square
array with P/d = 1.33.

xii

209

210

212



"

•

Figure 4.66: Stability diagram for the normal square
array with P/d = 1.5.

Figure 4.67: Stability diagram for the rotaLed square
array with P/d = 1.414.

Figure 4.68: Stability diagram for the rotated square
array with P/d = 1.7.

Figure 4.69: Stability diagram for the normal triangular
array with P/d = 1.33.

Figure 4.70: Stability diagram for the normal triangular
array with P/d = 1.5.

Figure 4.71: Stability diagram for the parallel triangular
array with P/d = 1.375.

Figure 4.72: Stability diagram for the parallel triangular
array with P/d ='1.73.

Figure B-1: Calibration curve for the strain gauges.

Page

213 .
:-l

214

215

216

217 -

218

219

245

•

'" Figure B-2:

Figure B-3:

Figure B-4,:

Figure ;;;-5:

Figure B-6:

Figure B-7:

Figure B-8:

Calibratio~ curve for the strain gauges.

Calibration curve for the strain gauges.

Calibration' curve for the straiQ gauges.

Calibration curve for the strain gauges. ,

Calibration curve for the strain gauges.

The calibration nozzle.

Upstream hot-wire ~robe calibration curve.

246

247

248

249

250

252

254

Figure B-9: Upstream hot-wire probe calibration curve.

Figure B-I0: Gap hot-wire probe calibration curve.

Figure B-ll: Gap hot-wire probe calibration curve.

255

257

258

Figure C-l: Gap velocity versus upstream velocity for
the normal square array with P/d = 1.33.

xiii

263






































































































































































































































































































































































































































































































































































